This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

Article
Cite This: Macromolecules 2018, 51, 7019−7031

pubs.acs.org/Macromolecules

Thermoresponsive Tetrablock Terpolymers: Eﬀect of Architecture
and Composition on Gelling Behavior
Anna P. Constantinou, Neil F. Sam-Soon, Dean R. Carroll, and Theoni K. Georgiou*
Department of Materials, Imperial College London, Royal School of Mines, Exhibition Road, SW7 2AZ London, U.K.

Downloaded via IMPERIAL COLLEGE LONDON on September 25, 2018 at 13:52:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: Thermoresponsive gels are an exciting class of
materials with many bioapplications, like tissue engineering
and drug delivery, but they are also used in formulation
industry and 3-D printing. For these applications to be
feasible, the gelation temperature must be tailored. Here, it is
reported how the gelation temperature is aﬀected and can be
tailored by varying the architecture of tetrablock terpolymers.
Speciﬁcally, 15 copolymers based on penta(ethylene glycol)
methyl ether methacrylate (PEGMA, A block), n-butyl
methacrylate (BuMA, B block), and the thermoresponsive
2-(dimethylamino)ethyl methacrylate (DMAEMA, C block)
were synthesized using group transfer polymerization. Nine tetrablock copolymers of varying architectures, and one triblock
copolymer for comparison, with constant molar mass and composition were fabricated. Speciﬁcally, the polymers that were
investigated are (i) three polymers that contain two A blocks (ABCA, ABAC, and ACAB), (ii) three polymers that contain two
B blocks (BACB, BABC, and ABCB), (iii) three polymers that contain two C blocks (CABC, CACB, and ACBC), and (iv) one
ABC triblock terpolymer that was synthesized as the control polymer. Then, the ﬁve more promising architectures were chosen,
and ﬁve more polymers with a slightly diﬀerent composition were synthesized and characterized. Interestingly, it was
demonstrated that the block position (architecture) has a signiﬁcant eﬀect on self-assembly (micelle formation), cloud point,
and the rheological and gelling properties of the polymers with two of the tetrablocks showing promise as injectable gels.
Speciﬁcally, the ACBC terpolymer with 20−30−50 w/w % PEGMA−BuMA−DMAEMA formed gels at at lower concentration
but at higher temperatures than the ABC triblock copolymer that was synthesized as a control. On the other hand, the BABC
terpolymer with 30−35−45 w/w % PEGMA−BuMA−DMAEMA formed gels at the same concentrations as the ABC triblock
control polymer but at lower and more desirable temperatures, slightly below body temperature.
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point.24−27 Consequently, it is important to use well-deﬁned
polymers, i.e., polymers of narrow molar mass distribution
(dispersity, Đ) and of deﬁned MM and composition. These
polymers can only be produced by using living or controlled
polymerization methods.28 Furthermore, when investigating
and attempting to optimize the sol−gel transition on a speciﬁc
polymeric system, it is also important to vary each polymer
characteristic/parameter independently, since each characteristic/parameter aﬀects the gelation point and the rheological
properties of the polymer solution.23 In addition to the MM24
and the composition,24−27 the length of the monomer’s side
groups27,29 and the polymer’s architecture (i.e., the position of
the blocks of in the polymer)25,26,29,30 have also been shown to
aﬀect the gelation point.
Our group was the ﬁrst to report how the architecture of the
polymer aﬀects the gelation point,25 which was conﬁrmed in
our subsequent studies.26,29,30 According to our previous
studies, it has been proven that it is critical for the hydrophobic

INTRODUCTION
Thermoresponsive polymers are exciting because of the wide
variety of applications, such as drug delivery,1,2 tissue
engineering,3−8 gene delivery,1 catalysis,9−11 ﬁltration/(bio)separation,12−16 and 3-D (bio)printing.17−22 Thermoresponsive gels as the name suggests (from Greek “thermo/θερμó” =
heat) are formed as a response to heat, i.e., temperature. In the
case where a polymer with a lower critical solution temperature
(LCST) is used, the gel is formed when the temperature is
increased. The point/temperature at which the gel is formed is
called the gelation point/temperature, and it is crucial for the
applications.23 For example, in tissue engineering, the cells are
mixed with the polymer solution at room temperature, and
then when this solution is injected into the patient, the gel is
formed in situ due to the temperature increase.3−6 Thus, for
this application it is crucial that the gel is formed just below the
body temperature, i.e., 37 °C.
However, controlling and tailoring the gelation temperature
can be challenging, as many factors contribute to gelation.23
The molar mass (MM) of the polymer has been shown to
strongly aﬀect the sol−gel transition.24 The composition is also
an important structural parameter which controls the gelation
© 2018 American Chemical Society

Received: June 12, 2018
Revised: August 14, 2018
Published: August 31, 2018
7019

DOI: 10.1021/acs.macromol.8b01251
Macromolecules 2018, 51, 7019−7031

Article

Macromolecules

respectively. A second series of tetrablock terpolymers were
synthesized with a higher hydrophobic content and composition of 20−35−45 w/w %. For reasons which will be detailed
in the Results section, the architectures for the second series
are ABAC, BABC, CABC, and ACBC. One ABC triblock
terpolymer was synthesized for comparison. The successful
syntheses of the copolymers were conﬁrmed, and their aqueous
solution properties were investigated with emphasis on the
thermoresponsive properties. Speciﬁcally, the hydrodynamic
diameters of their self-assembled structures, cloud points, and
pKa were determined in 1 w/w % aqueous solutions as well as
their gelling properties at various concentrations and temperatures.

block to be placed in the middle of the polymer chain.
However, our previous studies considered only triblock
copolymers. The aim of this study is to investigate whether
the same eﬀect is demonstrated in tetrablock copolymers. To
the best of our knowledge, only two studies have been reported
on thermoresponsive tetrablock copolymers, in which no
systematic evaluation of the architecture eﬀect on the
thermoresponsive properties has been performed. These
studies are discussed below.
In ﬁrst study the thermoresponsive monomer N-isopropylacrylamide (NIPAAm) was incorporated in ABCD tetrablock
quaterpolymers, which were synthesized via a combination of
reversible addition−fragmentation transfer (RAFT) polymerization, atom-transfer radical polymerization (ATRP), and
click chemistry.31 The A, B, C, and D blocks consisted of the
hydrophilic ethylene glycol (EG), the hydrophobic styrene
(St), the thermoresponsive NIPAAm, and 2-(dimethylamino)ethyl methacrylate (DMAEMA), respectively. Note that
DMAEMA is both pH- and thermoresponsive, but the authors
were mostly investigating the pH responsiveness. It was
observed that both the pH and the temperature aﬀected the
structures of the micelles. Speciﬁcally, when both the pH and
the temperature were kept at low values, the core of the
micelles consisted of the hydrophobic St. However, upon
increasing the pH (but still at low temperatures), both St and
DMAEMA formed the core of the micelle due to the latter
units’ pH responsiveness. On the other hand, upon increasing
the temperature (but at low pH), the core consisted of St and
NIPAAm units, an eﬀect caused by the thermoresponse of
NIPAAm. The LCST of the EG43-b-St24-b-NIPAAm96-bDMAEMA86 decreased with increasing the pH from 4 to 9;
speciﬁcally, the temperature decreased from 38.9 to 33.3 °C.
This was ascribed to the deprotonation of the DMAEMA units
and thus increased hydrophobicity when increasing the pH.31
In the second study, Hu et al. linked two AB diblock
copolymers together to produce a tetrablock copolymer, which
was in vivo studied.32 The A and B blocks were based on
methoxypoly(ethylene glycol) (MPEG) and poly(lactide-coglycolide) (PLGA), respectively. Speciﬁcally, 25% of the
tetrablock copolymer solution was tested for in vitro
bevacizumab release, and preservation of its activity was
observed. The tetrablock copolymer showed to be promising,
since the in vivo biocompatibility of the polymer as hydrogel
and its degradation products were conﬁrmed upon injection in
rabbits’ eyes.32
In summary, a limited number of studies on thermoresponsive gels based on tetrablock copolymers have been
reported, and none of them studied the eﬀect of architecture
on gelation temperature. Thus, this study will systematically
and independently vary the architecture and investigate how
the position of the blocks aﬀects the thermoresponsive ability
and gelation properties of the tetrablock copolymer solutions.
Ten copolymers based on penta(ethylene glycol) methyl ether
methacrylate (PEGMA, PEG, A unit), n-butyl methacrylate
(BuMA, Bu, B unit), and 2-(dimethylamino)ethyl methacrylate
(DMAEMA, DMA, C unit), as A, B, and C units, respectively,
were synthesized and investigated. More speciﬁcally, the
following copolymers were studied: (i) with two A blocks
(ABCA, ABAC, and ACAB), (ii) with two B blocks (BACB,
BABC, and ABCB), (iii) with two C blocks (CABC, CACB,
and ACBC), and (iv) with one triblock ABC terpolymer. The
target MM and PEGMA−BuMA−DMAEMA compositions
were kept constant at 8.3 kg mol−1 and 20−30−50 w/w %,
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EXPERIMENTAL SECTION

Materials. BuMA (monomer, 99%), PEGMA (monomer, MM =
300 g mol−1, 94%), DMAEMA (monomer, 98%), activated basic
aluminum oxide, 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH, freeradical inhibitor), calcium hydride (CaH2, ≥90%), tetrahydrofuran
(THF, polymerization solvent, HPCL grade, ≥99.9%), deuterated
chloroform (chloroform-d, 99.8 atom % D), methyltrimethylsilyl
dimethylketene acetal (MTS, initiator, 95%), sodium hydroxide
pellets (NaOH, 97%), and hydrochloric acid solution (volumetric, 1
M) were purchased from Aldrich, UK. Benzoic acid and tetrabutylammonium hydroxide (40% in water) were purchased from Acros
Organics, UK. Tetrahydrofuran (THF, mobile phase in GPC, GPC
grade) and phosphate buﬀered saline (PBS, 10× solution) were
purchased from Fischer Scientiﬁc, while n-hexane (precipitation
solvent) was purchased from VWR Chemicals.
Monomer Puriﬁcation and Procedures. The low MM
monomers, BuMA and DMAEMA, were passed twice through
activated basic alumina to remove the free-radical inhibitor and any
acidic impurities. DPPH was added to prevent free-radical polymerization, and the humidity was removed by stirring the monomers over
CaH2 for 3 h. On the other hand, the high MM monomer, PEGMA,
was diluted by 50 vol % in freshly puriﬁed THF and stirred over CaH2
for 3 h. The polymerization solvent, THF, was puriﬁed using the Pure
Solv Micro 100 Liter solvent puriﬁcation system with activated
alumina column from Sigma-Aldrich. The initiator (MTS) and the
low MM monomers (BuMA and DMAEMA) were distilled under
vacuum prior to polymerization to remove the DPPH and the CaH2/
Ca(OH)2. The catalyst, tetrabutylammonium bibenzoate (TBABB),
was previously synthesized by tetrabutylammonium hydroxide and
benzoic acid, as reported by Dicker et al.,33 and it was dried and kept
under vacuum until use. All the glassware was dried overnight prior to
use at 140 °C, and they were assembled hot under vacuum. The
chemical structures of the main reagents, i.e., monomers, initiator, and
catalyst, are shown in Figure 1.
Block Terpolymer Synthesis. The block-based terpolymers were
synthesized using group transfer polymerization (GTP), a fast, living,
and easy to scale up polymerization method. All polymers, of diﬀerent
architectures and compositions, were fabricated using an one-pot
sequential polymerization. What varied were the sequence of the
addition and the amount of the reagents added. Below the synthesis of
one polymer, speciﬁcally polymer 1 with theoretical chemical
structure PEGMA2.7-b-BuMA17-b-DMAEMA26-b-PEGMA2.7, is described as an example. First, TBABB (∼10 mg) was added in a 250
mL round-bottom ﬂask, which was sealed with a rubber septum and
purged with inert argon gas to ensure a moisture-free environment.
Then, 62 mL of freshly puriﬁed THF was syringed in the ﬂask,
followed by the addition of MTS (0.55 mL, 0.47 g, 2.7 mmol). Four
additions of monomers followed to form the four distinct blocks, and
two samples of 0.1 mL were obtained after each addition for GPC and
1
H NMR analysis. Speciﬁcally, the additions of the monomers were
(i) PEGMA (4.2 mL, 2.2 g, 7.4 mmol), (ii) BuMA (7.4 mL, 6.7 g,
46.8 mmol), (iii) DMAEMA (11.9 mL, 11.1 g, 70.6 mmol), and (iv)
PEGMA (4.2 mL, 2.2 g, 7.4 mmol). An exotherm was observed after
each addition, and the following temperature changes were recorded
7020
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Dynamic Light Scattering (DLS). A Zetasizer Nano ZSP
instrument (Malvern, UK) was used to perform DLS measurements
on the 1 w/w % aqueous polymer solutions (pH adjusted to 7). Prior
to the measurements, dust and other impurities were removed by
ﬁltering the polymer solutions with 0.45 μm Nylon syringe ﬁlters, and
they were then left settle to ensure complete bubble removal. For each
sample, three DLS experiments were conducted. The experiments
were performed at room temperature and with a backscatter angle of
173°. The dhs reported are the maximum mean values for each peak
present by intensity. Note that for all samples more than one peak
were observed, corresponding to unimers, micelles, and in some cases
larger aggregates.
The experimental dhs were compared to the theoretical (calculated)
diameters; the latter values were based on the experimental values of
the degree of polymerization (DP) as calculated by using the GPC
and 1H NMR results. For these calculations, it was assumed that
spherical micelles were formed. As the polymer architecture governs
the self-assembly, seven equations were used, as described below: (i)
(DPBuMA + 2 × DPDMAEMA + DPPEGMA) × 0.254 nm for the
copolymers with structure ABCA and ABAC, (ii) [DPBuMA + 2 ×
(DPDMAEMA + DPPEGMA)] × 0.254 nm for the copolymers with
structure ACAB and CACB, (iii) (DPBuMA + DPPEGMA + DPDMAEMA)
× 0.254 nm for the BACB structure, which is assumed to form ﬂowerlike micelles, (iv) (2 × DPDMAEMA) × 0.254 nm for the BABC
structure, (v) (DPBuMA + DPDMAEMA) × 0.254 nm for the ABCB
ﬂower-like micelles, (vi) (DPBuMA + 2 × DPPEGMA + DPDMAEMA) ×
0.254 nm for the copolymers with structure CABC and ACBC, and
(vi) (DPBuMA + 2 × DPDMAEMA) × 0.254 nm for the ABC structure.
Hydrogen Ion Titrations. 1 w/w % aqueous polymer solutions
were analyzed via hydrogen ion titrations; for this experiment, a
HI98103 pH checker from Hanna instruments was used. The polymer
solutions, i.e., the DMAEMA units, were titrated from pH 2 to pH 12
using a 0.25 M NaOH solution. The eﬀective pKa of the polymer was
determined as the pH of the solution at which 50% of the DMAEMA
units were protonated and 50% of them were at the neutral state.
Visual Tests. An IKA RCT stirrer hot plate, equipped with an IKA
ETS-D5 temperature controller, and a continuously stirred water bath
were used to perform the visual tests. The CPs were determined at 1
w/w % of copolymer solutions in deionized (DI) water. The thermal
response of the copolymer solutions in PBS was also tested at a range
of concentrations: 1, 2, 5, 10, 15, 20, 25, and 30 w/w %, and thus
phase diagrams of each soluble in PBS were constructed. The vials
were suspended in a water bath, and the temperature was changed
from 20 to 80 °C, with a step of 1 °C. A visual observation was
recorded every 1 °C. The CP was determined as the temperature at
which the solution turned from transparent to cloudy. The gelation
point/temperature was determined as the temperature at which a
stable gel was formed; i.e., the polymer solution did not ﬂow upon vial
inversion (the technique is known as the tube inversion method).
Rheology. The rheological properties of 15 w/w % copolymer
solutions in PBS were investigated at a range of temperatures. This
experiment was performed using a TA Discovery HR-1 hybrid
rheometer equipped with a 40 mm parallel Peltier steel plate
(996921). Temperature ramp measurements were performed from 20
to 80 °C with a ramp rate of 1 °C min−1, and the changes in shear
storage modulus (elastic modulus, G′) and shear loss modulus
(viscous modulus, G″) were recorded. The complex viscosity (η*)
was calculated from the values of elastic and viscous moduli using the
following equation: η* = [(G′′/ω)2 + (G′/ω)2]1/2, where ω is the
angular frequency, which was set at 1 rad s−1 for this experiment.34

Figure 1. Chemical structures of the monomers, the initiator, and the
catalyst.

in each case: (i) 23.2−26.0 °C, (ii) 24.1−34.3 °C, (iii) 29.1−43.4 °C,
and (iv) 24.4−25.5 °C. The polymers were precipitated in cool nhexane, and they were dried in a vacuum oven at room temperature.
In this study 13 tetrablock terpolymers and 2 ABC triblock
copolymers were synthesized, speciﬁcally 9 tetrablock terpolymers
(ABCA, ABAC, ACAB, BACB, BABC, ABCB, CABC, CACB, and
ACBC) and one ABC triblock of constant target MM and
composition of 8.3 kg mol−1 and 20−30−50 w/w % PEGMA−
BuMA−DMAEMA, respectively. Additionally, four tetrablock terpolymers (of varying architectures: ABAC, BABC, CABC, and ACBC)
and another ABC triblock copolymer of the same MM but of diﬀerent
composition speciﬁcally 20−35−45 w/w % PEGMA−BuMA−
DMAEMA composition, were synthesized.
Characterization in Organic Solvents. The MM, the molar
mass distribution (MMD, dispersity Đ), and the composition of all
the terpolymers and their linear precursors were determined in
organic solvents.
Gel Permeation Chromatography (GPC). An Agilent SECurity
GPC system, with a Polymer Standard Service (PSS) SDV analytical
linear M column (SDA083005LIM), was used to determine the MM
and Đ values of the synthesized terpolymers and their linear
precursors. The system is equipped with a “1260 Iso” isocratic
pump and an Agilent 1260 refractive index (RI) detector. THF with 5
vol % triethylamine was used as the mobile phase, and a ﬂow rate of 1
mL min−1 was used. Six linear poly(methyl methacrylate) (PMMA)
standard samples with MM equal to 2, 4, 8, 20, 50, and 100 kg mol−1
(purchased from Fluka, Aldrich, UK) were used to calibrate the
system.
Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR).
The resulting terpolymers and their linear precursors were
characterized with 1H NMR using a 400 MHz Avance Bruker NMR
spectrometer to conﬁrm their chemical structure and determine the
composition. The 1H NMR spectra were obtained using CDCl3 as the
deuterated solvent.
The experimental values were calculated by using a distinctive peak
in 1H NMR spectrum per repeated unit: (i) the distinctive peak of
PEGMA appears at 3.35 ppm, and it corresponds to the three
methoxy protons; (ii) BuMA’s distinctive peak appears at 3.9 ppm
and corresponds to the two methylene protons closest to the ester
bond; and (iii) the six protons on the methyl groups bonded to the
nitrogen appear at 2.25 ppm and form the distinctive peak of
DMAEMA.
Characterization in Aqueous Solution. The eﬀective dissociation constants (pKas), the hydrodynamic diameters (dh), and the
thermal response of copolymer solutions in 1 w/w % aqueous
solutions (cloud points, CP) were determined. Visual tests were also
performed at a range of concentrations and temperatures. Rheological
tests were also performed at a range of temperatures of a selected
concentration.

■

RESULTS AND DISCUSSION
Synthetic Strategy. In this study, 13 tetrablock terpolymers of various architectures as well as two triblock
terpolymers were successfully synthesized using GTP. The
target MM was kept constant at 8300 g mol−1. First, nine
tetrablock copolymers of varying architectures (ABCA, ABAC,
ACAB, BACB, BABC, ABCB, CABC, CACB, and ACBC) and
one ABC triblock copolymer were synthesized with a constant
7021
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Figure 2. Schematic representation of the terpolymers studied in this project. The PEGMA, BuMA, and DMAEMA repeated units are shown as
light blue, red, and light green spheres, respectively.

The MMDs (i.e., dispersity, indicated as Đ) in Table 1 vary
between 1.12 and 1.20 for the ﬁnal terpolymers, and they are
satisfactorily narrow, similarly to previous reported GTP
studies.24−27,29,30,41−44 The Đ values are satisfactorily low for
a living polymerization method like GTP. However, it can
clearly be observed that the values for the tetrablock
terpolymers are higher compared to ones of the triblock
copolymers due to the tetrablock syntheses requiring one extra
addition and more sample withdrawal from the polymerization
ﬂask. This has been observed before in GTP studies in which
more than three sequential monomer additions had to be
performed and multiple samples to be obtained.45,46
The GPC traces of P1 (ABCA), PEGMA2.7-b-BuMA17-bDMAEMA26-b-PEGMA2.7, and its linear precursors are shown
in Figure 3. Speciﬁcally, the GPC traces of PEGMA
homopolymer, PEGMA2.7-b-BuMA17 diblock copolymer,
PEGMA2.7-b-BuMA17-b-DMAEMA26 triblock terpolymer, and
the ﬁnal tetrablock terpolymer are indicated by light blue solid,
red dotted, green dotted, and blue solid lines, respectively. It is
observed that as the number of blocks increases from the
homopolymer to the tetrablock copolymer, the peak shifts to
higher MMs, thus conﬁrming the successful “living” GTP,
during which the chains continuously grow during the
polymerization. No shoulder(s) is/are observed at any
polymerization step, thus indicating that each polymerization
step/monomer addition was successful; i.e., no polymer chains
have been signiﬁcantly deactivated during polymerization. All
the polymers investigated show similar GPC proﬁles, which
can be found in the Supporting Information in Figure S1.
Thus, it can be concluded that the GTP syntheses were
successful.
The PEGMA−BuMA−DMAEMA weight percentages of the
ﬁnal terpolymers and their linear precursors were examined via
1
H NMR spectroscopy and the results are listed in Table 1

composition of 20−30−50 w/w % (PEGMA−BuMA−
DMAEMA). After the initial characterization results, four
additional tetrablock copolymers of the most promising
architectures and the corresponding ABC triblock copolymer
were synthesized at a constant composition of 20−35−45 w/w
% (PEGMA−BuMA−DMAEMA). Speciﬁcally, the four
selected architectures are ABAC, BABC, CABC, and ACBC,
as they are the ones that did not present any solubility issues.
In Figure 2, the schematic representation of all the synthesized
polymers is illustrated. The hydrophilic PEGMA repeated units
are shown in light blue, red spheres represent the nonionic,
hydrophobic BuMA units, and light green spheres represent
the pH-and thermoresponsive DMAEMA units.
Structural Properties: Molar Mass and Composition.
The structural properties of the ﬁnal terpolymers and their
linear precursors were determined and are listed in Table 1.
Speciﬁcally, Table 1 summarizes the theoretical MMs, the
experimental MMs and dispersity indices (Đ), as resulted from
GPC analysis, as well as the theoretical and experimental
PEGMA−BuMA−DMAEMA compositions, as resulted from
1
H NMR analysis.
The experimental number-average MMs (Mns) of the
terpolymers, listed in Table 1, are between 8500 and 12500
g mol−1. These values are within the desirable intermediate
range, which has been proven to induce clear sol−gel
transition.24,26,27,29,30 These values are higher than the targeted
MM, and this discrepancy is attributed primarily to the
deactivation of the initiator/active species of the polymerization before even the polymerization has started (before the
ﬁrst monomer has been added), similarly to previous GTP
reported syntheses.24−27,29,30,35−42 This deactivation can
happen from traces of water or acidic impurities present in
the system.
7022
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Table 1. Theoretical Chemical Structures, Theoretical and Experimental Molecular Masses (MM) and Compositions, and
Dispersity Indices of the Terpolymers and Their Precursors
w/w % PEG−Bu−DMA
no.

theoretical polymer structurea

MMtheor b (g mol−1)

Mnc (g mol−1)

Đc

theoretical

P1

PEG2.7
PEG2.7-b-Bu17
PEG2.7-b-Bu17-b-DMA26
PEG2.7-b-Bu17-b-DMA26-b-PEG2.7
PEG2.7
PEG2.7-b-Bu17
PEG2.7-b-Bu17-b-PEG2.7
PEG2.7-b-Bu17-b-PEG3-b-DMA26
PEG2.7
PEG2.7-b-DMA26
PEG2.7-b-DMA26-b-PEG2.7
PEG2.7-b-DMA26-b-PEG2.7-b-Bu17
Bu8.5
Bu8.5-b-PEG5.5
Bu8.5-b-PEG5.5-b-DMA26
Bu8.5-b-PEG5.5-b-DMA26-b-Bu8.5
Bu8.5
Bu8.5-b-PEG5.5
Bu8.5-b-PEG5.5-b-Bu8.5
Bu8.5-b-PEG5.5-b-Bu8.5-b-DMA26
PEG5.5
PEG5.5-b-Bu8.5
PEG5.5-b-Bu8.5-b-DMA26
PEG.5-b-Bu8.5-b-DMA26-b-Bu8.5
DMA13
DMA13-b-PEG5.5
DMA13-b-PEG5.5-b-Bu17
DMA13-b-PEG5.5-b-Bu17-b-DMA13
DMA13
DMA13-b-PEG5.5
DMA13-b-PEG5.5-b-DMA13
DMA13-b-PEG5.5-b-DMA13-b-Bu17
PEG5.5
PEG5.5-b-DMA13
PEG5.5-b-DMA13-b-Bu17
PEG5.5-b-DMA13-b-Bu17-b-DMA13
PEG5.5
PEG5.5-b-Bu17
PEG5.5-b-Bu17-b-DMA26
PEG2.7
PEG2.7-b-Bu20
PEG2.7-b-Bu20-b-PEG2.7
PEG2.7-b-Bu20-b-PEG2.7-b-DMA23.5
Bu10
Bu10-b-PEG5.5
Bu10-b-PEG5.5-b-Bu10
Bu10-b-PEG5.5-b-Bu10-b-DMA23.5
DMA11.7
DMA11.7-b-PEG5.5
DMA11.7-b-PEG5.5-b-Bu20
DMA11.7-b-PEG5.5-b-Bu20-b-DMA11.7
PEG5.5
PEG5.5-b-DMA11.7
PEG5.5-b-DMA11.7-b-Bu20
PEG5.5-b-DMA11.7-b-Bu20-b-DMA11.7
PEG5.5
PEG5.5-b-Bu20
PEG5.5-b-Bu20-b-DMA23.5

920
3380
7480
8300
920
3380
4200
8300
920
5020
5840
8300
1330
2970
7070
8300
1330
2970
4200
8300
1740
2970
7070
8300
2150
3790
6250
8300
2150
3790
5840
8300
1740
3790
6250
8300
1740
4200
8300
920
3790
4610
8300
1535
3175
4610
8300
1945
3585
6455
8300
1740
3585
6455
8300
1740
4610
8300

1800
5300
10700
11300
1600
5400
6700
11600
1600
7400
7900
11000
2300
4600
8900
11300
2000
4100
5700
10600
3000
4900
10500
12500
2900
5100
8300
10600
3200
5500
7900
10100
2500
4900
7800
10100
2900
6200
10700
1400
4800
6000
9300
2000
3900
5300
8500
2200
4000
7000
8500
2300
4200
7500
9600
2400
5400
8900

1.17
1.11
1.10
1.12
1.21
1.10
1.10
1.12
1.23
1.08
1.15
1.16
1.11
1.10
1.14
1.15
1.14
1.12
1.12
1.18
1.13
1.11
1.17
1.18
1.13
1.11
1.14
1.17
1.11
1.12
1.15
1.19
1.18
1.13
1.16
1.19
1.14
1.11
1.13
1.25
1.12
1.12
1.12
1.14
1.14
1.13
1.15
1.16
1.16
1.18
1.20
1.18
1.15
1.17
1.18
1.18
1.14
1.12

100−00−00
25−75−00
11−33−56
20−30−50
100−00−00
25−75−00
40−60−00
20−30−50
100−00−00
17−00−83
29−00−71
20−30−50
00−100−00
57−43−00
23−18−59
20−30−50
00−100−00
57−43−00
40−60−00
20−30−50
100−00−00
57−43−00
23−18−59
20−30−50
00−00−100
44−00−56
27−40−33
20−30−50
00−00−100
44−00−56
29−00−71
20−30−50
100−00−00
44−00−56
27−40−33
20−30−50
100−00−00
40−60−00
20−30−50
100−00−00
22−78−00
36−64−00
20−35−45
00−100−00
53−47−00
36−64−00
20−35−45
00−00−100
47−00−53
26−45−29
20−35−45
100−00−00
47−00−53
26−45−29
20−35−45
100−00−00
36−64−00
20−35−45

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

7023
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H NMR

100−00−00
26−74−00
12−33−55
22−28−50
100−00−00
23−77−00
38−62−00
21−30−49
100−00−00
20−00−80
32−00−68
21−31−48
00−100−00
58−42−00
26−19−56
20−30−50
00−100−00
57−43−00
41−59−00
21−29−50
100−00−00
57−43−00
25−17−58
20−31−49
00−00−100
46−00−54
27−39−34
20−30−50
00−00−100
45−00−55
29−00−71
20−31−49
100−00−00
44−00−56
27−38−35
20−30−50
100−00−00
43−57−00
22−29−49
100−00−00
22−78−00
37−63−00
20−35−45
00−100−00
55−45−00
39−61−00
22−34−44
00−00−100
52−00−48
30−42−28
21−34−45
100−00−00
50−00−50
36−44−30
21−34−45
100−00−00
38−62−00
22−35−43
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Table 1. continued
a

PEG, Bu, and DMA are the abbreviations for penta(ethylene glycol) methyl ether methacrylate, n-butyl methacrylate, and 2-(dimethylamino)ethyl
methacrylate, respectively. bThe theoretical MM is calculated as the sum of MMmonomer × DPrepeated unit, where MM and DP are the abbreviations of
molar mass and degree of polymerization, respectively. In GTP, a part of the initiator with MM equal to 100 g mol−1 remains on the polymer chain,
and therefore it is added on the MM. cThe values of Mn and Đ were determined by GPC, where the calibration was based on well-deﬁned linear
poly(methyl methacrylate) standard samples with MM equal to 2, 4, 8, 20, 50, and 100 kg mol−1.

precursors are shown in Figure 4: PEGMA2.7 in light blue,
PEGMA2.7-b-BuMA17 in red, and PEGMA2.7-b-BuMA17-bDMAEMA26 in green. For the calculations of the experimental,
three peaks were chosen, as discussed in the Experimental
Section; these peaks are the ones which correspond to the e
protons, f protons, and l protons (see Figure 4). The
experimental values of the weight composition are in a good
agreement with the corresponding theoretical ones. Thus, from
the GPC and NMR characterization the successful syntheses of
well-deﬁned tetrablock and triblock copolymers were conﬁrmed.
Aqueous Solution Properties. Hydrodynamic Diameters. In Table 2, the hydrodynamic diameters, dh, of the
micelles that are formed by the tetra- and triblock copolymers
of this study, and their corresponding theoretical diameters are
shown. It should be noted that the theoretical values assume
(i) fully stretched polymer chains, (ii) complete overlap of the
hydrophobic BuMA part, and (iii) the polymers chains to be
assembled in the way that is schematically illustrated in Figure
5. First, it can be clearly observed that all block terpolymers
form micelles ranging from 10.1 to 37.8 nm, and the size of the
micelles depends on both the architecture and the composition
of the block copolymer. In most cases, the theoretically

Figure 3. GPC traces of P1: PEGMA2.7-b-BuMA17-b-DMAEMA26-bPEGMA2.7 and its linear precursors. The ﬁrst block, diblock, triblock,
and ﬁnal tetrablock copolymer are shown as a light blue solid line, red
dotted line, green dotted line, and blue solid line, respectively.

among with the theoretical compositions. The 1H NMR
spectra of polymer 1 (ABCA), PEGMA2.7-b-BuMA17-bDMAEMA26-b-PEGMA2.7 (colored in blue), and its linear

Figure 4. 1H NMR spectra of P1 and its precursors: (a) the ﬁrst block (light blue), (b) the diblock copolymer (red), the triblock copolymer (light
green), and the ﬁnal tetrablock copolymer (blue) with theoretical chemical structures PEGMA2.7, PEGMA2.7-b-BuMA17, PEGMA2.7-b-BuMA17-bDMAEMA26, and PEGMA2.7-b-BuMA17-b-DMAEMA26-b- PEGMA2.7, respectively.
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Table 2. Theoretical Polymer Structure, Theoretical and Experimental Hydrodynamic Diameter and PDI of Each Polymer,
and Eﬀective pKa Values and Cloud Points
hydrodynamic diameter (nm)
experimental peaks
±0.5j
no.
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15

theoretical polymer structurea
PEG2.7-b-Bu17-b-DMA26-b-PEG2.7
PEG2.7-b-Bu17-b-PEG2.7-b-DMA26
PEG2.7-b-DMA26-b-PEG2.7-b-Bu17
Bu8.5-b-PEG5.5-b-DMA26-b-Bu8.5
Bu8.5-b-PEG5.5-b-Bu8.5-b-DMA26
PEG5.5-b-Bu8.5-b-DMA26-b-Bu8.5
DMA13-b-PEG5.5-b-Bu17-b-DMA13
DMA13-b-PEG6-b-DMA13-b-Bu17
PEG5.5-b-DMA13-b-Bu17-b-DMA13
PEG5.5-b-Bu17-b-DMA26
PEG2.7-b-Bu20-b-PEG2.7-b-DMA23.5
Bu10-b-PEG5.5-b-Bu10-b-DMA23.5
DMA11.7-b-PEG5.5-b-Bu20-b-DMA11.7
PEG5.5-b-DMA11.7-b-Bu20-b-DMA11.7
PEG5.5-b-Bu20-b-DMA23.5

theorb

1st

c

26.0
26.6c
27.1d
17.1e
17.1f
16.8g
17.8h
25.0d
17.0h
22.5i
20.9c
12.1f
14.4h
16.2h
17.9i

4.19
3.12
3.62
3.12

3.12
4.19

5.61

2nd

PDI

eﬀective pKas ± 0.1

cloud points ±2 °C

18.2
21.0
37.8
21.0
24.4
21.0
13.5
32.7
10.1
18.2
11.7
24.4
11.7
18.2
m

0.389
0.481
0.196
0.504
0.474
0.500
0.300
0.200
0.193
0.500
0.328
0.378
0.240
0.264
0.313

6.9
6.9
6.9
6.7
7.0
6.8
6.9
6.9
6.8
6.9
6.9
6.8
6.6
6.5
6.8

k
32
NAl
NA
36
NA
40
NA
53
39
38
38
43
NA
47

a

PEG, Bu, and DMA stand for penta(ethylene glycol) methyl ether methacrylate, n-butyl methacrylate, and 2-(dimethylamino)ethyl methacrylate,
respectively. bThe theoretical hydrodynamic diameters (dh) were calculated by using the experimental degree of polymerization (DP) as resulted by
GPC and 1H NMR analysis before precipitation. cThe theoretical values of the copolymers with structure ABCA and ABAC were calculated by
using the following equation: (DPBuMA + 2 × DPDMAEMA + DPPEGMA) × 0.254 nm. dThe equation [DPBuMA + 2 × (DPDMAEMA + DPPEGMA)] × 0.254
nm was used to calculate the theoretical hydrodynamic diameter of the polymers with structure ACAB and CACB. eFlower-like micelles are
assumed to be formed by the BACB structure and the following equation was used: (DPBuMA + DPPEGMA + DPDMAEMA) × 0.254 nm. fThe size of
the micelles formed by the BABC structure is calculated by the same equation (2 × DPDMAEMA) × 0.254 nm. gABCB fower-like micelles have
theoretical size calculated as (DPBuMA + DPDMAEMA) × 0.254 nm. hThe theoretical values of the copolymers with structure CABC and ACBC were
calculated by using the following equation: (DPBuMA + 2 × DPPEGMA + DPDMAEMA) × 0.254 nm. iThe ABC structure self-assembles into spherical
micelles, the diameter of which is calculated by the following equation: (DPBuMA + 2 × DPDMAEMA) × 0.254 nm. jValue was obtained by using the
diameter of maximum intensity from DLS data. kThe polymer solution did not present a CP within the temperature range tested. lNA: the
determination of the CP was not feasible as the polymers were not soluble. mLarger micelles and aggregates are present, but instead of having
several peaks they are incorporated in the ﬁrst peak and that is why one peak is reported.

Figure 5. Schematic representations of the micelles formed by the diﬀerent tetrablocks. Blue, red, and green represent the repeated units of
PEGMA, BuMA, and DMAEMA, respectively.

predicted value is higher than the dh, as expected, since the
theoretical model assumes that the chains are fully stretched,
but in reality, they can be collapsed and in a coil. This is in
agreement with previously reported studies.24,25,27,29,42 However, some polymers seem to exceed the theoretically predicted
value. For example, both P3 and P8, with ACAB and CACB
architectures, respectively, form larger micelles (in fact,
micelles larger than all other polymers). Also, P14 with
ACBC architecture and increased hydrophobic content forms
slightly larger micelles (18.2 instead of 16.2 nm). This is

possibly due to the poor overlap of the BuMA blocks that will
also allow more polymer chains to assemble in the micelle
structure, making the overall size larger. Also, polymers where
the polymer chains need to fold like P4 (BACB), P5 (BABC),
P6 (ABCB), and P12 (BABC) form larger structures than the
theoretically predicted micelles. This observation is expected,
since folding the chain to form a U-shape is not
thermodynamically favorable, and some chains may not fold
or aggregate in a less ordered way, thus forming larger than
expected micelles. Finally, a comonomer composition eﬀect is
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Cloud Points. The cloud points of 1 w/w % polymer
solutions in DI are listed in Table 2 and are shown in Figure 7.

also observed. In particular, upon comparison of P2 and P11,
both ABAC tetrablock copolymers, when the BuMA/
DMAEMA ratio changes, it is the DMAEMA block that
aﬀects the size more. This is because the BuMA block is
collapsed, and unless the changes are signiﬁcant they will not
aﬀect the overall diameter, while when the DMAEMA length
changes, this aﬀects the overall size of the diameter since the
corona of the micelles will increase.
Therefore, when decreasing the DMAEMA content/length,
the size of the micelles decreased from 21 to 11.7 nm. This is
also observed for polymers P7 and P13 (CABC tetrablock
terpolymers) but not as signiﬁcantly because only one of the
DMAEMA blocks will aﬀect the overall diameter of the
micelle. Nevertheless, a decrease from 13.5 to 11.7 nm is still
observed. This is also the case for the ABC triblock
terpolymers, P10 and P15, the micelle size of which decreases
from 18.2 to 5.61 nm, respectively, as the DMAEMA content
decreases even though it should be noted that 5.61 nm does
not probably correspond to the micelle peak. There is a very
big broad peak present ranging from 2 to 90 nm with the
highest part being between 2 and 12 nm. The polymers with
the ACBC architecture (P9 and P14) do not follow this trend,
but it should be pointed out that P14 is not well soluble in
water as it will discussed later on in detail so direct
comparisons should not be made.
Eﬀective pKas. The eﬀective pKas of the polymers’
DMAEMA units are shown in Table 2 and Figure 6. The

Figure 7. Cloud points of all terpolymers in water versus the polymers
architecture. Light blue squares and light green triangles represent the
two diﬀerent compositions: 20−30−50 and 20−35−45 w/wt %
PEGMA−BuMA−DMAEMA, respectively.

As can be immediately observed, not all polymers presented a
cloud point. Speciﬁcally, the following tetrablock copolymers
were not able to be investigated because they were not soluble
at the pH tested: (i) ACAB (P3), (ii) BACB (P4), (iii) ABCB
(P6), (iv) CACB (P8) architectures, and (v) P14 with ACBC
architecture of highest hydrophobic BuMA content. Also, the
ABCA tetrablock copolymer (P1) did not present a cloud
point at any temperature. The rest of the polymers, speciﬁcally
the ABAC (P2 and P11), BABC (P5 and P12)), CABC (P7
and P13), and ACBC of lowest hydrophobic content (P14)
tetrablock copolymers and the ABC triblock copolymers (P10
and P15), presented cloud points ranging from 32 to 53 °C. It
is noteworthy that a clear architecture eﬀect can be observed,
and to the best of our knowledge this is the ﬁrst time that such
a clear architecture eﬀect is observed in terpolymers.
It is well documented that the cloud point is aﬀected by the
MM,42,55−58 the composition,24,25,27,56,58−63 and the overall
hydrophobicity/hydrophiphicity, even if this is aﬀected by side
groups.27,29 However, so far, the only clear eﬀect that has been
observed in terms of the polymer architecture is that random
copolymers presented lower cloud point (if they were soluble)
when compared to their block-based counterparts because the
latter could stabilize themselves better in solution by forming
micelles.25,29 In this study on tetrablock copolymers, two clear
observations can be made regarding the architecture eﬀect: (i)
the two ABC triblock copolymers have higher cloud points
compare to the tetrablock copolymers with the exception of
the ACBC tetrablock copolymer of lowest hydrophobic
content (P9), and (ii) the ABAC and BACB tetrablock
copolymers within the experimental error have the same cloud
points, which are lower than all the other terpolymers. These
observations seemed to be correlated to the position of the
thermoresponsive DMAEMA block. In particular, when the
DMAEMA block(s) are close to the hydrophobic block, when
increasing the temperature both BuMA and DMAEMA will
contribute to the core to form the more conventional core−
shell micelle that seem to be more stable than the other selfassembled structures. Therefore, ACBC and ABC polymers
with B and C blocks being next to each other present higher
cloud points compared to the ABAC polymers; in the ABAC
polymers, the BuMA and DMAEMA blocks are not together.

Figure 6. Eﬀective pKas of all block terpolymers. Blue squares and
green triangles, the two diﬀerent compositions, are displayed.

pKa values for all synthesized terpolymers were between 6.5
and 7.0, which are in agreement with previously reported
studies on DMAEMA-based polymers.24,25,27,30,47−50 The ﬁrst
eﬀect that is observed is the composition eﬀect, and as
expected and previously reported, with increasing the hydrophobic content or/and hydrophobicity of the polymer, the
pKas decrease.24−27 In terms of the polymer architecture, no
signiﬁcant diﬀerences were observed between the pKa values,
indicating that the polymer architecture does not aﬀect the pKa
value; this has been observed before, for linear24,25 and star
polymers49 as well as polymeric networks.51−54 Only in the
case of the ACBC tetrablock copolymer with the most
hydrophobic content (P14), that presented solubility issues,
the pKa is signiﬁcantly lower. Similar observations were
reported for statistical copolymers with solubility issues in
previous studies.26,27,29,30
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Figure 8. Phase diagrams of the terpolymers in phosphate buﬀered saline (PBS), which show the eﬀects of architecture (left to right) and
composition (top to bottom) on the gelation. The diﬀerent phases are shown as follows: (i) in white for runny solution (clear: square; slightly
cloudy: triangle; cloudy: circle), (ii) red for viscous solution (transparent: triangle; cloudy: circle), (iii) blue for gel (transparent: triangle; cloudy:
circle), and (iv) in light green for two-phase sample (gel syneresis: rhombus; precipitation: square). The gelation area is approximately indicated by
the black dashed line. The corresponding polymer structures are also shown; light blue, red, and light green correspond to the PEGMA, BuMA, and
DMAEMA units, respectively.

As far as the BABC and CACB polymers are concerned, in
which in some cases the B and C blocks are close together in
one of the two ends of the chain, they present intermediate
cloud points.
The composition eﬀect can also be observed. Speciﬁcally,
when comparing polymers of the same architecture but
diﬀerent composition (blue squares versus green triangles),
the polymers with a higher DMAEMA content (blue squares)
present in all cases lower cloud points. This was interesting as
previously we have clearly demonstrated that by increasing the
hydrophobic content the cloud point decreases. 24,25,27
However, in this study when the hydrophobic content
(BuMA) increases, the thermoresponsive component decreases, and it is the latter that appears to have a more
signiﬁcant eﬀect on the cloud point.
Visual Gel Points. In Figure 8, the phase diagrams of the
10 most promising polymers are shown. Speciﬁcally, these
polymers are the following: ABAC (P2 and P11), BABC (P5
and P12), CABC (P7 and P13), and ACBC (P9 and P14)
tetrablock copolymers and their corresponding ABC triblock
copolymers (P10 and P15) at the two diﬀerent compositions
20−30−50 and 20−35−45 w/w % PEGMA−BuMA−
DMAEMA. The eﬀects of the architecture and composition
are demonstrated from the left to right and top to bottom,
respectively.

For the terpolymers with the highest hydrophobic content,
i.e., 20−35−45 w/w %, it can be clearly observed that the
ACBC tetrablock copolymer is insoluble in PBS, so it phase
separates at all concentrations and temperatures. The ABC
triblock terpolymer, which is used as our control because it is
the best performing polymer from our previous studies,24,25,27,29,30 has a typical phase diagram for a thermoresponsive gel. Hence, as the temperature and concentration
increase, it forms a gel which, when increasing the temperature
even further, becomes cloudier and eventually collapses and
phase separation occurs. The area that a gel is formed is shown
with the dashed line. The ABC triblock starts gelling at 15 w/w
%, and the gels range from temperatures 36 to 50 °C (at the
highest concentration). When this triblock copolymer is
compared with the corresponding tetrablock terpolymers that
have the same composition, a clear architecture eﬀect is
observed. Speciﬁcally, the ABAC and CABC tetrablocks form
gels, but not in such a wide range of temperatures and/or
concentrations as the ABC triblock and the BABC tetrablock
terpolymers. It is not surprising that the CACB tetrablock
terpolymer does not form gels at a wider range of temperatures
and concentrations since it forms the larger micelles as this
agrees with our previous studies. Speciﬁcally, we have
previously demonstrated that the best performing thermoresponsive polymers, i.e., the polymers that form gels easier and at
a wider range, are the ones that form smaller micelles.30 Thus,
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does not form gels as easily (at lower C and T) and neither
does the BABC tetrablock terpolymer; we have previously
concluded that the ABC and BABC terpolymers showed
similar thermoresponsive behavior. The CABC architecture,
which did not perform well with even higher hydrophobic
content, at this composition (20−30−50 PEGMA−BuMA−
DMAEMA w/w %) it does not form any gels at any
temperature or concentration. The ABAC terpolymers (P2
and P11) perform very similarly; the one with the higher
hydrophobic content just gets destabilized more easily. The
most interesting of all the architectures at this composition
(20−30−50 w/w %) is the ACBC architecture, which forms
gels at concentrations as low as 10 w/w % and it is the only
polymer in this study, irrespective of polymer architecture or
composition, that forms gel in such a wide range of
concentration and temperatures. This is because it forms the
smallest and more compact micelles as it is supported by the
DLS data (Table 2) and schematically illustrated in Figure 5.
Even though the ACBC tetrablock copolymer does not form
gels at temperatures close to body temperature it is a good
candidate for future studies and other applications that require
gels at lower concentrations.
In summary, from the phase diagrams in Figure 7 two new
interesting polymers demonstrated to have potential, speciﬁcally the BABC tetrablock terpolymer with composition 20−
35−45 w/w % and the ACBC tetrablock terpolymer with 20−
30−45 w/w % (PEGMA−BuMA−DMAEMA).
Rheology. The 15 w/w % solutions of the thermoresponsive polymers were also characterized with rheology.
Speciﬁcally, the elastic modulus G′ and viscous modulus G″
were determined while increasing the temperature from 20 to
70 °C. The results for the three polymers that form gels are
shown in Figure 10, while the rest of the data are shown in the
Supporting Information in Figure S2. At this stage, it should be
pointed out that the rheological deﬁnition of a gel does not
necessarily agree with the visual observations. In terms of
rheology the gel point is taken as the instant when elastic
modulus G′ exceeds the viscous modulus G″ (i.e., the solid
phase becomes dominant).64 In a typical rheology graph for a
thermoresponsive gel, the viscosity as well as the elastic and
viscous moduli increase while increasing the temperature, and
when the temperature is close to the polymer’s thermoresponsive point, both moduli and viscosity will increase
signiﬁcantly. This type of graph was observed for all the
polymers that form gels visually. The gel point (temperature)

it is more interesting that the ABAC and the BABC tetrablock
copolymers demonstrate such a big diﬀerence in their
thermoresponsive behavior. In particular, the BABC tetrablock
terpolymer forms gels at a wider range of temperatures and
concentrations almost matching the ABC triblock copolymer.
Both ABAC and BABC tetrablock copolymers form micelles of
dhs 11.7 and 24.4 nm, respectively. Within the micelles the
distribution of the BuMA and PEGMA repeated units in the
center of the micelle will be diﬀerent. It seems the PEGMA are
better masked in the BABC architecture, and this results that
this terpolymer form gels at a wider range of concentrations.
This eﬀect is not observed though when comparing the same
two architectures (ABAC and BABC) at a lower hydrophobic
content, and it seems that when the PEGMA/BuMA ratio
changes, the formation of the gels is signiﬁcantly aﬀected. This
observation can be attributed to the fact that in theory there
are at least two diﬀerent ways that the micelles could be
formed with the BABC architecture; these are demonstrated in
Figure 9. Of course, it should be pointed out that these

Figure 9. Theoretical schematic representations of how the BABC
tetrablock copolymer can self-assemble to form micelles. The
PEGMA, BuMA, and DMAEMA units are shown with light blue,
red, and light green, respectively.

schematic illustrations are purely theoretical, and in reality the
micellization is more complicated and probably a combination
of the two.
Besides the clear eﬀect of architecture on the polymers
thermoresponsive and gelling ability, a clear composition eﬀect
is also observed. Speciﬁcally, upon comparison of the phase
diagrams with lower hydrophobic content (top line) with the
phase diagrams on the bottom line line (higher hydrophobic
content) in Figure 8, the ABC triblock copolymer, for example,

Figure 10. Rheological results of temperature ramp measurements performed on the three polymer solutions in phosphate buﬀered saline (PBS)
that formed a gel visually at a concentration of 15 w/w%. From the left to the right: P9 (ACBC) PEGMA5.5-b-DMAEMA13-b-BuMA17-bDMAEMA13, P12 (BABC) BuMA10-b-PEGMA5.5-b-BuMA10-b-DMAEMA23.5, and P15 (ABC) PEGMA5.5-b-BuMA20-b-DMAEMA23.5. The shear
storage modulus (elastic modulus, G′), the shear loss modulus (viscous modulus, G″), and the complex viscosity (η*) are shown in dark blue, red,
and light blue, respectively. The corresponding polymer structures are also shown; the PEGMA, BuMA, and DMAEMA units are colored in light
blue, red, and light green, respectively.
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in rheology also agreed with the visual results within the
experimental error. Speciﬁcally, polymers P9, P12, and P15
(ACBC with 30 w/w % BuMA, BABC with 35 w/w % BuMA,
and ABC triblock terpolymer with 35 w/w % BuMA,
respectively) form gels visually at 45, 38, and 42 °C while in
rheology at 47, 37, and 41 °C, respectively. Considering the
experimental error, mostly due to the evaporation of the water,
these values are in good agreement. Interestingly, the rheology
graphs of the polymers that did not form a gel but only
presented a cloud point at this concentration do show a sharp
and short increase of viscous modulus at the same temperature
that the cloud point is presented. In summary, the rheological
data support and agree with the above-mentioned visual
observations.

ABBREVIATIONS
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Chen, T.; Zhang, X.; Liu, Z. Synthesis of linear amphiphilic tetrablock
quaterpolymers with dual stimulus response through the combination
of ATRP and RAFT by a click chemistry site transformation
approach. Polym. Chem. 2013, 4, 1815−1825.
(32) Hu, C. C.; Chaw, J. R.; Chen, C. F.; Liu, H. W. Controlled
release bevacizumab in thermoresponsive hydrogel found to inhibit
angiogenesis. Bio-Med. Mater. Eng. 2014, 24, 1941−1950.
(33) Dicker, I. B.; Cohen, G. M.; Farnham, W. B.; Hertler, W. R.;
Laganis, E. D.; Sogah, D. Y. Oxyanions catalyze group-transfer
polymerization to give living polymers. Macromolecules 1990, 23,
4034−4041.
(34) Macosko, C. W. Rheology: Principles, Measurements, and
Applications; Wiley-VCH: New York, 1994; p 550.
(35) Hadjikallis, G.; Hadjiyannakou, S. C.; Vamvakaki, M.;
Patrickios, C. S. Synthesis and aqueous solution characterization of
novel diblock polyampholytes containing imidazole. Polymer 2002,
43, 7269−7273.
(36) Triftaridou, A. I.; Vamvakaki, M.; Patrickios, C. S. Amphiphilic
diblock and ABC triblock methacrylate copolymers: synthesis and
aqueous solution characterization. Polymer 2002, 43, 2921−2926.
(37) Elladiou, M.; Patrickios, C. S. ABC Triblock Terpolymers with
Orthogonally Deprotectable Blocks: Synthesis, Characterization, and
Deprotection. Macromolecules 2015, 48, 7503−7512.
(38) Elladiou, M.; Patrickios, C. S. 2-(Pyridin-2-yl)ethanol as a
protecting group for carboxylic acids: chemical and thermal cleavage,
and conversion of poly2-(pyridin-2-yl)ethyl methacrylate] to poly(methacrylic acid). Polym. Chem. 2012, 3, 3228−3231.

(39) Kassi, E.; Constantinou, M. S.; Patrickios, C. S. Group transfer
polymerization of biobased monomers. Eur. Polym. J. 2013, 49, 761−
767.
(40) Kyriacou, M. S.; Hadjiyannakou, S. C.; Vamvakaki, M.;
Patrickios, C. S. Synthesis, Characterization, and Evaluation as
Emulsifiers of Amphiphilic−Ionizable Aromatic Methacrylate ABC
Triblock Terpolymers. Macromolecules 2004, 37, 7181−7187.
(41) Buzza, D. M.; Fletcher, P. D. I.; Georgiou, T. K.; Ghasdian, N.
Water-in-water emulsions based on incompatible polymers and
stabilized by triblock copolymers-templated polymersomes. Langmuir
2013, 29, 14804.
(42) Raduan, N. H.; Horozov, T. S.; Georgiou, T. K. “comb-like”
non-ionic polymeric macrosurfactants. Soft Matter 2010, 6, 2321−
2329.
(43) Ghasdian, N.; Buzza, D. M.; Fletcher, P. D. I.; Georgiou, T. K.
ABC Triblock Copolymer Micelles: Spherical Versus Worm-Like
Micelles Depending on the Preparation Method. Macromol. Rapid
Commun. 2015, 36, 528−532.
(44) Ghasdian, N.; Ward, M. A.; Georgiou, T. K. Well-defined
clickable copolymers prepared via one-pot synthesis. Chem. Commun.
2014, 50, 7114−7116.
(45) Carroll, D. R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T.
K. Scalable syntheses of well-defined pentadecablock bipolymer and
quintopolymer. Polym. Chem. 2018, 9, 3450.
(46) Hadjiantoniou, N. A.; Triftaridou, A. I.; Kafouris, D.;
Gradzielski, M.; Patrickios, C. S. Synthesis and Characterization of
Amphiphilic Multiblock Copolymers: Effect of the Number of Blocks
on Micellization. Macromolecules 2009, 42, 5492−5498.
(47) Georgiou, T. K.; Vamvakaki, M.; Patrickios, C. S.; Yamasaki, E.
N.; Phylactou, L. A. Nanoscopic cationic methacrylate star
homopolymers: Synthesis by group transfer polymerization, characterization and evaluation as transfection reagents. Biomacromolecules
2004, 5, 2221−2229.
(48) Georgiou, T. K.; Phylactou, L. A.; Patrickios, C. S. Synthesis,
characterization, and evaluation as transfection reagents of ampholytic
star copolymers: Effect of star architecture. Biomacromolecules 2006, 7,
3505−3512.
(49) Georgiou, T. K.; Vamvakaki, M.; Phylactou, L. A.; Patrickios, C.
S. Synthesis, Characterization, and Evaluation as Transfection
Reagents of Double-Hydrophilic Star Copolymers: Effect of Star
Architecture. Biomacromolecules 2005, 6, 2990−2997.
(50) Simmons, M. R.; Patrickios, C. S. Synthesis and aqueous
solution characterization of catalytically active block copolymers
containing imidazole. Macromolecules 1998, 31, 9075−9077.
(51) Kali, G.; Georgiou, T. K.; Iván, B.; Patrickios, C. S.; Loizou, E.;
Thomann, Y.; Tiller, J. C. Synthesis and characterization of anionic
amphiphilic model conetworks of 2-butyl-1-octyl-methacrylate and
methacrylic acid: Effects of polymer composition and architecture.
Langmuir 2007, 23, 10746−10755.
(52) Kali, G.; Georgiou, T. K.; Iván, B.; Patrickios, C. S. Anionic
amphiphilic end-linked conetworks by the combination of quasiliving
carbocationic and group transfer polymerizations. J. Polym. Sci., Part
A: Polym. Chem. 2009, 47, 4289−4301.
(53) Kali, G.; Georgiou, T. K.; Iván, B.; Patrickios, C. S.; Loizou, E.;
Thomann, Y.; Tiller, J. C. Synthesis and Characterization of Anionic
Amphiphilic Model Conetworks Based on Methacrylic Acid and
Methyl Methacrylate: Effects of Composition and Architecture.
Macromolecules 2007, 40, 2192−2200.
(54) Georgiou, T. K.; Patrickios, C. S.; Groh, P. W.; Iván, B.
Amphiphilic model conetworks of polyisobutylene methacrylate and
2-(dimethylamino)ethyl methacrylate prepared by the combination of
quasiliving carbocationic and group transfer polymerizations. Macromolecules 2007, 40, 2335−2343.
(55) Hinrichs, W. L. J.; Schuurmans-Nieuwenbroek, N. M. E.; van
de Wetering, P.; Hennink, W. E. Thermosensitive polymers as carriers
for DNA delivery. J. Controlled Release 1999, 60, 249−259.
(56) Hoogenboom, R.; Thijs, H. M. L.; Jochems, M. J. H. C.; van
Lankvelt, B. M.; Fijten, M. W. M.; Schubert, U. S. Tuning the LCST
of poly(2-oxazoline)s by varying composition and molecular weight:
7030

DOI: 10.1021/acs.macromol.8b01251
Macromolecules 2018, 51, 7019−7031

Article

Macromolecules
alternatives to poly(N-isopropylacrylamide)? Chem. Commun. 2008,
5758−5760.
(57) Furyk, S.; Zhang, Y.; Ortiz-Acosta, D.; Cremer, P. S.;
Bergbreiter, D. E. Effects of end group polarity and molecular weight
on the lower critical solution temperature of poly(N -isopropylacrylamide. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 1492−1501.
(58) Bütün, V.; Armes, S. P.; Billingham, N. C. Synthesis and
aqueous solution properties of near-monodisperse tertiary amine
methacrylate homopolymers and diblock copolymers. Polymer 2001,
42, 5993−6008.
(59) Mun, G. A.; Nurkeeva, Z. S.; Akhmetkalieva, G. T.; Shmakov, S.
N.; Khutoryanskiy, V. V.; Cheon Lee, S.; Park, K. Novel temperatureresponsive water-soluble copolymers based on 2-hydroxyethylacrylate
and vinyl butyl ether and their interactions with poly(carboxylic
acids). J. Polym. Sci., Part B: Polym. Phys. 2006, 44, 195−204.
(60) Zhao, X.; Liu, W.; Chen, D.; Lin, X.; Lu, W. W. Effect of Block
Order of ABA- and BAB-Type NIPAAm/HEMA Triblock Copolymers on Thermoresponsive Behavior of Solutions. Macromol. Chem.
Phys. 2007, 208, 1773−1781.
(61) Khutoryanskaya, O. V.; Mayeva, Z. A.; Mun, G. A.;
Khutoryanskiy, V. V. Designing Temperature-Responsive Biocompatible Copolymers and Hydrogels Based on 2-Hydroxyethyl(meth)acrylates. Biomacromolecules 2008, 9, 3353−3361.
(62) Mun, G. A.; Nurkeeva, Z. S.; Beissegul, A. B.; Dubolazov, A. V.;
Urkimbaeva, P. I.; Park, K.; Khutoryanskiy, V. V. TemperatureResponsive Water-Soluble Copolymers Based on 2-Hydroxyethyl
Acrylate and Butyl Acrylate. Macromol. Chem. Phys. 2007, 208, 979−
987.
(63) Zhunuspayev, D. E.; Mun, G. A.; Khutoryanskiy, V. V.
Temperature-responsive properties and drug solubilization capacity of
amphiphilic copolymers based on N-vinylpyrrolidone and vinyl propyl
ether. Langmuir 2010, 26, 7590−7597.
(64) Yu, G.; Li, H.; Fairclough, J. P. A.; Ryan, A. J.; McKeown, N.;
Ali-Adib, Z.; Price, C.; Booth, C. A Study of Lyotropic Mesophases of
Concentrated Solutions of a Triblock Copolymer of Ethylene Oxide
and 1,2-Butylene Oxide, E16B10E16, Using Rheometry, Polarized
Light Microscopy, and Small-Angle X-ray Scattering. Langmuir 1998,
14, 5782−5789.

7031

DOI: 10.1021/acs.macromol.8b01251
Macromolecules 2018, 51, 7019−7031

