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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 higher
than ~33 °C a linear poly{-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 grafted
PEO branches as the hydrophilic shell. It was also found that there still exiai$ 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

Recently, there has been considerable interest in thg-PEQO). Both the PNIPAM chain backbone and the
study of the amphiphilic copolymers, including block grafted PEO branches are hydrophilic in cold water. Sim-
copolymers and graft copolymers, in selected solvents besly increasing the temperature to32 °C or higher can
cause these copolymers can form stable aggregates withraduce the coil-to-globule transition of the PNIPAM chain
core-shell structure in solution [1-7]. For example, thebackbone to form a stable colloidal nanoparticle with a
amphiphilic graft copolymers made up of the hydropho-hydrophobic PNIPAM core and a soluble hydrophilic
bic backbone and hydrophilic branches can form stabl®EO shell. The core-shell structure can be switched on
colloidal particles in water by one-step nanoprecipitationand off simply by a small temperature variation of 1°€2
or solvent exchange because the hydrophobic backborkhe experimental details are as follows.
chains tend to aggregate to form a hydrophobic core, while The poly(ethylene oxide) macromonomers end capped
the grafted hydrophilic branches become a hydrophiliavith methacrylate were synthesized by anionic ring-
corona shell [7—10]. Such formed core-shell particles ar@pening polymerization of ethylene oxide in tetrahydrofu-
sterically stabilized. The average size of the particles isan using potassium methoxide as the initiator [12]. The
normally in the range of 10—100 nm, depending on the forweight average molar mass and polydispersity of the PEO
mation conditions and the copolymer structure. This hasnacromonomers were determined by gel permeation chro-
provided a new method for preparing stable surfactant-freenatography using chloroform as the eluent and PEO as
polymeric nanopatrticles. standards. The PEO macromonomers used in this study

On the basis of our previous study of the coil-to-globulehave a weight average molar mass of 7000—8000d
transition of polyN-isopropylacrylamide) (PNIPAM) [11], and a polydispersity indef¢s,, /M) of 1.15.
we know that when the temperature is lower than the lower The poly(N-isopropylacrylamide) grafted with the PEO
critical solution temperature (LCSH32 °C, PNIPAM is  macromonomers was prepared by free-radical copolymer-
hydrophilic and exists as individual random coil chains inization of the PEO macromonomers amdisopropyl-
water, while at higher temperatures, PNIPAM becomes hyacrylamide (NIPAM) in water at 68C using kS,0g as
drophobic and collapses into a molecular globule. Qualithe initiator. The monomer conversion was controlled to
tatively, this is due to the existence of a delicate balancée less than 50%. The apparent weight average molar mass
between the hydrophobic portion (the chain backbone an@/,,) of PNIPAM-g-PEO was determined by laser light
the N-isopropy! groups) and the hydrophilic portion (the scattering and the copolymer composition was estimated
acrylamide groups). The increase of temperature breaksy 'H NMR. The NMR spectra were recorded in CQCI
this balance and the free energy change becomes positiee a Bruker DPX-300 (300 MHz) spectrometer. For
because the dissolution of PNIPAM in water has a negathe PNIPAM-g-PEO used in this study,, = 7.29 X
tive entropy change, which is unusual, but typical for10° g/mol. On average, each PNIPAM chain backbone
water-soluble polymers. Our recent NMR studies showedvas grafted with~70 PEO macromonomer chains.
that, at temperatures below the LCST, some water A modified commercial laser light scattering (LLS)
molecules are associated with the amide group; and duringpectrometer (ALV/SP-125) equipped with a muitiigi-
the transition, the associated water molecules dissociat&al correlator (ALV-5000) and a solid-state laser (ADLAS
Utilizing this special phase behavior, we have prepared ®PY425Il, output power~400 mW at Ay = 532 nm)
set of poly(-isopropylacrylamide)s grafted with different was used. The modified LLS spectrometer has an unusual
amounts of poly(ethylene oxide) (PEO) chains (PNIPAM-small angular range of°6-15°, which is particularly useful
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FIG. 2. Hydrodynamic radius distributions of PNIPAM-g-
FIG. 1. Angular dependence of the excess scattered light inPEO in deionized water at two different temperatures, re-
tensity KC/R,,, (¢) at two different temperatures, respectively, spectively, lower and higher than the lower critical solution
lower and higher than the lower critical solution temperaturetemperaturé~32 °C), whereC = 1.00 X 107> g/ml.
(~32°C), whereC = 1.00 X 107> g/ml.

] ] ] ) Figure 3 shows a schematic of the formation of a single
in studying a longer polymer chain [112]-1 ;” static LLS, ¢chain core-shell nanostructure. It is known that the PEO
the root-mean-squateaverage radius(g;)!/> or written  macromonomer chains have an average hydrodynamic ra-
as(Ry)) of the polymer chain in solution can be deter- gjys of ~3 nm. Assuming that the PEO chains free in
mined from the angular dependence of the access absolyjgyter and on the nanostructure have a similar chain con-
time—averaged scattered Iigh_t intensity [i.e., the Rayleighormation, we can estimate the shell thickn&ss,.;;) and
ratio, Ry, (q)] on th2€ basis  of [Kc/éevg@]cw = the radius of the core to be6 and~23 nm, respectively.
(/M) [1 + (3)(Rg)q7], where K = 4m°n(dn/dC)*/  Fyrther, using the molar mass of the PNIPAM chain back-
(NaX)) and g = (4mn/Ao)sin(%) with n, dn/dC, Ns,  bone, we found that the chain density of the core is only
Ao, and @ being the solvent refractive index, the specific0.25 g/cm®, which is significantly lower than the chain
refractive index increment, Avogadro’s number, the wavedensity(~1 g/cm’) of conventional polymeric latex par-
length of the laser light in vacuum, and the scatteringicles. This finding implies that the hydrophobic core
angle, respectively [13]. In dynamic LLS, for a pure diffu- made of a single fully collapsed PNIPAM chain still con-
sive relaxation, the linewidth distributia@(I"), calculated tains ~75% water. Therefore, this core-shell nanostruc-
from the Laplace inversion of a measured time correlationure might be used as a carrier to load a large amount of
function, can lead to a hydrodynamic radius distributiondrugs or catalysts because of the large free volume inside
f(Ry) and, further, to an average hydrodynamic radiughe core. Another advantage of using it as a carrier is that
(Rw)[= [ f(R)R; dRy] [14-16]. All of the solutions  this single chain core-shell nanostructure can be easily and
and dispersions were clarified usifg-um or 0.1-um  quickly switched on and off by a simple temperature varia-
Millipore filters depending on the size of the particles, sotion of only 1-2°C.
that dust was removed, but not the polymer chains. Figure 4 shows an imitation of the releasing and encap-
Figures 1 and 2, respectively, show the angular depersulation of drugs or catalysts in terms of the temperature
dence ofKC/R,,(q) and the hydrodynamic radius distri- dependent fluorescence intensity rdfig//3) of pyrene in
butionf(R;) of PNIPAM-g-PEO in deionized water at two the presence of PNIPAM-g-PEO, where the pyrene con-
temperatures, respectively, lower and higher than its LCSTentration is~2 X 107’M. It has been known thdt /I3,
(~32°C). The decrease of the slope (i&R,)from 155t0  the highest energy vibrational bahd(373 nm) to the third
21 nm) in Fig. 1 and the shift of the peak in Fig. 2 clearly
indicate the shrinking of the PNIPAM-g-PEO chains when

the temperature increases from 25 to’@5 The change of Temperature 34y

the (R,)/(Ry) ratio from 1.5 to 0.74 shows that the chain __ncrease 3 A
conformation of PNIPAM-g-PEO changes from a random decrease fff R
coil to a globule when the temperature rises from 25 to I
45°C. It is worth noting that, in Fig. 1, the two least-

square fitting lines have the same intercept, revealing that T <~32 °C T>~33 °C

f[here is no change MW' or in other WQrdS’ this is _onIy N F1G. 3. Schematic of the formation of a single chain core-
mtrachauj conformation change and involves no interchaiRhell nanostructure through the coil-to-globule transition of the
aggregation. chain backbone of PNIPAM-g-PEO.
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