
Articles

A New Double-Responsive Block Copolymer Synthesized via RAFT
Polymerization: Poly(N-isopropylacrylamide)-block-poly(acrylic acid)

Christine M. Schilli,† Mingfu Zhang,† Ezio Rizzardo,‡ San H. Thang,‡
(Bill) Y. K. Chong,‡ Katarina Edwards,§ Go1ran Karlsson,§ and Axel H. E. Mu1 ller*,†

Makromolekulare Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany, CSIRO Molecular
Science, Bag 10, Clayton South, Victoria 3169, Australia, and Department of Physical Chemistry,
Uppsala University, Box 579, 75123 Uppsala, Sweden

Received December 4, 2003; Revised Manuscript Received July 23, 2004

ABSTRACT: Poly(N-isopropylacrylamide)-block-poly(acrylic acid), PNIPAAm-b-PAA, with low polydis-
persity was prepared by reversible addition-fragmentation chain transfer (RAFT) polymerization in
methanol. The block copolymers respond to both temperature and pH stimuli. The behavior of the double-
responsive block copolymers in solution was investigated by dynamic light scattering, temperature-sweep
NMR, cryogenic transmission electron microscopy, and IR spectroscopy. The block copolymers form micelles
in aqueous solutions in dependence of pH and temperature. Cloud point measurements indicated the
formation of larger aggregates at pH 4.5 and temperatures above the lower critical solution temperature
(LCST) of PNIPAAm. The solution behavior is strongly influenced by hydrogen bonding interactions
between the NIPAAm and acrylic acid blocks.

Introduction

Block copolymers consisting of poly(acrylic acid), PAA,
and poly(N-isopropylacrylamide), PNIPAAm, are of
interest for a variety of reasons. First of all, poly(acrylic
acid) is a polymer that responds to changes in pH and
ionic strength with changes in its properties; e.g., at pH
< 4 precipitation occurs in aqueous solutions due to
protonation of the carboxylate groups, which renders the
polymer sparsely soluble in water. Poly(N-isopropyl-
acrylamide), PNIPAAm, shows lower critical solution
temperature (LCST) behavior in aqueous solutions, and
a sharp phase transition is observed at 32 °C in water.1

The combination of pH-responsive PAA and temper-
ature-responsive PNIPAAm creates systems that re-
spond to combined external stimuli. Conjugation of
drugs or proteins to PNIPAAm-b-PAA generates ther-
mo- and pH-responsive entities that can be addressed
through external stimuli.

Furthermore, PNIPAAm-b-PAA may form micelles or
other aggregates depending on solvent, temperature,
pH, and block lengths (cf. Figure 1). Temperature- or
pH-sensitive micelles could eventually be used to confer
bioadhesive properties; pH-sensitive micelles might be
applied in the drug delivery to tumors, inflamed tissues,
or endosomal compartments, where a pH lower than
that in normal tissue is found.2

For that reason, we synthesized the corresponding
block copolymers by reversible addition-fragmentation

chain transfer (RAFT) polymerization of NIPAAm in the
presence of a PAA RAFT agent synthesized earlier.3 We
investigated the behavior of these block copolymers in
DMF and aqueous solution using turbidimetry, dynamic
light scattering, cryogenic transmission electron mi-
croscopy, Raman and IR spectroscopy.

Experimental Section
Materials. N-Isopropylacrylamide (Aldrich, 97%) was re-

crystallized twice from benzene/hexane 3:2 (v:v) and dried
under vacuum prior to use. Azobis(isobutyronitrile) (AIBN,
Fluka, purum) was recrystallized twice from methanol. Poly-
(acrylic acid) (polymeric RAFT agent) was obtained from RAFT
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Figure 1. Possible modes of aggregate formation for
PNIPAAm-b-PAA in aqueous solution in dependence of pH and
temperature.
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polymerization of acrylic acid in methanol with 1-cyanoethyl
2-pyrrolidone-1-carbodithioate as chain transfer agent.3 It was
purified by precipitating its methanol solution into ethyl
acetate in order to remove residual monomer and to avoid
formation of gradient copolymers in the subsequent block
copolymerization with NIPAAm. The precursor had Mn ) 7900
g/mol (DPn ) 110) and Mw/Mn ) 1.19.

Polymerizations. RAFT polymerizations were carried out
in methanol as solvent using AIBN as initiator at 60 °C.
NIPAAm (1.5 mol/L) and the other reagents (for concentrations
see Table 1) were mixed in a vial and aliquots were transferred
to ampules, which were degassed by three freeze-thaw-
evacuate cycles and then flame-sealed under vacuum. The
ampules were immersed completely in an oil bath at the
specified temperature.

Analyses. Gel permeation chromatography (GPC) of
the DMF-soluble PNIPAAm-b-PAA was performed using a
series of four Styragel columns HT2, HT3, HT4, and HT5 and
an oven temperature of 80 °C. The solvent was DMF +
0.05 M LiBr at a flow rate of 1.0 mL/min. A Dawn EOS light
scattering detector with Optilab DSP interferometer (both set
at 690 nm) was used.

GPC using water + 0.05 M sodium azide was conducted on
PSS Suprema columns (300 × 8 mm, 10 µm particle size) with
102, 103, and 104 Å pore sizes. Poly(methacrylic acid) standards
were used for calibration. The measurements were carried out
at a flow rate of 1 mL/min at 25 °C or 60 °C, respectively, using
RI and UV detection (λ ) 254 nm).

MALDI)TOF mass spectrometry was performed on a
Bruker Reflex III spectrometer equipped with a 337 nm N2

laser in the reflector mode and 20 kV acceleration voltage.
Sinapinic acid (Aldrich, 97%) was used as the matrix material.
No salt addition was necessary. Samples were prepared from
ethanol solution by mixing matrix (20 mg/mL) and sample (10
mg/mL) in a ratio of 10:1. The number-average molecular
weights, Mn, of the polymer samples were determined in the
linear mode.

Dynamic light scattering (DLS) was performed on an
ALV DLS/SLS-SP 5022F compact goniometer system with an
ALV 5000/E correlator and a He-Ne laser (λ ) 632.8 nm).
The polymer solutions were prepared from 0.1 M citrate
buffered aqueous solutions with polymer concentration c ≈
1.1 mg/mL. The solutions were filtered twice through Millipore
nylon filters (pore size 0.45 µm). The normalized intensity
autocorrelation function g2(t) was measured experimentally.
The CONTIN method was used for data analysis of g2(t). The
following nonlinear fit model was used:

G(t) denotes the decay rate distribution function. This analysis
results in a discrete, intensity-weighted distribution function
of logarithmically equidistant-spaced decay time. The hydro-
dynamic radii were calculated from the corresponding decay
time applying the Stokes-Einstein equation, based on the
assumption that the scattering particles behave as hard
spheres in dilute solution and within the Rayleigh-Debye
theory.

IR spectra were recorded on a Bruker Equinox 55/S FT-
IR spectrometer. The measurements were performed on films
on CaF2 plates cast from aqueous solutions.

Raman spectra were recorded using a confocal optical
setup consisting of a He-Ne laser (λ ) 632.8 nm), objectives
of numerical aperture 0.45 and 0.20, and a 50 µm pinhole
replacing the entrance slit of the monochromator. A CCD line
detector in the exit focal plane of the monochromator was used
for recording the spectra.

Cloud point measurements were performed in 0.2 wt %
(buffered) aqueous polymer solutions. For details, see ref 3.

Cryogenic transmission electron microscopy (cryo-
TEM) measurements were performed on a Zeiss EM 902A
instrument with operation in the zero-loss bright-field mode
and an acceleration voltage of 80 kV. Digital images were
recorded with a BioVision Pro-SM Slow Scan CCD camera
system. A climate chamber was used for sample preparation
in order to control temperature and relative humidity. The
temperature was set to 25 or 45 °C, respectively, and the
relative humidity was set to 99%. Samples were prepared by
placing a drop of the aqueous solution on a copper grid, which
was covered with a perforated polymer film and coated with
carbon on both sides. The sample film was thinned by blotting
and was vitrified in liquid ethane.

Results and Discussion

PNIPAAm-b-PAA was synthesized by the RAFT
process for the first time. The block copolymerization
was performed using poly(acrylic acid) as a macromo-
lecular chain transfer agent. The obtained polydisper-
sities are very low. Table 1 summarizes the results
obtained for block copolymers with a PAA block length
equal to 110 monomer units.

MALDI-TOF mass spectrometry, used for determi-
nation of number-average molecular weights, led not
only to singly charged but also to multiply charged
molecules due to the ease of ionization of the acrylic acid
blocks. In general, two major peaks were found in the
MALDI-TOF spectra, which were attributed to single-
and double-charged polymers.

Both DMF and water were used as solvents for GPC
to determine molecular weight averages and polydis-
persities of the block copolymers from entries 1 and 2
in Table 1. In all cases, the molecular weights deter-
mined by GPC are about one order of magnitude higher
than the theoretical and MALDI values. Light scatter-
ing detection yields even higher values (entries 1 and 2
in Table 1). This was attributed to the formation of
aggregates in solution and will be discussed along with
further details on aqueous GPC. It was also confirmed
by 1H NMR in DMF-d7.3

In the following, the characteristics of block copoly-
mers with a fixed AA block length of 110 units and a
varying NIPAAm block length of n units is discussed,
and polymers will be abbreviated as (NIPAAm)n-b-
(AA)110.

Gel permeation chromatography with DMF as eluent,
using a light scattering detector, was used to evaluate
the molecular weights of the block copolymers. The
obtained Mn values were about two orders of magnitude

Table 1. Experimental Conditions and Results of the Block Copolymerization of PAA with PNIPAAm (1.5 M) Using PAA
(DPn ) 110, Mn ) 7900 g/mol, Mw/Mn ) 1.19) as Macromolecular Chain Transfer Agent in Methanol at 60 °C

entry
PAA
(mM)

AIBN
(mM)

time
(h)

convn
(%)

10-4Mn,theor
(g/mol)

10-4Mn,MALDI
(g/mol) nc

10-4Mn,GPC
a

(g/mol) Mw/Mn

1 14.8 7.0 10 64 1.51 1.36 50 22.8 (237)b 1.11
2 14.8 7.0 16 82 1.72 1.40 54 26.6 (275)b 1.09
3 9.4 7.0 16 48 1.65 1.63 74 22.2 1.06
4 13.0 4.6 10 75 1.77 1.43 57 8.57 1.15
5 6.5 4.6 10 65 2.49 2.34 137 29.2 1.03

a In DMF/LiBr with PMMA calibration. b Absolute molecular weights using a light scattering detector. c DPn of PNIPAAm block, n )
(Mn,MALDI - Mn,PAA)/MNIPAAm.

g2(t) - 1 ) (∫tmin

tmax
e-tG(t) dt)2
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higher than the calculated ones. Therefore, it was
assumed that aggregation takes place. This is not quite
expected as DMF should be a good solvent for both the
PNIPAAm and the PAA block. To prove this assump-
tion, aqueous GPC of the polymer samples was per-
formed at 25 and 60 °C. At 25 °C, only one peak is
observed, whereas two peaks were found at 60 °C,
namely one in the high-molecular weight region and one
at the same elution volume as the peak observed at
25 °C (Figure 2). The absence of a peak at higher elution
volume at 25 °C indicates the absence of homo-PAA or
homo-PNIPAAm.

This observation strongly indicates the formation of
micelles at 60 °C, which is above the cloud point of
PNIPAAm. At this temperature, PNIPAAm is insoluble
in aqueous solution, and it is assumed that it forms the
core of a micelle with PAA forming the corona (Figure
1). Micelle formation at elevated temperature was also
confirmed by dynamic light scattering (see below). Thus,
the peak at lower elution volume in Figure 2 corre-
sponds to micelles.

The combination of pH-responsive poly(acrylic acid),
PAA, and thermoresponsive poly(N-isopropylacryl-
amide), PNIPAAm, in a block copolymer leads to a
system that responds to both pH and temperature. The
solubility of the PAA block in aqueous solutions depends
on the pH of the medium. The lower the pH, the more
carboxylate groups of the PAA blocks are protonated
and the less soluble this block becomes in aqueous
media. At pH > 8, virtually all carboxylate groups are
deprotonated, and the PAA segment is readily soluble
in water. From the PNIPAAm point of view, its LCST
is altered through the attachment of acrylic acid chains
and it is expected to be raised if the acrylic acid block
is hydrophilic and lowered if the acrylic acid block is
hydrophobic. In some cases, LCST behavior can even
be lost if the length of the acrylic acid block is too large.4

The influence of different pH values on the cloud
point, Tc, was investigated on 0.2 wt % buffered aqueous
solutions with pH values ranging from 7 to 4.5. For pH
) 5.0-7.0, 0.1 M phosphate buffer and for pH ) 4.5-
5.0, 0.1 M citrate buffer were used. No influence of the
type of buffer (phosphate or citrate buffer) on the
appearance of the turbidimetric curves was found so
that small differences in ionic strength owing to the
different buffer systems can be neglected.

Figure 3 shows the turbidimetric curves of PNIPAAm-
b-PAA at different pH values. The transmission de-
creases only slightly at pH values 5.0-7.0 when the
temperature is raised above the LCST of PNIPAAm.
This suggests the presence of micelles with PNIPAAm
forming the micellar core at T > Tc and PAA forming
the corona. Dynamic light scattering confirms these
findings (see following section). At pH 4.5, transmission
decreases to 0% when the temperature is raised above
Tc, indicating the formation of larger aggregates due to
increasing insolubility of the protonated PAA corona.

Consequently, the formation of this type of micelles is
dependent on both pH and temperature. Such a doubly
responsive behavior in aqueous media has also been
described by Armes et al. for the system poly(2-diethyl-
aminoethyl methacrylate)-block-poly(propylene oxide)5

and by Laschewsky et al. for poly(2-[N-(3-methacryla-
midopropyl)-N,N-dimethyl]ammoniopropanesulfonate)-
block-poly(N-isopropylacrylamide).6

Figure 3 also shows that the cloud point of PNIPAAm
is raised from Tc ) 32 °C for the pure polymer to ca.
35 °C at pH 5-7, whereas it is slightly lowered to ca.
29 °C at pH 4.5. This is due to acrylic acid segments
that are hydrophilic at pH 5-7 and thereby increase
the cloud point, but the acrylic acid segments are
relatively hydrophobic at pH 4.5 due to protonation of
the carboxylate groups, which decreases Tc.

Dynamic light scattering (DLS) measurements were
performed on buffered aqueous solutions of PNIPAAm-
b-PAA of pH 5.6 at different temperatures. The typical
field correlation functions are shown in Figure 4. At
20 °C e T e 35 °C, three peaks are found in the
intensity-weighed (z-) hydrodynamic radius distribution
function (Figure 5, top), which are believed to cor-
respond to unimers, aggregates, and larger aggregates.
Since the CONTIN analysis renders intensity-weighted
distributions, the proportion of the large particles is
strongly exaggerated, as the scattering intensity is
strongly dependent on the radius of the particle (∼R3

for spherical particles). Thus, the weight fraction of the
aggregates is actually rather small. In a corresponding
mass distribution plot, w(log Rh) ∼ z(log Rh)/Rh

3, the
peak for the unimer is dominant along with a small
peak for aggregates located at Rh ∼ 20 nm, and the peak
for large aggregates (Rh > 100 nm) almost disappears.
The nature of the aggregates will be discussed below.

With increasing temperature, the scattering intensity
was observed to be nearly constant within the temper-
ature range of 20 °C e T e 35 °C. When the tempera-
ture was increased to 42 °C, which is above Tc of
PNIPAAm in the block copolymer, there was a dramatic
increase in the scattering intensity (more than two
times). At this temperature a bimodal distribution is
found in the intensity-weighed hydrodynamic radius
distribution function and the unimer peak disappears.
Additionally, the peak at Rh ∼ 20 nm is dominant in
this case. When the temperature increased to 50 °C, the

Figure 2. GPC traces (RI detector) of (NIPAAm)50-b-(AA)110
at 25 (top) and 60 °C (bottom) in water + 0.05 M NaN3.3

Figure 3. Turbidimetry of buffered aqueous solutions of
(NIPAAm)50-b-(AA)110: (b) pH 4.5; (9) pH 5-7.3
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scattering intensity increased further (about 1.5 times
of that at 42 °C), and only one very narrow peak is
observed in the hydrodynamic radius distribution curve
(Figure 5, bottom). In this case, micelles with hydro-
phobic PNIPAAm constituting the micellar core and
hydrophilic PAA forming the corona are most likely
formed.

DLS suggests the formation of aggregates at room
temperature as the hydrodynamic radii of the particles
are smaller than those of the micelles observed at higher
temperature but too large for unimers. In the literature,
hydrogen-bonded interpolymer complexes between poly-
(acrylic acid) and poly(acrylamide) derivatives have been
reported, where acrylamide acts as a strong hydrogen
acceptor and acrylic acid provides hydrogen for bind-
ing.7,8 Taking these findings into consideration, it can
be assumed that intermolecular hydrogen bonding takes
place between PAA and PNIPAAm. To prove hydrogen
bonding between amide and carboxylic acid, Shibanuma
et al. applied FT-IR spectroscopy using the ATR (attenu-
ated total reflectance) technique that allows for mea-
surement in aqueous solutions.8,9 In this work, Raman
spectroscopy was considered as a substitute for the ATR
technique. One of the advantages of Raman spectro-
scopy is that water can be used as a solvent, which is
almost impossible in IR transmission spectroscopy due
to the strong absorption of water. Raman spectroscopy
is usually best suited for the characterization of nonpol-
ar or only slightly polar bonds. The strong and charac-
teristic IR bands of polar groups, such as CdO or O-H,

are usually reduced in the Raman spectra so that rela-
tively weak carbonyl stretching bands are expected.10

Figure 6 shows the Raman spectrum obtained for a
2 wt % solution of PNIPAAm-b-PAA in citrate buffer
pH 5.6 along with that of a 2 wt % aqueous PNIPAAm
solution for comparison. To eliminate buffer signals,
pure 0.1 M citrate buffer was recorded and the spectrum
was subtracted from the Raman spectrum of the block
copolymer.

Figure 4. Field correlation functions of (NIPAAm)74-b-(AA)110
in 0.1 M citrate buffer pH 5.6 at a scattering angle of 30°: (a)
T ) 35 °C; (b) T ) 50 °C. Figure 5. Hydrodynamic radii distribution of (NIPAAm)74-

b-(AA)110 in 0.1 M citrate buffer pH 5.6 (CONTIN analysis; θ
) 30°). Top: T ) 35 °C. Bottom: T ) 50 °C.

Figure 6. Raman spectra of aqueous solutions of (NIPAAm)137-
b-(AA)110 at pH 6 and of PNIPAAm.
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The carbonyl and amide stretching bands in the
Raman spectrum appear at a somewhat lower wave-
number as compared to IR spectroscopy. The respective
stretching bands are relatively weak, as was expected
for a polar group in Raman spectroscopy. Comparing
the spectrum of the homopolymer PNIPAAm with that

of the block copolymer PNIPAAm-b-PAA, the bands at
1556 and 1613 cm-1 in the PNIPAAm spectrum were
attributed to amide stretching, which is found at 1556
and 1616 cm-1 in the block copolymer spectrum. The
band at 1682 cm-1 arises from carbonyl stretching of
the acrylic acid carboxyl groups in PNIPAAm-b-PAA.
On comparison of the stretching bands in the PNIPAAm
and PNIPAAm-b-PAA spectra, it is evident that the
stretching bands in the block copolymer spectrum are
broadened with respect to the PNIPAAm spectrum. This
is an indication for some complexation or hydrogen
bonding taking place between the two blocks. Such a
broadening of stretching bands due to cooperative
H‚‚‚O interactions has also been observed by other
authors.11

To confirm the conclusion drawn from the Raman
spectra, IR spectroscopy was used on block copolymer
samples that were cast on calcium fluoride plates from
2 wt % aqueous phosphate-buffered solutions. Figure 7
shows an exemplary IR spectrum as compared with
those of the homopolymers.

On comparison of the different spectra, a splitting of
the amide stretching band in PNIPAAm-b-PAA is
evident and the band is shifted to lower wavenumbers,
whereas the split carbonyl stretching band of the block
copolymer is shifted to higher wavenumbers with re-
spect to the homopolymer spectra. These observations
agree with those reported in the literature for hydrogen
bonding between acrylic acid and acrylamides.8 The
carbonyl stretching band in the PAA homopolymer
spectrum is already somewhat split due to partial

Figure 7. IR spectrum of solid (NIPAAm)137-b-(AA)110 with
spectra of the homopolymers PNIPAAm and PAA for compari-
son.

Figure 8. Cryo-TEM images for (NIPAAm)74-b-(AA)110 cast from buffered aqueous solutions of pH 4.5 or pH 5.6, respectively, at
temperatures below and above LCST of PNIPAAm. The arrow denotes an ice crystal attached to the surface after vitrification.

Macromolecules, Vol. 37, No. 21, 2004 New Double-Responsive Block Copolymer 7865



hydrogen bonds between the carboxylic acid groups.
This also agrees with results reported in the literature.8

In conclusion, interpolymer hydrogen bonding in
PNIPAAm-b-PAA leads to the formation of aggregates
at room temperature. Micelles are formed at tempera-
tures above ca. 40 °C with PNIPAAm forming the
micellar core and PAA constituting the corona.

To further investigate the structures of micelles and
aggregates in solution, cryogenic transmission electron
microscopy (cryo-TEM) measurements were performed
on buffered PNIPAAm-b-PAA solutions of pH 4.5 and
pH 5.6 at 20 °C and 45 °C. These temperatures were
chosen to study the solutions below and above the LCST
of PNIPAAm. Figure 8 shows the corresponding cryo-
TEM images.

The transmission electron micrograph at pH 4.5 and
20 °C (Figure 8a) shows particles of diameters in the
range of 10-30 nm, which might correspond to micelles
with PAA core. From the size and fact that these
particles sometimes touch each other (e.g., in the upper
right part of the image) one may conclude that not only
the core but also the shell is seen. Some smaller
structures can be observed but their size cannot be
quantified due to lack of sufficient contrast. At pH 4.5
and 45 °C (b), large particles with diameters of about
130 nm are seen in the micrographs. These are assigned
to larger aggregates. No hydrogel formation seems to
take place (also confirmed by the low viscosity) as one
might have expected due to the insolubility of both
PNIPAAm and PAA at high temperature and low pH
values. Hydrogel formation may require a higher con-
centration than that of 2 wt %, which was used for the
block copolymer solutions and will occur more easily
with ABA triblock copolymers.

The transmission electron micrograph at pH 5.6 and
20 °C shows large aggregates (d > 300 nm) and barely
visible, smaller particles, confirming the DLS results
that indicated aggregates of different sizes. The smallest
particles observed in the DLS studies are invisible due
to lack of sufficient contrast in the images. At pH 5.6
and 45 °C, aggregates of diameters in the range of 10-
30 nm are observed. This is in good agreement with DLS
measurements, where a coexistence of micelles and
unimers was found. Again, small particles, i.e., unimers,
are not detected due to the low contrast.

Conclusions
Hydrogen bonding between N-isopropylacrylamide

and acrylic acid units in PNIPAAm-b-PAA block copoly-

mers influences strongly their behavior in solution. The
block copolymers form starlike micelles in aqueous
solutions in dependence on pH and temperature. Cloud
point measurements indicated the formation of larger
aggregates at pH 4.5 and temperatures above LCST,
whereas micelles formed at pH 5-7 and temperatures
above LCST. At pH 5.6 and 50 °C, only micelles were
found, whereas at lower temperatures, larger aggre-
gates and micelles coexist. Formation of larger ag-
gregates by hydrogen bonding interactions was revealed
by IR and Raman spectroscopy as well as by cryogenic
transmission electron microscopy and dynamic light
scattering.
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