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Atom transfer radical polymerization (ATRP) was used to prepare thermosensitive cationic block copoly-
mers of (3-acrylamidopropyl)-trimethylammonium chloride (AMPTMA) and N-isopropylacrylamide
(NIPAAM) with different block lengths. By using ethyl-2-chloropropionate (ECP) as initiator and CuCl/
CuCl2/tris(2-dimethylaminoethyl)amine (Me6TREN) catalytic system in DMF:water 50:50 (v/v) mixtures
at 20 �C the polymerization was controlled. The association properties in NaCl aqueous solution were
studied as a function of temperature and polymer concentration by dynamic light scattering, NMR
spectroscopy, fluorescence spectroscopy and energy filtered-transmission electron microscopy. The block
copolymers formed micellar aggregates above the lower critical solution temperature (LCST) of pNIPAAM.
The LCST is strongly influenced by the relative length of the two blocks and is significantly higher than that
of pure pNIPAAM. The size of core and shell of the micelles is discussed in terms of block copolymer
composition.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, polymers that can self-assemble in aqueous
solution have received more and more attention due to their ability
to form nanostructured associated species like micelles or vesicles
with a hydrophobic core and a hydrophilic shell [1–4]. One of the
most interesting polymeric architectures that are able to give rise to
this phenomenon is double hydrophilic block copolymers. This is
a special kind of architecture having both the blocks soluble in water
in given conditions. By a proper stimulus such as temperature, pH,
or ionic strengths, one of the blocks can become insoluble in water
and the block copolymer self-assemble by forming micelles or
vesicles with the ‘‘sensitive’’ block in the hydrophobic core. Among
the available stimulus responsive polymers, thermally responsive
materials are advantageous for biological applications because of
the stringent pH requirements in mammalian. One of the most
interesting ‘‘sensitive’’ polymer is poly(N-isopropylacrylamide)
(pNIPAAM), a thermoresponsive polymer which is water soluble at
room temperature and is able to give a coil-to-globule transition
above 32 �C (the LCST, lower critical solution temperature) [5,6].
NIPAAM copolymers have attracted a lot of attention as the LCST in
water is close to body temperature and may therefore be useful in
asci).
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the biomedical field as a stimulus-sensitive material. The synthesis
of pNIPAAM block copolymers received a significant stimulus by the
development of the so-called ‘‘living’’ radical polymerization (LRP).
Several pNIPAAM block copolymers have been prepared by both
reversible addition–fragmentation chain transfer (RAFT) [7–18] and
atom transfer radical polymerization (ATRP) [19–29]. Nevertheless,
to our knowledge the direct synthesis of pNIPAAM block copoly-
mers with permanently charged quaternized cationic monomers
has not been reported yet. Quaternized cationic homopolymers and
copolymers are an important class of materials since they exhibit
bactericidal and fungicidal activities [30,31] and can be used to
develop self-disinfecting surfaces [32]. For instance, they can be
used for a number of applications in hospital surfaces and medical
devices, filtration devices, plastic applications, food manufacturing,
marine applications. Furthermore, recently it has been demon-
strated that diblock copolymer micelles comprising a pH sensitive
block core and a quaternized cationic block corona can be used as
nanosized templates for the deposition of silica from aqueous
solutions [33].

Therefore, block copolymers consisting of a hydrophobic or
stimuli sensitive block and quaternized cationic hydrophilic block
could have very interesting potential applications. Here we report
the first example of direct synthesis by ATRP of double hydrophilic
block copolymers of NIPAAM with a quaternized acrylamide based
monomer, (3-acrylamidopropyl)-trimethylammonium chloride
(AMPTMA). Block copolymers with different compositions were
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synthesized and their temperature induced association properties
in aqueous solution were studied.
2. Experimental section

2.1. Materials

Tris(2-dimethylaminoethyl)amine (Me6TREN) was synthesized
as previously described [34]. CuCl from Fluka was washed with
acetic acid followed by methanol to remove impurities. CuCl2 from
Fluka was used as-received. (3-acrylamidopropyl)-trimethyl-
ammonium chloride 75% in water (AMPTMA) from Aldrich was
used as-received. N-isopropylacrylamide (NIPAAM, Aldrich) was
recrystallized from hexane end dried under vacuum prior to use.
Ethyl-2-chloropropionate (ECP, Aldrich) and all other reagents were
used as-received.
2.2. Polymerization of AMPTMA

In a typical polymerization in DMF:water 50:50 (v/v),
[AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼ 60:1:1:1 and [AMPTMA]¼
1.25 M, 6 mL of AMPTMA 75% w/v aqueous solution (21.8 mmol),
3.5 mL of water and 8.7 mL of DMF were introduced in a Schlenk
tube and degassed by purging with argon. In a 25 mL, two-necked
round-bottomed flask previously degassed by three vacuum–argon
cycles, a Cu(I)–Me6TREN water stock solution was prepared by
adding 6 mL of degassed water to 72 mg (0..72 mmol) of CuCl and
180 mL (0.72 mmol) of Me6TREN. After taking from the Schlenk tube
an initial sample to measure the monomer concentration at t¼ 0,
degassed ECP (46.2 mL, 0.36 mmol) and 3 mL of the freshly prepared
Cu(I)–Me6TREN water stock solution were added to the AMPTMA
solution. The solution turned light green as the complex formation
occurred. The polymerization was carried out at 20 �C. To measure
the monomer conversion by HPLC, samples were withdrawn and
diluted up in the eluent. At the same time, a given amount of
reaction mixture was withdrawn and diluted in the GPC eluent for
the molecular weight determination. Before analysis, the samples
were filtered with a 0.45 mm syringe filter.

To obtain purified pAMPTMA macroinitiator, at the end of the
polymerization the mixture was diluted, bubbled with air for 5 min
to stop the polymerization and extensively dialyzed against
distilled water. The solid product was obtained by lyophilisation.
2.3. Chain-extension experiments

The first pAMPTMA block was synthesized as described in the
preceding section using [AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼
50:1:1:1:1. When the conversion was approximately 97%, a degassed
solution of AMPTMA (5 mL, 18.2 mmol, [AMPTMA]:[ECP]¼ 200:1),
1.8 mL of water and 3.6 mL of DMF was added. The conversion of the
second AMPTMA feed reached 78% in about 300 min. GPC analysis
was performed as previously described.
2.4. Synthesis of block copolymers p(AMPTMA-b-NIPAAM)

Block copolymers were synthesized using a ‘‘one-pot’’ method.
pAMPTMA macroinitiators were prepared with the same procedure
reported previously. When the conversion of AMPTMA reached
about 98%, a solution of NIPAAM in DMF:H2O 50:50 (v/v) was added
in order to obtain 2 M NIPAAM concentration in the polymerization
mixture. When the conversion reached the value necessary to
obtain the targeted Xn value, the polymerization was stopped by
diluting and bubbling with air for 5 min. The solid polymer was
obtained by extensive dialysis and lyophilisation.
2.5. Characterization

2.5.1. 1H NMR
1H NMR spectra were recorded at 293 and 333 K on a Bruker

AVANCE AQS600 spectrometer operating at 600.13 MHz, respec-
tively, and equipped with a Bruker z-gradient probehead. Chemical
shifts in D2O were reported in ppm with respect to a trace of 2,2-
dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) used as an
internal standard.

2.5.2. HPLC
HPLC experiments for the determination of monomer conver-

sion were performed using a LabFlow 4000 HPLC pumps (Lab-
Service Analytica, Bologna, Italy) equipped with a Knauer K-2501
UV detector and a C18 (Phenomenex Luna, 5 mm) Column. AMPTMA
was analyzed by eluting with water/acetonitrile/acetic acid 90/5/5
(v/v/v). NIPAAM was determined by eluting with water/acetonitrile
70/30 (v/v). The injection volume was 10 mL. DMF was used as
internal standard.

2.5.3. GPC
Molecular weight distributions were obtained using a GPC

system equipped with a LabFlow 4000 HPLC pump, TSK-GEL a-
3000 (30 cm� 7.8 mm ID, 7 mm) column and a Shimadzu RID-10A
refractive index detector (Shimadzu, Kyoto, Japan). The columns
were thermostated at 40 �C. pAMPTMA was eluted at a flow rate of
0.8 mL/min with 0.5 M Na2SO4. The number-average molecular
weight (Mn) and the molecular weight distribution (Mw/Mn) were
determined by calibration with near-monodisperse poly(ethylene
oxide) (PEO) standards. As PEO standards were not eluted with
0.5 M Na2SO4 and pAMPTMA was not eluted with water, the cali-
bration was made by eluting PEOs with water and then calculating
pAMPTMA molecular weights with respect to this calibration curve
using the lactose peak as elution time internal standard. The
concentration of the polymeric solutions was 1 mg/mL. The injec-
tion volume was 20 mL. It was not possible to elute p(AMPTMA-b-
NIPAAM) block copolymers with TSK-GEL a-3000 and also with
TSK-GEL GM-PW (30� 7.5 mm, 17 mm) columns using several
different eluents (0.1 M NaNO3:acetonitrile 80:20 (v/v), 0.2 M
NaNO3 and 0.5 M Na2SO4, water).

2.5.4. Fluorescence measurements
Steady-state fluorescent spectra were measured using a Cary

Eclipse (Varian) spectrometer equipped with a thermostated cell
compartment. The fluorescence emission spectra (350–550 nm)
were measured using an excitation wavelength of lex¼ 334 nm.
The intensity ratio (I1/I3) of the first (I1) over the third (I3) vibronic
band of the emission spectrum of pyrene, at 373 and 384 nm,
respectively, was used to detect the formation of hydrophobic
microdomains. The excitation spectra (250–370 nm) were
measured using an emission wavelength of lem¼ 374 nm. The
intensity ratio (I338/I334) was used to determine the critical micellar
concentration (CMC). A stock solution of pyrene (5�10�7 M) in the
aqueous solvent used for the measurement was prepared by adding
50 mL of a 5�10�4 M pyrene solution in acetone in a 50 mL volu-
metric flask, evaporating acetone by a nitrogen flow and adding the
solvent. The solutions were stirred at room temperature overnight
to reach the solubilization equilibrium of pyrene in the aqueous
phase. The final pyrene concentration was 5�10�7 M, slightly
below the saturation concentration of pyrene in water at 22 �C.

For the determination of the critical micellar concentration
(CMC) the solutions at different polymer concentrations (1�10�4–
20 mg/mL) were prepared by dissolving proper amount of polymer
in a given amount of 5�10�7 M pyrene 0.1 M NaCl aqueous solu-
tion. The solutions were heated stepwise from 25 to 60 �C. Once
brought to a desired temperature within this range, the sample was
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kept at that temperature for at least 10 min before measurement in
order to obtain a constant value of the emission intensity.
Measurements were repeated three times at each temperature.

2.5.5. Refrective index increment (dn/dc)
dn/dc was measured at 25 �C with a refractive index detector

(Dn-1000 RI, WGE Dr. Bures) working at 633 nm using the static
method.

The dn/dc values of p(AMPTMA-b-NIPAAM) micelles in 0.1 NaCl
were calculated by the equation [29,35]:

dn=dcA—B ¼ WAðdn=dcÞAþWBðdn=dcÞB (1)

in which WA and WB are the mass fractions of pNIPAAM and
pAMPTMA and (dn/dc)A and (dn/dc)B are their refractive index
increments measured at 25 �C (0.1630 for pNIPAAM, 0.1705 for
pAMPTMA). We assumed that the temperature dependence of dn/
dc of the block copolymers is not significant [36]. The dn/dc values
calculated for the block copolymers p(AMPTMA30-b-NIPAAM120),
p(AMPTMA60-b-NIPAAM120) and p(AMPTMA60-b-NIPAAM50) were
0165, 0.167 and 168, respectively.

2.5.6. Dynamic light scattering (DLS)
DLS data were obtained with a Brookhaven Instruments Corp.

BI-200SM goniometer equipped with a BI-9000AT digital correlator
using a solid-state laser (125 mW, l¼ 532 nm). If not otherwise
stated, measurements of scattered light were made at a scattering
angle q of 90�. The temperature of the copolymer solution was
controlled with an accuracy of 0.1 �C. All samples were first
prepared by filtering about 3 mL of solution with a 0.20 mm Milli-
pore filter into a clean scintillation vial. To determine the LCST, the
temperature was raised at 0.5 �C/min and the solution was allowed
to equilibrate until a stable reading of the intensity was obtained.
Data were acquired for 5–20 min, and each experiment was
repeated two or more times. Monomodal cumulants analysis or
CONTIN analysis was used to fit the data.

2.5.7. Static light scattering (SLS)
The block copolymers were dissolved in NaCl aqueous solution

at room temperature to obtain concentrations ranging from 1 to
10 mg/mL. All samples were filtered as described above. The solu-
tion was introduced in the measuring compartment at room
temperature, heated at 60 �C for about 40 min and allowed to
equilibrate until a stable reading of the intensity was obtained.

2.5.8. Energy filtered-transmission electron microscopy (EF-TEM)
The samples were observed in a Zeiss EM902 Transmission

Electron Microscope (TEM), operating at 80 kV and equipped with
an ‘‘in-column’’ electron energy filter. The filter was settled to
collect only elastic electrons (DE¼ 0), with the result to enhance
image contrast and resolution due to the elimination of the inelastic
electrons in the image formation (reduction of the chromatic
aberration). Samples were negative stained by a 2% w/v solution of
phosphotungstic acid (PTA) buffered at pH¼ 7.3. All the manipu-
lations of the samples were carried out inside an oven at 60 �C.
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Briefly, a droplet of an aqueous solution of the copolymer
(1 mg/mL), without NaCl and heated at 60 �C, was deposited onto
400 mesh copper grids covered with a very thin (about 20 nm)
amorphous carbon film. The excess of liquid was removed by
placing the grid onto the filter paper. Finally, the grid was dried in
the oven and stained by adding a droplet of the stain solution. The
excess was removed by filter paper and the sample allowed to dry.

3. Results and discussion

3.1. AMPTMA polymerization

AMPTMA was polymerized in the same conditions used by our
group for other acrylamide monomers in water-DMF mixed
solvents [21,37,38]. This solvent should allow the synthesis of
NIPAAM and AMPTMA block copolymers in a homogeneous poly-
merization (Scheme 1).

In water:DMF 50:50 at 20 �C, [AMPTMA]¼ 1.25 M and
[AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼ 60:1:1:1 the polymerization
was well controlled. The first order kinetic plot was linear up to 98%
conversion indicating that the number of active species remains
fairly constant and termination reactions were not significant up to
very high conversion (Fig. 1). The polymerization was very fast,
reaching 98% conversion in 27 min. Polymers with well-controlled
molecular weight and polydispersity index (PDI) were obtained
(Fig. 2). Number-average molecular weight determined by GPC
increased linearly with conversion even though they are lower than
the theoretical values. This is probably due to the use of relative
calibration with PEO standards. Nevertheless, PDI decreased during
the course of the polymerization reaching low values (1.12) at high
conversion (98%).

The most discriminating test for the living character of ATRP is
an efficient chain extension. AMPTMA was homopolymerized to
very high conversion (>95%), and then a second batch of AMPTMA
was added to this polymerizing solution. Provided that the polymer
chain ends were still active, chain extension could be readily
monitored by GPC. The results are reported in Fig. 3. AMPTMA was
polymerized using [AMPTMA]:[ECP]¼ 50:1, then when the
conversion was about 97% an additional amount of AMPTMA was
added ([AMPTMA]:[ECP]¼ 200:1). The conversion of the second
AMPTMA feed was 78%. The chromatograms show that the chain
extension has occurred and no shoulders are present in the peak of
the extended polymer. These mean that no significant amount of
polymer chain ends became deactivated toward the end of the first-
stage polymerization. Therefore, these ATRP conditions can be used
for the synthesis of block copolymers of AMPTMA and NIPAAM
using a ‘‘one-pot’’ approach.

3.2. Synthesis of p(AMPTMA-b-NIPAAM) block copolymers

For the synthesis of p(AMPTMA60-b-NIPAAM120), in the first stage
AMPTMA was polymerized in DMF:H2O 50:50 (v/v) at 20 �C using
[AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼ 60:1:1:1. When AMPTMA
conversion was approximately 98%, a 4 M solution of NIPAAM
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Fig. 3. GPC traces of chain-extension experiment of pAMPTMA in DMF:H2O 50:50 (v/v)
at 20 �C. [AMPTMA]¼ 1.25 M. (---): first block [AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼
50:1:1:1, conversion¼ 95%. (d): second block [AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼
200:1:1:1 conversion¼ 78%.
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([NIPAAM]:[ECP]¼ 200:1) in DMF:H2O 50:50 (v/v) was added to
obtain a 2 M final concentration of NIPAAM in the polymerization
mixture. The first order kinetic plot was linear (Fig. 4) and the
polymerization was stopped at about 60% conversion to obtain
a pNIPAAM block having Xn¼ 120. In this way, three block copoly-
mers were prepared, p(AMPTMA30-b-NIPAAM120), p(AMPTMA60-b-
NIPAAM120) and p(AMPTMA60-b-NIPAAM50).

It was not possible to obtain the molecular weight distribution
of the block copolymers neither with GPC nor with MALDI-TOF
analysis. The copolymers were retained in the GPC columns with all
the column–eluent combinations used (see Section 2). Neverthe-
less, by using the eluting conditions of pAMPTMA (0.5 M Na2SO4)
with lactose internal standard we did not detect free pAMPTMA in
p(AMPTMA-b-NIPAAM) samples, which means that all pAMPTMA
initiated the polymerization of NIPAAM.
3.3. NMR spectroscopy

Fig. 5 shows the 1H NMR spectrum of p(AMPTMA60-b-
NIPAAM120) recorded at 20 �C. At this temperature the block copoly-
mer is in the form of non-associated unimers and the spectrum
contains the expected peaks. The relative content in pAMPTMA and
pNIPAAM was calculated by the integration of the CH3 signal (4) of
pNIPAAM at about 3.8 ppm and the signals d, e and f of pAMPTMA.
0

2000

4000

6000

8000

10000

12000

14000

0 20 40 60 80 100
Conversion

M
n

1.00

1.20

1.40

1.60

M
w

/
 
M

n

Fig. 2. Evolution of molecular weight (filled symbols) and polydispersity (open
symbols) with conversion for AMPTMA in DMF:H2O 50:50 (v/v) at 20 �C.
[AMPTMA]¼ 1.25 M, [AMPTMA]:[ECP]:[CuCl]:[Me6TREN]¼ 60:1:1:1. The straight line
represents the theoretical molecular weights expected on the basis of the [AMPPTMA]/
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The values were in good agreement (within 10%) with the theoretical
values calculated from the monomer conversion obtained by HPLC
confirming the composition of the block copolymers.

1H NMR was also used to have an evidence of the heat-induced
association of the block copolymers in D2O. p(AMPTMA60-b-
NIPAAM120) spectra at 20 and 60 �C are reported in Fig. 5. The
intensities of the peaks (3 and 4) due to the isopropyl protons of the
pNIPAAM block decrease as the temperature is increased. This is
consistent with a decrease of the motion of the pNIPAAM chains as
a consequence of their collapse at temperature higher than LCST
and incorporation in the hydrophobic core of the associated
species. The pNIPAAM peaks’ intensity does not completely dis-
appeared, but decreased only about 30% probably as a consequence
of a significant residual degree of mobility of pNIPAAM core due to
the presence of a meaningful amount of water as already reported
by other authors [8,29,39].

3.4. Fluorescence measurements

Fluorescence spectroscopy is a well-established method to detect
micelle formation by using a molecular probe whose emission and
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excitation spectra are sensitive to the surrounding environment,
pyrene being a good example [40–42]. The I1/I3 ratio, used to char-
acterize the polarity of pyrene environment, was measured in NaCl
0.1 M aqueous solutions at 60 �C by changing the polymer concen-
tration from 10�4 to 20 mg/mL (Fig. 6). I1/I3 was about 1.80 at low
concentration, meaning that no association occurs. As the concen-
tration is raised, I1/I3 decreases to about 1.30, confirming micelles
formation. Thus, above LCST of pNIPAAM chains, the temperature
induces aggregation of the water-insoluble blocks of pNIPAAM, and
the block copolymer becomes amphiphilic. It has to be noted that the
plateau values after the transition are not as low as expected for
a hydrophobic environment in micelles [43]. This could be due to the
more polar structure of PNIPAAM or to the retention of some water in
the micellar core. The critical micellar concentration (CMC) of the
block copolymers was determined by measuring the excitation
spectra, which show a red shift of the (0,0) band from 334 to 338 nm
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Fig. 6. I1/I3 (open symbols) and I338/I334 (filled symbols) of pyrene as a function of
block copolymer concentration. p(AMPTMA30-b-NIPAAM120) (B), p(AMPTMA60-b-
NIPAAM120) (,), p(AMPTMA60-b-NIPAAM50) (>). NaCl 0.1 M, T¼ 60 �C.
[Py]¼ 5.0� 10�7 M.
(characterized by change of I338/I334 intensity ratio) upon the increase
of the block copolymer concentration. Overall, these changes in the
emission and excitation spectra are indicative of the partitioning of
pyrene between aqueous and hydrophobic environments. The
critical micellization concentration (CMC) was determined by the
crossover points in the low concentration range (Fig. 6). The CMC was
0.04 mg/mL for p(AMPTMA30-b-NIPAAM120), 0.08 mg/mL for
p(AMPTMA60-b-NIPAAM120) and 0.2 mg/mL for p(AMPTMA60-b-
NIPAAM50), similar to the values obtained for other pNIPAAM block
copolymers [21,44]. The lower CMC value was observed for
p(AMPTMA30-b-NIPAAM120), confirming the influence of the
pAMPTMA block length. Reasonably, the shielding of the hydro-
phobic pNIPAAM block above the LCST in the unimer may become
more effective as the length of the ionic pAMPTMA block is increased.
Second, the longer the pAMPTMA block is, the stronger is the elec-
trostatic repulsion of pAMPTMA chains in the micelle corona. Both
factors should hamper micellization, thereby increasing CMC, by, on
one hand, stabilizing unimers in solutions and, on the other hand,
destabilizing multimolecular micelles.

The partitioning of pyrene into the pNIPAAM core of the
multimolecular associated species can be measured by the parti-
tioning equilibrium constant Kv according to the approach
proposed by Wilhelm et al. [40] According to this method, the ratio
of pyrene in the micellar ([Py]M) and water ([Py]W) phases can be
expressed as follows:

½Py�M=½Py�W ¼ ðF � FminÞ=ðFmax � FÞ (2)

where F¼ I338/I334, Fmin and Fmax are the I338/I334 values determined
at the zero copolymer concentration and at the saturating copoly-
mer concentration, respectively. Using this model, the data can be
recalculated and linearized by the following equation:

½Py�M=½Py�H2O¼ KvXc=1000r (3)

c is the total copolymer concentration in g/L, X is the weight frac-
tion of pNIPAAM in the copolymer, r is the density of the pNIPAAM
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experiments at Cp¼ 10 mg/mL in 0.1 M NaCl aqueous solutions. The scattering angle
was 90� . p(AMPTMA30-b-NIPAAM120)¼ (B), p(AMPTMA60-b-NIPAAM120)¼ (,),
p(AMPTMA60-b-NIPAAM50)¼ (6).
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Fig. 8. LCST of the block copolymers as a function of AMPTMA/NIPAAM molar ratio.
Cp¼ 10 mg/mL, 0.1 M NaCl aqueous solution.
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core in the micelle (which was assumed to have the same value as
that of the bulk pNIPAAM, 1.070 g/mL).[45] Therefore, by plotting
the [Py]M/[Py]W ratio determined from fluorescence excitation
spectra vs the copolymer concentration, the Kv value can be
determined by fitting the plot above the CMC with a straight line. Kv

was 3.53�103 for p(AMPTMA30-b-NIPAAM120), 2.74�103 for
p(AMPTMA60-b-NIPAAM120) and 1.72�103 for p(AMPTMA60-b-
NIPAAM120). As expected, the higher value was obtained for the
copolymer with the shorter pAMPTMA block. These values are
significantly lower than the values reported for other block copoly-
mers containing polystyrene as hydrophobic segment [43–47], while
are slightly lower than the values obtained for polymers containing
the more polar 2-(2-methoxyethoxy)ethoxy groups involved in the
core formation [48]. In our opinion this could be due to the more
polar structure of pNIPAAM but mainly due to the presence of
a significant amount of water in the core of the aggregates.

3.5. Dynamic light scattering (DLS)

Block copolymer solutions in NaCl 0.1 M were completely
transparent at room temperature and remained transparent up to
60 �C. In a preceding paper, we observed that aqueous solutions of
block copolymers of pNIPAAM and poly(sodium 2-acrylamido-2-
methylpropanesulfonate) (AMPS) became markedly turbid above
the LCST of pNIPAAM [21]. The increase of the scattered intensity as
a function of the temperature measured at a fixed angle of 90�

for a polymer concentration of 10 mg/mL in NaCl 0.1 M (Fig. 7) was
used to determine the LCST of the block copolymers. LCST
was determined as the intersection of the straight line passing
through the inflection point of the curve and the horizontal straight
line passing through the points before the transition. The LCST
increases from 37.5 �C of p(AMPTMA30-b-NIPAAM120) to 44.5 �C of
p(AMPTMA100-b-NIPAAM60), which means that LCST increases
with increasing the AMPTMA/NIPAAM molar ratio. These values are
about 4–6 �C higher than the values obtained for p(AMPS-b-
NIPAAM) copolymers having almost the same ratio between
NIPAAM and the hydrophilic block [21], which means that the
pAMPTMA block has a stronger influence on the pNIPAAM transi-
tion. As shown in Fig. 8, LCST increased linearly with the NIPAAM/
AMPTMA molar ratio. We observed the same behavior with
p(AMPS-b-NIPAAM) block copolymers [21]. These results are in
agreement with the data reported for not permanently charged
cationic pNIPAAM block copolymers prepared by RAFT [49]. The
variation of LCST should be due both to the different molecular
weights of the low polydispersity pNIPAAM block [50] and to the
effect of the pAMPTMA block. As reported by other authors, LCST of
low polydispersity pNIPAAM in water determined by turbidity
measurements ranges from about 35 to 38 �C with Xn going from
100 to 40 [50]. As the LCST of pNIPAAM depends also on salt
concentration [51], the LCST values measured in 0.1 M NaCl should
be increased of about 2 �C to be compared to the values in water.
Therefore LCST of p(AMPTMA-b-NIPAAM) copolymers is 5–8 �C
higher than expected for pNIPAAM with the same Xn. Thus, there is
a strong effect on the pAMPTMA block that causes a significant
increase of the LCST probably due to the repulsion of the polycation
chains in the micelles corona.

The relaxation rates (G) or their distribution functions were
obtained by DLS at scattering angle of 90� by a monoexponential
fitting or by CONTIN analysis of the autocorrelation function.

DLS measurements were also performed at different scattering
angles and G plotted against the square of the scattering vector q
(data not reported). These plots yielded straight lines passing
through the origin confirming that the observed distribution
function was due to the translational diffusion of the scattering
objects [52]. Therefore, the apparent hydrodynamic diameter
(Dh) was determined from the Stokes–Einstein equation. The
temperature dependence of Dh at Cp 10 mg/mL in NaCl 0.1 M is
reported in Fig. 9. Below the LCST the block copolymers should be
molecularly dissolved (unimers) in solution. In fact, Rh values
measured below the LCST were between 5 and 9 nm, confirming
that the block copolymers were present in solution as unimers. It is
worth mentioning that with the p(AMPS-b-NIPAAM) copolymers
we observed the presence of loose aggregates also below the LCST
[21].

Unlike the scattered intensity, there was a sharp increase of Dh

above the LCST. Dh reached a maximum in one or two degrees while
the scattered intensity continues to increase for several degrees.
The temperature at which the onset of the increase of the hydro-
dynamic radius was observed corresponds to the LCST values
measured by means of the scattered intensity. After the maximum,
Dh slowly decreases reaching a plateau value. The presence of
a maximum in the plot of Dh is probably due to the shrinking of the
pNIPAAM core due to progressive dehydration [8,10,53,54]. The Dh

plateau values of p(AMPTMA30-b-NIPAAM120) and p(AMPTMA60-b-
NIPAAM120) were the same (47 nm) while a much lower value was
obtained for p(AMPTMA60-b-NIPAAM50) (29 nm). Other authors
already reported that amphiphilic ionic block copolymers with the
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Fig. 9. Temperature dependence of the hydrodynamic diameter (Dh) obtained by DLS
experiments at Cp¼ 10 mg/mL in 0.1 M NaCl aqueous solutions. The scattering angle
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Fig. 10. TEM images of associated species obtained from p(AMPTMA30-b-NIPAAM120)
in aqueous solution. Staining with 2% phosphotungstic acid. Scale bar ¼ 100 nm.
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same length of the hydrophobic block and the ionic block of
different lengths had the same size [55]. We will further discuss
these results later. We also found that the G/q2 values are almost
independent of q2, which suggests that the associated species are
spherical and not much polydisperse in size [52]. If compared with
the contour length (L) of fully stretched chains calculated assuming
a monomer contour length (l) of 0.25 nm, the values of Dh are
compatible with the formation of core–shell micelles (Table 1).

By measuring the radius of gyration Rg by SLS we also calculated
the values of the Rg/Rh ratio reported in Table 1. This parameter
gives useful information about the micellar structure [56–60]. The
Rg/Rh ratio for a solid sphere is well known to be 0.774 [61] while for
random coils of homopolymers is about 1.50 [57]. Thus, the values
obtained are much smaller than the value for homopolymers,
which confirms the formation of micelles. However, compared with
typical amphiphilic block copolymer crew-cut micelles (w0.775)
[52,57] or the aggregates of homopolymer pNIPAAM (w0.62)
formed above its LCST [62], the Rg/Rh values of the p(AMPTMA-b-
NIPAAM) micelles are much higher, as expected due to the presence
of a relatively long pAMPTMA corona. The higher value observed
for p(AMPTMA60-b-NIPAAM50) with respect to the other copoly-
mers should be due to the strong contribution of the pAMPTMA
corona with respect to the smaller pNIPAAM core. This will be
confirmed by the data obtained by SLS reported later.

The weight-average molar mass Mw of the micelles determined
by the Zimm plot obtained by SLS was used to calculate the
aggregation number Nagg as the ratio of Mw of the micelles to Mn of
the block copolymer. It is relevant to observe that the block
copolymers with the same pNIPAAM block length but different
pAMPTMA blocks have almost the same Rg and Rh but have
a significantly different Nagg. As already reported by other authors
[55,63,64], Nagg was increased by increasing the hydrophobic block
length and by decreasing the polyelectrolyte block length.
Table 1
Association properties of p(AMPTMA-b-NIPAAM) copolymers obtained by DLS and SLS in

Sample LCST (�C) Rh (nm) Rg (nm) Rg/Rh

p(AMPTMA30-b-NIPAAM120) 37.5 23.5 21.4 0.93
p(AMPTMA60-b-NIPAAM120) 38.5 23.5 22.5 0.91
p(AMPTMA60-b-NIPAAM50) 41.5 14.5 14.7 1.01
The micellar core radius Rc can be calculated assuming a spher-
ical geometry by the equation

4
3

pR3
c ¼

Nagg

NA

Mn;c

r
(4)

where NA is the Avogadro constant, and r is the density of the
hydrophobic pNIPAAM core which is assumed to be equal to that of
bulk pNIPAAM (1.070 g/mL) [45].

By subtracting the contribution of the micellar core to Rh, the
thickness of the hydrophilic corona (Rs) can be estimated. With
fully stretched polyelectrolyte chains, an upper limit of this thick-
ness (Ls), corresponding to the contour length of the polyelectrolyte
chains, can be calculated by knowing the degree of polymerization
of the polyelectrolyte chains and assuming the length of a mono-
mer to be equal to 0.25 nm [65]. These results are given in Table 1.
p(AMPTMA60-b-NIPAAM50) micelles have pAMPTMA chains which
are stretched to almost 80% of their maximum extension, as already
obtained for other ionic micelles [55,63,66]. A completely different
result was obtained for the other two copolymers. The Rs values are
higher than Ls. We think that this could be due to the underesti-
mation of the Rc values. In fact, Rc was calculated assuming the
density of the pNIPAAM core equal to that of bulk pNIPAAM. If some
water is retained in the micellar core after the transition the core
will be ‘‘swelled’’ with respect to the bulk pNIPAAM and Rc will be
higher than the calculated one. In this way, the Rs values will be
overestimated.

3.6. Energy filtered-transmission electron microscopy

To obtain EF-TEM images representative of the associated
copolymers, sample preparation and staining were made working
at temperature above the LCST. A representative micrograph of the
micelles formed by one of the block copolymer is reported in Fig. 10.
NaCl 0.1 M. T¼ 60 �C. DLS measurements were done at Cp¼ 10 mg/mL.

Mw (106) Nagg Rc (nm) Rs (nm) Ls (nm) L (nm)

3.12 158 9.2 14.3 7.5 37.5
1.17 45 6.0 17.5 15.0 45.0
0.45 25 3.3 11.2 15.0 27.5
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The formation of small spherical particles not much polydisperse in
size with an average diameter of about 30–50 nm is clearly docu-
mented, in good agreement with the results obtained by DLS.

In conclusion, we have reported the synthesis by ATRP of well-
defined double hydrophilic block copolymers of pNIPAAM and
pAMPTMA with different block lengths. The copolymers showed
a well-defined temperature induced transition from unimers to
micelles of nanometer size. The LCST and the size of the associated
species were strongly affected by the relative length of the blocks.
With respect to anionic block copolymers of pNIPAAM of similar
composition, these block copolymers have a significantly higher
LCST. The determination core and shell size demonstrated that
polycation chains in the corona are markedly stretched and that
a significant amount of water is retained in the pNIPAAM core after
the thermo-induced transition. These kinds of block copolymers
having a cationic permanently charged block are extremely inter-
esting as they could be used in the field of gene delivery or for the
synthesis of well-defined nanometer sized silica particles.
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