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ABSTRACT: We report on the synthesis of well-defined thermoresponsive water-soluble diblock copoly-
mer and homopolymers functionalized with controlled numbers of C60 moieties at predetermined positions
via the combination of atom transfer radical polymerization (ATRP) and click chemistry. Azide-containing
polymer precursors including monoazide-terminated and R,R-diazide-terminated poly(N-isopropylacryla-
mide),N3- PNIPAMand (N3)2-PNIPAM, as well as poly(ethylene glycol)-b-PNIPAMwith one azidemoiety
at the diblock junction, PEG(-N3)-b-PNIPAM, were synthesized via ATRP using specific azide-functiona-
lized small molecule and polymeric initiators. On the other hand, the reaction of 4-prop-2-ynyloxybenzalde-
hyde with pristine C60 in the presence of glycine afforded alkynyl-modified C60, alkynyl-C60. Subsequently,
the click reaction of N3-PNIPAM, (N3)2-PNIPAM, and PEG(-N3)-b-PNIPAM led to the facile preparation
of thermoresponsive diblock copolymer and homopolymers functionalized with controlled numbers of C60 at
designed positions, including C60-PNIPAM, (C60)2-PNIPAM, and PEG(-C60)-b-PNIPAM. All the inter-
mediate and final products were characterized by 1H NMR, Fourier transform infrared spectroscopy
(FT-IR), UV-vis spectroscopy, thermogravimetric analysis (TGA), and gel permeation chromatograph
(GPC) equipped with UV/RI dual detectors. C60-containing hybrid nanoparticles were then fabricated via
supramolecular self-assembly of C60-PNIPAM, (C60)2-PNIPAM, and PEG(-C60)-b-PNIPAM in aqueous
solution, which were characterized by dynamic and static laser light scattering (LLS) and transmission
electron microscopy (TEM). These novel fullerenated polymers retain the thermoresponsiveness of PNI-
PAM-based precursors, and self-assembled hybrid nanoparticles exhibit thermo-induced collapse/aggrega-
tion behavior due to the lower critical solution temperature (LCST) phase transition of PNIPAM chains.

Introduction

As a representative member of the fullerene family, C60 has
attracted ever-increasing attention since the discovery that full-
erene-containing materials possess unique physical and chemical
properties, which endow them with promising applications in
superconductors, ferromagnets, lubrications, photoconductors,
catalysts, and molecular medicines.1,2 However, the poor solubi-
lity of fullerenes, especially in water, considerably limits their
practical applications.3 Therefore, they have to be covalently or
noncovalently modified to improve the water solubility. Several
strategies have been explored to enhance the solubility of full-
erenes in water.4-18 For example, water-soluble fullerene car-
boxylic acid derivatives, fullerenols, fullerene amino acids, and
the corresponding supramolecular derivatives were prepared and
investigated in terms of their biochemical and medicinal activ-
ities.4-9 In particular, the introduction of C60 into water-soluble
polymers has been recognized as one of the simplest strategies to
enhance its solubility in water, while retaining the unique proper-
ties ofC60.

10-18Moreover, the presence of polymeric species adds
extra functionality and versatility in designing C60-based func-
tional materials.19,20

A variety of approaches have been developed for the synthesis
of C60-contianing hybrid polymers.11,15-18,21-39 Among them,
the thermal [3 + 2] cycloaddition reaction between azido-
functionalized polymers and pristine C60 has been frequently

employed,21-29 as originated byHawker and co-workers.21 Later
on, Tam et al.16-18 and Goh et al.22-24 also reported several
excellent examples in this aspect. Despite its high efficiency, it is
still challenging to eliminate multiple addition products during
cycloaddition reaction of pristine C60 with azide moieties. Very
recently, Cheng et al.40 reported a novel approach for the synthe-
sis of C60-containing hybrid polymers via click reaction41-44 of
monoazide-terminated polystyrene (PS) and alkynyl-functiona-
lized C60. They successfully proved that this strategy provides a
highly efficient and quantitative reaction for the formation of
stable and well-defined fullerenated materials under quite mild
reaction conditions.

PNIPAM homopolymer dissolves in cold and dilute aqueous
solution but becomes insoluble at∼32 �C due to its lower critical
solution temperature (LCST) phase transition behavior.45-52

Recently, Geckeler et al.37 and Yajima et al.29 investigated the
aggregation behavior of poly(N-isopropylacrylamide) (PNI-
PAM) functionalized with one C60 moiety (C60-PNIPAM) in
aqueous solution. The presence of highly hydrophobic C60 leads
to intriguing self-assembling behavior when it is incorporated
into thermoresponsive PNIPAM chains at the chain terminal. In
the above two examples, the addition reaction between C60 and
macromolecular PNIPAM radicals generated under reversible
addition-fragmentation chain-transfer (RAFT) conditions as
well as the thermal [3 + 2] cycloaddition reaction between
azido-terminated PNIPAM and C60 were employed in the
synthesis of C60-terminated PNIPAM, respectively. To further
control the nanostructures of self-assembled aggregates from
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fullerenated polymers and maintain their colloidal stability in
aqueous media, it is highly desirable to synthesize C60-containing
water-soluble polymers with more complex chain architectures,
tunable functionalities, and suitable stimuli responsiveness.

In this work, we report on the synthesis of well-defined
thermoresponsive PNIPAM-based diblock copolymer and
homopolymers embedded with controlled numbers of C60 func-
tionality at predetermined positions via the combination of atom
transfer radical polymerization (ATRP) and click chemistry.
Alkynyl-modified C60, alkynyl-C60, and azide-containing poly-
mer precursors were synthesized at first (Schemes 1 and 2). Next,

the click reaction of alkynyl-C60 with monoazide-terminated and
R,R-diazide-terminated poly(N-isopropylacrylamide), N3-PNI-
PAM and (N3)2-PNIPAM, as well as poly(ethylene glycol)-b-
PNIPAM with one azide moiety at the diblock junction, PEG-
(-N3)-b-PNIPAM, afforded water-soluble diblock copolymer
and homopolymers embedded with controlled numbers of C60

at designed positions, includingC60-PNIPAM, (C60)2-PNIPAM,
and PEG(-C60)-b-PNIPAM (Schemes 2 and 3). We further
investigated their supramolecular self-assembly as well as ther-
moresponsive collapse/aggregation behavior in aqueous solution
by employing dynamic and static laser light scattering (LLS),

Scheme 1. Synthetic Routes for the Preparation of Alkynyl-C60 Precursor

Scheme 2. Synthetic Routes Employed for the Preparation of (a) C60-PNIPAM98, (b) (C60)2-PNIPAM100, and (c) PEG113(-C60)-b-PNIPAM70
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temperature-dependent optical transmittance, and transmission
electron microscopy (TEM).

Experimental Section

Materials. N-Isopropylacrylamide (NIPAM) (97%, Tokyo
Kasei Kagyo Co.) was purified by recrystallization from a
mixture of benzene and n-hexane (1/3, v/v). Poly(ethylene
glycol) monomethyl ether (PEG113-OH, Mn = 5000, Mw/Mn =
1.06, mean degree of polymerization, DP, is 113), C60

(99.5%), 2-chloropropionyl chloride (97%), and N,N,N0,N0 0,
N0 0-pentamethyldiethylenetriamine (PMDETA, 99%) were
purchased from Aldrich and used as received. Tris(2-ami-
noethyl)amine (TREN), bis(2-chloroethyl)amine hydrochloride
(98%), copper(I) chloride (CuCl, 99.99%), and 2-bromoisobu-
tyryl bromide (97%) were purchased from Fluka and used as
received. Sodium azide (NaN3, 99%), propargyl alcohol, and
propargyl bromide (80% in toluene) were purchased from Alfa
Aesar and used without further purification. Merrifield Resin
was purchased from GL Biochem (Shanghai) Ltd. and used as
received. Triethylamine (TEA) and toluene were distilled over
CaH2. p-Hydroxybenzaldehyde, chlorobenzene, 3-chloro-1-
propanol, dichloromethane, 2-propanol, and all other chemicals
were purchased from Sinopharm Chemical Reagent Co. Ltd.
and used as received. Tris(2-(dimethylamino)ethyl)amine
(Me6TREN),53 3-azido-1-propanol,54 azido-functionalized
Merrifield resin,55 and 1-(2-propynyloxy)benzene56 were pre-
pared according to literature procedures.

Synthetic schemes employed for the synthesis of alkynyl-C60,
C60-PNIPAM, (C60)2-PNIPAM, and PEG(-C60)-b-PNIPAM
are shown in Schemes 1, 2, and 3, respectively.

Synthesis of 2-(4-Ethynyloxyphenyl)-3,4-fulleropyrrolidine
(Alkynyl-C60)

57. Alkynyl-C60 was prepared by the reaction of
C60 with 4-prop-2-ynyloxybenzaldehyde according to literature
procedures.57 To a stirred suspension of p-hydroxybenzalde-
hyde (1.832 g, 15 mmol) and K2CO3 (3.11 g, 22.5 mmol) in
80 mL of acetone, propargyl bromide (80 wt % in toluene)
(2.34 g, 16mmol)was added dropwise. The reactionmixturewas
stirred at reflux under nitrogen for 8 h. After cooling to room
temperature, 150mLofwaterwas added, followedby extraction
with CH2Cl2 (100 mL � 3). The combined organic layers were
dried over anhydrous Na2SO4 and filtered. After removing all
the solvents, the residues were further purified on a silica gel
column using petroleum ether/ethyl acetate (3/1 v/v) as eluent,
affording 4-prop-2-ynyloxybenzaldehyde. The product was ob-
tained as white solid (2.21 g, yield: 93%). 1H NMR (CDCl3,
δ, ppm, TMS): 9.91 (1H, CHO-Ph), 7.88 (2H, Ph-H),
7.11 (2H, Ph-H), 4.78 (2H, -OCHH2CtCH), and 2.57 (1H,
-OCHH2CtCH) (FigureS1).Next, 4-prop-2-ynyloxybenzaldehyde

(0.474 g, 3.0 mmol), glycine (90 mg, 1.2 mmol), and C60

(0.432 g, 0.6 mmol) were dissolved in 150 mL of chlorobenzene;
the reaction mixture was refluxed for 8 h under magnetic
stirring. After cooling to room temperature, the solvents were
removed using a rotary evaporator. The residues were further
purified by silica gel column chromatography using toluene as
the eluent, affording alkynyl-C60 (0.246 g, yield: 46%) as a black
powder. 1H NMR (CDCl3, δ, ppm, TMS): 7.74 (2H, Ph-H),
7.05 (2H, Ph-H), 5.77 (1H, C60-CH(NH)-Ph), 5.08 (1H,
C60-CH2-NH-), 4.87 (1H, C60-CH2-NH-), 4.70 (2H,
-OCHH2CtCH), 2.50 (1H, -OCHH2CtCH), and 1.57 (1H,
C60-CH2-NH-) (Figure S1). Anal. Calcd for C71H11NO: C,
95.40; H, 1.24; N, 1.57. Found: C, 94.98; H, 1.15; N, 1.52.

Synthesis of 3-Azidopropyl 2-Bromoisobutyrate (APBIB)54.
The ATRP initiator, APBIB, was prepared by the esterification
reaction of 3-azido-1-propanol with 2-bromoisobutyryl bro-
mide in the presence of TEA. A 250 mL round-bottom flask
was charged with 3-azido-1-propanol (10.11 g, 0.10 mol), TEA
(11.13 g, 0.11 mol), and dry CH2Cl2 (120 mL). The reaction
mixture was cooled to 0 �C in an ice-water bath; 2-bromoiso-
butyryl bromide (25.29 g, 0.11 mol) in 30mL of dry CH2Cl2 was
added dropwise over a period of 1 h under magnetic stirring.
After the addition was completed, the reaction mixture was
stirred at 0 �C for 1 h and then at room temperature overnight.
After filtration and removing all the solvents, the residues were
further purified by a silica gel column chromatograph using
CH2Cl2/petroleum ether (2:1 v/v) as eluent, affording APBIB
as a colorless liquid (23.0 g, yield: 92%). 1H NMR (CDCl3,
δ, ppm, TMS): 4.27 (2H, -COOCH2CH2CH2N3), 3.45 (2H,
-COOCH2CH2CH2N3), 1.99 (2H, -COOCH2CH2CH2N3),
and 1.94 (6H, -C(CH3)2-Br) (Figure S2).

Synthesis of N3-PNIPAM (a1). Typical procedures em-
ployed for the preparation of monoazide-terminated PNIPAM
(a1) were described below. APBIB (80 mg, 0.32 mmol), NIPAM
(5.43 g, 48 mmol), Me6TREN (74 mg, 0.32 mmol), and
2-propanol (6mL)were added into a reaction flask. Themixture
was degassed by three freeze-pump-thaw cycles. After the
solution temperature increased to 25 �C, CuCl (32 mg,
0.32 mmol) was introduced as a solid into the reaction flask to
start the polymerization. The reaction solution became dark
green and more viscous as polymerization proceeded. After
4.5 h, the conversion was about 66% as judged by 1H NMR.
The polymerization was quenched with CuCl2, diluted with
20 mL of THF, and then exposed to air. The reaction mixture
was passed through a silica gel column to remove the copper
catalyst. After removing the solvents by a rotary evaporator, the
residues were dissolved in THF and precipitated into an excess
of ethyl ether. The above dissolution-precipitation cycle was
repeated twice. The final product was dried in a vacuum oven at

Scheme 3. Schematic Illustration of the Synthesis of Thermoresponsive Diblock Copolymer and Homopolymers Embedded with C60 at Predetermined
Position via Click Reaction of Alkynyl-C60 with Well-Defined Azido-Containing Precursors
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room temperature, yielding a white solid (3.47 g, yield: 63%;
Mn,GPC= 10.1 kDa,Mw/Mn= 1.12). The actual DP of PNIPAM
block was determined to be 98 by 1H NMR analysis in D2O
(Figure S2). Thus, the product was denoted as N3-PNIPAM98.

Synthesis of (N3)2-NH58. To a stirred solution of sodium
azide (14.6 g, 0.225 mol) in 150 mL of water was added bis(2-
chloroethyl)amine hydrochloride (20.0 g, 0.112 mol). After
stirring for 2 h at 90 �C, another potion of sodium azide
(14.6 g) was added, and the reaction mixture was stirred for
48 h at 90 �C. After cooling to room temperature, the solution
pH was adjusted to ca. 10 with aqueous NaOH (10 mol/L). The
aqueous solution was extracted with ethyl ether (5 � 50 mL).
The combined organic layers were dried over anhydrous
Na2SO4, and the solvents were removed using a rotary evapora-
tor. After distillation at reduced pressure, a colorless liquid was
obtained (11.85 g, yield: 68.2%). (Caution: special care should be
taken when heating the azide compound above 80-85 �C
because it becomes shock-sensitive at elevated temperatures.)
1H NMR (CDCl3, δ, ppm, TMS): 3.42 (4H, N3CH2-), 2.79
(4H, -CH2NHCH2-), and 1.38 (1H, -NH-) (Figure 1).

Synthesis of N,N-Bis(2-azidoethyl)-2-chloropropanamide
(BACP). The ATRP initiator, BACP, was prepared by the
amidation of (N3)2-NH with 2-chloropropionyl chloride in the
presence of TEA. A 250 mL round-bottom flask was charged
with (N3)2-NH (12.41 g, 0.08 mol), TEA (9.11 g, 0.09 mol), and
dry CH2Cl2 (120 mL). The reaction mixture was cooled to 0 �C
in an ice-water bath, and 2-chloropropionyl chloride (11.43 g,
0.09mol) in 30mL of CH2Cl2 was added dropwise over a period
of 1 h undermagnetic stirring.After the additionwas completed,
the reaction mixture was stirred at 0 �C for 1 h and then at room
temperature for 15 h. After filtration and removing all the
solvents, the residues were further purified by a silica gel column
chromatograph using CH2Cl2/petroleum ether (3:1 v/v)
as eluent, affording BACP as a colorless oil (18.47 g, yield:
94%). 1H NMR (CDCl3, δ, ppm, TMS): 4.75-4.65 (1H, -CH
(CH3)-Cl), 3.73-3.50 (4H, -CON(CH2CH2N3)2), 3.54-3.28
(4H, -CON(CH2CH2N3)2), and 1.73-1.62 (-CH(CH3)Cl)
(Figure 1).

Synthesis of (N3)2-PNIPAM (b1).A typical example for the
preparation of b1 is described below. BACP (79 mg, 0.32
mmol), NIPAM (5.43 g, 48 mmol), Me6TREN (74 mg, 0.32
mmol), and 2-propanol (5 mL) were added into a reaction
flask. The mixture was degassed by three freeze-pump-thaw
cycles. After the temperature increased to 25 �C, CuCl (32 mg,
0.32 mmol) was introduced as a solid into the reaction flask to
start the polymerization. The reaction solution became dark

green and more viscous as polymerization proceeded. After
5 h, the conversion was about 67% as judged by 1HNMR. The
polymerization was quenched with CuCl2, diluted with 20 mL
of THF, and then exposed to air. The reaction mixture was
passed through a silica gel column to remove the copper
catalysts. After removing the solvents by a rotary evaporator,
the residues were dissolved in THF and precipitated into an
excess of ethyl ether. The above dissolution-precipitation
cycle was repeated twice. The final product was dried in a
vacuum oven at room temperature, yielding a white solid
(3.58 g, yield: 65%; Mn,GPC = 10.3 kDa, Mw/Mn = 1.12).
The actual DP of PNIPAM block was determined to be 100 by
1H NMR analysis in D2O (Figure 1). Thus, the product was
denoted as (N3)2-PNIPAM100.

Synthesis of PEG-(N3)-b-PNIPAM (c1). Detailed proce-
dures employed for the preparation of monoalkynyl-terminated
PEG, difunctional PEG terminated with a secondary amine
moiety and azide group at the chain end, PEG-NH-N3, and
PEG-based difunctional initiator, PEG(-N3)-Cl, are available in
the Supporting Information (Scheme S1, Figures S8 and S9).
Typical procedures employed for the synthesis of PEG-(N3)-b-
PNIPAM (c1) are described below. PEG(-N3)-Cl difunctional
macroinitiator (0.845 g, 0.16 mmol), NIPAM (1.45 g,
12.8 mmol), Me6TREN (74 mg, 0.32 mmol), 2-propanol
(4 mL), and DMF (1 mL) were added into a reaction flask.
The solution mixture was degassed by two freeze-pump-thaw
cycles. After the flask was thermostated at 40 �C, CuCl
(32 mg, 0.32 mmol) was introduced as a solid into the reaction
flask to start the polymerization. The solution turned dark green
and apparently more viscous as polymerization proceeded.
After 8 h, the monomer conversion was determined to be 88%
as judged by 1H NMR. The polymerization was quenched with
CuCl2, diluted with 20mL of THF, and then exposed to air. The
reaction mixture was passed through a silica gel column to
remove the copper catalyst. After removing the solvents by a
rotary evaporator, the residues were dissolved in THF and
precipitated into an excess of ethyl ether. The above dissolu-
tion-precipitation cycle was repeated twice. The final product
was dried in a vacuum oven at room temperature, yielding a
white solid (2.05 g, yield: 89%). GPC analysis in THF gave an
Mn,GPC of 12.7 kDa and an Mw/Mn = 1.15. The actual DP of
PNIPAMblockwas determined to be 70 by 1HNMRanalysis in
D2O. Thus, the polymer was denoted as PEG113(-N3)-b-PNI-
PAM70.

Synthesis of C60-PNIPAM (a2), (C60)2-PNIPAM (b2), and
PEG(-C60)-b-PNIPAM (c2). Target fullerenated diblock and
homopolymers, a2, b2, and c2, were obtained by the click
reaction of alkynyl-C60 with a1, b1, and c1, respectively
(Schemes 2 and 3). Typical procedures employed for the synth-
esis of b2 are as follows. The mixture of alkynyl-C60 (89 mg,
0.1 mmol), b1 (0.116 g, 0.01 mmol), and toluene/DMF mixture
(20 mL, 1:1 v/v) was subjected to one brief freeze-pump-thaw
cycle; CuCl (5 mg, 0.05 mmol) was then introduced as a solid
into the reaction flask. The reaction flask was carefully degassed
by three freeze-pump-thaw cycles and placed in an oil bath
thermostated at 50 �C. After stirring for 36 h, azide-functiona-
lizedMerrifield resin (0.188 g, 0.15mmol azidemoiety) was then
added. The suspensionwas kept stirring for another 8 h at 50 �C.
After suction filtration, the filtrate was diluted with THF and
passed through a basic alumina column to remove the copper
catalyst. After removing all the solvents at reduced pressure, the
residues were dissolved in THF and precipitated into an excess
of n-hexane. The above dissolution-precipitation cycle was
repeated for three times to ensure the completely removal of
unreacted alkynyl-C60. The final product was dried in a vacuum
oven overnight at room temperature, affording b2 as a brown
powder (115 mg, yield: 86%; Mn,GPC = 10.7 kDa, Mw/Mn =
1.12). The preparation of a2 and c2 followed similar procedures
as those described for b2, except that the amount of C60 and
azide-functionalized Merrifield resin were halved. The molecular

Figure 1. 1H NMR spectra recorded for (a) (N3)2-NH in CDCl3, (b)
(N3)2-Cl in CDCl3, and (c) (N3)2-PNIPAM100 in D2O.
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parameters of all azido-functionalized precursors and the cor-
responding fullerenated polymers prepared in this work are
summarized in Table 1.

Characterization. Nuclear Magnetic Resonance Spectro-
scopy (NMR). All NMR spectra were recorded on a Bruker
AV300 NMR spectrometer (resonance frequency of 300 MHz
for 1H) operated in the Fourier transform mode. CDCl3 and
D2O were used as the solvent.

Fourier Transform Infrared Spectroscopy (FT-IR). Fourier
transform infrared (FT-IR) spectra were recorded on a Bruker
VECTOR-22 IR spectrometer. The spectra were collected at 64
scans with a spectral resolution of 4 cm-1.

Gel Permeation Chromatography (GPC). Molecular weights
and molecular weight distributions were determined by gel
permeation chromatography (GPC) equipped with a Waters
1515 pump, a Waters 2414 RI detector, and Waters UV/RI
detectors (set at 30 �C). It used a series of three linear Styragel
columns HR3, HR4, and HR6 at an oven temperature of 45 �C.
The eluent was THF at a flow rate of 1.0 mL/min. A series of
low-polydispersity polystyrene (PS) standards were employed
for the GPC calibration.

Ultraviolet-Visible Spectroscopy (UV-vis).UV-vis absorption
spectra and the temperature-dependent optical transmittance of
the aqueous solution of C60-PNIPAM98, (C60)2-PNIPAM100,
PEG113(-C60)-b-PNIPAM70, and their corresponding azide-con-
taining precursors (2.0 g/L) at a wavelength of 700 nm were
acquired on a Unico UV/vis 2802PCS spectrophotometer.
A thermostatically controlled couvette was employed, and the
heating rate was 0.2 �C min-1.

Thermogravimetric Analysis (TGA). TGA was performed
under a N2 atmosphere at a heating rate of 10 �C /min from
room temperature to 800 �C using a Perkin-Elmer Diamond
TG/DTA.

Surface Tensiometry. Equilibrium surface tensions were mea-
sured using a JK99B tensiometer with a platinum plate. The
measuring accuracy of the device as reported by the manufac-
turer is (0.1 mN/m. The reported surface tension was the
average of four to five measurements that were taken after
allowing each of the solutions to equilibrate in the instrument
at a temperature of 25.0 ( 0.2 �C.

Laser Light Scattering (LLS). A commercial spectrometer
(ALV/DLS/SLS-5022F) equipped with amulti-tau digital time
correlator (ALV5000) and a cylindrical 22 mW UNIPHASE
He-Ne laser (λ0 = 632 nm) as the light source was employed
for dynamic and static laser light scattering (LLS) measure-
ments. Scattered light was collected at a fixed angle of 90� for
duration of ∼10 min. Distribution averages and particle size
distributions were computed using cumulants analysis and
CONTIN routines. All data were averaged over threemeasure-
ments.

Transmission Electron Microscopy (TEM). TEM observa-
tions were conducted on aHitachi H-800 electronmicroscope at
an acceleration voltage of 200 kV. The sample for TEM
observations was prepared by placing 10 μL ofmicellar solution
on copper grids coated with thin films of Formvar and carbon
successively.

Results and Discussion

Synthesis of C60-Embedded Water-Soluble Block Copoly-
mer and Homopolymers. Synthetic schemes employed for the
preparation of C60-PNIPAM (a2), (C60)2-PNIPAM (b2),
and PEG(-C60)-b-PNIPAM (c2) are shown in Schemes 1-3
and Scheme S1, which takes advantage of the high efficiency,
quantitative yield, and relatively mild reaction conditions of
click chemistry.59,60 The reaction of 4-prop-2-ynyloxy-ben-
zaldehyde with pristine C60 in the presence of glycine
afforded alkynyl-modified C60, alkynyl-C60. Next, azide-
containing polymer precursors including monoazide-termi-
nated and R,R-diazide-terminated PNIPAM, N3-PNIPAM
(a1) and (N3)2-PNIPAM (b1), as well as PEG-b-PNIPAM
with one azide moiety at the diblock junction, PEG(-N3)-b-
PNIPAM (c1), were synthesized via ATRP using specific
azide-functionalized small molecule and polymeric initia-
tors. The subsequent click reaction of a1, b1, and c1 with
alkynyl-C60 led to the successful preparation of thermore-
sponsive diblock copolymer and homopolymers functiona-
lized with controlled numbers of C60 at designated positions,
including C60-PNIPAM (a2), (C60)2-PNIPAM (b2), and
PEG(-C60)-b-PNIPAM (c2).

Monoazide- and diazide-based small molecule initiators,
APBIB and BACP, were prepared by the esterification and
amidation reaction of 3-azido-1-propanol and N,N-bis(2-
azidoethyl)amine, (N3)2-NH, with an excess of 2-bromoiso-
butyryl bromide and2-chloropropionyl chloride, respectively.
(N3)2-NHwas prepared by the azidation of bis(2-chloroethyl)
amine hydrochloride. Figure 1b shows the 1HNMRspectrum
of BACP together with the peak assignments. The integral
ratio of peak a (1.73-1.62 ppm, -CH(CH3)Cl) to that of
peaks b and c in the range of 3.73-3.28 ppm [b: -CON-
(CH2CH2N3)2; c: -CON(CH2CH2N3)2] was calculated to be
ca. 3:8.Moreover, in comparison with the 1HNMR spectrum
of (N3)2-NH (Figure 1a), the signals at δ = 2.92-2.66 ppm
(-CH2NH-) completely disappeared in the 1H NMR spec-
trumof BACP. These results indicated the successful prepara-
tion of BACP. According to similar procedures, APBIB
initiator was also successfully prepared (Figure S2).

APBIB andBACPwere then employed as initiators for the
ATRP of NIPAM in the presence of CuCl/Me6TREN
catalyst in 2-propanol at 25 �C. The controlled polymeriza-
tion of NIPAM via the ATRP technique has been well-
documented previously.61-66 Typical THF GPC trace of b1
is shown in Figure 2a, giving anMn,GPC of 10.3 kDa and an
Mw/Mn of 1.12. The actual DP of b1 was determined to be
100 by 1H NMR (Figure 1c) by comparing integration areas
of peaks d and e in the range of 3.73-3.28 ppm to that of
peak f at δ = 3.9 ppm. Thus, the obtained R,R-diazide-
terminated product was denoted as (N3)2-PNIPAM100.
Moreover, the presence of azide groups in b1 is also clearly
evident by the presence of characteristic azide absorbance
peak at ∼2100 cm-1 in its FT-IR spectrum (Figure 3a).

Table 1. Molecular Parameters of Azido-Functionalized Precursors and Corresponding Fullerenated Polymers Synthesized in This Work

DPNMR
b C60 (wt %) d

samples DPtheo
a PEG PNIPAM Mn

c (kDa) PDIc calcd found

N3-PNIPAM98 99 98 10.1 1.12
C60-PNIPAM98 98 10.5 1.12 5.9 5.6
(N3)2-PNIPAM100 101 100 10.3 1.12
(C60)2-PNIPAM100 100 10.7 1.12 10.8 10.3
PEG113(-N3)-b-PNIPAM70 70 113 70 12.7 1.15
PEG113(-C60)-b-PNIPAM70 113 70 12.7 1.15 5.1 4.8

aCalculated based onmonomer conversion and [NIPAM]/[ATRP initiator] ratios. bDetermined by 1HNMRanalysis inD2O. cObtained fromGPC
analysis using THF as eluent. dDetermined by TGA analysis.
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In order to obtain monoazide-terminated PNIPAM (a1)
with aDP close to that of b1, the monomer conversion of the
ATRP of NIPAM using APBIB as initiator was controlled
by adjusting the reaction time. Since in typicalATRPprocess
APBIB serves as a faster initiating species than that of
BACP due to the weaker C-Br bond in the former, CuCl
was used as the catalyst via the halide exchange mechanism
to further enhance the initiating efficiency.67 The actual DP
of a1was determined to be 98 by the integral ratio of peak e at
δ= 3.9 ppm and peak d at δ= 3.45 ppm from its 1H NMR
spectrum (Figure S2b). Thus, the monoazide-terminated
PNIPAM was denoted as N3-PNIPAM98. THF GPC ana-
lysis gave an Mn of 10.1 kDa and an Mw/Mn of 1.12 for
a1. The FT-IR spectrum of a1 (Figure S3) also revealed
the presence of characteristic azide absorption peak at
∼2100 cm-1.

Recently, Perrier et al.68 reported that azidemoieties could
react with double bonds of NIPAM in the absence of copper
catalysts at high temperature (60 �C) for extended time
periods (20 h). They also noted that side reactions can be
eliminated by reducing polymerization temperatures and
shortening the reaction time. Benicewicz et al.69 and Bai et
al.70 also demonstrated that azide moieties just react with
double bond of monomers at elevated temperatures and no
reaction can occur at room temperature. It should be noted
that in the current work ATRP syntheses of N3-PNIPAM
and (N3)2-PNIPAMwere conducted at 25 �C for duration of
4.5 and 5 h, respectively. However, the phenomenon re-
ported by Perrier et al. indeed poses uncertainties, i.e., the
possible loss of azide terminal functionalities during the
ATRP process.

Further work has been conducted to determine end-group
functionality of (N3)2-PNIPAM (Scheme S2), which was
chosen as a representative example as it possess two azide

moieties at the chain terminal. Detailed experimental proce-
dures and results are included in the Supporting Informa-
tion. The click reaction of (N3)2-PNIPAM with an excess of
1-(2-propynyloxy)benzene afforded (Ph)2-PNIPAM. Typi-
cal 1HNMR spectra recorded for (N3)2-PNIPAMand (Ph)2-
PNIPAM are shown in Figure S8. A comparison of the
1H NMR spectra of (N3)2-PNIPAM and (Ph)2-PNIPAM
revealed that after click reaction peaks b and c (3.7-3.4 ppm;
8H, N3CH2CH2-) in the former completely disappeared,
whereas a new resonance signal at 4.7 ppm (peak c; 4H,
triazole-CH2CH2) in the NMR spectrum of (Ph)2-PNI-
PAM can be clearly discerned. Moreover, the integral ratio
between peak e (5.2 ppm; 4H, PhOCH2-triazole) to that of
peak c was determined to be close to unity (Figure S8, b).
Considering the contribution of trizaole-CH2CH2N- in the
region of ∼4.0 ppm, the DP of (Ph)2-PNIPAM can be
calculated to be 100, which exactly agrees with that deter-
mined before click labeling with 1-(2-propynyloxy)benzene.
On the basis of the above results, we can conclude that the
loss of azide functionality during the ATRP of NIPAM
under current conditions (∼5 h, 25 �C) is negligible.

PEG(-N3)-b-PNIPAM (c1) was obtained via a multistep
synthesis, starting from PEG113-OH and bis(2-azidoethyl)
amine, (N3)2-NH (Scheme S1). Click reaction of monoalk-
ynyl-terminated PEG with an excess of trifunctional core
molecule (N3)2-NH afforded difunctional PEGpossessing an
azido and a secondary amine moiety at the chain end, PEG-
NH-N3.

58 The molar ratio of (N3)2-NH to that of monoalk-
ynyl-terminated PEG was fixed at 50:1, and the click condi-
tions (polymer concentration and reaction temperature)
were optimized to eliminate the possible coupling reaction
of PEG chains by (N3)2-NH. Relevant experimental details
are included in the Supporting Information (Figures S9 and
S10). The subsequent ATRP of NIPAM using PEG(-N3)-Cl
as the macroinitiator led to PEG(-N3)-b-PNIPAM bearing
an azido moiety at the diblock junction point. THF GPC
analysis gave anMn,GPC of 12.7 kDa and anMw/Mn= 1.15.
The actualDPof PNIPAMblockwas determined to be 70 by
1HNMR analysis in D2O. Thus, the product was denoted as
PEG113(-N3)-b-PNIPAM70.

Finally, the click reaction of alkynyl-C60 with a1, b1, and
c1 led to the facile preparation of well-defined fullerenated
water-soluble polymers, a2, b2, and c2. To ensure complete
consumption of azide moieties in azide-containing precur-
sors, excess alkynyl-C60 (5 times molar excess relative to
azidemoieties) was used in all three cases. InCheng’s work,40

excess alkynyl-functionalized fullerene was also used to
ensure the complete reaction of azide moieties of PS-N3,
and the product was purified by column chromatograph. To
simplify the procedure of removing excess alkynyl-C60, we
choose to purify the product by “clicking” onto azide-
functionalized Merrifield resin, followed by a simple filtra-
tion step.55 Thus, in our case click chemistry also provides a
facile purification method to remove excess C60 precursor. It
should be noted that in typical thermal [3+ 2] cycloaddition
reaction of pristine C60 with azide-containing species tedious
procedures were typically needed to remove excess C60.
Moreover, the click reactions of alkynyl-C60 with a1, b1,
and c1 were conducted at 50 �C, which is much lower than
that employed in typical thermal [3 + 2] cycloaddition
reaction between azido-functionalized polymers and pristine
C60 (∼130 �C). Under the current conditions, we can safely
ensure that multiadduction of azide-functionalized precur-
sor chains onto alkynyl-C60 will not occur. Most impor-
tantly, the click reaction alkynyl-C60 with (N3)2-PNIPAM
will yield PNIPAM(-N3)-C60 at first. The relatively low
temperature employed for the click reaction can also avoid

Figure 2. THF GPC traces of (a) (N3)2-PNIPAM100 detected by RI
detector, (b) (C60)2-PNIPAM100 detected byRI detector, and (c) (C60)2-
PNIPAM100 detected by UV detector at 330 nm.

Figure 3. FT-IR spectra recorded for (a) (N3)2-PNIPAM100 and (b)
(C60)2-PNIPAM100.
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the intramolecular thermal [3 + 2] cycloaddition reaction,
which is highly possible at elevated temperatures due to
the close neighboring of azide moiety and C60 in PNIPAM-
(-N3)-C60.

After click reactions, the complete disappearance of char-
acteristic azide absorption peak at∼2100 cm-1 in the FT-IR
spectra of a2, b2, and c2 (Figure 3 and Figure S3), as
compared to those of a1, b1, and c1, clearly confirmed the
complete consumption of azide moieties. Moreover, the
obtained brown powders of a2, b2, and c2 are soluble in
commonorganic solvents such as toluene, THF, chloroform,
DMF, methanol, and dichloromethane as well as in water.
The dramatically improved solubility partially confirmed the
successful conjugation of alkynyl-C60 onto azide-containing
polymer precursors. It should be noted that the click reac-
tions were conducted in a toluene/DMF mixture (1:1 v/v)
under ligand-free conditions. It has been established pre-
viously that the click reaction can be quite efficient even in
the absence of ligand if the solvent can facilitate sufficient
solubility of copper catalyst.71

Typical GPC traces of b2 detected by RI and UV dual
detectors are shown in Figure 2. Both GPC traces of b2
showed monomodal elution peaks by using RI and
UV detectors, yielding an Mn,GPC of 10.7 kDa and an Mw/
Mn= 1.12. Compared to that of the R,R-diazide-terminated
precursor (b1), the slight shift to higher MW side in the
elution peak of b2 suggested the presence of C60 species. In
previous literature reports, the end-functionalization of
polymer chain with C60 also yielded a discernible GPC shift
compared to the precursor.14-18,28,32 The absence of
shoulder peak in the high-MWside supported the conclusion
that there was no discernible multiple addition product. It
should be noted that the R,R-diazide-terminated precursor
(b1) exhibit no absorbance at ∼330 nm. The similar shape
and comparable elution times between GPC elution peaks
detected by UV (330 nm wavelength, characteristic absor-
bance peak of C60) andRI detectors for b2 further confirmed
the presence of C60 and a high degree of end-group function-
ality, as only theC60moiety in b2 can be detected by bothUV
(λ = 330 nm) and RI detectors.14-18,32

The weight percentages of C60 in a2, b2, and c2 were then
determined to be 5.6, 10.3, and 4.8 wt % by TGA analysis,
respectively (Table 1). These were in reasonable agreement
with those calculated from chemical structures of a2, b2, and
c2 (Schemes 2 and 3), which suggested that predetermined
numbers of C60 moiety were incorporated into PNIPAM-
based diblock copolymer and homopolymers.14-18,32 The
presence of C60 in a2, b2, and c2 has been further confirmed
by UV-vis spectroscopy (Figure 4 and Figure S5). C60

exhibits characteristic absorption peaks at 214, 256, and
330 nm in n-hexane.14-18,28,32 From Figure 4, it is clearly

evident that both a2 and b2 in aqueous solution have three
characteristic absorption peaks at 212, 258, and 333 nm.
Compared to their azide-containing precursors (a1 and b1),
these peaks can be ambiguously ascribed to the presence of
C60. Similar conclusion can also be obtained for c2, as
evidenced from Figure S5.

On the basis of the above results, we can conclude that
well-defined water-soluble fullerenated PNIPAM-based di-
block and homopolymers functionalized with controllable
numbers of C60 at predetermined positions were successfully
prepared via a combination of ATRP and click reactions. In
the subsequent section, we further investigated their supra-
molecular self-assembling behavior in aqueous solution and
the corresponding thermo-induced collapse/aggregation of
C60-incorporated hybrid nanoparticles due to the thermo-
responsiveness of PNIPAM chains.

Self-Assembly of C60-Functionalized Water-Soluble Block
Copolymer and Homopolymers in Aqueous Solution. C60-
PNIPAM98 (a2), (C60)2-PNIPAM100 (b2), and PEG113(-C60)-
b-PNIPAM70 (c2) contain highly hydrophobic C60 species
and thermoresponsive water-soluble PNIPAM segments. In
particular, to the best of our knowledge, PEG113(-C60)-b-
PNIPAM70 represents the first example of double hydrophilic
block copolymer (DHBC) embedded with a C60 moiety at the
diblock junction.11,72,73 Previously, we reported the synthesis
and self-assembly of an amphiphilic diblock copolymer incor-
porated with C60 at the diblock junction point, PEG(-C60)-b-
PS.28 Upon properly tuning the relative block lengths between
PEG and PS, the hybrid block copolymer can self-assemble
into well-defined vesicular aggregates in aqueous solution. In
the self-assembled vesicles, C60 moieties were located at the
both the inner and outer sides of vesicle bilayers. Very recently,
Liu et al. also reported the synthesis of hybrid amphiphilic
block copolymers bearing a C60 moiety at the diblock junction
via ATRP technique.39

In aqueous solution, it is well-known that C60moieties can
undergo self-association due to hydrophobic interac-
tions and strong π-π stacking effects between C60 mole-
cules.14-18,29,37 On the other hand, PNIPAM homopolymer
undergoes a coil-to-globule phase transition in dilute aqu-
eous solution above its lower critical solution temperature
(LCST).45-52 On the basis of chemical intuition, C60-PNI-
PAM98 (a2), (C60)2-PNIPAM100 (b2), and PEG113(-C60)-
b- PNIPAM70 (c2) should self-assemble into core-shell
micellar structures consisting of hydrophobic cores of C60

molecules and hydrophilic PNIPAM coronas (a2 and b2) or
hydrophilic PEG/PNIPAM mixed coronas (c2) in aqueous
solution at room temperature. At elevated temperatures
above the LCST of PNIPAM, the originally formed aggre-
gates at lower temperatures should undergo further structur-
al arrangements due to the collapse/aggregation of PNIPAM
segments. We further employed LLS, TEM, and tempera-
ture-dependent optical transmittance to characterize the
self-assembled aggregates of a2, b2, and b2 in aqueous
solution.

Self-Assembly of a2 and b2 in Aqueous Solution. As
C60-PNIPAM98 (a2) and (C60)2-PNIPAM100 (b2) possess
comparable DP for PNIPAM segments, these two samples
can serve as an excellent system to investigate the effects
of C60 contents at terminal position of PNIPAM chains on
their self-assembling behavior. Both hybrid polymers can
be directly soluble in water. Critical aggregation concentra-
tions (cac) of a2 and b2 in aqueous solution were determined
to be 9.6 � 10-3 and 5.7 � 10-3 g/L by surface tensiometry
measurements, respectively (Figure 5). Compared to a2,
the lower cac of b2 should be ascribed to the presence of
two C60 moieties at the chain terminal, which drives

Figure 4. UV-vis absorption spectra recorded for (a) pristine C60 in n-
hexane, (b) C60-PNIPAM98 and (c) (C60)2-PNIPAM100 in aqueous
solution.
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the hydrophilic-hydrophobic balance to the hydrophobic
side.

The temperature-dependent optical transmittance at
700 nm obtained for 2.0 g/L aqueous solution of a2 and b2
is shown inFigure 6. For comparison, relevant data of a1 and
b1 were also incorporated. Aqueous solutions of a1 and b1
are transparent at room temperature, and the optical trans-
mittance dramatically decreases above ∼32 �C due to the
LCST phase behavior. On the other hand, aqueous solutions
of a2 and b2 exhibit opitical transmittances of ∼50-70% at
room temperature and a wavelength of 700 nm. Since C60

moieties possess no absorption at 700 nm, the relatively low
optical transmittance might be ascribed to the presence of
self-assembled aggregates due to the hydrophobicity of C60.
Upon heating to above∼30 �C, aqueous solutions of a2 and
b2 exhibit considerable decrease in transmittance. The lower
aggregation temperature of a2 and b2 in aqueous solutions
compared to those of a1 and b1 can again be ascribed to the
presence of hydrophobic C60 moieties. Geckeler et al.37 and
Yajima et al.29 also found that C60-PNIPAM retains the
thermoresponsiveness of the PNIPAM precusor. The effects
of end-group hydrophobicity on the phase transition of
PNIPAM have been extensively investigated by Stover and
co-workers.61

Dynamic and static LLS were then used to characterize
aggregates formed from a2 and b2 in aqueous solutions at
25 �Cand a polymer concentration of 0.5 g/L. Figure 7 shows
typical plots of the hydrodynamic radius distribution, f(Rh),
for C60-containing hybrid nanoparticles self-assembled from
a2 and b2.Rh of the hybrid nanoparticles of a2 is in the range
of 29-71 nm, with an average hydrodynamic radius, ÆRhæ, of
42 nm and a polydispersity index of size distribution, μ2/Γ

2,
of 0.13. On the other hand, b2 self-assembles into hybrid
nanoparticles with Rh in the range of 91-246 nm, yielding a
ÆRhæ of 118 nm and μ2/Γ

2 of 0.18. The apparent molar mass
(Mw,app) determined by static LLS for b2 (6.93 � 106 g/mol)
is ca. 4 times larger than that for a2 (Mw,app ∼ 1.57 � 106 g/
mol). The average aggregation numbers, Nagg, of the aggre-
gates formed by a2 and b2 were then calculated to be ∼110
and ∼460, respectively. The presence of two C60 moieties in
b2 should contribute to its larger ÆRhæ andNagg, as compared
to those of a2.

TEM observations were performed to examine the actual
morphologies of the C60-containing hybrid nanoparticles
prepared by drying the aqueous solutions of a2 and b2 at
25 �C (Figure 8). Both images clearly revealed the presence of
spherical nanoparticles with diameters in the range of 30-50
and 50-120 nm for samples prepared from a2 and b2,
respectively. The results were in reasonable agreement with
those determined by dynamic LLS (Figure 7). TEM deter-
mines the micelle dimensions in the dry state, while dynamic
LLS reports the intensity-average dimensions of nanoparti-
cles in solution which contains considerable contribution
from hydrophilic segment coronas.

Self-Assembly of PEG113(-C60)-b-PNIPAM70 (c2) in Aqu-
eous Solution. PEG113(-C60)-b-PNIPAM70 represents the first
example of DHBC embedded with a C60 moiety at the diblock
junction. DHBCs can be directly dispersed in aqueous solution
at certain conditions; upon changing the external conditions,
such as pH, temperature, and ionic strength, one of the
blocks of DHBCs can be selectively rendered water-insoluble,
while the other block still remains well-solvated to stabilize
the formed colloidal aggregates.74-92 It is noteworthy that the
self-assembly of PEG-b-PNIPAM diblock copolymer has
been extensively investigated recently.93-97 Because of the
presence of thermoresponsive PNIPAM and hydro-
philic PEG segments in c2, two micellar states might exist in
aqueous solution depending on the temperatures due to the
LCST phase transition of PNIPAM blocks. Dynamic
and static LLS were then used to characterize the self-
assembled aggregates of PEG113(-C60)-b-PNIPAM70 in aqu-
eous solution.

At 25 �C and a polymer concentration of 0.2 g/L, micelles
consisting of hydrophobic cores of C60 stabilized with mixed
PEG/PNIPAM coronas with a ÆRhæ of 54 nm formed. Upon

Figure 5. Determination of critical aggregation concentration (cac)
from the experimental surface tension (γ) vs logarithm concentrations
of (a) C60-PNIPAM98 and (b) (C60)2-PNIPAM100 in water at 25 �C.

Figure 6. Temperature dependence of optical transmittance at 700 nm
obtained for 2.0 g/L aqueous solutions of N3-PNIPAM98, C60-PNI-
PAM98, (N3)2-PNIPAM100, and (C60)2-PNIPAM100.

Figure 7. Hydrodynamic radius distributions, f(Rh), obtained for
0.5 g/L aqueous solutions of C60-PNIPAM98 and (C60)2-PNIPAM100

at 25 �C.
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heating to 50 �C, another type of aggregate consisting of
mixed C60/PNIPAM cores and well-solvated PEG coronas
with a ÆRhæ of 19 nm formed (Figure S6). The decrease of
aggregate sizes at elevated temperatures should be ascribed
to the collapse and aggregation of PNIPAM segments.
Figure S7 shows the temperature dependence of ÆRhæ and
Mw,app of C60-containing hybrid nanoparticle prepared from
c2. ÆRhæ remains almost constant at ca. 54 nm below 35 �C;
above that, aggregate sizes start to decrease and ÆRhæ stabi-
lizes at ∼20 nm above 45 �C. This clearly indicates the
structural arrangement of the initially formed loose aggre-
gates consisting of C60 cores at lower temperatures. Above
the phase transition of PNIPAM blocks, the collapse and
aggregation of PNIPAM can drive the spontaneous self-
organization.

To further verify this, temperature-dependent Mw,app of
hybrid nanoparticles of c2 was also plotted in Figure S7.
Mw,app remains almost constant at about 9.0 � 105 in the
lower temperature rangeof 25-35 �C.At elevated temperatures,
Mw,app exhibits a considerable increase and stabilizes above
∼50 �C. The average aggregation number, Nagg, of hybrid
nanoparticles self-assembled from c2 in aqueous solution
was calculated to be 60 and 180 at 25 and 50 �C, respectively.
The larger ÆRhæ and lower Nagg for aggregates formed at
lower temperature reflect that they possess a quite loose
structure. Above the LCST, both the hydrophobicity of C60

and PNIPAM contributed to the formation of well-defined
and relatively compact aggregates.

Conclusion

We prepared thermoresponsive water-soluble diblock copoly-
mer and homopolymers functionalized with controlled numbers
of C60 moieties at designated positions via the combination
of atom transfer radical polymerization and click chemistry.
Alkynyl-functionalized C60 (alkynyl-C60) and azide-containing
polymer precursors including monoazide-terminated and R,
R-diazide-terminated PNIPAM, N3-PNIPAM and (N3)2-PNI-
PAM as well as PEG(-N3)-b-PNIPAM bearing one azide moiety
at the diblock junctionwere synthesized at first. The target hybrid
thermoresponsive diblock copolymer and homopolymers,
C60-PNIPAM, (C60)2-PNIPAM, and PEG(-C60)-b-PNIPAM,
were then obtained via the click reaction of alkynyl-C60 with

azide-containing precursors, including C60-PNIPAM, (C60)2-
PNIPAM and PEG(-C60)-b-PNIPAM. C60-containing spherical
hybrid nanoparticles were fabricated via supramolecular self-
assembly of C60-PNIPAM, (C60)2-PNIPAM, and PEG(-C60)-b-
PNIPAM in aqueous solution. All these novel fullerenated
polymers retain the thermoresponsiveness of PNIPAM-based
precursors, and self-assembled hybrid nanoparticles exhibit ther-
mo-induced collapse/aggregation behavior due to the LCST
phase transition of PNIPAM segments.
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