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ABSTRACT: A combination of static and dynamic laser light scattering (LLS) was used to study the
“coil-to-globule” transition of poly(N-isopropylacrylamide) grafted with poly(ethylene oxide) (PNIPAM-
g-PEO) in water. Two PNIPAM-g-PEO samples (M, = 7.29 x 10° and 7.85 x 10° g/mol) were prepared
by free radical copolymerization of N-isopropylacrylamide and poly(ethylene oxide) macromonomers end-
capped with methacrylate (M, = ~7000—8000) in water. At room temperature, PNIPAM-g-PEO in water
exists as individual chains. When the temperaturte is higher than ~32 °C, the PNIPAM-g-PEO chain
backbone undergoes the intrachain “coil-to-globule” transition and the interchain aggregation to form
nanoparticles with a hydrophobic PNIPAM core and a soluble hydrophilic PEO shell. The nanoparticle
size decreases as the average number of PEO chains grafted on the PNIPAM chain backbone increases.
A lower copolymer concentration and a fast heating rate can also lead to smaller nanoparticles. With a
proper control of the formation conditions, we were able to suppress the interchain aggregation to prepare

and study a single chain core—shell nanostructure.

Introduction

In recent years, extensive attention has been paid to
block and graft amphiphilic copolymers for their capa-
bility to form stable aggregates with a core—shell
structure in solution.2=8 For example, an amphiphilic
copolymer consisting of a hydrophobic chain backbone
grafted with a number of hydrophilic branches can form
stable colloidal particles in water through an one-step
precipitation or solvent exchange.® It has been shown
that a very slow addition of THF or DMF solution
containing individual amphiphilic copolymer chains into
a large quantity of water or directly dialyzed against
water can lead to stable colloidal nanoparticles with the
aggregated hydrophobic backbone chains as a hydro-
phobic core and the soluble grafted hydrophilic branches
as a hydrophilic corona shell.10=13 The nanoparticle size
is normally in the range 10—500 nm, depending on the
formation conditions and the copolymer structure. An-
other interesting point is that such formed colloidal
particles were narrowly distributed even though the
copolymer chains used were polydisperse.’*1> The
formation of these novel colloidal particles presents an
intriguing topic in both polymer and colloid science.

The present work is based on our previous study of
the “coil-to-globule” transition of poly(N-isopropylacryl-
amide) (PNIPAM). When the temperature is lower than
~32 °C, the PNIPAM chains are hydrophilic and exist
as individual chains with a random coil conformation
in water, while at higher temperatures, the PNIPAM
chain backbone becomes hydrophobic and collapses into
a molecular globule. Utilizing this special thermoprop-
erty, we have prepared a set of poly(N-isopropylacryl-
amide)s grafted with different amounts of poly(ethylene
oxide) chains (PNIPAM-g-PEO). In cold water, both the
PNIPAM chain backbone and the grafted PEO branches
are hydrophilic. A simple increase of temperature to
~32 °C or higher can induce the “coil-to-globule” transi-
tion of the PNIPAM chain backbone to form stable
colloidal nanoparticles with a hydrophobic PNIPAM core
and a hydrophilic PEO shell. The core—shell structure
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can be easily switched on and off by a simple temper-
ature variation of only 1-2 °C. Therefore, PNIPAM-g-
PEO is a convenient model system for investigating the
formation of the core—shell structure.

Experimental Section

Sample Preparation. The poly(ethylene oxide) (PEO)
macromonomers end-capped with methacrylate were synthe-
sized by anionic ring-opening polymerization of ethylene oxide
(EO) in tetrahydrofuran (THF) using potassium methoxide
(MeOK) as initiator.’” EO was repeatedly purified by a trap-
to-trap distillation over calcium hydride. THF was refluxed
and distilled over sodium wire. Potassium methoxide was
obtained by quenching potassium in cold methanol under a
nitrogen atmosphere. The polymerization of a proper amount
of EO and MeOK was carried out at 40 °C for 12 h. The
resultant PEO potassium alkoxide was further reacted with
methacryloyl chloride (MAC) for ~1 h. The PEO macromono-
mers end-capped with methacrylate (PEO—MA) were finally
obtained by pouring the reaction mixture into acetone. Fur-
ther purification of PEO—MA was achieved by a three-cycle
reprecipitation from chloroform to ether. The weight average
molar mass and polydispersity of the PEO macromonomers
were determined by gel permeation chromatography (GPC)
using chloroform as eluent and PEO as standards. The PEO
macromonomers used in this study have a weight average
molar mass of 7000—8000 g/mol and a polydispersity index
(Mw/M,) of ~1.15.

The grafting of PEO on poly(N-isopropylacrylamide) was
done by a free-radical copolymerization of the PEO mac-
romonomer and N-isopropylacrylamide (NIPAM) monomer in
water at 60 °C using K;S;0s as initiator. NIPAM (courtesy of
Kohjin Co.) was purified by recrystallization in a benzene/
hexane mixture. The reaction was conducted in a 250-mL two-
neck flask equipped with a nitrogen inlet tube and a magnetic
stirrer. A 0.5 mmol sample of NIPAM, the proper amount of
the PEO macromonomer, and 0.2 mol % of K,S,0g were added
to 50 mL of deionized water. The total monomer concentration
was kept at ~0.5 M. After purging with nitrogen for ~30 min,
the reaction mixture was heated to 50 °C and the reaction was
carried out at this temperature for 2 h in a water bath. The
monomer conversion was controlled to be less than 50%. The
resultant copolymer was recovered and purified. Two graft
copolymers, named as PNIPAM-g-PEO1 and PNIPAM-g-
PEO2, were used. PNIPAM-g-PEO1 with a higher molar mass
was prepared in pure deionized water, while PNIPAM-g-PEO2
with a lower molar mass was made in an aqueous solution
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Table 1. NMR, LLS, and Differential Refractometry
Characterization of the PNIPAM-g-PEO Copolymers
wt % (dn/dC) (mL/g)
sample Mw (@/mol) PEO Npgo 25°C 45°C

PNIPAM-g-PEO1 7.29 x 106 7.7 ~70 1.61 1.63
PNIPAM-g-PEO2 7.85 x 105 5.9 ~7 1.62 1.64

containing 1% of moderate chain transfer agent ethanol.*® The
apparent weight average molar masses (M,,) of PNIPAM-g-
PEO1 and PNIPAM-g-PEO?2 listed in Table 1 were determined
by laser light scattering. The copolymer compositions were
estimated by *H NMR. The NMR spectra were recorded in
CDCl; on a Bruker DPX-300 (300 MHz) spectrometer.

Laser Light Scattering. A modified commercial LLS
spectrometer (ALV/SP-125) equipped with an ALV-5000 digital
time correlator and a solid-state laser (ADLAS DPY425ll,
output power ca. 400 mW at 4 = 532 nm) was used. The
incident light beam is vertically polarized with respect to the
scattering plane. In static LLS, the angular dependence of
the excess absolute time-averaged scattering intensity, known
as the Rayleigh ratio R\(qg), was measured. For a dilute
solution measured at a relatively small angle (8), Rw(q) can
be related to the weight average molar mass (My), the root
mean square radius of gyration (Rg22) (or simply as Ry,
the second virial coefficient (A;), and the scattering vector (q)
as

KC - i(l +
Rn@ M,
where K = 472n?(dn/dC)?/(Nalo*) and q = (4zn/lo) sin(6/2) with
Na, n, dn/dC, and A, being the Avogadro constant, the solvent
refractive index, the specific refractive index increment, and
the wavelength of light in vacuum, respectively. The values
of dn/dC were calculated using the additive equation:*®

1
3

Rgzqz) +2A,C )

dn/dC = Wpeo(dn/dC)peo + Wenipam(dN/dCpy pam (2)

where W represents the weight fraction. All the solutions and
dispersions were clarified using 0.5-um or 0.1-um Millipore
filters depending on the size of the particles, so that dust was
removed, but not the polymer chains.

In dynamic LLS, the intensity—intensity time correlation
function G@(t,0) in the self-beating mode was measured. G®-
(t,0) is related to the normalized first-order electric field time
correlation function g®(t,0) as?°

GA(t,0) = 0(0,0) 1(t,0)= A[L + Blg(t,0)1]] (3)

where A is the measured base line, § is a parameter depending
on the coherence of the detection, and t is the delay time. For
a polydisperse sample, g®(t,0) is related to the line-width
distribution G(I') by

g(t.0) = (E(t.0) EX0.0)0= [, “Gedr (4)

Using a Laplace inversion program, CONTIN, in the correla-
tor, we were able to calculate G(I') from G®@(t,0) on the basis
of eqs 3 and 4. For a pure diffusive relaxation, I' = D/¢? if the
solution is dilute and qRy < 1, where D is the translational
diffusive coefficient. D can be further converted into the
hydrodynamic radius R, using the Stokes—Einstein equa-
tion: D = kgT/6tyRn, where kg, T, and » are the Boltzmann
constant, the absolute temperature, and the solvent viscosity,
respectively. All the dynamic light scattering experiments
were done at 8 = 15° except otherwise stated.

Results and Discussion

Figure 1 shows a typical 'H-NMR spectrum of
PNIPAM-g-PEO. The assignment of each proton shows
that the H-NMR spectrum is consistent with the
expected copolymer structure depicted in Figure 1. The
typical resonance of the methylene protons of PEO
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Figure 1. Typical ! NMR spectrum of PNIPAM-g-PEOL1 in
CDCl; at 25 °C.
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Figure 2. Temperature dependence of the hydrodynamic
radius distribution (f(Rn)) of PNIPAM-g-PEOL1 in deionized
water, where C = 1 x 1074 g/mL.

appears at 3.64 ppm, indicating a successful grafting
of the PEO macromonomer to the PNIPAM chain
backbone. The peak at 1.20 ppm can be attributed to
the methyl protons of the N-isopropyl group. The
resonances at 2.26 and 2.17 ppm are respectively
assigned to the methylene protons of the PNIPAM chain
backbone. The signal at 4.00 ppm is assigned to the
methylene protons of the N-isopropyl group. By taking
the area ratio of the PEO protons to the PNIPAM
protons, we were able to estimate the weight percentage
of PEO (PEO wt %) in the copolymer and the average
number (Npgo) of grafted PEO chains on each PNIPAM
chain backbone. The NMR results are also listed in
Table 1. On average, each PNIPAM-g-PEO1 chain has
~10 times more grafted PEO branches than PNIPAM-
g-PEO2, but the two copolymers have a similar average
length of the PNIPAM segment between the two neigh-
boring grafted PEO branches.

Figure 2 shows a typical plot of the temperature
dependence of the hydrodynamic radius distribution
(f(Rn)) of PNIPAM-g-PEO1, where C = 1.00 x 10~
g/mL. It shows that as the temperature increases, the
distribution shifts to the left (i.e., the hydrodynamic
radius decreases) and the distribution becomes nar-
rower, similar to the results observed in other sys-
tems.}415 Another important point is that the ratio of
the radius of gyration to the hydrodynamic radius (IRq(2
Rn0) decreases from a value of 1.5, predicted for a
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Figure 3. Temperature and concentration dependence of the

average hydrodynamic radius [Rn[Jof PNIPAM-g-PEO1 in
deionized water.
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Figure 4. Temperature and concentration dependence of the

excess scattering intensity R\(0)/KC of PNIPAM-g-PEO1 in
deionized water.

random-coil chain in a good solvent, to 0.74, close to
0.774 for a uniform sphere. The decrease of RgI[IRnU
clearly indicates the collapse of the copolymer chains
from a random coil to a globule.

Figures 3 and 4, respectively, show the temperature
and concentration dependence of the average hydrody-
namic radius [Ry0and the excess scattering intensity
Rw(0)/KC of PNIPAM-g-PEOL1 in water, where (Ry[was
calculated from f(Rp) shown in Figure 2 on the basis of
Rn0= [f3R,f(R,) dRh and Rw(0)/KC is proportional to
the weight average molar mass M, on the basis of eq 1.
Here, the increase of temperature from 25 to 50 °C was
slow and step by step; i.e., it was stopped at each
measurement temperature and the LLS measurement
at each temperature was conducted after the equilibri-
um was reached.

The change of [Ry0Ocan be divided into three stages:
(1) when the temperature increases from 25 to 32 °C,
water progressively becomes a poor solvent for the
PNIPAM chain backbone, resulting in a slight decrease
of RhJ(2) in the range ~32—34 °C, the PNIPAM chain
backbone undergoes the intrachain “coil-to-globule”
transition so that [RyOrapidly decreases; and (3) at
temperatures higher than ~34 °C, the PNIPAM chain
backbone is already in its fully collapsed state so that
a further increase of temperature has little effect on
Rp

On the other hand, as shown in Figure 4, when the
temperature is lower than ~32 °C, Rw/(0)/KC is nearly
independent of temperature with a value in the range
(7—8) x 108 g/mol, very close to the weight average
molar mass of individual PNIPAM-g-PEO1 chains,

“Coil-to-Globule” Transition of PNIPAM-g-PEO 7923

60

—o— slow heating to 45 °C
50 | —o— fast heating to 45 °C

40

<Rh>/nm

30 M\//
20 1(;‘5 1(;‘4 107
C/(g/mL)

Figure 5. Heating-rate dependence of the average hydrody-
namic radius RpJof PNIPAM-g-PEOL in deionized water,
where “the slow heating” means a step-by-step increase of
temperature from 25 to 45 °C, while “the fast heating” means
a one-step temperature jump from 25 to 45 °C.

indicating no interchain aggregation. This is expected
since both the PNIPAM chain backbone and PEO
branches are hydrophilic and soluble in water in this
temperature range. An abrupt increase of R, (0)/KC at
~33 °C clearly indicates the interchain aggregation.
Over a narrow temperature range of ~33—36 °C, each
Rw(0)/KC curve reaches a higher plateau, implying the
formation of stable nanoparticles. From the value of
each higher plateau and the average molar mass of
individual PNIPAM-g-PEO1 chains, we are able to
estimate the average number of copolymer chains
(Npnipam-g-pE0) INside each nanoparticle. In Figure 4,
Npnipam-g-pE0 has a value of ~2, ~3, and ~4, respec-
tively.

A comparison of Figures 3 and 4 reveals that the
formation of the PNIPAM-g-PEO nanoparticles actually
involves two simultaneous processes: the intrachain
“coil-to-globule” transition and the interchain aggrega-
tion. The number of the grafted PEO chains in each
particle linearly increases as the number of the PNIPAM-
g-PEO chains inside the particle increases, or in other
words, it increases as the particle mass (Mparticle)
increases, while the particle surface area is only pro-
portional to R?, i.e., Mparticie?®. Therefore, the surface
area per grafted PEO chain decreases as the aggrega-
tion proceeds until the nanoparticles are stabilized by
a sufficient amount of the PEO chains on the nanopar-
ticle surface. The shrinking of the PNIPAM chain
backbone also decreases the surface area per PEO chain
and helps to prevent further aggregation. At higher
copolymer concentrations, individual copolymer chains
have more chance to aggregate with each other before
they are collapsed and stabilized by the grafted PEO
chains. This is why the size of the nanoparticles
increases as the copolymer concentration increases. It
is logic to expect that by reducing the copolymer
concentration we will be able to suppress the interchain
aggregation to obtain individual single chain core—shell
nanoparticles.

Figure 5 shows the heating rate dependence of R0
for PNIPAM-g-PEOL in water, where “the slow heating”
represents the step-by-step increase of temperature
from 25 to 45 °C, while “the fast heating” means a one-
step temperature jump from 25 to 45 °C. It shows that
for a given copolymer concentration the nanoparticles
formed by means of the slow heating is systematically
larger than that formed in the fast heating process. This
can also be attributed to the competition between the
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Table 2. Laser Light Scattering Characterization of the PNIPAM-g-PEO1 Core—Shell Nanoparticles in Deionized
Water at 25 °C

C (g/mL) heating rate  Mparticle (@/mMol)  MRnO(NmM)  Nenipam-greo  Npeo  [plartice (@/cm®)  Riore (NM)  [pldore (9/cm3)  Speo (NM?)
5x 1074 slow 6.15 x 107 455 8.4 592 0.259 39.5 0.365 33.1
2 x 1074 slow 3.20 x 107 38.0 4.4 308 0.231 32.0 0.358 41.8
1x10™ slow 2.32 x 107 34.9 3.2 223 0.217 28.9 0.352 47.0
1x10°° slow 1.45 x 107 30.8 2.0 140 0.196 24.8 0.348 55.2
5x 1074 fast 3.48 x 107 39.1 4.7 329 0.229 33.1 0.354 41.8
1x10™ fast 1.15 x 107 29.2 15 105 0.182 23.2 0.337 64.3
1x10°° fast 7.95 x 108 29.0 1.0 77 0.129 23.0 0.240 86.3
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Figure 6. Hydrodynamic radius distribution f(Ry) of the PEO
macromonomer chains free in deionized water at 45 °C.

intrachain “coil-to-globule” transition and the interchain
aggregation. In the fast heating process, individual
copolymer chains have less chance to aggregate with
each other before they are collapsed into individual
globules and stabilized by the grafted PEO chains. It
was worth noting that in the fast heating process R[]
is independent of C as long as C is lower than 1 x 10~
g/mL. The static LLS results (not shown) also reveal
that in the same concentration range the nanoparticles
and individual copolymer chains have a very similar
weight average molar mass, indicating that by means
of the fast heating each nanoparticle formed in a dilute
solution contains only one copolymer chain. We have
successfully made a single chain core—shell nanostruc-
ture.

Table 2 summarizes the characterization of the
PNIPAM-g-PEO1 nanoparticles formed under different
conditions. The overall apparent average chain density
(CpLdarticie) Was estimated on the basis of [pljartice =
Muw particle/ (4/37RrENA), with Na being the Avogadro
constant. The values of [p[darticie are considerably lower
than the value (~0.35 g/cm?) of the collapsed PNIPAM
homopolymer chains,?! which can be reasonably at-
tributed to the existence of the low-density soluble PEO
shell. It is known that the average hydrodynamic
radius of the PEO macromonomer chains free in water
at 45 °C is ~3 nm (shown in Figure 6). Assuming that
the PEO chains grafted on the nanoparticles behave the
same as the PEO chains free in water, we can reason-
ably estimate the thickness of the PEO shell (Lgnen) to
be ~6 nm and the radius of the core (IR[&re) from the
difference between [RpOand Lsnhen. Further, we can
respectively estimate the average density of the core
(Coldore) from the total mass of the PNIPAM chain
backbones inside the core and the surface area per PEO
chain (Speo) from the average number of the grafted
PEO chains per nanoparticle. The values of R[dyre,
[plore, and Speo are also summarized in Table 2.

It is worth noting the Spgo decreases and approaches
the cross section (~30 nm?) of the PEO chain as Npnipam-
g-PEO increases. This shows that the PEO chains grafted
on a multichain nanoparticle are not overlapped on the
particle surface. On the other hand, for the nanoparticle
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Figure 7. Temperature and concentration dependence of the

average hydrodynamic radius Rn[Jof PNIPAM-g-PEO2 in
deionized water.
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Figure 8. Temperature and concentration dependence of the
excess scattering intensity Ry, (6)/KC of PNIPAM-g-PEO?2 in
deionized water.

containing only 1—2 copolymer chains, the large values
of Speo indicate the average distance between the two
neighboring PEO chains is even larger than the size of
the PEO chains; i.e., the PEO chains are separated from
each other on the particle surface. Therefore, it is
reasonable to assume that the PEO chains grafted on
the surface and free in water have a similar conforma-
tion; i.e., the PEO chains grafted on the surface can be
viewed as individual “mushrooms”.2! When Npnipam-g-
PEO > 2, [plre is nearly a constant, similar to the
previous results.?? It is interesting to note that [pldre
drops when the nanoparticle is made of only a single
PNIPAM-g-PEO chain. This lower core density can be
attributed to the fact that the approaching of two
intrachain segments is relatively more difficult than
that of two interchain segments, so that the packing of
the chain segments inside a single chain nanoparticle
is relatively loose.23

Figures 7 and 8, respectively, show the temperature
and concentration dependence of the average hydrody-
namic radius Ry0and the excess scattering intensity
Rw(0)/KC of short PNIPAM-g-PEO2 chains in water.
Figure 7 reveals that short chains follow a different
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Figure 9. Comparison of the average hydrodynamic radius
[(Rnof the PNIPAM-g-PEO1 and PNIPAM-g-PEO2 nanopar-
ticles formed with different initial polymer concentrations in
the step-by-step slow heating from 25 to 45 °C.

nanoparticle formation process; namely, after reaching
a maximum at ~33.5 °C, [Rn0starts to decrease, while
in the case of long PNIPAM-g-PEOL1 chains (Figure 3)
RpOremains constant after reaching the maximum
value. However, there is no difference in the changing
pattern of R, (0)/KC between long and short chains
(Figure 4 and 8). Therefore, the decrease of [Rnin
Figure 7 and the constant values of R\,(6)/KC in Figure
8 lead to only one possibility; i.e., for short PNIPAM-
g-PEO2 chains, the interchain aggregation is prior to
the intrachain “coil-to-globule” transition. The average
aggregation numbers of short chains inside each
PNIPAM-g-PEO2 nanoparticle are ~80, ~90, and ~280,
respectively, for C =2 x 1075, 5 x 1075, and 4 x 10~
g/mL, which also reflect that the interchain aggregation
is dominant in the case of short chains.

Figure 9 shows a comparison of the nanoparticles
respectively made of PNIPAM-g-PEO1 and PNIPAM-
g-PEO?2 after the step-by-step slow heating from 25 to
45 °C. For a given copolymer concentration, the nano-
particles made of PNIPAM-g-PEO2 are systematically
larger than that made of PNIPAM-g-PEOL. The larger
size of the PNIPAM-g-PEO2 nanoparticles further
indicates that the interchain aggregation is dominant
when short chains were used. This is understandable
because, on average, each PNIPAM-g-PEOL1 chain has
~10 times more grafted PEO macromonomer chains so
that the stabilization of the PNIPAM-g-PEO1 nanopar-
ticles can be reached when the aggregates are relatively
small.

Figure 10 shows a better view of the competition
between the intrachain “coil-to-globule” transition and
the interchain aggregation in terms of the change of the
hydrodynamic radius distribution (flR,0 of PNIPAM-
g-PEO2 at two different temperatures, where C = 4 x
10~*4g/mL. At 33 °C, the initial monomode distribution
is split into a bimode distribution. The peak located at
~80 nm can be attributed to the interchain aggregates,
while the peak located at ~15 nm reflects individual
collapsed copolymer chains. Figure 11 schematically
shows two formation processes respectively related to
the short and long PNIPAM-g-PEO chains.

Conclusion

The formation of the PNIPAM-g-PEO nanoparticles
with a “core—shell” structure involves two processes:
the intrachain “coil-to-globule” transition and the in-
terchain aggregation. For the short PNIPAM-g-PEO
chains, the interchain aggregation is dominant. On the
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Figure 10. Hydrodynamic radius distribution (flRn0 of
PNIPAM-g-PEQO?2 in deionized water at two different temper-
atures, where C = 4 x 1074 g/mL.
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Figure 11. Schematic of two different nanoparticle formation
mechanisms respectively related to short and long PNIPAM-
g-PEO chains.

one hand, for a given copolymer concentration, the fast
heating can suppress the interchain aggregation; and
on the other hand, for a given heating rate, diluting the
copolymer solution can also suppress the interchain
aggregation. Using longer copolymer chains, a dilute
solution, and a fast temperature jump, we have suc-
cessfully made a single chain particle with a “core—
shell” nanostructure.
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