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Abstract
Block copolymers of poly(N-isopropylacrylamide) (PNIPAM) with both a hydrophobic segment and a hydrophilic terminal
group in the same chain were synthesized by reversible addition-fragmentation chain-transfer (RAFT) polymerization. One is a
diblock copolymer with only hydrophobic poly (stearyl methacrylate) (PSMA) segment, while the other is a triblock copolymer
with both a PSMA segment and a hydrophilic terminal group. Uniform spherical micelles were obtained. The triblock copolymer
micelles showed a distinct evolution, first becoming small, then becoming larger, and finally becoming stable. The transition
process was fast and reversible with temperature. Although the hydrophobic PSMA chain segment lowered the lower critical
solution temperature of the diblock copolymer micelles, that of the triblock copolymer micelles was almost as high as that of the
PNIPAM homopolymer. In the triblock copolymer, hydrophobic chains and hydrophilic segments co-existed, and their opposing
effects partially canceled. The hydrophilic terminal group on the triblock copolymer made a great difference.
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Introduction

Amphiphilicmaterials arewidely encountered in nature and daily
life. Themost common examples are phospholipids in cell mem-
branes and surfactants in detergents. They all consist of hydro-
phobic and hydrophilic segments and can self-organize into var-
ious morphologies [1–3]. They show excellent performances in
different environments and attract wide research interest in many
fields. Researchers are also trying to imitate these materials
through chemical syntheses [4, 5]. Amphiphilic block copoly-
mers are a typical class of synthetic amphiphilic materials. They
can self-assemble into many different interesting morphologies
in appropriate solvents, such as vesicles, spherical micelles, or
cylindrical micelles. Moreover, the morphologies can be easily
regulated and controlled by changing the chemical structures of
the block species and the ratios between different blocks [6–10].

Smart polymers can be responsive to external stimuli such
as pH, temperature, glucose, light, and so on. Combining both
amphiphilicity and stimuli-responsiveness, materials can be si-
multaneously endowed with the two useful properties, offering
wide applications in various fields, such as biology, drug load-
ing [11], catalysis, and coating materials. Compared with other
stimuli, temperature is more convenient to control and more
easily applied. If one segment of a copolymer is thermo-respon-
sive, its self-assembly behavior may be tuned by changing the
temperature. Among the many thermosensitive materials, a
typical example is poly(N-isopropylacrylamide) (PNIPAM).
Scarpa et al. [12] first identified the thermo-sensitivity of
PNIPAM in 1967. Because of hydrogen-bonding interactions
between its amide groups and water, PNIPAM can undergo a
reversible coil-globule transition process [13]. Diblock and tri-
block copolymers of hydrophilic monomers and NIPAM have
been synthesized to systematically investigate their
temperature-dependent micelle behavior. For example,
Convertine et al. studied N,N-dimethylacrylamide (DMA)
and NIPAM copolymers, which can form micelles at longer
NIPAM chain lengths [6]. Poly (ethylene oxide) (PEO) is an-
other common monomer used to form thermo-sensitive copol-
ymers with NIPAM. It can assemble into vesicles in water and
can be used to release drugs at 37 °C [7]. A linear amphiphilic
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triblock copolymer of NIPAM and tert-Butyl acrylate (tBA)
was synthesized and was found to adopt various morphologies,
such as spherical micelles, cage-like micelles, and a layer struc-
ture [14]. Gradient copolymers of NIPAM can also be prepared
to self-assemble into aggregates, which can respond rapidly to
external stimuli [15]. Jellyfish-shaped amphiphilic dendrimers
of poly (ethylene glycol) (PEG) and β-cyclodextrin (βCD) can
also form extremely uniform aggregates in water [16].
Supramolecular multi-block copolymers can form particular
morphologies with a high propensity for alternation [17].
Using random copolymers of tBA and DMA as a non-
responsive core and PNIPAM as a corona, thermo-responsive
behavior of the micelles can also be tuned by changing the core
hydrophobicity [18].

Although a wide range of PNIPAM copolymers has been
studied, block copolymers of PNIPAM with both hydrophobic
and hydrophilic segments in the same chain are relatively rare.
What is more, the different properties of diblock and triblock
copolymer micelles were scarcely studied. In this work, two
kinds of PNIPAM block copolymers have been synthesized by
reversible addition-fragmentation transfer (RAFT) polymeriza-
tion using two chain-transfer agents and then used to prepare
micelles. One is a diblock copolymer comprising only hydro-
phobic segments, while the other is a triblock copolymer with
both hydrophobic segments and a hydrophilic terminal group.
Unexpected and interesting results have been obtained. A series
of di- and triblock copolymers with constant hydrophobic
block lengths and variable NIPAM block lengths has been syn-
thesized to systematically study the interesting micelles. NMR
and GPC have been applied to characterize the structures, and
fluorescence measurements have been made to determine the
critical micelle concentrations (CMCs). Micelle sizes were
measured by dynamic light scattering (DLS), and lower critical
solution concentrations were determined by UV/Vis

spectrophotometry. TEM was used to characterize the micro-
structures of the micelles, and their microphase separation be-
havior was analyzed by small-angle X-ray scattering (SAXS).

Experimental

Materials

N-Isopropyl acrylamide (NIPAM, J&K Chemical) was puri-
fied by threefold recrystallization from n-hexane and dried in
vacuo at 45 °C. The 2,2′-azobis (isobutyronitrile) (AIBN,
Shanghai Shisihewei Chemical Co., Ltd.) was recrystallized
from ethanol and dried in vacuo at 45 °C. The 1,4-dioxane
was dried over molecular sieves. Stearyl methacrylate (SMA)
and tetrabutylammonium hydrogen sulfate (THS) were pur-
chased from J&K Chemical. Other reagents were purchased
from Sinopharm Chemical Reagent Co. All reagents were
analytical grade and were used as received unless specified
otherwise. RAFT agents S,S′-bis(α,α’-dimethyl-α”-acetic ac-
id)-trithiocarbonate (BDAAT) and 2-cyanopropan-2-yl dode-
cyl carbonotrithioate (CPDTTC) were synthesized according
to previous literature reports [19–26]. Deionized water was
used in the experiments.

Synthesis of PSMA-b-PNIPAM copolymers

To control the structures of the copolymers, RAFT polymeri-
zation was adopted in this work. Using two different RAFT
agents, two kinds of PSMA-b-PNIPAM copolymers with dif-
ferent structures were synthesized. The synthetic process in-
volved two steps, as depicted in Scheme 1. A typical proce-
dure was as follows.

a

b

Scheme 1 Synthesis process of a
triblock and b diblock PSMA-b-
PNIPAM copolymers
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Monomer SMA, RAFT agent, and 1,4-dioxane were
mixed in a jacketed reactor. After bubbling with nitrogen
for 30 min, the mixture was heated to 70 °C and AIBN was
added to initiate polymerization. The first step was allowed
to proceed for 6 h. The solution was then cooled to 10 °C,
NIPAM monomer and 1,4-dioxane were added, and nitro-
gen was bubbled for 30 min. The mixture was heated to
70 °C once more, and further AIBN was added to initiate
the reaction. The whole process was performed under ni-
trogen atmosphere. The final product was precipitated
three times from n-hexane to remove unreacted monomers
and 1,4-dioxane and then dried in vacuo. All reactions
were carried out at a fixed SMA monomer mass (1 g) with
various NIPAM monomer masses to obtain a series of
PSMA-b-PNIPAM block copolymers. For diblock copoly-
mers, CPDTTC (0.1699 g) was added; for triblock copol-
ymers, BDAAT (0.1388 g) was added. The ratio of RAFT
agent to AIBN was kept constant at 5:1.

Preparation of micelles

The PSMA-b-PNIPAM copolymers were first dissolved in
THF to obtain homogeneous solutions. To obtain micelles,
the THF solutions were added dropwise to distilled water
under magnetic stirring. The mixed solutions were then stirred
for several days in open containers to allow the evaporation of
THF. The aqueous solutions were at well above the CMCs of
the copolymers and so could form stable micelles.

Characterization

Chemical structures were characterized by recording 1H
and 13C NMR spectra at ambient temperature on a 400-
MHz Bruker AVANCE II NMR spectrometer (Bruker
BioSpin Co., Switzerland). BDAAT was dissolved in deu-
terated dimethylsulfoxide ([D6]DMSO), and other samples
were dissolved in deuterated chloroform (CDCl3).
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Molecular weights and molecular weight distributions
were determined by gel permeation chromatography
(GPC, Waters Co., Milford, MA, USA). DMF was used
as eluent at a flow rate of 0.3 mL/min. Molecular weight
was determined with reference to polystyrene standards.
Micelle size was measured by dynamic light scattering
(DLS) analysis on a Nano ZS 90 instrument (Malvern
Instruments, Malvern, UK) with a 90° scattering angle.
Each sample was measured three times from 10 to 60 °C
at intervals of 5 °C. CMCs were determined by fluores-
cence measurements (Shimadzu RF-6000 Spectro) using
pyrene as a polarity probe. Micelle solutions were prepared
at various concentrations. An aliquot (4 μL) of a solution
of pyrene in acetone (12.7 mg pyrene dissolved in 50 mL
acetone) was placed in a volumetric flask (10 mL), the
acetone was evaporated, and then the micelle solution
was added. The measurement was carried out at an excita-
tion wavelength of 390 nm, at a scanning speed of 600 nm/
min. The lower critical solution temperature (LCST) was
measured with a UV/Vis spectrophotometer (Shimadzu
UV-1800) equipped with a temperature controller
(Shimadzu S-1700). The temperature was raised from 10
to 70 °C at a rate of 1 °C min−1. The absorbance at 500 nm

was recorded, and the transmittance was calculated accord-
ing to the Lambert-Beer law. The morphologies of the mi-
celles were observed with a JEM-1230 transmission elec-
tron microscope (TEM, JEOL, Tokyo, Japan). Each mi-
celle solution was dropped onto a carbon-coated copper
gr id , and water was removed with f i l te r paper.
Synchrotron radiation small-angle X-ray scattering
(SAXS) analysis of the bulk copolymers was performed
on the BL16B1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF). The distance between the sam-
ple and the detector was 1800 mm, and the X-ray wave-
length was 0.124 nm. 2D data were converted into inten-
sities as a function of the scattering vector q (q = 4πsinθ/
λ), where 2θ is the scattering angle [27–29].

Results and discussion

Shorthand notations B and C were used to represent tri-
block and diblock copolymers, respectively, and numbers
following the shorthand notations were the theoretical
chain lengths of NIPAM.
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sized by CPDTTC
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Structural characterization of the synthesized
products

The chemical structures, compositions, and molecular weights
of the synthesized RAFT agents and copolymers were deter-
mined by 1H, and 13C NMR and GPC measurements.

The key to success of RAFT polymerizations is the use of
an appropriate chain-transfer agent (CTA). Given our desire to
obtain both AB diblock and ABA triblock copolymers, two
CTAs, namely CPDTTC and BDAAT, were synthesized ac-
cording to literature procedures [19–26]. Figure 1 shows the
assignment of each peak in their 1H NMR spectra. The peak
area ratios are consistent with theoretical predictions, indicat-
ing that the target products were successfully obtained.

Two kinds of PSMA homopolymers at fixed molecular
weights were used as macro chain transfer agents and narrow-
ly distributed PSMA-b-PNIPAM copolymers were success-
fully synthesized. Figure 2 shows the GPC traces of the
PSMA-b-PNIPAM copolymers. All of the traces are
unimodal, indicating that the polymerization reactions were
well controlled and there were no high molecular weight ter-
mination products.

Figure 3 shows the 1H NMR spectra of PSMA synthesized
from CPDTTC and a PSMA-b-PNIPAM diblock copolymer
(sample C-90), and Fig. 4 shows those of PSMA synthesized
from BDAAT and a PSMA-b-PNIPAM triblock copolymer
(sample B-90). Figure 5 shows the 1H NMR spectra of other
diblock and triblock copolymer samples. The PSMA-b-
PNIPAM copolymers were synthesized in two steps by
RAFT polymerization. PSMA homopolymer was first synthe-
sized, and then NIPAM monomer was added to form the sec-
ond chain segment. The peak at δ ≈ 3.90 ppm can be assigned
to methylene units adjacent to oxygen in SMA chains. The
broad peak in the range 6–7 ppm can be attributed to –NH– in
NIPAM chains. In Fig. 3, the small peak at δ = 3.15 ppm can
be assigned to methylene units adjacent to sulfur atoms in
CPDTTC. The relative peak area ratios are almost consistent
with the theoretical values. In the case of PSMA homopoly-
mer and sample C-90 for example, the ratio of peak areas at
δ = 3.15 and 3.90 ppm for PSMA is about 1:6, as expected for
the target homopolymer. For sample C-90, the ratio of peak
area in the range δ = 6–7 ppm to that at δ = 3.15 ppm is about
50, near to the theoretical ratio (45).
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To further confirm the structures of the copolymers, 13C
NMR spectra (samples C-90 and B-90) were measured, as
shown in Fig. 6. The carbon signal of the methylene group
adjacent to the oxygen atom appears at a fixed position (δ =
67 ppm), independent of components and substituent environ-
ments. Peaks at δ = 20–32 ppm can be assigned to carbon
atoms in the main chain. According to previous literature re-
ports [8, 30], peaks due to carbonyl carbon atoms were sensi-
tive to structure differences, so they were selected to assess
whether the products were block copolymers. If a sample is a
random copolymer, the spectrum will show multiple peaks
due to different sequences. Peaks at lower field can be as-
cribed to the SMA sequence and those at higher field to the
NIPAM sequence. From Fig. 6, it can be seen that there was a
peak at δ ≈ 174.5 ppm, attributable to a continuous NIPAM
sequence. And there was an extremely weak peak at δ ≈
177 ppm, attributable to a continuous SMA sequence, the
peak was so weak that it mixed with the noise of baseline in
13C NMR. In the copolymer chain, the theoretical ratio of the
repeated units of SMA and NIPAM was 6:90, so compared to
the NIPAM sequence, any continuous SMA sequence was too
short, and its signal was too weak. Thus, we concluded that
the final products were strict block copolymers.

Micelle formation of the copolymers

Amphiphilic copolymers can self-assemble into different
morphologies in appropriate solvents. In this work, spherical
micelles of PSMA-b-PNIPAM block copolymers were
formed by solvent evaporation from aqueous solution above
their CMCs. CMCs were assessed by fluorescence measure-
ments using pyrene as a polarity probe. The ratio of fluores-
cence excitation peak intensities at 339 and 333 nm is com-
monly used to express the polarity of the probe.14 Pyrene was

mixed with aqueous solutions of copolymers at different con-
centrations, and the intensities of the excited state were re-
corded. The ratio I339/I333 was plotted as a function of copol-
ymer concentration. At low concentrations, this ratio main-
tained an almost constant value; but at higher concentrations,
it increased linearly. The intersection point of the two slopes
could be regarded as the critical concentration of the sample.
As shown in Table 1, all of the copolymers displayed rela-
tively low CMCs. For the same category of samples, the
CMCs decreased with increasing chain length of NIPAM,
albeit only slightly. All CMCs for the diblock copolymers
were larger than those for the triblock copolymers, which
might be attributed to hydrophilicity [31, 32]. When the sam-
ples are more hydrophilic, they can more easily form mi-
celles. At low temperatures, a PNIPAM chain is hydrophilic.
The terminal groups of CPDTTC, the CTA for diblock co-
polymers, cyano and methyl, are both hydrophobic.
However, the terminal groups of BDAAT, the CTA for tri-
block copolymers, are hydrophilic carboxy. Hence, the ob-
tained triblock copolymers were more hydrophilic than the
diblock copolymers. In this work, the concentration used to
prepare micelles was 0.1 mg/mL, well above the CMCs of the
samples. Thus, it was expected that the copolymers would
form micelles in aqueous solution.
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Fig. 6 13C NMR spectra of PSMA-b-PNIPAM copolymers (sample C-90 and sample B-90)

Table 1 Critical micelle concentrations of PSMA-b-PNIPAM
copolymers (25 °C)

Sample CMC (mg/L) Sample CMC (mg/L)

C-60 15.85 B-60 14.79

C-90 14.13 B-90 14.13

C-120 13.80 B-120 8.91

C-150 9.33 B-150 7.94

B-300 8.66
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The sizes and morphologies of the copolymers were de-
termined by DLS and using a TEM, respectively. Figure 7
shows the hydrodynamic diameters (Dh) of the micelles at
various temperatures. It can be observed that the variations
of micelle size were almost the same for the respective sam-
ples. With increasing temperature, the diameters of all sam-
ples decreased. The diameters of the micelles prepared from
diblock copolymers became stable after an initial decrease,

but, the diameters of those prepared from triblock copoly-
mers subsequently increased slightly and finally became sta-
ble. These changes in the micelle size were reversible with
temperature. The respective triblock and diblock copolymer
micelles became larger with increasing NIPAM chain length.
When the NIPAM chain length was shorter than a certain
value, the sizes of micelles from the diblock copolymers
were larger than those from the triblock copolymers.

Scheme 2 Schematic of PSMA-b-PNIPAM copolymer micelle transition with temperature. a Diblock. b Triblock
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According to the structures of the copolymers, the triblock
copolymers were symmetrical and the PNIPAM chain was
bisected by the thiocarbonylthio group when distributed in
water, as depicted in Scheme 2. However, the PNIPAM
chains in the diblock copolymers were fully extended.
Therefore, when dispersed in aqueous solution, the micelle
sizes of the diblock copolymers were much larger. This is
also why the micelle sizes of samples C-60 and B-120 were
similar. On increasing the temperature, the PNIPAM chain
will shrink, so the micelle diameters will decrease. However,
some micelles of the triblock copolymers will aggregate to-
gether, somewhat increasing the diameters. The shorter the
NIPAM chain length, the more evident this change. When
the NIPAM chain length is short, the proportion of the hy-
drophobic chain PSMA will be relatively large, facilitating
aggregation. The specific process is depicted in Scheme 2.
The DLS results are consistent with the TEM observations.

As shown in Fig. 8, uniform spherical particles were formed
(samples C-90 and B-90 are shown as representative exam-
ples). When the NIPAM chain exceeded a certain length, the
micelle sizes showed an abnormal tendency, as seen for
samples C-150 and B-300. Their micelle sizes were smaller
than those of the other samples. The longer the PNIPAM
chain segment, the better the solubility of the copolymer,
and its properties became more like those of PNIPAM ho-
mopolymer. The fact that the LCSTs of such co-polymers
were close to that of pure PNIPAM reiterates this point.
When the temperature is lower than the LCST of
PNIPAM, the co-polymer can dissolve in water, but it can-
not form micelles. The chain lengths of NIPAM in samples
C-150 and B-300 were sufficiently long for their partial
dissolution in water, but they could not completely dissolve
like PNIPAM itself, so they could still form micelles. As a
result, the sizes of the formed micelles were rather small.
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In order to further study the thermo-sensitivity of the mi-
celles, their LCSTs were measured by UV/Vis spectropho-
tometry. The results were consistent with the diameters mea-
sured by DLS. As shown in Fig. 9a, the LCSTs of diblock
copolymer micelles were consistently lower than that of
PNIPAM homopolymer, increasing with increasing of
PNIPAM chain length. By copolymerization with hydropho-
bic monomers, the LCST was reduced. At a fixed chain
length of PSMA, the longer the PNIPAM chain length, the
higher the relative proportion of PNIPAM, and the closer the
LCST to that of pure PNIPAM. The LCSTs of the triblock
copolymer micelles were close to that of PNIPAM. The lon-
ger the PNIPAM chain length, the more quickly the transmit-
tance becomes constant and the properties more closely re-
semble those of pure PNIPAM. There are both hydrophobic
chains and hydrophilic terminal groups in the copolymers,
and their opposing effects partially cancel. The hydrophilic
group will increase the LCST [6, 7, 33–35], while the hydro-
phobic chain will lower it, as the net result of the two opposite
effects, the LCSTs of the obtained micelles are unexpectedly
close to that of PNIPAM.

To further investigate the formation mechanism of the
micelles, synchrotron radiation SAXS analysis, a powerful
tool for studying structural features of colloidal size [36, 37],
was applied to analyze the bulk copolymers’ microphase
separation. For the amphiphilic copolymer systems, peaks

in the SAXS patterns indicated the occurrence of microphase
separation, and there was a regular arrangement between
aggregations. As shown in Fig. 10, broad scattering peaks
were seen for each sample, indicating weak microphase sep-
aration. The peaks became weaker with increasing NIPAM
chain length, and samples C-60 and C-90 also showed an-
other small peak at higher q. These phenomena revealed that
when the PNIPAM chain length was shorter, the structure of
the copolymers was better ordered, and the ordered structure
of the crystalline side-chain PSMA was weakened by the
amorphous PNIPAM chain. The average distance between
aggregations can be calculated according to Bragg’s law
[38–40]:

d ¼ 2π
qmax

ð1Þ

where qmax is the q value at the summit position of the
related peak, and d is the average distance between
aggregations.

The calculated results are shown in Table 2. With increas-
ing PNIPAM chain length, the average distance decreased,
except for samples C-150 and B-300. The greater the distance
between aggregations is, the smaller the micelle size will be.
So the variation tendency of the distance between aggrega-
tions determined by SAXS was consistent with the variation
tendency of the micelle sizes estimated by DLS. From the
SAXS results, it can be seen that for both diblock and triblock
copolymers, microphase separation occurred, leading to the
formation of uniform spherical micelles.

Conclusions

Thermo-responsive micelles have been prepared based on
hydrogen-bonding interactions between amide groups and
water. The synthesized diblock and triblock copolymers could
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Table 2 Average distance between aggregations calculated by SAXS
results

Sample q (nm−1) d (nm) Sample q (nm−1) d (nm)

C-60 0.43 14.61 B-60 0.34 18.48

C-90 0.51 12.32 B-90 0.35 17.95

C-120 0.68 9.24 B-120 0.37 16.98

C-150 0.46 13.66 B-150 0.39 16.11

B-300 0.36 17.45
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self-assemble into uniform spherical micelles, and the micelle
size varied reversibly with temperature. The size of the
diblock copolymer micelles first decreased and then became
stable. However, the size of the triblock copolymer micelles
first decreased and then increased. This was because of some
micellar aggregation. As the proportion of PSMA was in-
creased, this phenomenon became more evident. The LCSTs
of the diblock copolymers were all lower than that of
PNIPAM homopolymer, consistent with previous literature
reports. However, the LCSTs of the triblock copolymers were
almost as high as that of PNIPAM homopolymer. The hydro-
philic terminal group made a great difference. We have pre-
pared novel thermo-sensitive micelles, the properties of which
can be controlled by adjusting the chemical composition and
the ratio of the different components. The materials showed
great performances of all of their components and may find
potential applications in controlled drug delivery or the load-
ing and release of other nano-scale particles.
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