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ABSTRACT: Diblock copolymers poly(tetrahydrofuran-b-tert-butyl acrylate) (PTHF-b-PtBA) and poly(tetrahy-
drofuran-b-1-ethoxyethyl acrylate) (PTHF-b-PEEA) were successfully synthesized by the dual initiator 4-hy-
droxybutyl-2-bromoisobutyrate (HBBIB). The isobutyrate and alcohol function of HBBIB were used for the atom
transfer radical polymerization of tBA (or EEA) and the living cationic ring-opening polymerization of THF,
respectively. Hydrolysis or thermolysis of the aforementioned diblock copolymers results in amphiphilic pH-
responsive copolymers PTHF-b-poly(acrylic acid) (PTHF-b-PAA). Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) and nuclear magnetic resonance spectroscopy (1H NMR) were used to analyze the
PTHF macroinitiator, while clear evidence for the formation of well-defined block copolymer structures was
obtained by1H NMR, gel permeation chromatography (GPC), and infrared spectroscopy (FT-IR). The amorphous
PtBA block in PTHF-b-PtBA resulted in a decrease of the crystallinity and the melting point of PTHF, as shown
by differential scanning calorimetry (DSC). Self-assembly of PTHF-b-PAA copolymers in water into aggregates
and micelles when exposed to specific pH values was confirmed by dynamic light scattering, infrared, and NMR
spectroscopies.

Introduction

Intelligent, responsive polymers are receiving steadily in-
creasing attention as a result of their ability to change drastically
their physical state under small changes of external parameters,
such as temperature,1 pH,2 light illumination, or electric or
magnetic fields. Stimuli-sensitive amphiphilic block copolymers
are a well-known class of intelligent polymers with a variety
of promising potential applications, e.g., entrapment of envi-
ronmental pollutants,3 catalysis,4 stabilizers in emulsion polym-
erization,5 drug carriers,6 nanoreactors,7 and polymeric surfac-
tants.1,8

There is a need for novel well-defined and “tailor-made”
block copolymers in order to broaden the range of their
properties and applications. Living polymerization techniques
are a prerequisite for their successful synthesis. However, each
technique is effective for only a limited range of monomers,
which limits the diversity of accessible block copolymers. The
range of possible monomer combinations in block copolymers
is greatly extended when the polymerization mechanism is
changed to suit the reactivity of the monomers to be polymerized
sequentially.9 More recently, the use of dual initiators has been
proposed as an alternative strategy.10-22 Dual initiators contain
two initiating agents, each of them being selective for monomers
polymerized by a given polymerization mechanism, in such a
way that this initiator is attached to each type of growing chains.

In this paper, the dual initiator strategy has been used to
prepare pH-responsive block copolymers based on poly(tet-
rahydrofuran) (PTHF) and poly(acrylic acid) (PAA) by com-
bining cationic ring-opening polymerization (CROP) and atom
transfer radical polymerization (ATRP). The OH function of

the dual initiator 4-hydroxybutyl-2-bromoisobutyrate (HBBIB)
can initiate CROP of THF, as reported elsewhere.21 The
bromoisobutyrate end group serves as an ATRP initiator for
the polymerization oftert-butyl acrylate (tBA) and 1-ethoxyethyl
acrylate (EEA), which are a protected version of acrylic acid.23

The acrylic acid group can be regenerated by hydrolysis of PtBA
and thermolysis of PEEA, respectively. Therefore, novel am-
phiphilic pH-responsive block copolymers have been synthe-
sized that contain a hydrophobic PTHF block and a hydrophilic
pH-responsive PAA block. This type of diblock copolymer self-
assembles into micelles when exposed to water at specific
pH’s.24-26

The hydrophobic interactions of the nonionic blocks result
in a micellar core that is surrounded by a charged corona of the
ionic blocks.27 Most of the work on ionic amphiphilic block
copolymers refers to diblock copolymers with a polystyrene
hydrophobic block and a poly(methacrylic acid) (PMAA)4,28-33

or PAA34-37 ionic block. Because of the relatively high glass
transition temperature of polystyrene (Tg ) 100 °C), these
diblock copolymers are dissolved in water either by heating for
sufficient long time slightly below 100°C or by stepwise dialysis
from an organic solvent common to the two blocks and miscible
with water (e.g., tetrahydrofuran, dioxane, dimethylformamide).
Because these techniques are time-consuming, attention is paid
now to hydrophobic blocks with a lowTg, such as poly(butyl
acrylate)38 (Tg ≈ -52°C), poly(ethyl acrylate) (Tg ≈ -31°C),39

poly(isobutylene)40,41 (Tg ≈ -65 °C) and, in this work, PTHF
(Tg ≈ -86 °C). Dissolution in water is not only much easier,
but the mobility and permeability of the core are increased.38,39

We investigated the micellization of the ionic amphiphilic
diblock copolymers, PTHF-b-PAA, with PTHF of a constant
degree of polymerization (DPPTHF ) 68) and PAA of different
DP’s by dynamic light scattering (DLS), Fourier transform
infrared spectroscopy (FT-IR), and nuclear magnetic resonance
spectroscopy (NMR). The effect of the amorphous PtBA block
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on the crystallinity of PTHF has also been studied by differential
scanning calorimetry (DSC).

Experimental Section

Materials. tBA (Fluka, 98+%) was purified by vacuum distil-
lation (60 °C/60 mmHg). Inhibitor was removed from styrene
(Acros, 99%) by passing it through basic alumina. EEA was
synthesized as described previously.23 CuBr (Aldrich, 98%) was
purified by stirring with acetic acid. After filtration, it was washed
with methanol and ether and then dried under vacuum at 70°C.
N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA, Acros,
99+%) was distilled (85-86 °C/12 mmHg). Trifluoromethane-
sulfonic anhydride (Tf2O, Acros, 98+%) was purified by distillation
under atmospheric pressure (81-83 °C). Dichloromethane was
extracted three times with pure sulfuric acid and washed three times
with a concentrated aqueous sodium hydroxide (10% w/v). Then,
it was washed several times with distilled water until the pH became
neutral. The purified dichloromethane was dried for several hours
on magnesium sulfate, filtered off, and then refluxed for 2 h over
calcium hydride. Dichloromethane was distilled, stored over calcium
hydride, and refluxed over calcium hydride prior to use. Allyl
alcohol (AllylOH, Aldrich, >98.5%) was purified by distillation
at 96-98 °C. 2,2,6,6-Tetramethylpiperidine (TMP, Acros, 98%)
was purified by distillation at 152°C under a nitrogen atmosphere.
Tetrahydrofuran (Acros, 99.8%) was distilled from CaH2 and used
after distillation over sodium in the presence of benzophenone. 2,6-
Di-tert-butylpyridine (DTBP, Maybridge Chemicals, 97+%) and
trifluoroacetic acid (TFA, Acros, 99%) were used as received.
4-Hydroxybutyl-2-bromoisobutyrate (HBBIB) was prepared as
described earlier.21 (Trimethylsilyl)diazomethane (2 M solution in
hexane) was supplied by Aldrich and used as received.

Preparation of PTHF-Br by the CROP of THF with HBBIB/
Tf2O/DTBP. A typical procedure for the two-stage polymerization
of THF is as follows (see PTHF68 in Table 1). In a flame-dried
two-necked flask of 250 mL, CH2Cl2 (28 mL), DTBP (2.00 mL,
8.92 mmol), and Tf2O (1.00 mL, 5.94 mmol) were placed at 0°C
under a nitrogen atmosphere. To this solution HBBIB (1.66 g, 6.95
mmol) was added under vigorous stirring, and the mixture was
stirred for 1 h at 0°C. The initiator solution was brought to 25°C,
after which an initial amount of 8.0 mL THF (99 mmol) was
introduced. After 2 h, the main amount of THF (72 mL, 0.89 mol)
was added. The polymerization was carried out at 25°C for the
prescribed reaction time (21 min for PTHF68 in Table 1, 15%
conversion) and was terminated quantitatively with 4 equiv of allyl
alcohol relative to the growing chains (1.63 mL, 23.8 mmol), using
TMP (4.0 mL, 24 mmol) as a proton trap. The resulting TMP salt
was filtered off, and the reaction mixture was evaporated. The
polymer was dissolved in CH2Cl2 and extracted three times with
cold basic water (1 M KOH). After drying of the collected organic
layers with MgSO4 and after evaporation of the solvent, the polymer
was finally redissolved in a minimal amount of THF and precipi-
tated in cold pentane. The white powder was filtered off, washed
with cold pentane, and dried under vacuum. The allyl and Br
functionality of PTHF was confirmed by1H NMR, MALDI-TOF
(Figure 1), and FT-IR.

1H NMR (300 MHz, CDCl3) δ (ppm): 1.60 (4H,-CH2CH2-
protons of PTHF), 1.92 (s, 6H,-C(CH3)2-), 3.41 (4H,-OCH2-
protons of PTHF), 3.97 (doublet of doublets, 2H,-OCH2CHd
CH2), 4.19 (t, 2H,-CH2O(CdO)-), 5.14 (doublet of quartets, 1H,
-OCH2CHdCH2), 5.28 (doublet of quartets, 1H,-OCH2CHd
CH2), 5.92 (m, 1H,-OCH2CHdCH2)

FT-IR (KBr, CH2Cl2) ν (cm-1): 3035-2799 (s), 1731 (w) (ester
initiator), 1645 (w) (ν CdC), 1484-1422 (m), 1370 (m) (PTHF),
1200-1284 (w), 1106 (vs) (Vas C-O-C PTHF)

Preparation of PTHF-b-PtBA by ATRP with PTHF-Br as
Macroinitiator. In a typical polymerization (see PTHF68-b-PtBA12

in Table 2), the PTHF macroinitiator (2.31 g, 0.436 mmol), tBA
monomer (9.5 mL, 0.065 mol), PMDETA (0.091 mL, 0.44 mmol)
and acetone (33 vol %) were added to a flask equipped with a reflux
condenser. The reaction mixture was degassed by three freeze-

pump-thaw cycles. CuBr (0.0626 g, 0.436 mmol) was added to
the frozen reaction mixture under a nitrogen atmosphere. The flask
was closed and evacuated by three nitrogen/vacuum cycles. The
flask was then immersed in an oil bath thermostated at 75°C.
Samples were withdrawn periodically to monitor monomer conver-
sion (by 1H NMR) and molecular weight (by gel permeation
chromatography, GPC). After a certain reaction time (50 min, 13%
conversion for PTHF68-b-PtBA12), the polymerization was termi-
nated in liquid nitrogen. Block copolymers were dissolved in THF,
purified by passing through neutral alumina, and precipitated in
cold pentane (low content of PtBA) or in a 50/50 MeOH/water
mixture (high PtBA content). The initiation efficiency of the PTHF-
Br macroinitiator was very high, as no residual macroinitiator could
be observed in GPC after block copolymerization. Typical GPC
traces are shown in Figure 3a,c and Figure 5a,b.

1H NMR (CDCl3, 500 MHz) δ (ppm): 1.12 (s, 6H,
-C(CH3)2-), 1.18-2.02 (broad, 15H, CH2/C(CH3)3 protons of
PtBA and-CH2CH2- protons of PTHF), 2.22 (s, 1H, CH- protons
of PtBA), 3.41 (4H,-OCH2- protons of PTHF), 3.95 (d of t, 2H,
CH2dCHCH2-), 4.04 (m, 3H, R2CHBr and-CH2OC(dO)-), 5.17
and 5.28 (d of quartets, 2H, CH2dCH-), 5.90 (m, 1H,
CH2dCH-).

FT-IR (KBr, CH2Cl2) ν (cm-1): 3054, 2984, 2941, 2867 (s),
1725 (vs) (CdO, ester), 1605 (w) (νCdC), 1551 (w), 1478 (m), 1446
(m), 1422 (m), 1393 and 1368 (tBu), 1265 and 1152 (s) (VasC-O-
C), 1107 (m), 896 (m), 734 (m).

Preparation of PTHF-b-PEEA by ATRP with PTHF-Br as
Macroinitiator. A typical polymerization procedure is as follows
(PTHF68-b-PEEA37 in Table 2). The monomer EEA was passed
through of basic alumina to remove traces of residual acid. The
PTHF macroinitiator (1.0 g, 0.19 mmol) was dissolved in the
monomer EEA (4.1 mL, 0.028 mol), and the mixture was degassed
by bubbling with N2 for 1 h. Cu(I)Br (0.0271 g, 0.189 mmol) was
added under a nitrogen atmosphere, and the reaction flask was
immersed in a water bath thermostated at 50°C. Polymerization
was started by adding PMDETA (0.039 mL, 0.19 mmol). Samples
were withdrawn periodically to monitor monomer conversion (by
1H NMR) and molecular weight (by GPC). After termination in
liquid nitrogen (150 min, 25% conversion), block copolymers were
dissolved in THF and purified by elution through neutral alumina.
Solvent was evaporated, and the residual monomer was removed
under high vacuum.

1H NMR (CDCl3, 300 MHz) δ (ppm): 1.12 (s, 6H,
-C(CH3)2-), 1.20-2.40 (broad, 13H,-OCH2CH3, -COOCHCH3-,
-CH2-, -CH- protons of PEEA and-CH2CH2- protons of
PTHF), 1.61 (broad, 4H,-CH2CH2- protons of PTHF), 3.40 (4H,
-OCH2- protons of PTHF), 3.40-3.80 (broad, 2H,-OCH2CH3

of PEEA), 5.86 (broad, 1H,-COOCHCH3 of PEEA), 3.95 (d
of t, 2H, CH2dCHCH2-), 3.97 (m, 3H, R2CHBr and
-CH2OC(dO)-), 5.16 and 5.28 (d of quartets, 2H, CH2dCH-),
5.91 (m, 1H, CH2dCH-).

FT-IR (KBr, THF, neat)ν (cm-1): 2940 (s), 2856 (s), 1724 (Cd
O, ester), 1447 (m), 1366 (m), 1241 (m) and 1210 (m) and 1164
(m) (acetal), 1110 (s), 799 (w).

Chain Extension of PTHF-b-PtBA-Br by ATRP of Styrene.
A typical experiment was conducted as follows (PTHF68-b-PtBA12-
b-PS64 in Table 3): PTHF-b-PtBA-Br macroinitiator (0.115 g,
0.0174 mmol), styrene (1.0 mL, 8.7 mmol), and PMDETA (0.0036
mL, 0.017 mmol) were mixed in a flask, degassed by three freeze-
pump-thaw cycles, and kept under nitrogen. CuBr (0.0025 g; 0.017
mmol) was added to the frozen reaction mixture under nitrogen;
the flask was closed, evacuated by three nitrogen/vacuum cycles,
and heated in an oil bath at 110°C. After 340 min (18%
conversion), polymerization was terminated by cooling in liquid
nitrogen. A solution of the polymerization product in THF was
passed through neutral alumina in order to remove Cu. The triblock
copolymer was precipitated in MeOH and dried under vacuum. GPC
proved that clean block copolymerization was achieved, without
any remaining macroinitiator (Figure 5b,c).
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Mn,GPC ) 20 000 g/mol andMw/Mn ) 1.12 (CHCl3 as solvent,
PS standards);Mn,NMR ) 13 300 g/mol; 43/19/38 mol % PTHF/
PtBA/PS.

1H NMR (CDCl3, 300 MHz) δ (ppm): 1.13 (s, 6H,
-C(CH3)2-), 1.28-2.00 (broad, 18 H,-CH2CH2- protons of
PTHF, CH2/C(CH3)3- protons of PtBA and CH2/CH- protons of
PS), 2.22 (s, 1H, CH- protons of PtBA), 3.41 (4H,-OCH2-
protons of PTHF), 3.97 (d of t, 2H, CH2dCHCH2-), 4.05 (t, 2H,
-CH2OCdO-), 5.18 and 5.29 (d of q, 2H, CH2dCH-), 5.88 (m,
1H, CH2dCH-), 6.24-7.24 (broad, 5H, phenyl protons of PS).

FT-IR (KBr, CH2Cl2) ν (cm-1): 3082-2731 (s), 1942, 1875,
and 1803 (w) (overtones aromate), 1728 (s) (CdO, ester), 1688
(w), 1601 (m), 1583 (w), 1493 and 1453 (s) (C-C aromatic stretch),
1367 (m), 1249 (w), 1209 (w), 1149 (m), 1112 (s), 1029 (w), 908
(w), 846 (w), 758 (m), and 700 (s).

Hydrolysis of PTHF-b-PtBA. 2.28 g of PTHF68-b-PtBA224 with
85 wt % PtBA (Table 2) was hydrolyzed in 25 mL of CH2Cl2 at
room temperature for 24 h with a 5-fold excess of trifluoroacetic
acid with respect to thetert-butyl ester groups (5.61 mL, 75.6
mmol).5 After the solvent evaporation, the copolymer was dissolved
in THF and precipitated in pentane. Full conversion of PtBA to
PAA was obtained, as confirmed by1H NMR and FT-IR data.

To be able to measure the PTHF-b-PAA block copolymers on
GPC without problems of absorption of the hydrolyzed polymer
on the column, the PAA block in PTHF-b-PAA was methylated
with a (trimethylsilyl)diazomethane solution.43 After methylation,
PTHF-b-poly(methyl acrylate) is obtained, which does not interact
with the GPC column and gives reliable GPC results when CHCl3

is used as a solvent with polystyrene standards.Mn,GPC(PTHF-b-
PMA) ) 35 100 g/mol andMw/Mn ) 1.37 (CHCl3 as solvent, PS
standards).

1H NMR (CD3OD, 300 MHz)δ (ppm): 1.14 (d, 6H,-C(CH3)3,
1.25-2.00 (broad, 6H, CH2 of PAA and-CH2CH2- of PTHF),
2.42 (s, 1H, CH of PAA), 3.42 (4H,-OCH2- protons of PTHF),
3.95 (d of t, 2H, CH2dCHCH2-), 4.04 (t, 2H,-CH2OC(dO)-),
4.28 (s, 1H, R2CHBr), 5.13 and 5.26 (d of q, 2H, CH2dCH-),
5.90 (m, 1H, CH2dCH-).

FT-IR (KBr pellet pressed)ν (cm-1): 3500-2340 (broad)
(complexed COOH), 1764 (m), 1718 (vs) (complexed COOH),
1451, 1420, and 1364 (w), 1245 (m), 1170 (m), 1114 (m) (νas

C-O-C), 812 (w)
Thermolysis of PTHF-b-PEEA. For thermolysis of the PTHF-

b-PEEA block copolymers, the sample (typically 0.5 g) was spread
out on a glass surface, which was heated in an oved at 80°C for
48 h. Full conversion of PEEA to PAA was achieved, as proved
by 1H NMR and FT-IR data. For that reason, the corresponding
spectra are the same as the ones described in the previous paragraph
for the hydrolysis procedure.

Characterization. 1H NMR spectra were recorded in CDCl3 at
room temperature, with a Bruker AM500 or a Bruker Avance 300
spectrometer. GPC was performed on a Waters instrument, using
a refractive index detector (2410 Waters), equipped with Waters
Styragel 103-104-105 Å serial columns (5µm particle size) at 35
°C. PS standards were used for calibration and CHCl3 as eluent at
a flow rate of 1.5 mL/min.

FT-IR spectra were recorded on a Perkin-Elmer 1600 series
infrared spectrophotometer. KBr pellets were pressed after mixing
and grinding the sample powder with dry KBr. For complexation
studies, the samples were first dissolved in a buffer at the desired
pH and then freeze-dried before analysis.

Thermogravimetric analysis (TGA) was performed with a PL-
TGA (type PL-TG 1000, Polymer Laboratories) under nitrogen at
a heating rate of 10°C min-1 from 25 to 800°C. A Perkin-Elmer
DSC7 apparatus equipped with the thermal analysis controller
TAC7/DX was used for differential scanning calorimetry (DSC)
analysis. After a first heating and cooling cycle, the samples were
heated from-110 to 70°C at a scanning rate of 10°C/min. Indium
and octane were used for temperature calibration. Indium was also
used for enthalpy calibration. The melting temperature (Tm) was
evaluated from the onset of the baseline change for the endothermic

signal, while the glass transition temperature (Tg) of each polymer
was determined as the temperature at the midpoint of the transition.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectra were recorded on an Applied Biosystems
Voyager DE STR MALDI-TOF spectrometer equipped with 2 m
linear and 3 m reflector flight tubes and a 337 nm nitrogen laser (3
ns pulse). All mass spectra were obtained with an accelerating
potential of 20 kV in positive ion mode and in linear and/or reflector
mode. Dithranol (20 mg/mL in THF) was used as a matrix, LiCl
(5 mg/mL) was used as a cationating agent, and polymer samples
were dissolved in THF (1 mg/mL). A poly(ethylene oxide) standard
with Mn equal to 4120 g/mol was used for calibration. All data
were processed using the Data Explorer (Applied Biosystems) and
Polymerix (Sierra Analytics) software package.

Dynamic Light Scattering (DLS).DLS measurements were
performed on a Brookhaven Instruments Corp. BI-200 apparatus
equipped with a BI-2030 digital correlator and an Ion Laser
Technology argon laser (10 mW) at a wavelength of 488 nm. A
refractive index matching bath of filtered decalin surrounded the
scattering cell, and the temperature was controlled at 25°C. The
data were analyzed by the CONTIN algorithm, while the hydro-
dynamic diameter (Dh) and size polydispersity of the micelles were
obtained by a cumulant analysis of the experimental correlation
function. 0.1 wt % (1 g/L) solution of each polymer was prepared
by direct dissolution into water buffered at the desired pH. Buffers
and all the sample solutions were filtered through 0.45µm syringe
filters, except for samples at pH 3.

Potentiometric Titration.Potentiometric titration was performed
with a Sartorius Professional PP-20 pH meter equipped with a glass
electrode. The system was calibrated with buffer solutions of pH
4, 7, and 10. A 20 mL 0.1 M NaOH solution of polymer (0.1 g/20
mL) was titrated under continuous stirring with a 0.1 M HCl
solution at room temperature. The solution was equilibrated until
constant pH value.

Results and Discussion

A. Synthetical Strategy. 1. Preparation of PTHF-b-PtBA
and PTHF-b-PEEA with a Dual Initiator. The general strategy
for the preparation of PTHF and PtBA (or PEEA) containing
block copolymers by the dual initiator strategy is outlined in
Scheme 1. The dual initiator contains a primary alcohol, which
is used as the initiating center for CROP of THF, as well an
activated bromide, which is an efficient initiator for ATRP.
Block copolymers were synthesized in two consecutive steps.
First, well-defined bromoisobutyrate-terminated PTHF macro-
initiators were prepared by CROP from the dual initiator. In a
next step, the Br-functionalized macroinitiator was used for the
initiation of the second block by ATRP. It was previously shown
that the reverse route, starting with a macroinitiator prepared

Table 1. Synthesis of Well-Defined Br-Terminated
Poly(tetrahydrofuran) (PTHF) Macroinitiators by Cationic

Ring-Opening Polymerization with a Dual Initiator

code
time
(min) % convc

Mn,NMR
d

(g mol-1)
Mn,MALDI -TOF

e

(g mol-1)
Mn,GPC

f

(g mol-1) Mw/Mn
f

PTHF42
b 8 10 3500 3350 7400 1.11

PTHF68
b 21 15 5300 5300 11200 1.21

a Mn ) number-average molecular weight;Mw ) weight-average
molecular weight;Mw/Mn ) polydispersity index; MALDI-TOF) matrix-
assisted laser desorption/ionization time-of-flight; GPC) gel permeation
chromatography; subscripts represent the degree of polymerization (DP).
b 2,6-Di-tert-butylpyridine/trifluoromethanesulfonic anhydride/4-hydroxy-
butyl-2-bromoisobutyrate/tetrahydrofuran/allyl alcohol/2,2,6,6-tetrameth-
ylpiperidine ) 1.5/1/1/166/4/4 at 25°C. c Calculated by1H NMR. d Mn

calculated by1H NMR: Mn,NMR ) [(I3.41/4)/(I4.18/2)] × MW(THF) +
MW(HBBIB), whereI3.41andI4.18represent the peak intensities from PTHF
(3.41 ppm) and from the end group at 4.18 ppm, respectively, and MW
stands for the molar weight.e Mn determined by MALDI-TOF in linear
mode, with dithranol as matrix and LiCl as cation.f Mn and Mw/Mn

determined by GPC with CHCl3 as eluent and calibrated with PS standards.
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by ATRP and followed by CROP of THF, was less effective.21

Polymerization of THF was initiated by HBBIB and terminated
with allyl alcohol at room temperature to give well-defined
living PTHF chains (see PTHF42 and PTHF68 in Table 1)
functionalized at one end with the bromoisobutyrate group of
the dual initiator and at the other end with an allyl group
introduced by termination (reaction A in Scheme 1).

The end-group functionality of the PTHF macroinitiator was
investigated by1H NMR and MALDI-TOF. Figure 1a represents
the1H NMR spectrum of Br-functionalized PTHF. The 6/2 ratio
of the integrations of the peaks of respectively-C(CH3)2Br at
1.92 ppm and the methyl protons at 4.19 ppm proves that every
PTHF chain contains a Br end group. The preservation of the
Br functionality during CROP is crucial to obtain quantitative
initiation for ATRP reactions with PTHF-Br as macroinitiator.
The fine structure of the polymer was further confirmed by
MALDI-TOF (Figure 2). Only one series of peaks, separated
by 72 Da (THF repeating unit), can be detected. The good
similarity in the shape and the mass values between the

experimental (Figure 2b) and the theoretical (Figure 2c) isotope
distributions confirms that the PTHF macroinitiator is func-
tionalized quantitatively and that side reactions could not be
observed.

The Br-functionalized PTHF was used in a next step to initiate
the ATRP of tBA in the presence of the CuBr/PMDETA
complex as catalyst in acetone at 75°C. A block copolymer
PTHF-b-PtBA was formed, without the need for intermediate
transformation or protection steps (pathway B in Scheme 1).

GPC profiles for the PTHF-Br macroinitiator and the resulting
block copolymer are shown in Figure 3 (curves a and c). Upon
copolymerization, the GPC curve of the macroinitiators was
shifted to high molecular weight while a narrow molecular
weight distribution was maintained. No GPC trace attributed
to unreacted PTHF macroinitiator was observed. Figure 1

Figure 1. 1H NMR spectra of (a) PTHF42 macroinitiator (CDCl3, 300
MHz, d1 ) 30 s), (b) PTHF42-b-PtBA20 before hydrolysis (CDCl3, 300
MHz), and (c) PTHF42-b-PAA20 after hydrolysis (CD3OD, 300 MHz).

Figure 2. Reflectron mode MALDI-TOF spectrum of poly(tetrahy-
drofuran) (PTHF42-Br in Table 1) with dithranol as matrix and LiCl as
cation (a) full spectrum, (b) details of the experimental isotope
distribution, and (c) details of the theoretical isotope distribution.

Figure 3. Gel permeation chromatography traces of (a) PTHF68

macroinitiator (s), (b) PTHF68-b-PEEA37 (‚‚‚), (c) PTHF68-b-PtBA224

(s), and (d) PTHF68-b-PMA224 (- - -).
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illustrates the1H NMR spectra for PTHF-Br and a PTHF-b-
PtBA copolymer. Attachment of PtBA to the PTHF macroini-
tiator was confirmed by the chemical shift of the methyl groups
of the isobutyrate moiety, which changed from 1.92 ppm in
PTHF-Br to 1.14 ppm upon block copolymerization, due to the
replacement of the activated bromide by PtBA. Combination
of GPC and NMR data leads to the conclusion that the initiation

of ATRP of tBA by the PTHF macroinitiator is quantitative
within the limits of sensitivity of these techniques.

Furthermore, the linear dependence of molecular weight on
conversion and the linear relationship of ln([M]0/[M]) vs time
(Figure 4a,b) support that ATRP of tBA is controlled when
initiated by PTHF42 and PTHF68.

Table 2 summarizes the experimental conditions and molec-
ular characteristics for the PTHF-b-PtBA copolymers. The
experimental molecular weights, calculated by NMR, are in
good accordance with the theoretical values.Mn,GPC of the
diblock copolymers is systematically higher than theoreticalMn,
which is consistent with a polystyrene calibration. Polydispersity
is lower than 1.35 (mostly lower than 1.25) for all copolymers.

As an alternative route to the use of tBA, another protected
acrylic acid monomer, 1-ethoxyethyl acrylate (EEA),23,42 was
also polymerized successfully with PTHF-Br as a macroinitiator
(entries named PTHF-b-PEEA in Table 2). The advantage of
this route is that deprotection is easily carried out by thermolysis,
with release of ethyl vinyl ether (boiling point: 33°C), thus
without the need of additional purification after deprotection.
As shown by the kinetic results, the reaction proceeds in a
controlled way (Figure 4). Well-defined block copolymers with

Table 2. Synthesis of Poly(tetrahydrofuran-b-tert-butyl acrylate) (PTHF-b-PtBA) or Poly(tetrahydrofuran- b-1-ethoxyethyl acrylate)
(PTHF-b-PEEA) Block Copolymers by Atom Transfer Radical Polymerization of TBA or EEA Initiated by a PTHF-Br Macroinitiator

codeb [M] 0:[I] 0
c time (min) % convd

Mn,th
e

(g mol-1)
Mn,NMR

f

(g mol-1)
Mn,GPC

g

(g mol-1) Mw/Mn
g

PTHF/polyacrylate
(mol %)h

PTHF42-b-PtBA4 150 6 5 4300 3800 7800 1.13 92/8
PTHF42-b-PtBA5 150 10 3 3800 3900 8100 1.13 90/10
PTHF42-b-PtBA26 150 15 22 7500 6600 10800 1.14 64/36
PTHF42-b-PtBA40 150 30 30 9200 8500 14150 1.22 52/48
PTHF42-b-PtBA68 150 39 39 10900 12000 14900 1.25 40/60
PTHF42-b-PtBA128 150 378 59 14700 19700 18800 1.19 26/74
PTHF68-b-PtBA6 150 20 9 7000 6100 14200 1.13 92/8
PTHF68-b-PtBA12 150 50 13 7845 6800 13800 1.15 86/14
PTHF68-b-PtBA17 300 60 5 7200 7400 1460 1.12 82/18
PTHF68-b-PtBA44 300 43.5 15 10900 10800 16900 1.12 62/38
PTHF68-b-PtBA79 300 109 26 15100 15300 19100 1.15 47/53
PTHF68-b-PtBA224 300 73 43 33000 33900 36000 1.35 24/76
PTHF42-b-PEEA37 50 120 74 8600 7700 11500 1.15 52/48
PTHF68-b-PEEA37 150 150 25 10700 10600 17400 1.12 66/34

a Mn ) number-average molecular weight;Mw ) weight-average molecular weight;Mw/Mn ) polydispersity index; GPC) gel permeation chromatography;
subscripts represent the degree of polymerization (DP).b DPtBA ) [(I1.35-2 - I3.39)/11 or I2.22]/[ I3.39/4]) × DPTHF and DPEEA ) [(I3.1-3.9 - I1.6)/2]/[I1.6/4] ×
DPTHF, whereI represents the peak intensity for the protons with a chemical shift indicated by the subscript.c [M] 0 and [I]0 are the initial concentration of
monomer and initiator. Reaction conditions: [PTHF-Br macroinitiator]0:[PMDETA]0:[CuBr]0 ) 1:1:1 at 75°C in acetone with tBA as monomer and [PTHF-
Br macroinitiator]0:[PMDETA]0:[CuBr]0 ) 1:1:1 at 50°C in bulk with EEA as monomer.d From 1H NMR by comparison of a tBA monomer peak (δ )
6.3 ppm) with PTHF (δ ) 3.41 ppm) as internal standard. In the case of EEA, an EEA monomer peak (δ ) 6.4 ppm) and a PEEA peak (δ ) 5.9 ppm) were
used to calculate % conversion.e TheoreticalMn calculated as follows:Mn,th ) ([M] 0:[I] 0) × MWacrylate× % conversion+ Mn(PTHF macroinitiator), where
MWacrylateis the molecular weight of tBA or EEA and [M]0:[I] 0 are the initial concentrations of the monomer and the macroinitiator, respectively.f Mn,NMR

) Mn,NMR,polyacrylate+ Mn(PTHF macroinitiator) withMn,NMR,polyacrylate) DPacrylate× MWacrylate. g GPC with CHCl3 as solvent calibrated with PS standards.
h Calculated by1H NMR from the integral values for PTHF (δ ) 3.39 ppm) and PtBA (δ ) 2.22 ppm) in the case of PTHF-b-PtBA. For PTHF-b-PEEA,
the integral values for PTHF (δ ) 1.6 ppm) and PEEA (δ ) 1.1-1.4 ppm) were used.

Figure 4. Kinetics for PTHF42-b-PtBA128 (2), PTHF68-b-PtBA224 (9),
and PTHF68-b-PEEA37 (b) from Table 1: (a) first-order kinetics and
(b) evolution ofMn,GPC (bottom) andMw/Mn (top) with conversion.

Figure 5. Gel permeation chromatography traces of (a) PTHF68 (s),
(b) PTHF68-b-PtBA12-Br (- - -), and (c) PTHF68-b-PtBA12-b-PS64

(‚‚‚).
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a low polydispersity were also prepared, and no residual
macroinitiator was detected (Figure 3b).

2. Chain Extension Experiments.Livingness of the diblock
copolymer chains was further proved by using them as mac-
roinitiators for the ATRP of styrene catalyzed by the PMDETA/
CuBr catalyst system at 110°C. Extension of the AB diblock
copolymers to ABC copolymers (Table 3) was assessed by clear
shift of the GPC trace for the diblock copolymers toward higher
molecular weight without visible trace of unreacted PTHF-b-
PtBA-Br. The activated bromide was obviously preserved at
the end of the diblock copolymers (Figure 5). Polydispersity
was lower than 1.20 in all the cases.

3. Conversion of the Protected Blocks to PAA.3.1.
Hydrolysis of PtBA.The tert-butyl ester groups of the PtBA
blocks were cleaved by treatment with TFA in dichloromethane,
which yields amphiphilic PTHF-b-PAA block copolymers at
high pH. The hydrolysis can be followed by infrared analysis
of the carboxylic acid groups that are formed (broad peak
between 3500 and 2500 cm-1) and thetert-butyl groups that
disappear (asymmetric doublet at 1368 and 1389 cm-1) (Figure
6). No signal is observed at 1.4 ppm in the1H NMR spectrum
after hydrolysis which testifies to the complete hydrolysis of

the tert-butyl ester groups of the PtBA blocks (Figure 1c).
Moreover, PTHF is not degraded under the hydrolysis conditions
as assessed by the ratio of 4Hf of PTHF (δ ) 3.41 ppm) and
1Hi of PtBA or PAA that remains unchanged after hydrolysis.

To analyze the hydrolyzed block copolymers, PTHF-b-PAA,
by GPC, methylation by a (trimethylsilyl)diazomethane solu-
tion43 was carried out with formation of PTHF-b-poly(methyl
acrylate) (PTHF-b-PMA) diblock copolymers. Figure 3d shows
that methylation yields monomodal traces with low polydis-
persity, quite comparable to the values before hydrolysis. These
observations demonstrate that the block copolymers survive the
hydrolysis conditions and that the ester linkage between the two
blocks remains intact under those circumstances. The slightly
lower molecular weight of the methylated polymers compared
to the PTHF-b-PtBA analogues can be attributed to the lower
molar mass of MA compared to tBA.

3.2. Heating of PTHF-b-PEEA. As mentioned before, another
route for the synthesis of PTHF-b-PAA consists of heating
PTHF-b-PEEA. The NMR and FT-IR spectra are similar to
those presented in Figures 1c and 6b. Thermogravimetric
analysis of a purified sample of PTHF68-b-PEEA37 (Table 2) is
shown in Figure 7. This block copolymer degrades at a lower
temperature than PTHF68-b-PtBA224, which is consistent with
thermolysis of PEEA and formation of PAA and volatile ethyl
vinyl ether. Taking the molecular composition of PTHF68-b-
PEEA37 into account, the theoretical weight loss is 24.1%. From
TGA, an experimental weight loss of 23.0% (at 180°C) is
obtained, showing a good agreement between the theoretical
and experimental value. PTHF-b-PEEA can be converted into
PTHF-b-PAA without degradation of the PTHF-part.

B. Properties. 1. DSC of PTHF-b-PtBA. PTHF is a
semicrystalline polymer with aTg of -86 °C and a melting
temperature in the 15-40 °C range, depending on the molecular

Table 3. Atom Transfer Radical Polymerization of Styrene Initiated by Br-Functionalized Poly(tetrahydrofuran-b-tert-butyl acrylate)
(PTHF-b-PtBA-Br) as Macroinitiator ([CuBr] 0:[PMDETA] 0:[Macroinitiator] 0 ) 1/1/1, 110°C, Bulk)a

code [M]0:[I] 0 time (min) % convb
Mn,th

c

(g mol-1)
Mn,NMR

d

(g mol-1)
Mn,GPC

e

(g mol-1) Mw/Mn
e

PTHF/PtBA/PS
(mol %)f

PTHF68-b-PtBA6-b-PS42 300 400 16 11600 11000 16700 1.18 60/6/34
PTHF68-b-PtBA12-b-PS64 500 340 18 16000 13300 20000 1.12 43/19/38
PTHF68-b-PtBA17-b-PS89 500 75 20 17600 16700 20700 1.19 40/12/48

a Mn ) number-average molecular weight;Mw ) weight-average molecular weight;Mw/Mn ) polydispersity index; GPC) gel permeation chromatography;
PS) polystyrene; subscripts represent the degree of polymerization (DP).b % conversion was calculated from1H NMR by comparison of a styrene monomer
peak (δ ) 5.77 ppm) with PTHF (δ ) 3.41 ppm) as internal standard.c TheoreticalMn calculated as follows:Mn,th ) ([M] 0:[I] 0) × MWst × % conversion
+ Mn(PTHF-b-PtBA macroinitiator), where MWst is the molecular weight of styrene and [M]0:[I] 0 are the initial concentrations of the monomer and the
macroinitiator, respectively.d Mn,NMR ) Mn,NMR,PS + Mn(PTHF-b-PtBA macroinitiator) withMn,NMR,PS ) DPst × MWst ) ([(I7.13 - I6.61)/5]/[I3.39/4]) ×
DPTHF × MWst, whereI represents the peak intensity for the protons with a chemical shift indicated by the subscript.e GPC with CHCl3 as solvent calibrated
with PS standards.f Calculated by1H NMR from the integral values for PTHF (δ ) 3.39 ppm) and PtBA (δ ) 1.35-2 ppm) and polystyrene (δ ) 6.61-
7.13 ppm).

Scheme 1. Reaction Scheme for the Synthesis of PTHF-b-PAA
via the Dual Initiator Strategy

Figure 6. Fourier transform infrared spectra of (a) PTHF68-b-PtBA79

before hydrolysis and (b) PTHF68-b-PAA79 after hydrolysis.
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weight.44 As both the degree of crystallinity and the melting
temperature of the polymer determine the solid-state properties
of the material, the influence of the incorporation of an
amorphous PtBA block on the crystalline behavior of PTHF
has been studied by DSC (Figure 8). The melting temperature
of the homopolymer PTHF68 (26 °C) is significantly decreased
by increasing PtBA (amorphous) content. The relative crystal-
linity of the PTHF segments in the PTHF-b-PtBA block
copolymers was calculated as follows:

with ∆Hm,100%) 222 J g-1,45 mPTHF the PTHF weight fraction
in the block copolymer, andmPTHF-b-PtBA the total weight of
the block copolymer sample used for DSC analysis.

The crystallinity decreases linearly with increasing PtBA
content and disappears above 70 wt %. Those results clearly
indicate that PtBA effectively disturbs the semicrystalline state
of the PTHF domains.

The fact that the crystallinity of the PTHF42 homopolymer is
slightly higher than that of the PTHF68 homopolymer44 is also
reflected in the crystallinity of the corresponding block copoly-
mers up to a PtBA weight fraction of 0.58 (Figure 8). However,
for high PtBA weight fractions, the copolymers with PTHF42

segments show a lower crystallinity than that of the correspond-
ing copolymers with PTHF68 segments. Liu et al. published
similar results for PTHF-b-PMMA.46 By combination of small-
angle X-ray scattering (SAXS), wide-angle X-ray diffraction
(WAXD), and DSC data, they concluded that dispersed PTHF
domains are formed at high content of the amorphous polymer.

The crystallizability of such domains increases with their size,
thus for higher molecular weight of the PTHF segments.

2. pH-Responsive Properties.For the study of the pH-
responsive properties, the following water-soluble block co-
polymers, obtained by hydrolysis of the PTHF-b-PtBA precur-
sors in Table 2, were considered: PTHF68-b-PAA44, PTHF68-
b-PAA79, and PTHF68-b-PAA224.

2.1. NMR in SelectiVe SolVents. The hydrolyzed block
copolymers are amphiphilic at high pH and expected to form
micelles, as was reported for other polymers that were examined
in different solvents by1H NMR spectroscopy.47-49 Figure 9
shows the1H NMR spectra in MeOD (a good solvent for the
two blocks) and in 0.1 M NaOD (a selective solvent for the
PAA block).

The signal assigned to PTHF is decreased and broadened in
NaOD (Figure 9b), whereas full signals characteristic of both
the segments are detected in MeOD (Figure 9a). These results
suggest that the hydrophobic PTHF block is surrounded by the
hydrophilic PAA in NaOD (Figure 9a). Indeed, it is generally
known that the polymer chains in the core of the micelles are
less mobile and relatively dehydrated, which results in decreas-
ing intensity and broadening of their NMR signals compared
to chains located in the micelle corona.50 This observation
confirms the micellar behavior (Figure 10) of the hydrolyzed
polymers and provides additional evidence that they are indeed
block copolymers.

2.2. Complexation Study by FT-IR.The complexation be-
havior of PTHF68-b-PAA74 at low (pH 3) and high pH (pH 10)
was studied by FT-IR spectroscopy (Figure 11).

At low pH, the strong carboxyl absorption band around 1718
cm-1 and the broad band assigned to the OH absorption of
carboxylic acid functions (3600-2300 cm-1) indicate that the
carboxyl groups are involved in H-bonding (Figure 11a). The
hydrogen bonds can be intermicellar and lead to aggregates of
micelles. The absorption should then be observed at 1703
cm-1.51 However, intramicellar hydrogen bonds can also be
formed between the carboxyl groups of PAA and the oxygen
groups of PTHF (Figure 10b), which accounts for a shift of the
carbonyl absorption band of PAA to higher wavenumbers, as
also observed by Cleveland et al.52

Figure 7. (a) Thermogravimetric analysis of PTHF68-b-PtBA224 (s)
and PTHF68-b-PEEA37 (- - -) (heating rate 10°C/min, N2 atmosphere).

Figure 8. Differential scanning calorimetry study of the influence of
PtBA incorporation on the crystallinity and melting point of PTHF42

(9) or PTHF68 (2) (heating rate 10°C/min) (filled symbols, %
crystallinity; open symbols,Tm).

% crystallinity) (mPTHF/mPTHF-b-PtBA)(∆Hm/∆Hm,100%) (1)

Figure 9. 1H NMR spectra of PTHF68-b-PAA44 in selective solvents:
(a) CD3OD common solvent and (b) 0.1 M NaOD pH 10 selective
solvent for PAA (10 mg/0.7 mL solvent, 300 MHz).

3766 Bernaerts et al. Macromolecules, Vol. 39, No. 11, 2006

CDV



Upon pH increase to pH 10, the OH absorption band becomes
smaller (3600-3000 cm-1) and a carboxylate peak (COO-)
becomes visible at 1690 and 1592 cm-1 (Figure 11b). Those
results confirm the disappearance of intra- and intermolecular
complex formation in basic medium.

2.3. Potentiometric Titration.The dissociation equilibrium
of weak acidic polyelectrolytes such as PAA can be quantified
by the apparent acid dissociation constant,Ka, which can be
determined from the experimental pH and the degree of
dissociation,R, by the Henderson-Hasselbach equation:

in which R is determined by the ratio of [PAA-COO-]/([PAA-
COO-] + [PAA-COOH]).

The apparent pKa values were determined for the different
samples from the titration curves by plotting pH vs log[(1-
R/R)]. The higher the PTHF content of the block copolymer,
the more the apparent pKa diverges from the value for linear
PAA homopolymers (pKa,app ) 4.7553): pKa,app(PTHF68-b-
PAA44/79) ) 6.1 vs pKa,app(PTHF68-b-PAA224) ) 5.9. As
described earlier for copolymers of acrylic acid andN-
dodecylmethacrylamide,54 this increase in pKa indicates that the
acid-base equilibrium in hydrophobically modified poly-
(carboxylic acid)s is influenced by polymer bound hydrophobes
in the vicinity of carboxyl groups.

In contrast to monomeric AA, for which a single pKa of 4.26
can be calculated,53 PAA shows a dependence of pKa on R.55,56

Therefore, in the case of the PTHF-b-PAA samples, pKa was
plotted as a function of the degree of ionization,R, calculated

from eq 2 and the experimental pH determined from potenti-
ometry (Figure 12). The pKa value for PTHF-b-PAA increases
with increasingR, which means that the amount of charged
COO- groups on the polymer chain increases and further
dissociation becomes more difficult. Similar to PMAA-b-
PMMA,57 it is supposed that the PTHF-b-PAA copolymer forms
a core-shell micelle at low pH, with a PTHF hydrophobic core
consisting of aggregated PTHF segments and with a shell
composed of PAA segments. Intermicellar hydrogen bonding
is possible between COOH groups at the shells, while also
intramicellar hydrogen bonding between PAA-COOH and PTHF
takes place, as evidenced by FT-IR. With increasingR, the
carboxylic acid groups of the shell are ionized and the shell
layer is expanding, driven by the electrostatic repulsion between
the negatively charged carboxylate groups. This is reflected by
the plateau region in the middle of the pKa vs R curves.
However, electrostatic repulsion is not strong enough to
overcome the hydrophobic attractive force of the PTHF core;
thus, the conformation of the polymer and the micelle structure
remains unchanged. The increase in the potentiometric titration
curve beyond the plateau region indicates that further ionization
is hindered by the electrostatic constraints imposed by the COO-

groups.58

2.4. Dynamic Light Scattering (DLS).Impact of pH on
micellization and complex formation by PTHF-b-PAA has been
studied by DLS. Copolymer solutions (0.1 wt %) were prepared
in buffers at pH ranging from 3 to 10. As was also observed by
Claverie etal.38 for poly(n-butyl acrylate)-b-PAA, the largest
particles are observed when the copolymers are fully protonated

Figure 10. Schematic representation of structural transitions in PTHF-b-PAA induced by pH: (a) high pH, electrosterically stabilized micelles; (b)
low pH, intermicellar H-bonding (bottom inset) and intramicellar attractive interactions (right inset) via protonated PAA chains (gray) PTHF,
black ) PAA).

Figure 11. Fourier transform infrared spectra of PTHF68-b-PAA79

(derived from PTHF68-b-PtBA79 in Table 2) at (a) pH 3 and (b) pH 10.

pH ) pKa - log[(1 - R)/R] (2)

Figure 12. pKa vs degree of ionization for PTHF68-b-PAA44 (×),
PTHF68-b-PAA79 (9), and PTHF68-b-PAA224 (4), obtained via back-
titration.
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(Figure 13). This is attributed to the formation of supermicellar
aggregates (as proved earlier by FT-IR) due to absence of
electrosteric stabilization, since PAA is uncharged (Figure 10b).
It can also be noted that the micelles aggregation is more
pronounced when the effective degree of ionization is very low,
i.e., when pH is decreased below the apparent pKa of the blocks
(around 6, cf. titration results). Furthermore, a substantial
increase in turbidity was also observed at low pH, in agreement
with the formation of larger size scatterers. This was especially
observed for the sample with the lowest PAA content, in which
micelles are less stabilized (PTHF68-b-PAA44). Further increase
in pH causes partial deprotonation, and electrostatic repulsion
results in transition from micellar aggregates to individual
micelles (Figure 10a), at pH close to apparent pKa. This is
confirmed by a decrease of the size of the objects to a minimum
around the pKa, Dh remaining constant at still higher pH.
Previous FT-IR and NMR data indicated that micelles were
formed at high pH, except for the sample with the higher PAA
content (PTHF68-b-PAA224). An explanation might be that in
the bulk copolymer chains are entangled and complexed by
H-bonding (cf. FT-IR data in Figure 6b) and that this situation
persists in acidic solution, with formation of larger objects. This
effect should be more pronounced as the molecular weight of
PAA is higher, as observed for PTHF68-b-PAA224. Since basic
water is a better solvent for PAA and suppresses H-bonds, chain
disentanglement could occur and individual core-shell micelles
would be released (cf. NMR results in Figure 9b), accounting
for a smaller diameter than at low pH.

The size of the micelles is directly related to the molecular
weight of the PAA block and lies in the 40-80 nm range. The
size distribution histograms for the aggregates and micelles were
determined with the CONTIN routine. The representative
CONTIN size distributions for the PTHF68-b-PAA79 block
copolymer at pH 3 and pH 10 are shown in Figure 14.

Distributions are monomodal, and size polydispersity is typical
of well-defined objects, i.e., lower than 0.2.

Conclusions

Well-defined PTHF-b-polyacrylate block copolymers with
narrow polydispersity have been synthesized by ATRP of tBA
(or EEA) initiated by PTHF-Br macroinitiators prepared by the
dual initiator strategy. These block copolymers are viable
precursors for pH-responsive PTHF-b-PAA copolymers. Crys-
tallinity and melting temperature of semicrystalline PTHF are
decreased in PTHF-b-PtBA copolymers as a result of the
covalent bonding to PtBA.

For the PTHF-b-PAA block copolymers, a combination of
1H NMR, FT-IR, potentiometric titration, and DLS emphasized
that a transition from micellar aggregates to micelles upon
increase in pH.
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