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Single Chain Core-Shell Nanostructure
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A combination of static and dynamic laser light scattering has revealed that at temperatures highe
than ,33 ±C a linear poly(N-isopropylacrylamide) chain grafted with poly(ethylene oxide) (PNIPAM-
g-PEO) in water can undergo a “coil-to-globule” transition to form a stable single chain core-shell
nanostructure with the collapsed PNIPAM chain backbone as the hydrophobic core and the grafte
PEO branches as the hydrophilic shell. It was also found that there still exists,75% of water
in the collapsed hydrophobic core which might be useful for biomedical applications because the
core-shell nanostructure can be easily switched on and off by a simple temperature variation of 1
2±C. [S0031-9007(97)05032-1]

PACS numbers: 82.70.Gg, 61.41.+e
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Recently, there has been considerable interest in
study of the amphiphilic copolymers, including block
copolymers and graft copolymers, in selected solvents b
cause these copolymers can form stable aggregates wi
core-shell structure in solution [1–7]. For example, th
amphiphilic graft copolymers made up of the hydropho
bic backbone and hydrophilic branches can form stab
colloidal particles in water by one-step nanoprecipitatio
or solvent exchange because the hydrophobic backbo
chains tend to aggregate to form a hydrophobic core, wh
the grafted hydrophilic branches become a hydrophil
corona shell [7–10]. Such formed core-shell particles a
sterically stabilized. The average size of the particles
normally in the range of 10–100 nm, depending on the fo
mation conditions and the copolymer structure. This h
provided a new method for preparing stable surfactant-fr
polymeric nanoparticles.

On the basis of our previous study of the coil-to-globul
transition of poly(N-isopropylacrylamide) (PNIPAM) [11],
we know that when the temperature is lower than the low
critical solution temperature (LCST),32 ±C, PNIPAM is
hydrophilic and exists as individual random coil chains i
water, while at higher temperatures, PNIPAM becomes h
drophobic and collapses into a molecular globule. Qua
tatively, this is due to the existence of a delicate balan
between the hydrophobic portion (the chain backbone a
the N-isopropyl groups) and the hydrophilic portion (the
acrylamide groups). The increase of temperature brea
this balance and the free energy change becomes posi
because the dissolution of PNIPAM in water has a neg
tive entropy change, which is unusual, but typical fo
water-soluble polymers. Our recent NMR studies show
that, at temperatures below the LCST, some wat
molecules are associated with the amide group; and dur
the transition, the associated water molecules dissocia
Utilizing this special phase behavior, we have prepared
set of poly(N-isopropylacrylamide)s grafted with different
amounts of poly(ethylene oxide) (PEO) chains (PNIPAM
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g-PEO). Both the PNIPAM chain backbone and the
grafted PEO branches are hydrophilic in cold water. Sim
ply increasing the temperature to,32 ±C or higher can
induce the coil-to-globule transition of the PNIPAM chain
backbone to form a stable colloidal nanoparticle with a
hydrophobic PNIPAM core and a soluble hydrophilic
PEO shell. The core-shell structure can be switched o
and off simply by a small temperature variation of 1–2±C.
The experimental details are as follows.

The poly(ethylene oxide) macromonomers end cappe
with methacrylate were synthesized by anionic ring
opening polymerization of ethylene oxide in tetrahydrofu
ran using potassium methoxide as the initiator [12]. Th
weight average molar mass and polydispersity of the PE
macromonomers were determined by gel permeation chr
matography using chloroform as the eluent and PEO a
standards. The PEO macromonomers used in this stu
have a weight average molar mass of 7000–8000 gymol
and a polydispersity indexsMwyMnd of 1.15.

The poly(N-isopropylacrylamide) grafted with the PEO
macromonomers was prepared by free-radical copolyme
ization of the PEO macromonomers andN-isopropyl-
acrylamide (NIPAM) in water at 60±C using K2S2O8 as
the initiator. The monomer conversion was controlled t
be less than 50%. The apparent weight average molar ma
sMwd of PNIPAM-g-PEO was determined by laser light
scattering and the copolymer composition was estimate
by 1H NMR. The NMR spectra were recorded in CDCl3

on a Bruker DPX-300 (300 MHz) spectrometer. Fo
the PNIPAM-g-PEO used in this study,Mw  7.29 3

106 gymol. On average, each PNIPAM chain backbon
was grafted with,70 PEO macromonomer chains.

A modified commercial laser light scattering (LLS)
spectrometer (ALV/SP-125) equipped with a multi-t digi-
tal correlator (ALV-5000) and a solid-state laser (ADLAS
DPY425II, output power,400 mW at l0  532 nm)
was used. The modified LLS spectrometer has an unusu
small angular range of 6±–15±, which is particularly useful
© 1998 The American Physical Society
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FIG. 1. Angular dependence of the excess scattered light
tensity KCyRyysqd at two different temperatures, respectively
lower and higher than the lower critical solution temperatu
s,32 ±Cd, whereC  1.00 3 1025 gyml.

in studying a longer polymer chain [11]. In static LLS
the root-mean-squarez-average radius (kR2

gl1y2
z or written

as kRgl) of the polymer chain in solution can be deter
mined from the angular dependence of the access abso
time-averaged scattered light intensity [i.e., the Raylei
ratio, Ryysqd] on the basis of fKCyRyysqdgC!0 ø
s1yMwd f1 1 s 1

3 d kR2
glq2g, where K  4p2n2sdnydCd2y

sNAl
4
0d and q  s4pnyl0d sins u

2 d with n, dnydC, NA,
l0, andu being the solvent refractive index, the specifi
refractive index increment, Avogadro’s number, the wav
length of the laser light in vacuum, and the scatterin
angle, respectively [13]. In dynamic LLS, for a pure diffu
sive relaxation, the linewidth distributionGsGd, calculated
from the Laplace inversion of a measured time correlati
function, can lead to a hydrodynamic radius distributio
fsRhd and, further, to an average hydrodynamic radiu
kRhl f

R`
0 fsRhdRh dRhg [14–16]. All of the solutions

and dispersions were clarified using0.5-mm or 0.1-mm
Millipore filters depending on the size of the particles, s
that dust was removed, but not the polymer chains.

Figures 1 and 2, respectively, show the angular depe
dence ofKCyRyysqd and the hydrodynamic radius distri-
butionfsRhd of PNIPAM-g-PEO in deionized water at two
temperatures, respectively, lower and higher than its LC
s,32 ±Cd. The decrease of the slope (i.e.,kRgl from 155 to
21 nm) in Fig. 1 and the shift of the peak in Fig. 2 clearl
indicate the shrinking of the PNIPAM-g-PEO chains whe
the temperature increases from 25 to 45±C. The change of
the kRglykRhl ratio from 1.5 to 0.74 shows that the chai
conformation of PNIPAM-g-PEO changes from a rando
coil to a globule when the temperature rises from 25
45±C. It is worth noting that, in Fig. 1, the two least
square fitting lines have the same intercept, revealing t
there is no change inMw , or in other words, this is only an
intrachain conformation change and involves no intercha
aggregation.
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FIG. 2. Hydrodynamic radius distributions of PNIPAM-g
PEO in deionized water at two different temperatures,
spectively, lower and higher than the lower critical solutio
temperatures,32 ±Cd, whereC  1.00 3 1025 gyml.

Figure 3 shows a schematic of the formation of a sin
chain core-shell nanostructure. It is known that the P
macromonomer chains have an average hydrodynamic
dius of ,3 nm. Assuming that the PEO chains free
water and on the nanostructure have a similar chain c
formation, we can estimate the shell thicknesssLshelld and
the radius of the core to be,6 and,23 nm, respectively.
Further, using the molar mass of the PNIPAM chain ba
bone, we found that the chain density of the core is o
0.25 gycm3, which is significantly lower than the chai
densitys,1 gycm3d of conventional polymeric latex par
ticles. This finding implies that the hydrophobic co
made of a single fully collapsed PNIPAM chain still con
tains ,75% water. Therefore, this core-shell nanostru
ture might be used as a carrier to load a large amoun
drugs or catalysts because of the large free volume ins
the core. Another advantage of using it as a carrier is t
this single chain core-shell nanostructure can be easily
quickly switched on and off by a simple temperature var
tion of only 1–2±C.

Figure 4 shows an imitation of the releasing and enc
sulation of drugs or catalysts in terms of the temperat
dependent fluorescence intensity ratiosI1yI3d of pyrene in
the presence of PNIPAM-g-PEO, where the pyrene c
centration is,2 3 1027M. It has been known thatI1yI3,
the highest energy vibrational bandI1 (373 nm) to the third

FIG. 3. Schematic of the formation of a single chain cor
shell nanostructure through the coil-to-globule transition of t
chain backbone of PNIPAM-g-PEO.
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FIG. 4. Temperature dependence of the fluorescence intens
ratio sI1yI3d of pyrene in deionized water in the presenc
of PNIPAM-g-PEO, where the concentration of pyrene i
,2 3 1027M.

highest energy vibrational bandI3 (385 nm), is very sensi-
tive to microenvironmental polarity [17]; namely, in pure
water,I1yI3 , 1.8, while, in a hydrophobic domain,I1yI3

could be as low as 1.2. The change ofI1yI3 between
,1.6 and ,1.2 in Fig. 4 clearly shows that PNIPAM-g-
PEO can release and encapsulate pyrene when the temp
ture changes from 25 to 45±C. It should be noted that the
change ofI1yI3 in Fig. 4 would be a sharp step function if
we were able to jump the temperature instantly.
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