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Synthesis of thermoresponsive unimolecular polymeric
micelles with a hydrophilic hyperbranched

poly(glycidol) core

Shizhong Luo, Xianglong Hu, Yuanyuan Zhang, Congxiang Ling, Xi Liu and Shuaishuai Chen

This paper describes the reversible phase transition behavior of a thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) shell
at the surface of a hydrophilic core. Reversible addition-fragmentation transfer (RAFT) polymerization of N-isopropylacrylamide
was conducted using a hydrophilic hyperbranched poly(glycidol) (HPG)-based macroRAFT agent. At lower temperatures

(<30 °C), the resultant multiarm star block copolymer (HPG-PNIPAM) exists as unimolecular micelles, with hydrophilic HPG
as the core and a densely grafted PNIPAM brush as the shell. In laser light scattering (LLS) studies, the concentration used for
HPG-PNIPAM is 5x10-%gml~1, to avoid any possible aggregation between dendritic unimolecular micelles above the lower
critical solution temperature (~ 32 °C) of PNIPAM. What we observe for the phase transition of HPG-PNIPAM involves only
unimolecular process. A combination of dynamic and static LLS studies of HPG-PNIPAM in aqueous solution reveals a

reversible phase transition on heating and cooling.
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INTRODUCTION

It is well known that amphiphilic block copolymers can self-assemble
into aggregates with various morphologies in water above the critical
micelle concentration.!> However, the microstructure of block copo-
lymer micelles is not static because of the presence of dynamic
exchange between assembled aggregates and individual unimers. The
equilibrium between aggregates and unimers is governed by a delicate
balance of weak intermolecular forces. The disruption of such a
balance can be easily triggered by temperature, pH, dilution, salt
concentration and so on.*> The problem of insufficient stability of
various aggregates can be addressed by structural fixation; for instance,
chemical crosslinking of the micellar core or shell can lead to micelles
with permanent stability.>"!! On the other hand, to improve micelle
stability, the synthesis of polymeric structures that mimic polymer
micelles with regard to their morphological properties has been
proposed recently.!> Such polymers are referred to as unimolecular
polymeric micelles and consist of covalently bound amphiphilic
polymer chains. These colloids are also intrinsically stable on dilution,
as their formation is independent of polymer concentration. Unim-
olecular polymeric micelles can be prepared from dendrimers,
hyperbranched polymers, as well as from star polymers.!>™15 As we
know, dendrimers are well-defined, highly branched macromolecules
with hollow cores and dense shells.'®>> Dendrimers show very

interesting properties in the solid state and in solution because of
their branching, globular shape, large modifiable surface functionality,
as well as internal cavities. The special properties of dendritic boxes
make them useful in many applications such as in drug release,
molecular labels, probe moieties, chemical sensors, holographic data
storage and molecular shuttles for transporting guest molecules
between two different phases.?®32 However, dendrimers are synthe-
sized by complicated multistep reactions that limit their bulk applica-
tions. Hyperbranched polymers, which are the imperfect analogs of
dendrimers, can be used as a potential alternative because they can be
obtained conveniently in a single step and in high yield.?%**-3> From a
practical point of view, the amphiphilic hyperbranched macromole-
cules have potential practical applications.’*=3® Therefore, it is inter-
esting to use hyperbranched polymers as the favorable starting
materials for the synthesis of a globular amphiphile with unimolecular
micellar properties.

Water-soluble polymers with thermosensitivity are of great scientific
and technological importance and are extensively used as additives by
pharmaceutical, cosmetic, food and paint industries. 34! Poly
(N-isopropylacrylamide) (PNIPAM) is perhaps the most well-known
member of the class of thermoresponsive polymers; it undergoes a
phase transition at its lower critical solution temperature (LCST) of
32°C and has been widely studied as a polymer that is potentially
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useful for targeted drug delivery, solute separation, tissue culture
substrate and controlling the adsorption of proteins.*>*® You et al.*”
have achieved reversible switching between the dendritic hydrophobic
core, a second-generation hyperbranched polyester Bolton H20, and
the hydrophilic shell by grafting PNIPAM from the terminals of H20.
Recently, we have synthesized unimolecular micelles with PNIPAM
shell grafting from a hydrophobic fourth-generation hyperbranched
polymester H40, and demonstrated their special phase transition
behavior.*

Up to now, water-soluble hyperbranched poly(glycidol) (HPG) has
been used widely to prepare amphiphilic molecular nanocapsules
because it is highly biocompatible and without evident animal toxicity,
which could encapsulate polar guests from water.>4%-%0 Peng et al.>0
have obtained star-hyperbranched block copolymers of HPG-b-poly-
styrene using atom transfer radical polymerization; these have good
structural formation for ionic conductivity. Brooks et al®® have
reported the use of amphiphilic HPG as nanoreators for unimolecular
elimination reactions. Haag et al.%! and Kono et al.%? have functiona-
lized HPG with pH responsiveness. Frey and co-workers*® have
already reported the synthesis and properties of an amphiphilic
molecular nanocapsule consisting of an HPG core, whereas the
same activity was not shown by linear polymers, suggesting that the
encapsulation was related to the structure of the hyperbranched
architecture. Recently, Satoh et al’® synthesized the HPG-bearing
imidazolium tosylate units through the imidazolium salt modification
of HPG. The modified HPG was found to possess novel LCST-type
liquid-liquid and liquid-solid phase transition behaviors in a metha-
nol/chloroform mixed solution.

To the best of our knowledge, it is rare to further study phase
transition behavior of thermoresponsive chains tethered to a hydro-
philic dendritic core, that is, HPG. Herein, we prepared unimolecular
polymeric core-shell micelles with a hydrophilic HPG core and a
temperature-responsive PNIPAM corona by means of the reversible
addition-fragmentation transfer (RAFT) polymerization process. The
themoresponsivity of PNIPAM corona is characterized in detail
by dynamic and static laser light scattering (LLS). We demonstrate
here that unimolecular polymeric micelles exhibit a reversible phase
transition behavior on heating and cooling in dilute aqueous
solutions.

EXPERIMENTAL PROCEDURE

Materials

Boron trifluoride diethyl etherate, glycerol and glycidol were obtained from
Fluka (Shanghai, China) and were dried by refluxing over CaH, for 6 h under
nitrogen, then distilled under vacuum. Bromobenzene, carbon disulfide and
N,N-dimethyl formamide (DMF) were obtained from Aldrich (Shanghai,
China) and were dried by refluxing over CaH, overnight, then distilled under
reduced pressure and stored under nitrogen. N-isopropylacrylamide (NIPAM)
was purified by recrystallization from benzene/n-hexane mixture. Tetrahydro-
furan (THF) was distilled over sodium/ benzophenone before use. Other
reagents were used as received.

Sample preparation

Scheme 1 shows general synthetic routes used for the synthesis of the core-shell
structure (denoted as HPG-PNIPAM). The experimental details are described
below.

Synthesis of HPG

HPG was synthesized by means of a one-pot process, according to the reported
procedure.* For a typical procedure, glycerol (0.798 g, 8.6 mmol) and chloro-
form (80 ml) were mixed and stirred with a mechanical stirrer under nitrogen
at —5°C for 30 min. Subsequently, glycidol (28.6g, 387 mmol) and boron
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trifluoride diethyl etherate (11.4 g, 80.3 mmol) were added dropwise for 1 h and
were continuously reacted for 3 h. The mixture was neutralized, washed and
purified. Most of the solvent and water were removed with a rotatory
evaporator before precipitation into diethyl ether. HPG was further purified
by precipitation into anhydrous diethyl ether from methanol three times. The
product HPG was dried overnight under vacuum at 80 °C.

Synthesis of maleic anhydride (MAh) modified HPG

HPG (11.324 g, 3.3 mmol) was dissolved in dried DMF (90 ml), and then MAh
(31g, 316 mmol) was added. The mixture was stirred at 45 °C for 24 h. Most of
the solvent was evaporated under reduced pressure before precipitation into
dichloromethane. The crude product was further purified by precipitation
into dichloromethane from DMF three times to remove any unreacted MAh.
The resulting HPG-MAh was dried under vacuum at 40 °C overnight.

Synthesis of dithiobenzoic acid (DTBA)%*

The Grignard reagent prepared from bromobenzene (31g, 197 mmol) and
magnesium (5.6g, 230 mmol) in anhydrous THF (100ml) was reacted with
carbon disulfide (15g, 197 mmol) in THF (50 ml) at 0°C for 2h, after which
ice-cold dilute hydrochloric acid (0.01 M, 60ml) was added dropwise. The
organic layer was separated and extracted with 10% ice-cold sodium hydroxide
solution (30ml x3). The alkaline solution was washed with diethyl ether,
acidified with 10% hydrochloric acid solution and finally extracted with diethyl
ether. The ether solution was washed with distilled water three times. After
evaporation of the solvent, pure DTBA was obtained.

Synthesis of HPG macroRAFT agent

A solution of HPG-MAh (2.322 g, 0.29 mmol) and DTBA (3.860 g, 25 mmol)
in anhydrous DMF was sealed in a Schlenk flask, and the reaction of DTBA
with HPG-MAh was carried out at 60°C for 24h; HPG capped with
dithiobenzoate groups was obtained by precipitation into diethyl ester from
DMEF three times. The resulting macroRAFT agent was dried in a vacuum oven
at 60 °C overnight.

Synthesis of HPG-PNIPAM

The general procedure for synthesizing HPG-PNIPAM was as follows: a
Schlenk flask was charged with an HPG-based macroRAFT agent (0.1g,
6.44x 1073 mmol), azobisisobutyronitrile (AIBN) (0.013g, 0.08 mmol) and
NIPAM (8.736¢g, 77.3mmol) in anhydrous DME then degassed by three
freeze—thaw cycles and sealed under vacuum. Polymerization was carried out
at 80 °C for 24 h. The mixture was precipitated into anhydrous diethyl ester
from DMF three times. The product was collected by filtration and then dried
in a vacuum oven at 60 °C overnight.

Cleavage of grafted PNIPAM chains*®

A volume of 0.302g (3.96x10~*mmol) of HPG-PNIPAM was dissolved in
50 ml of anhydrous THE, and excess lithium chloride (0.008 g, 0.19 mmol) and
potassium borohydride (0.010 g, 0.19 mmol) were slowly added to the solution.
The reaction was refluxed with vigorous stirring under nitrogen until the
evolution of gas ceased. The salts contained in the resulting solution were
removed by filtering in an aluminum oxide column. After concentrating the
solution, it was precipitated in hot water (40 °C) three times. The cleaved thiol
end PNIPAM was dried in a vacuum oven at room temperature overnight. The
above reduction procedure degraded the ester bonds and recovered the grafted
PNIPAM for further size exclusion chromatography (SEC) measurement.

Measurements

Nuclear magnetic resonance (NMR) spectroscopy. 'H NMR and 3C NMR
spectra were recorded using a Bruker 300 MHz spectrometer (Bruker BioSpin,
Rheinstetten, Germany). HPG and HPG-PNIPAM were analyzed in D,0, and
HPG-MAh, DTBA and macroRAFT agent were analyzed in CD;0D, CDCl;
and dimethyl sulfoxide (DMSO)-d, respectively.

Fourier transform infrared measurements. Fourier transform infrared spectra
were collected at 64 scans with a spectral resolution of 4cm™! on a Shimadzu
IR Prestige-21 spectrometer (Shimadzu Corporation, Tokyo, Japan) with KBr.
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Scheme 1 Schematic illustration for the preparation of hyperbranched poly(glycidol)-poly(N-isopropylacrylamide). DMF, dimethyl formamide; NIPAM,

N-isopropylacrylamide.

Elemental analysis. Elemental analyses for HPG, HPG-MAh and HPG
macroRAFT agent were performed with a Vario EL III CHNS/O analyzer
(Elementar Corporation, Hanau, Germany).

Thermogravimetric analysis. Thermogravimetric analysis was performed in
argon at a heating rate of 10 °C min~! from room temperature to 600 °C using
a Shimadzu DTG-60.

Size exclusion chromatography. Molecular weights and molecular weight dis-
tributions were determined by SEC on an instrument equipped with a Waters
1515 pump and a Waters 2414 differential refractive index detector (set at 35 °C).
Three Styragel columns connected in series, HR2, HR3 and HR6, were used at an
oven temperature of 35 °C. The eluent was THF at a flow rate of 1.0 mlmin~!. A
series of low-polydispersity polystyrene standards were used for the calibration.

Temperature-dependent  turbidimetry. The optical transmittance of the
aqueous solution was acquired on a Unico UV/vis 2802PCS spectrophotometer
(Unico Instrument Co., Ltd., Shanghai, China) and measured at a wavelength
of 600 nm using a thermostatically controlled cuvette.

Scanning electron microscopy (SEM). SEM observations were conducted on a
Hitachi S-4800 Field Emission Scanning Electron Microscope at room tem-
perature. The sample for SEM images was prepared by vacuum evaporation
of unimolecular micelles aqueous solution at 40 °C overnight, then coated with
platinum.

Laser light scattering. A commercial spectrometer (ALV/DLS/SLS-5022F, ALV
GmbH, Langen, Germany) equipped with a multitau digital time correlation
(ALV5000) and a cylindrical 22 mW UNIPHASE He-Ne laser (1p=632nm) as
the light source was used. In static LLS, we can obtain the weight-average molar
mass (M,,) and the z-average root-mean square radius of gyration (< Rg2> 112 op
written as (Rg») of polymer chains in a dilute solution from the angular
dependence of the excess absolute scattering intensity, known as Rayleigh ratio
R(q), as
KC 1

1
~—(1+= <R*>¢)+24,C 1
Rufg) ", 13 <Rz a2 W

where K=4n’n?(dn/dC)?/(Nxl*) and q=(4nn/l)sin(0/2) with Ny, dn/dC,
n and Ay being the Avogadro number, the specific refractive index increment,
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the solvent refractive index and the wavelength of the laser light in a vacuum,
respectively, and A} is the second virial coefficient. The specific refractive index
increment (dn/dC) was determined by a precise differential refractometer at
632 nm. Sodium chloride (NaCl) aqueous solution was used for calibrating the
refractometer. The experimental setup and basic theory have been detailed
previously.%> The obtained dn/dC of HPG and HPG-PNIPAM in water at 25 °C
were 0.131 and 0.164 mlg~!, respectively. Strictly speaking, here, R,,(q) should
be Ryu(q) because there is no analyzer before the detector. However, the
depolarized scattering of the solution studied is insignificant so that Ry,(g)
~ R,(q). It is to be noted further that, in this study, the sample solution was so
dilute (5x107®gml~!) that the extrapolation of C— 0 was not necessary, and
the term 2A,C in Equation 1 can be neglected.

In dynamic LLS, the Laplace inversion of each measured intensity—intensity—
time correlation function G?(g,t) in the self-beating mode can lead to a
linewidth distribution G(I'). For a pure diffusive relaxation, I" is related to the
translational diffusion coefficient D by (I'/¢? )c—049—0—D, or further to the
hydrodynamic radius {(Ry) by the Stokes—Einstein equation, {Ry,)»=(kgT/
6m1y)/D, where kg, T and 1, are the Boltzmann constant, the absolute
temperature and the solvent viscosity, respectively.

RESULTS AND DISCUSSION

Synthesis of HPG-PNIPAM

The procedure to prepare HPG-PNIPAM is shown in Scheme 1. It is
worth noting that the chemical structure of HPG described in Scheme
1 is an ideal dendrimer containing 48 primary hydroxyl groups and a
molar mass of 3423 gmol~!, according to the theoretical model from

HPG

its preparation reaction.4>>%%2 Results of elemental analysis were as
follows: calculated for HPG: C, 48.38; H, 8.18. Found: C, 46.06; H,
8.33. 3C NMR (D,0) of HPG: 8=62.56 (secondary carbon with
terminated hydroxyl, -CH,~OH), 71.74 (secondary carbon, -CH,-O-),
82.43 (tertiary carbon, -O-CH (CH,0OH),), 80.60 p.p.m. (tertiary
carbon, -O-CH (CH,),-). Generally, 1*C NMR is used to characterize
the hyperbranched polymer. According to Zagar et al.,5 the degree of
branching of HPG was 0.57 and the average number of monomeric
units (the degree of polymerization) was ~45.

The HPG macroRAFT agent was prepared by a two-step
approach.%* First, hydroxyl-terminated HPG was reacted with MAh
in DMF to form MAh-terminated HPG. Second, DTBA was added
onto the double bond of the HPG-MA to produce dithiobenzoate-
terminated HPG, namely, HPG macroRAFT agent. 'H NMR spectra
(a), (b) and (c) in Figure 1 show the HPG, HPG-MAh and HPG
macroRAFT agent, respectively. For the spectrum of HPG-MAh in
CD;0D, the signals at 6=~4.2 and 6.2-6.4 p.p.m. correspond to all
the ester methylene protons and protons of double bonds from the
maleic acid monoester groups, respectively. According to the integral
area ratio of these two peaks, the number of maleic acid monoester
groups per HPG-MAh is calculated to be ~45, which is consistent
with the average number of monomeric units (the degree of poly-
merization) of HPG. Because of the strong acidity of DTBA compared
with maleic acid monoester, it can easily react with the double bond to
prepare the corresponding HPG macroRAFT agent. From spectrum

c (0]
i a b $
O_C\CHZCH-S-CO a +b
HPG / x

b
a
HPG
a
D}O
a
o a
X
HPG JL/A.
10 8 6 4 2 0
p.-p-m.

Figure 1 H nuclear magnetic resonance spectra of (a) HPG in D50, (b) HPG-maleic anhydride in CD30D, (c) HPG macro-reversible addition-fragmentation
transfer agent in DMSO-dg and (d) HPG—poly(/N-isopropylacrylamide) in D,0. HPG, hyperbranched poly(glycidol); DMSO, dimethyl sulfoxide.
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(¢) in Figure 1, the disappearance of signals at $=6.2—-6.4 p.p.m. and
the appearance of new signals at $=7.3, 7.6 and 7.9 p.p.m., ascribed to
the meta-, para- and ortho-position protons of the dithilbenzoyl
group, respectively, confirm the successful preparation of the HPG
macroRAFT agent. Elemental analyses and '3C NMR spectra further
confirmed their chemical structures. Results of elemental analysis were
as follows: calculated for HPG-MAh: C, 48.73; H, 4.60. Found: C,
47.77; H, 4.76. Calculated for HPG macroRAFT agent: C, 51.50; H,
4.26; S, 19.80. Found: C, 50.30; H, 4.99, S, 19.27. In the 3C NMR
(CD;0D) of HPG-MAh, new signals of 6=133.08 (allyl, -CH=),
132.76 (allyl, =CH-COOH ), 169.57 (carboxyl, -COOH ) and 165.33
p.p-m. (carbonyl, -O—-CO-CH=) indicate the formation of HPG-
MAh. In the 3C NMR (DMSO-ds) of HPG macroRAFT agent, the
disappearance of signals of =133.08 (allyl, -CH=) and 132.76 p.p.m.
(allyl, =CH-COOH ) and the new signals of 6=32.57 (methylene,
—-OCO-CH,-) and 41.86 p.p.m. (methylidyne, —CH(COOH)-)
approve the resulting HPG macroRAFT agent.

RAFT polymerization of NIPAM was performed in a sealed Schlenk
flask under vacuum using HPG macroRAFT agent to prepare a
dendritic core-shell nanostructure with HPG as the dendritic hydro-
philic core and PNIPAM as the shell. You et al.*” and Liu et al.** have
investigated the RAFT polymerization of NIPAM from a dendrimer
and found that RAFT polymerization of NIPAM can be carried out in
a controlled manner. Therefore, we did not study in detail the kinetics
of RAFT polymerization of NIPAM using HPG macroRAFT agent. 'H
NMR spectrum (d) of HPG-PNIPAM in D,O in Figure 1 reveals the
presence of PNIPAM characteristic signals at =~ 1.2 and 4.0 p.p.m.

To further confirm the successful RAFT polymerization of NIPAM,
we recorded the Fourier transform infrared spectroscopy of HPG
macroRAFT agent and HPG-PNIPAM in Figure 2. On the basis of
spectrum (a) in Figure 2, the characteristic absorption peaks of phenyl
and carbonyl located at 1400-1600 cm™! and 1730 cm ™!, respectively,
once again support the prepared HPG macroRAFT agent.
Contradistinctively, the representative peaks of isopropyl groups
at 2962cm~! and 2872cm™!, as well as the N-H bond stretching at
3300cm™!, clearly indicate the synthesized HPG-PNIPAM from the
spectrum (b) in Figure 2.

a macro RAFT agent
b HPG-PNIPAM

phenyl

N .

isopropyl
N-H stretching

1 e 1 i 1 i 1 A L e 1

3000 2500 2000 1500 1000

4000 3500

. f -1
Wavenumber / cm

Figure 2 Fourier transform infrared spectra recorded for (a) HPG-based
macroRAFT agent and (b) HPG-PNIPAM. HPG, hyperbranched
poly(glycidol); PNIPAM, poly(N-isopropylacrylamide); RAFT, reversible
addition-fragmentation transfer.
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Figure 3 shows SEC traces recorded for HPG and HPG-PNIPAM.
HPG-PNIPAM gives a symmetric elution peak with a number-average
molecular weight (M,) of 7.63x10°gmol~! and a polydispersity of
1.23. The relatively narrow polydispersity of HPG-PNIPAM reveals
the characteristic of controlled RAFT polymerization of NIPAM.
Because of the fact that SEC analysis uses linear polystyrene as
standards and HPG-PNIPAM takes a dendritic conformation, SEC
tends to underestimate the molecular weight.*” Therefore, the static
LLS was used to measure the absolute molecular weight of HPG and
HPG-PNIPAM.

In the LLS experiment, the angular dependence of the excess
absolute time-averaged scattered light intensity, known as the excess
Rayleigh ratio Ryy(q), of dilute polymer solutions led to the weight-
average molar mass M,, and (R, ) using a Zimm plot. In this study,
the extrapolated value of [R(q)/KC],_¢ leads to an apparent My s
which, because of the very low concentration used (5x 10 gmlfl),
is likely to be close to the absolute M;, of the polymer. It is reasonable
that the extrapolation to zero concentration was not carried out
because of the small concentration effect in the very dilute regime.
Figure 4 shows scattering vector (q) dependence of Rayleigh ratio
Ryv(q) of HPG and HPG-PNIPAM in aqueous solution at 20 °C. On
the basis of Equation (1) and Figure 4, the M, ,,, values of HPG
and HPG-PNIPAM determined in water are 4.8x10° and
1.3x10%gmol !, respectively. The (Ry) values of HPG and HPG—
PNIPAM are 6.84 and 101.6nm, respectively. In dilute solution,
the second virial coefficient A, indicates the interaction between

HPG-PNIPAM

L L
20 22 24 26 28

Elution Time / min

(GPC) traces recorded for
HPG-PNIPAM  (poly(N-

Figure 3 Gel permeation chromatography
hyperbranched  poly(glycidol)  (HPG) and
isopropylacrylamide)).
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Figure 4 Scattering vector (q) dependence of the Rayleigh ratio R, (q)
of HPG (hyperbranched poly(glycidol)) and HPG-PNIPAM  (poly
(N-isopropylacrylamide)) in aqueous solution at 20°C, wherein each
concentration is 5x10~¢gml—1.
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the solvent and the polymer. Here, the values of A, for HPG and
HPG-PNIPAM are 2.5x 10~*and 1.08 x 1072, respectively. They are all
above zero, approving intermolecular forces between the water and
polymer over intramolecular interactions in this scenario. The A,
of HPG-PNIPAM is greater than that of HPG; this indicates that
HPG-PNIPAM appears more swollen and occupies a larger volume
after being grafted with PNIPAM in water.

To determine the actual molecular weight of PNIPAM chains and
the number of grafting arms, PNIPAM was cleaved from HPG-
PNIPAM through reduction and purification, and SEC analysis of
the recovered PNIPAM revealed an M, of 2.56x10*gmol~! and a
polydispersity of 1.18. The degree of polymerization of PNIPAM
was then calculated to be ~227. Considering that the My, of
HPG-PNIPAM is 1.3x10°gmol~! and the weight-average molar
mass M,, of grafted PNIPAM chain is 3.02x 10*gmol~!, the number
of PNIPAM arms grafted per HPG core is calculated to be ~42. There
are about 45 hydroxyl groups on the surface of HPG; therefore, ~93%
of terminal-functionalized RAFT groups participated in the polymer-
ization, assuming 100% functionalization of HPG during preparation
of the macroRAFT agent. The molecular parameters of HPG and
HPG-PNIPAM are summarized in Table 1.

It is worthy of note, as shown in Figure 5, that the decomposition
temperature increases from 310 to 335°C after being grafted
with PNIPAM, suggesting the improved thermal stability of HPG.
Wei et al>? also reported that the crosslinked HPG by terminal
modification had a more thermal stability. Hopefully, HPG-PNIPAM
can be used in a broad range of applications as a functionalized
polymer.

Thermoresponsivity of unimolecular polymeric micelles

It is well known that the PNIPAM homopolymer undergoes a coil-to-
globule phase transition in dilute aqueous solution at its LCST
of ~32°CA607 At a temperature below LCST, PNIPAM chains take
a random coil conformation because of the predominantly intermo-
lecular hydrogen bonding between PNIPAM chains and water mole-
cules. At a temperature above LCST, intramolecular hydrogen-
bonding interactions between C=O and N-H groups render
the chains to become compact and collapse, reducing their water
solubility.

Figure 6 shows the temperature dependences of the transmittances
of HPG-PNIPAM at different concentrations. For the concentration
of 1x1073gml~1, it can be clearly seen that HPG-PNIPAM exhibits
thermoresponsive aggregation at a temperature above LSCT of PNI-
PAM and the solution increases opaque. Above 34 °C, the transmit-
tance stabilizes out, suggesting complete thermoinduced aggregation.
Figure 6 also reveals that, for the concentration of 5><10*6gm1’1,
transmittance remains constant at about 100% in the whole tempera-
ture range of 20—40 °C. It indicates that there is no aggregation during
the collapse of PNIPAM shell at this concentration. Therefore, this

Table 1 Molecular parameters of HPG and HPG-PNIPAM

concentration was selected to be used for taking LLS measurements in
order to observe unimolecular phase transition of HPG-PNIPAM.
LLS was used to characterize the chain conformational changes of
HPG-PNIPAM unimolecular micelles in aqueous solution on heating
and cooling. The sample solution was clarified with 0.45 pm Millipore
PTFE filter (Millipore Corporation, Bedford, MA, USA) to remove
dust. Each data point was obtained after the measured values were
stable, and it generally took 30 min for each temperature equilibration.
Figure 7 shows temperature dependence of <Ry and M, for
HPG-PNIPAM, in which the concentration is 5><10*6gm1*1. The

values of M, o, for HPG-PNIPAM remain nearly constant on heating
100
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Figure 5 Thermogravimetric analysis curves of (a) HPG (hyperbranched
poly(glycidol)) and (b) HPG-PNIPAM (poly(N-isopropylacrylamide)).
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Figure 6 Temperature dependence of optical transmittance at 600 nm
obtained for the different concentrations of hyperbranched poly(glycidol)-
poly(N-isopropylacrylamide) aqueous solution.

Samples M, gmol-12a My, /M2 My, app g mol~1P My, prnipam gmol=1¢ My, /M, DP of PNIPAM Number of arms?
HPG 3.20x103 1.41 4.8x103 — — — —
HPG-PNIPAM 7.63x10° 1.23 1.3x106 2.56x10% 1.18 227 42

Abbreviations: DP, degree of polymerization; HPG, hyperbranched poly(glycidol); PNIPAM, poly(N-isopropylacrylamide).

3Determined by size exclusion chromatography (SEC).
bDetermined in water by static laser light scattering (LLS).
“Determined by SEC after cleavage via reduction with LiBH4.

dCalculated from Muy,app determined by LLS and molecular weight of cleaved PNIPAM arms determined by SEC.
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Figure 7 Temperature dependence of {Ry) of hyperbranched poly(glycidol)-poly(N-isopropylacrylamide) (a) and its My, app (b), wherein the concentration is

5x10-6gml-L.

and cooling in Figure 7b, indicating that there is no aggregation
between dendritic unimolecular micelles at the concentration of
5%x10~° gmlfl. Therefore, for the LLS measurements, what we
observe for the phase transition of HPG-PNIPAM involves only
unimolecular process.

For HPG-PNIPAM in Figure 7a, (R}, > decreases gradually from 75
to 46nm in the broad temperature range of 20-34 °C and remains
constant at 34-36°C on heating because of the grafted PNIPAM
chain shrinking, although it is well known that, for PNIPAM, homo-
polymer chain {(Ry,) drops sharply in the narrow temperature range
of 31-33 °C.4® Theoretical prediction suggests that strong interchain
interactions are present in the brush and cause a broadening of the
transition of polymer chains. Our previous works*** and several
experimental results®®7> have already confirmed this prediction. As
we know, when PNIPAM chains are attached by one end to a flat
substrate or curved interface with sufficient density, referred to as a
polymer brush, they are crowned and forced to stretch away from the
surface to avoid overlapping. In our case, the molecular size of HPG is
estimated to be ~ 3 nm;3>%76 the grafting of 42 PNIPAM chains from
the HPG core results in a densely packed PNIPAM brush surrounding
the hydrophilic core and the grafting density can be calculated as
~0.67nm? per chain. Therefore, for HPG-PNIPAM, because of the
grafted chain crowding and steric repulsion of neighboring chains in
the brush, the results of dynamic LLS show a broad phase transition
range from 20 to 34 °C. This is also in agreement with the theoretical
predic'[ion.77 At 36 °C, the values of A, for HPG and HPG-PNIPAM
are 2.47x10~ % and 3.33x 1073, respectively. The A, of HPG-PNIPAM
decreases as the solution temperature increases, a characteristic of
aqueous polymer solution because of the negative entropy change;
namely, A, of HPG-PNIPAM becomes lower as temperature increases
because of the change in solvation; this indicates that HPG-PNIPAM
appears to shrink more and occupies a smaller volume during
temperature increase in water.

Conversely, because of the shell expanding, (R}, > increases from 46
to 75nm as the temperature decreases from 36 to 20 °C in Figure 7a.
This reveals that the phase transition behavior of the unimolecular
polymeric micelles is completely reversible in the heating and cooling
cycle. This kind of unimolecular polymeric micelles, in principle, has a
number of nanomaterials applications, including drug release, diag-
nostics, catalysis and separation.

Figure 8 shows scattering vector (q) dependence of the average
characteristic linewidth (I') of HPG-PNIPAM in aqueous solution at
20 and 36 °C, when the concentration is 5x 10~% g ml~". It reveals that
the I' is a linear function of ¢* and the extrapolation of I' to q—0
passes the origin, confirming that the apparent diffusion coefficient

520°'C
36°C

4 0%
L

f(R )

ms
\

y i)
(S

g x10"/m”*

Figure 8 Scattering vector (q) dependence of the average characteristic
linewidth (I') of hyperbranched poly(glycidol)—poly(N-isopropylacrylamide)
(HPG-PNIPAM) in aqueous solution at 20 and 36°C, wherein the
concentration is 5x10=®gml~l. The inset shows the corresponding
hydrodynamic radius distributions f(R,) of HPG-PNIPAM.

depends only on the translational motion during the heating process.
The inset in Figure 8 shows typical hydrodynamic radius distributions
f(R,) of HPG-PNIPAM aqueous solution at 20 and 36 °C. It can be
clearly seen that the distribution curve shifts to the left with increasing
temperature. The average hydrodynamic radii (R, of HPG-PNI-
PAM at 20 and 36 °C are 75 and 46 nm, respectively. This should be
ascribed to the collapsing of the PNIPAM brush. The monomodal
distribution curves indicate that the unimolecular polymerice micelles
are relatively monodisperse at different temperatures. The polydisper-
sity indexes of the size distributions (u,/I'?) at 20 and 36 °C are 0.12
and 0.08, respectively.

The morphology of unimolecular polymeric micelles is shown in
Figure 9. Approximately spherical nanoparticles with a mean diameter
of 80 nm are observed. A closer examination of the SEM image reveals
that some unimolecular micelles seem to be in contact with each
other, possible because of the concentration and drying effects during
sample preparation for SEM. The size is in reasonable agreement
with the dynamic LLS results of HPG-PNIPAM if polydispersity and
solvation effects are taken into account.

It is well known that the ratio of (Ry>/{Ry) reflects the
conformation of a polymer chain or the density distribution of
chain segments in core-shell nanoparticles. A smaller value of
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{Rg»/<{Ry» typically hints at a higher chain segment density. For
example, for linear and flexible polymer chains, (Ry)/{Ry) is
around 1.5, but for a uniform nondraining sphere, {Ry»/{Ry)
drops to 0.774. A ratio of 0.8-1.5 is found for hyperbranched or
dendritic macromolecules.”® Figure 10 shows the typical temperature
dependences of (Ry»/<{ Ry, for aqueous solution of HPG-PNIPAM
during the heating and cooling process. The change of {Rg>/{Rp>
between ~1.4 at 20 and ~0.8 at 36 °C clearly indicates the grafted
PNIPAM chains shrinking from an extended coil conformation to a
collapsing state. This reversible phase transition behavior is illustrated
in Scheme 2. The difference between the <{R,)» dependence on
temperature for HPG-PNIPAM in Figure 7 and the {Rg>/{Rp)
dependence on temperature in Figure 10 is understandable because
they are defined in quite different ways. { R, ) is only the radius of an
equivalent hard sphere that has an identical diffusion coefficient D as
the polymer micelles in the solution, whereas {Rg»/<{Ry,) depends
only on the chain conformation. Figure 10 shows that when tempera-
ture is below 28 °C, {Ry»/{Ry) is a constant (~1.4), even though
1.50 . {Ry ) decreases with increasing temperature as shown in Figure 7a.
= Deating This reveals that when the temperature is below the LCST of PNIPAM,

e—{—— o —u—Cooling
\ the grafting PNIPAM chains in water behave in the manner of a

n, 1.25p \ random coil and the conformation is independent of temperature.
v Ak Figure 10 shows also that, when the temperature is close to LCST
\ of PNIPAM, (Rg»/<{Rp) decreases dramatically with increasing
temperature because of the chain collapsing of PNIPAM. In our
previous work,*® PNIPAM brush, densely grafted at the surface of the
N0 hydrophobic hyperbranched H40 core, exhibits double thermal phase
. . . . transition behavior. The collapsing of the PNIPAM brush
20 HZS “‘U occurs at lower temperatures (below 30°C) and is ascribed to the
Temperatire/ 'C fact that it is attached to a hydrophobic core. As we all know, when

Figure 10 Temperature dependence of {Rg>/{ Ry> for aqueous solution of NIPAM monomer are block or randomly copolymerized with
hyperbranched poly(glycidol)-poly(N-isopropylacrylamide) during the heating a hydrophilic or hydrophobic monomer, its LCST will increase
and cooling process, wherein the concentration is 5x10-6gml~1. or decrease to some extent.*> Therefore, in this study, it is reasonable

100 nm
 Semm———

Figure 9 Typical scanning electron microscopy image of hyperbranched
poly(glycidol)—poly(N-isopropylacrylamide) unimolecular micelles.
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Scheme 2 Schematic illustration for the collapse and swelling of HPG-PNIPAM unimolecular micelles in water. HPG, hyperbranched poly(glycidol);
PNIPAM, poly(N-isopropylacrylamide).
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that the more noticeable phase transition occurs at temperatures
above 30°C (Figure 10), because of the hydrophilicity of the
HPG core.

CONCLUSION

The hydrophilic hyperbranched polyglycidol (HPG) was synthesized
by ring-opening polymerization in a one-pot process. RAFT poly-
merization of N-isopropylacrylamide (NIPAM) was conducted using
an HPG-based macroRAFT agent. In aqueous solution, dendritic
HPG-PNIPAM exists as unimolecular micelles, with hydrophilic
HPG as the core and grafted PNIPAM chains as the shell. The
prepared unimolecular polymeric micelles exhibit a reversible phase
transition behavior during a heating and cooling cycle; this was
confirmed by dynamic and static LLS measurements. Because of
HPG combining several remarkable features, including a highly
flexible aliphatic polyether backbone, hydrophilic groups and excellent
biocompatibility, the HPG-PNIPAM unimolecular polymeric micelles
are promising nanostructures for a variety of applications ranging
from catalysts to drug delivery and controlled release.
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