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ABSTRACT: This investigation focused on the self-assembly of poly(/N-isopropylacrylamide)-block-poly-
(ethylene glycol) (PNIPA-block-PEG) in water. A quasi-living radical polymerization technique including
a Ce(IV) ion redox system enabled us to prepare block copolymers with relatively narrow molecular weight
distributions. We distinguish five regions in the phase diagram: a transparent sol, opaque sol, transparent
gel, opaque gel, and syneresis. By examining the extent of changes in the spectroscopic properties of a
fluorescence probe, pyrene, as a function of block polymer concentration and/or temperature, we determined
the critical association concentration as well as the partition coefficient K, for pyrene. The spectroscopic
properties indicate that the hydrophobicity around the probe starts to increase far below the demixing
line of the PNIPA-block-PEG, a remarkable finding which suggests that even in the temperature region
below the LCST temperature of a PNIPA block (~32 °C), this block copolymer provides more space for a
preferential transfer of pyrene molecules than a bulk water medium at a higher temperature. This result
may be attributed to the action of water, which starts to behave as a selective solvent for PEG blocks;
the PEG chains are more swollen with water than are the PNIPA chains. Dynamic light scattering
measurements also indicate that contraction of the PNIPA block starts to occur around 18 °C, which is
consistent with results obtained by fluorescence measurements. By employing small-angle neutron
scattering, it is also confirmed that microphase separation occurs above 17 °C to form disordered micelles,
which includes a range of states from (i) asymmetric swelling to (ii) micelle formation with only short-
range liquidlike order. Above 30 °C, network domains are formed as a result of macrophase separation
due to dehydration of PNIPA blocks. As the temperature increased up to 40 °C, the network domain is
collapsed along a direction parallel to PNIPA-block-PEG interface, leading to increase in interfacial

thickness and to macroscopic syneresis.

1. Introduction

The behavior of amphiphilic block copolymers in
aqueous solutions has attracted considerable attention
in recent decades. This interest is sustained by new uses
for these block copolymers in gene and drug delivery
systems, microreactors for chemical synthesis and ca-
talysis, polymeric surfactants for stabilization of colloid
dispersions, etc.1716 Block copolymers not only have
colloidal behavior similar to that of low-molecular-
weight surfactants but also exhibit unique molecular
architecture. Their self-aggregation depends on solvent
quality, concentration, and composition. Any change in
temperature, ionic strength, or pH can result in selective
solvent conditions under which a medium is a solvent
for at least one component of a block polymer but a
nonsolvent for the other block(s). Nonionic poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (Pluronic) is a typical example.217-21

Spherical aggregates (or micelles) of block copolymers
are composed of a hydrophobic core and a hydrophilic
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corona. These spherical aggregates may interact with
each other to form networks or domain structures.
Polymeric micelles are composed of a hydrophobic,
water-insoluble block that associates in aqueous solu-
tion plus a hydrophilic block that inhibits the precipita-
tion of the aggregates. This inhibition is due to a
repulsive elastic energy interaction between the corona
chains emanating from the cores. Because of the simi-
larity of such aggregates to micelles made from low
molar mass surfactants, amphiphilic block copolymers
are often referred to as “polymeric surfactants”.

An interesting combination in a block copolymer is
exemplified by double-hydrophilic block copolymers in
which one of the hydrophilic blocks is thermoresponsive,
i.e., undergoes a transition from soluble to insoluble in
water.22 When passing through the critical temperature,
one of the hydrophilic blocks collapses, thus creating
hydrophobic microdomains in a manner analogous to
that of a polymeric surfactant. Or, should the thermal
stimulus be applied in the other direction, the aggregate
formed by such block copolymers dissociates. Poly(N-
isopropylacrylamide) (PNIPA) is well-known for its
thermosensitive properties, exhibiting a lower critical
solution temperature (LCST) type phase behavior in
water: at room temperature, PNIPA is hydrophilic and
exists as individual random coil chains, while above ~32
°C, PNIPA becomes hydrophobic and collapses into a
molecular globule.
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Scheme 1. Preparation of PNIPA-block-PEG
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There are a number of experimental methods avail-
able for the evaluation of this self-assembly, such as the
critical micelle concentration (cmc) of polymeric surfac-
tants. Recently, fluorescence techniques have been
suggested as a valuable tool for the investigation of
many micelle properties.23-27 This method can detect
the onset of association for a block copolymer at a very
low concentration, on the order of 1 ppm. Wilhelm et
al.?8 developed the method for determining the cmc
values for polystyrene-block-poly(ethylene glycol) in
water using the fluorescence from pyrene, which is well-
known as a polarity-sensitive probe. Ringsdorf et al.?®
reported thermally induced polymer conformational
changes for a fluorescently labeled amphiphlic copoly-
mer by a fluorescence technique.

In this article we report the preparation and inves-
tigation, by means of a fluorescence probe method
together with dynamic light scattering, of the self-
assembly, including the gelation characteristics, of
poly(V-isopropylacrylamide)-block-poly(ethylene glycol)
(PNIPA-block-PEG) in water. We also investigate the
microdomain structures of aqueous solution of PNIPA-
block-PEG by ultrasmall- and small-angle neutron
scattering, which cover a wide q range from 1075 to 107!
A~1. Covering wide g range is crucial to elucidate a
hierarchical microdomain structure formed by an aque-
ous solution of PNIPA-block-PEG.

2. Experimental Section

Materials. Monofunctional methoxy-PEG (mPEG, M, =
5000, M/M, = 1.15, Aldrich) was purified by chromatography
on activated alumina and lyophilized. NIPA monomer (kindly
supplied by KOHJIN Co., Ltd.) was recrystallized from a
toluene/hexane mixture and dried in vacuo. Ammonium ceri-
um(IV) nitrate (Aldrich) was dried in an oven at 105 °C for
1 h prior to use. Reagent grade nitric acid (Kanto Chemical)
was used for preparing a (NH4)2Ce(NO3)s stock solution.

Instrumentation. To record 'H NMR spectra, we used a
JEOL LA-400 spectrometer operating at a frequency of 400
MHz. The sodium salt of 3-(trimethylsilyl)-1-propanesulfonic
acid was used as an external standard. The probe temperature,
measured with a calibrated thermocouple, was kept constant
within +0.5 °C by the passage of thermostatically regulated
air during the accumulation of spectra. The molecular weight
distribution of the PNIPA-block-PEG was estimated by
gel permeation chromatography (GPC), using a TOSOH
HLC-8220GPC apparatus with TSKgel GMPWx;, x 2 and
G2500PWxq, columns, in aqueous 10 mM NaNOj solution at a
flow rate of 1.0 mL/min at 10 °C. Calibration was carried out
with monodisperse poly(ethylene oxide) standards purchased
from TOSOH Corp.

Synthesis of PNIPA-block-PEG. To achieve a narrow
distribution of molecular weights, we employed a soap-free
emulsion polymerization; the self-organized micelle produced
showed that this method worked effectively in this regard (a
quasi-living radical polymerization) (Scheme 1).32735 A 0.1 M

PNIPA-block-PEG

Table 1. Feed Composition for Preparation, Molecular
Weights, Molecular Weight Distributions, and Could
Point (T) of PNIPA-block-PEG (N,,E,)

NIPA composition®

sample  x(g) min Myt My /My Te(°CH
NagsE114 1.3 228/114 30000 1.51 31
Ni4sE114 0.88 143/114 21200 1.50 34
N3gE114 0.65 38/114 9300 1.49 31

¢ Number of NIPA units (m) and ethylene glycol units (n)
determined by NMR. ® Determined by NMR. ¢ Determined by
GPC. ¢ Determined by cloud point measurement.

(NH4)2Ce(NO3)s stock solution was prepared in 200 mL of 1.0
M nitric acid. Nitrogen was bubbled for 15 min through each
NIPA monomer and mPEG solution prior to polymerization.
In a 100 mL round-bottom flask equipped with magnetic
stirrer bar, 1.0 g of mPEG was dissolved in 10 mL of distilled
deionized water. To this solution, 3.3 mL of 0.1 M (NH4);Ce-
(NO3)s stock solution was added and stirred for 5 min, and
then, x g of NIPA monomer dissolved in 12.7 mL of distilled
deionized water was added. The polymerization was carried
out at 32 °C for 24 h under a nitrogen atmosphere. The feed
composition of the NIPA monomer is listed in Table 1. After
the polymerization was completed, the solution was diluted
with cold water and neutralized with a 1.0 M aqueous NaOH
solution. To remove unreacted PEG, monomer, and cerium
ions, we dialyzed the solution at room temperature with
repeated changes of fresh distilled deionized water, followed
by precipitation in hot acetone to obtain PNIPA-block-PEG
(N, E,, where m and n respectively represent the number of
NIPA and ethylene glycol units). In this study, we investigated
three samples, coded as NgogEi14, N14sE114, and NsgEq14, as
summarized in Table 1.

Determination of Phase Diagram. The gelation and gel
dissolution were examined by a vial inversion method as the
temperature was increased and decreased between 5 and 45
°C at 1 °C intervals. Glass vials (1 mL) containing polymer
solution samples with varying polymer concentrations were
kept in a thermostated water bath for 1 h prior to their
inversion. The gelation temperature was determined visually
when the polymer solutions did not flow by inverting the vials.
Generally, after the sample has equilibrated for 1 h, one can
easily distinguish states: transparent sol, opaque sol, trans-
parent gel, opaque gel, and syneresis.

The demixing line on the border of the transparent sol state
and the opaque sol state was determined by a cloud-point
measurement. Cloud points (T%,) were determined by monitor-
ing the transmittance at 500 nm of the aqueous block
copolymer solution (1.0 g/L) as a function of temperature; it
was recorded by a Hitachi U-3210 spectrophotometer with a
temperature controlled quartz cell of 1 mm thickness. We
determined T}, as that corresponding to a 20% decrease in
transmittance.

Fluorescence Measurements. Steady-state fluorescence
spectra were recorded on a Hitachi F-4010 fluorescence
spectrometer in the right-angle geometry (90° collecting optics).
All spectra were run on an air—liquid equilibrated solution.
Temperature control of the samples was achieved using a
water-jacketed cell holder connected to a LAUDA circulating
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bath. The excitation and emission slit width were set at 1.5
nm; the emission wavelength was 335 nm, and the excitation
spectra were monitored at 390 nm. A typical procedure for
preparing 2 x 107® mol/L pyrene in an aqueous solution of
PNIPA-block-PEG is as follows: 10 uL of a 2 x 1073 mol/L
pyrene in methanol solution was added to a 10 mL volumetric
flask and then dried under a mild flow of Ny gas. After the
solvent was evaporated, a calculated volume of PNIPA-block-
PEG solution was added, diluted to 10 mL with deionized
water, and stirred for 2 h.

Dynamic Light Scattering. The dynamic light scattering
(DLS) experiments were conducted with a ALV CGS-8F
goniometer system and a ALV DLS-5000/EPP digital correla-
tor. The light source was a Uniphase 22 mW He—Ne laser
(A = 632.8 nm). Measurements were made at scattering angles
in the range of 30—150° and at different temperatures. The
time correlation functions measured by DLS were analyzed
with a Laplace inversion program (CONTIN). The polymer
solutions were clarified by filtering through a Millipore
membrane (0.2 um pore size). The samples were equilibrated
at each measurement temperature at least for 1 h.

Small-Angle Neutron Scattering. Small-angle neutron
scattering (SANS) measurements were performed at research
reactor JRR-3 of JAERI (Tokai, Japan). The data were col-
lected on the SANS-J spectrometer using a g range (g =
(47/2) sin (6/2)) of 3 x 1071 A1 < ¢ < 20 A~L. A cold neutron
source was employed with wavelength A = 6.5 A and AV/A =
13%. The SANS measurements were carried out with D.O
solutions having polymer concentrations of 7.0, 3.0, and 0.5%
for NagosEi14. The sample was filled in a 2 mm thick quartz
cell, which typically gives a transmission of ca. 70%. The
temperature was controlled to within an accuracy of 0.1 °C by
circulating water. The scattered neutrons were detected by a
two-dimensional position-sensitive He detector. The data were
corrected for counting efficiency, instrumental background and
empty cell scattering, and radially averaged to obtain a one-
dimensional data set. The scattering intensity was converted
into absolute intensity units (cm™!) using a secondary calibra-
tion standard of irradiated Al. Incoherent scattering from
hydrogen was subtracted from the plateau value at high q.

The double-crystal spectrometer is able to cover a q region
of ultrasmall-angle neutron scattering (PNO) (107> A™! < ¢ <
1073 A1) using channel-cut crystal of Si (111) and a triple
bounce reflection condition. Because of the lack of lumines-
cence of the monochromatized neutron (1 = 2 A), a large
sample size of 40 mm x 18 mm cross section and 2 mm
thickness is required for a sufficient counting rate. The q
profiles is obtained by PNO were corrected for background
scattering and then for slit height smearing according to the
infinite beam assumption. Finally, the g profiles are calibrated
for absolute intensity using the calibrated ¢ profile obtained
by SANS.

3. Results and Discussion

3.1. Polymerization and Molecular Character-
ization. The PNIPA-block-PEG was prepared according
to the method shown in Scheme 1. A ceric ion redox
system was used to form radicals at the terminal
carbons of the PEG. To prepare the block copolymer,
we added a solution of ammonium cerium nitrate in 1
N nitric acid to an aqueous solution of mPEG and NITPA
monomer at an initial molar ratio [Ce(IV)]//[OH end
groups] of 1.2/1.0. It should be noted that PEG chains
play a crucial role in starting the radical polymerization.
We confirmed the role of PEG chains as we were unable
to obtain PNIPA after 12 h at 34 °C when a solution of
Ce(IV) was added into pure NIPA monomer solution
without PEG.

Figure 1 shows the GPC chromatograms of the as-
reacted sample of NgogE114 and the purified NoggEq14
after completion of polymerization.?® Two peaks are
observed in the as-reacted sample of NoggE114; the broad
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Figure 1. GPC chromatograms of the as-reacted NggsE114 and
the puriﬁed NozsE114.
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Figure 2. 'H NMR spectrum of N2ssE;14 in D20 at 20 °C.

peak, I, with a shorter retention time, originates from
the polymerized NagsE114, whereas the sharp peak, II,
with a longer retention time, originates from mPEG.
The chromatogram of the purified sample consists of
peak I only, a circumstance which enables us to char-
acterize PNIPA-block-PEG precisely. The purified
PNIPA-block-PEG has a relatively narrow molecular
weight distribution (Table 1), as determined by GPC
with a poly(ethylene oxide) standard calibration. The
number-averaged molecular weight and the unit num-
bers, m and n, of N,,E, were evaluated by comparing
the area of the methylene proton peak of PEG (3.7 ppm)
and methyne proton peak of PNIPA (3.9 ppm) obtained
by 'H NMR (Figure 2). These values are listed in Table
1

With the addition of the NIPA monomer, the reaction
mixture gradually turned from a transparent solution
to a milky solution. Feijen et al.?2 reported that an
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Figure 3. Phase diagrams of NaogsE114, N14sE114, and N3sEj14 observed in water. (I) and (II): transparent sol; (ITII): opaque sol;
(IV): opaque gel; (V): syneresis; region (VI): transparent gel. Regions I and II indicate the neutral and selective solvent states,
respectively, determined by the onset temperature of the decrease in the I;/I5 value obtained from the fluorescence spectra of
pyrene (solid square) and the inverse zero-angle intensity 1(0)~! obtained from the SANS measurements (open square).

aqueous solution of a PNIPA oligomer already exhibits
LCST-type thermosensitivity properties. Therefore, the
observed opacity indicates the formation of micelles by
the growing block copolymer. When the growing block
copolymers acquire the micellization capacity, the co-
polymerization proceeds by a soap-free emulsion polym-
erization in which the NIPA monomers diffuse from the
solution to the core of micelles where the propagation
takes place. This type of polymerization generally yields
polymers with a relatively narrow molecular weight
distribution that form spherical-like micelles.

3.2. Gelation Threshold and Demixing Transi-
tion. The phase diagrams of NaggK114, N143E114, and
N3gE114 determined in water are presented in Figure 3.
As shown in Figure 3a, we distinguish macroscopically,
with increases in the temperature or concentration, four
regions in the phase diagram of NgggE114: transparent
sol (regions I and II), opaque sol (region III), opaque gel
(region IV), and syneresis (region V). These changes
occur reversibly, without hysteresis, when the temper-
ature is decreased. The difference between regions I and
IT is discussed later with reference to the results ob-
tained from fluorescence measurements and SANS
experiments. With low block copolymer concentrations,
the sample remains below the gelation threshold. A sol—
gel transition is observed for a polymer concentration
C = 4% (w/v) (= Cge: critical gelation concentration) at
33 °C. Above 34 °C, we note a syneresis, and two phases
exist in solution; i.e., the polymer solution excludes the
water (region V). Moreover, it is interesting to notice
that for C > Cgye the temperature needed for the onset
of the demixing increases only slightly with the con-
centration of the block copolymers. Figure 3b shows the
phase diagram of the aqueous solution of N143E114. The
demixing threshold and the gelation threshold shift to
a higher temperature than that in the phase behavior
of the aqueous solution of NgggE114. The binary mixture
of N3gE114 and water shows a phase behavior similar to
that of the other samples except that it formed the
transparent gel for C > 3.0% (w/v) and between 20 and
26 °C, shown as region VI in Figure 3c.

Taking these observations into account, we see that
with increasing temperature the PNIPA chains start to
collapse while the PEG chains are in a fully expanded
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Figure 4. 'H NMR spectra of NaygE114 in D3O at various
temperatures.

coil state. The 'H NMR spectra of purified NaggE114 in
D20 at various temperatures are shown in Figure 4. The
signals originate from the PNIPA chain; that peaks
B—D become broader with temperature reflects the fact
that the hydrophobic part tends to avoid contact with
water molecules, a phenomenon which is evidence of
aggregation in water at a higher temperature. The
collapsed PNIPA globules may have a tendency to form
hydrophobic aggregates. These aggregates of collapsed
PNIPA chains form physical junctions, but they are not
strong enough to hold a gel shape under the gelation
threshold. Above the threshold, the PNIPA globules
aggregate through hydrophobic interaction and perco-
late through the whole system to form the network-like
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Figure 5. (a) Temperature dependence of the fluorescence
spectra of pyrene (2 x 1076 M) in 0.5% (w/v) aqueous solutions
of NoggE114. Aex = 335 nm. Inset: fluorescence spectra of 2 x
1078 M aqueous solution of pyrene as a function of tempera-
ture. lex = 335 nm. (b) Excitation spectra, monitored at Aem =
390 nm, for the same sample presented in (a), showing the
shift in the (0, 0) band as pyrene partitions between aqueous
and micellar environments.

structure of the opaque gel. The polymer concentration
effect on gel formation may be related to the degree of
chain entanglement at a fixed temperature.

3.3. Self-Assembly of PNIPA-block-PEG in Aque-
ous Solutions. The self-assembly of NaggsE114 in aque-
ous solutions was examined using pyrene as a fluores-
cent probe. This method is based on the sensitivity of
the probe to the hydrophobicity and polarity of its
environment.?%37-39 In the presence of micelles or
similar supramolecular aggregates, pyrene is solubilized
within the interior of the hydrophobic part (core) of such
aggregates. As a result, significant changes in the
spectroscopic properties are observed upon the transfer
of the probe from an aqueous environment to the
nonpolar environment of the core.*® Such changes are
exemplified in Figure 5, which presents typical emission
and excitation data recorded for pyrene in 0.5% (w/v)
aqueous solutions of NgggE114 at various temperatures.
The quantum yield of the fluorescence rose with tem-
perature because the excitation state of pyrene is
stabilized in the hydrophobic core and the thermal
vibrational decay is suppressed. This effect was mani-
fested by an increase in the total intensity of the
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emission spectra (Figure 5a). For comparison, the
fluorescence spectra for an aqueous solution of pyrene
(without PNIPA-block-PEG) are also shown in the inset
of Figure 5a. Because of the thermal deactivation, the
quantum yield decreases as the temperature is raised.
The vibrational fine structure of the emission spectra
underwent changes. This effect was best characterized
by the decrease in the ratio of I; (A = 373 nm) and I3
(A = 384 nm) (I1/I3), a result which was consistent with
the decrease in polarity of the environment of the
pyrene. Figure 6 shows the changes in I1/I5 value as a
function of temperature at various concentration of
NoogE114. As the temperature increased, the I1/I3 value
decreased sharply in a rather narrow range of temper-
ature and then leveled off, suggesting incorporation of
the probe in the hydrophobic PNIPA domain. On the
other hand, for the aqueous solution of pyrene, this ratio
increases with temperature, indicating that the mi-
cropolarity experienced by the probe increases. It is
worthy of note that the onset temperature of the
decrease in the Ii/Is value is much lower than the
demixing temperature of the NgsgEi14. In the low
temperature region below 16 °C, the I1/I5 value for 1%
(w/v) NoggE114 aqueous solution (open square in Figure
6) is much lower than that of the samples with a lower
concentration; evidently, the NoogE114 assembles to form
hydrophobic domains above a particular concentration.
Above the onset temperature of the decrease in the
I/Is value, water may start to behave as a selective
solvent for PEG blocks; the PEG chains are more
swollen with water than the PNIPA chains, and such
an asymmetrically swollen state might be responsible
for the decrease in the I1/I5 value. The onset tempera-
tures of the decrease in the I/I3 value obtained from
the fluorescence spectra of pyrene are plotted in Figure
3 as solid squares. Here, we see that the microphase
separation is followed by this change from a neutral to
a selective solvent. It should be mentioned that both the
PNIPA and PEG block chains are swollen with water
so that the solution is transparent, without macroscopic
inhomogeneity, in this temperature region.

In the excitation spectra (Figure 5b), the increase in
the fluorescence intensity with increasing temperature
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results from the enhancement of the lifetime of the
excited state of the pyrene. With increasing tempera-
ture, the (0,0) band in the pyrene excitation spectra,
which is at 333.4 nm in water, shifted to 335.8 nm
(characterized by a change of the I3358/I3334 intensity
ratio). The dependence of this ratio with temperature
is shown in Figure 7. The apparent critical association
concentration (Cypp, arrow in Figure 7) value is taken
as the intersection of the tangent to the curve at the
inflection with the horizontal tangent through the points
at low polymer concentrations. In the concentration
region below Capp, the magnitude of I335 8/I333.4 in Figure
7 slightly increases because the amount of the asym-
metrically swollen state increases; this change, which
provides more space for the preferential binding of
pyrene molecules compared to the bulk water medium,
is augmented by an increase in temperature.

These changes in the emission and excitation spectra
are indicative of the partitioning of the pyrene between
an aqueous and a hydrophobic environment. The change
in the fluorescent signal can be influenced not only by
the partitioning of the fluorescent probe between the
aqueous and hydrophobic phases but also by the degree
of polymer association.?%:3941743 T estimate the values
of cac corresponding to the start of polymer association
in these systems, we used the approach proposed by
Wilhelm et al.?? According to this method, the ratio of
the pyrene concentrations (mol/L) in the hydrophobically
associated polymer and water phases [Pylp/[Pylw can
be expressed as follows:

[Py]P _F - Fmin
[Py]W Fmax —F

(D

where F = I3358/I3334, and Fnin and Fha.x are the
1335 8/1333 4 values determined at the zero polymer con-
centration and at the saturating polymer concentration,
respectively. The pyrene binding to the hydrophobic
phases formed from the association of PNIPA was taken
to be a simple partition equilibrium between the
hydrophobic phase and the water phase. Using this
model, we can recalculate and linearize the data from

Diblock Copolymer of PNIPA and PEG in Water 5753

80 ————————

10°C 7

70+ 16°C

60

50+

Helo4«<lmMIJOO

40}

30+

(F'Fmin)/(FmaX'F)

20

10

- 1 4{5-
0 1 2 3 4 5
Concentration / g L
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concentration at various temperatures.

the fluorescence spectra utilizing the following equa-
tions:

[Pylp _ K, wypac
[Pyly  1000py1pa

below cac (2)

or

[Pylp K, oxmpalc — cac)’

above cac (3)
[Pylw 1000px1pa

where K, is the equilibrium constant for the partitioning
of pyrene between the aqueous and PNIPA phases. c is
the total concentration of PNIPA-block-PEG in g/L,
wnipa 1s the weight fraction of NIPA in the block
copolymer, and pnipa is the density of the PNIPA core
in the hydrophobic phase. The variable pnrpa is assumed
to have the same value as that of bulk NIPA, 1.1 g/mL,
and not to change within the temperature range studied
here, although the PNIPA core may not have been in a
completely dehydrated state.*

Figure 8 shows the plots of the (F — Fuin )/(Frnax — F)
determined from fluorescence excitation spectra ob-
tained from various concentrations of the block copoly-
mer. When these data are plotted according to eqs 1—3,
they can be fitted to two intersecting straight lines. At
high concentrations (upper plot), the slope of the line is
(K,wn1pa/1000pN1pA), from which K, can be calculated.
Below the cac, one would expect (F — Fpin) to be zero
if there were no tendency of pyrene to bind to the
isolated NoogE114. However, the low but finite values of
(F — Fuin)/(Fmax — F) at this range of polymer concen-
trations suggest that there is a small contribution to
the pyrene signal originating in the association that
develops between pyrene and the NaggE114 or preaggre-
gates. If this is the case, then the cac can be identified
as the extrapolated intercept with the c-axis of the line
with slope (K,wnipa/1000pn1pa). Figure 9 indicates equi-
librium constants, K,, for the partitioning of the pyrene
between the aqueous and PNIPA phases plotted against
the solution temperature for NogogE114 and N3gE;14. The
equilibrium constant, K,, increases sharply in a rather
narrow range of temperature, a result suggesting in-
corporation of the probe in the hydrophobic PNIPA
domain, dispersed in the matrix composed of the swollen
PEG chains that were formed by the thermally induced
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coil-to-globule transition of the PNIPA. Notably, the
equilibrium constants, K,, start to increase around 18
°C, and the K, for the N3gE114 solution is larger than
that for the NoogE114 solution within the temperature
region studied here. These results indicate that the
water may start to behave as a selective solvent for the
PEG blocks, a process which leads to the formation of
the PNIPA domain in the PNIPA-block-PEG solution.

Figure 9 also indicates the critical association con-
centration, cac, determined by fitting the F' = Is35 8/I333.4
data for PNIPA-block-PEG to eq 3. For both the N3gE114
solution and the NgysE114 solution, the cac is smaller
than C,pp, which suggests that Cypp, determined from
excitation spectra provides only an estimated upper
bound to cac.2? As Wilhelm et al. pointed out, cac values
determined by this method are very sensitive to the
concentration regime under which the experiments are
performed. In future experiments, it will be important
to focus on this point to determine accurate cac values.

3.4. Dynamic Light Scattering. To investigate the
temperature dependence of the characteristic dimension
of PNIPA-block-PEG in water, we performed a DLS
experiment. Measurements were made at different
angles in the range of 30°—150° and at different tem-
peratures. Figure 10a shows representative normalized
intensity correlation functions g®(r) measured at 90°
of a 0.5% (w/v) aqueous solution of N3gE114 as a function
of temperature. All of these functions exhibit a single
relaxation corresponding to the translational diffusion
of N3gEi114 chains. The obtained g@®(r) was analyzed
in terms of a continuous distribution of relaxation
times:*®

gP@ = [7"G() exp(~T'7) dT 4)

Here, g¥(7) is the normalized electric field correlation
function related to g?(r) via the Siegert relation. The
distribution of relaxation rates was obtained by an
inverse Laplace transformation of eq 4 with the CON-
TIN program.*® Figure 10b shows the relaxation time
distribution, G(I'), and relaxation rate T" for a 0.5%
(w/v) aqueous solution of NsgEq14 as a function of

Macromolecules, Vol. 38, No. 13, 2005

15 T ™ -
3 (a) 3
10" L 2 .
— E 2 E
| E S 3
—~~ : * oV :
e L 0% ]
= L 0°‘!7‘> ]
s [ 10°¢ ..00“77% -
(= —e— 12°C LKt
10-2 | |- 14°C .o'é& _
F | 18C eo'o o E
r|—+& 22°Cc .V o 1
[ |- 24C RAA T B
== 26°C - ™o e o]
I | —— 30°Cc owfyt o
-3 ! v%; v‘do
10° vl vl il %00 TS
10® 10 10 103 102
t/s
— T
25T T q
[¢]
10}l RS (b) _
=2 o
ool o | —O— 10°C
=3 00 —— 12°C
0.8 | x 10 o —— 14:C |
L g5[000 —A— 18°C
- 22°C
00 o —¥— 24°C
- 0.6 - 1015 20 25 30 —— 20 H
= T(°C) —— 30°C
0.4
0.2
0.0

Figure 10. (a) Normalized intensity correlation functions and
(b) relaxation time distribution of 0.5% (w/v) aqueous solution
of N3sE114 at various temperatures.

temperature. Below 18 °C, all the distribution functions
at a given temperature are roughly superimposed,
although some deviations are apparent. However, above
18 °C, the characteristic decay time, I'1, shifted toward
shorter relaxation times. A diffusion coefficient, D, was
calculated from the position of peak as D = T'/g2. A
selection of angular dependence of the relaxation rate
is presented in Figure 11a. The selection shows linear
dependence according to I' = Dq? as expected for the
diffusive mode. Hydrodymanic radius, Ry, was calcu-
lated using the Stokes—Einstein equation

_ kgT
b 6anD

where kpT is the thermal energy factor, n is the
temperature-dependent viscosity of solvent, and D is the
diffusion coefficient. The effect of temperature on the
characteristic dimension of N3gE114 in water is presented
in Figure 11b, and the R} is found to decreases with
increasing temperature. This difference is not due to a
decrease in the solvent viscosity with increasing tem-
perature. Since a PEG chain is a hydrophilic polymer
and swells in water over a wide range of temperature,
these results indicate that the contraction of PNIPA
block starts to occur around 18 °C. These results are
consistent with those obtained by fluorescence measure-
ments.

3.5. Small-Angle Neutron Scattering. Figure 12
shows the SANS profiles for a 7% aqueous solution of
NagggE114 in the temperature range between 10 and
34 °C.47 Below 15 °C, at a point corresponding to the
transparent sol state, we obtained small-angle scatter-
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ing due to the thermal concentration fluctuation from
the NaggE114 solution in D20. At low g of géoz < 1, the
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SANS profile is well reproduced by the Ornstein—
Zernike (OZ) type scattering function:

I
Iq) = (0)

=—F 5

1+ qZSOZZ ®
where £oz is the thermal correlation length for the
fluctuation, and I(0) is the forward scattering intensity,
which is determined by the osmotic compressibility. The
solid lines for 10 and 15 °C in Figure 12 indicate the
best-fitted scattering curves to the experimental scat-
tering profiles by eq 5. For the length scale where
q&oz > 1, I(g) obeys the power law

Iq)~q* (6)

In the temperature region below 15 °C, we obtained
an exponent o = 5/3, indicating that both the block
chains of PEG and of PNIPA swell in D;O. The mass
fractal dimension of 5/3 is due to the excluded-volume
effect.

In the temperature range 17 °C < T < 25 °C, I(q)
deviates from the OZ formalism; it exhibits a steeper g
dependence or excess scattering at ¢ < 0.05 A1 At
higher g values of ¢ = 0.05 A1, on the other hand, we
observed the asymptotic ¢ behavior close to a = 2,
indicative of the PNIPA chains being in © state.

To investigate the temperature dependence of the
SANS profiles, we estimated the forward scattering
intensity I(0) with another Ornstein—Zernicke plot,
where 1(0) was now plotted as a function of ¢2. Figure
13 shows 1/I(0) as a function of the reciprocal absolute
temperature, 1/T. For each polymer concentration in the
transparent sol region, a change in the slope of the plot
of 1/I(0) against 1/T is observed around the temperature,
Tg, at a crossing of two slopes. The value of T, thus
determined, shows a coincidence with the boundary
found by fluorescence measurements (open squares in
Figure 3a). Above T, the system enters into region II.

The excess small-angle scattering observed in region
II may be attributed to formation of disordered micelles,
which includes a range of states from (i) asymmetric
swelling to (ii) micelle formation with only short-range
liquidlike order. In region II, when the temperature is
raised, water gradually becomes a poor solvent for a
PNIPA block, which leads to yxw > yew, where ynw and
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Table 2. Correlation Lengths 5oz and &g of 7% (w/v)
Aqueous Solution of Na2gE114 in Regions I and II
Determined by SANS

temp/°C 17 18 19 20 22
EorlA 33 34 34 36 36
Ex/A 70 64 64 63 63

xEw respectively indicate the Flory segmental interac-
tion parameters between NIPA and water and between
ethylene glycol and water. The micelles having scatter-
ing contrast between the poorly swollen PNIPA, and the
swollen PEG may be responsible for the observed excess
scattering. The micelles thus formed should have short-
range liquidlike order because the solution is still in a
transparent sol state. As the temperature is further
increased in region II, the excess scattering becomes
more pronounced and starts to show an asymptotic
decay steeper than ¢~2, which implies that micelles
become a distinct structural entity with well-defined
interface. Both association number of block chains in a
micelle and the number of micelles are expected to
increase.

The SANS q profiles are decomposed into two com-
ponents of Ioz(q), and the excess scattering Ir(q) origi-
nates from micelles with short-range order in region II;
i.e., total scattering I(q) is shown as a sum: I(g) =
Ioz(q) + Ig(q). The decomposed profiles are shown in
Figure 14. The asymptotic behavior of I(g) ~ g% is
consistent with the formation of micelles of PNIPA
chains in the matrix of PEG chains. It should be
mentioned that there exist no characteristic scattering
maxima due to inter- or intra-microdomain scattering;
therefore, the micelles are considered to have a short-
range liquidlike order.

To discuss Ir(q) quantitatively, a Debye—Bueche
scattering function is employed:

Ig(q) ~ §E3 —Lf (7
1+ g%

where &g is the correlation length related to size and
volume fraction of micelles. The estimated correlation
lengths oz and &g are summarized in Table 2.
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In the temperature range above 30 °C, a remarkable
increase in scattering intensity was observed in the
USANS region of g < 0.001 AL, The q behavior in this
region obeys the power law described by eq 2 with o =
2. In the SANS ¢ range, the asymptotic behavior of I(q)
in the region of 1/, < q < 1/&r0cal shows the ¢
dependence slightly steeper than g—* as shown in Figure
12, which indicates that there exist a slight diffuse
concentration gradient across micelle interface. &, and
ELocal Will be discussed later. The intensity in the USANS
region is attributed to the structure occurring in the
larger length scale, i.e., percolated macrodomains of
NgggE114 in the water-rich domain. They are spatially
arranged with the mass fractal dimension larger than
or equal to 2.

Above 30 °C in region IV, crossovers of asymptotic g
behavior are clearly seen at g = &y, &1, and &rocal, as
indicated by arrows in Figure 12. These characteristic
lengths represent a hierarchical structure formed by
NoosE114. The values &y and &, are considered to be
upper and lower cutoff lengths of mass fractal of the
macrodomains, respectively. In the g range larger than
&1, we observe the interfacial structure of macrodomains
for 1/&;, < q < 1/&10cal and segmental distribution of
swollen chains in the macrodomains and matrix for
/&L <gq.

To the qualitatively analyze the crossover in the
asymptotic ¢ behavior in I(g) above 30 °C, we used a
two-term model composed of terms account for short-
range, thermal fluctuations of the chain in a semidilute
solution Ioz(g) and longer-range contribution arising
from the elastic constraint due to the networklike
domain formation I4(q), i.e., I(q) ~ Ia(q@) + Ioz(q). 1a(q)
is given by I4(q) ~ P(q)S(q), where P(q) and S(g) are a
form factor and a structure factor, respectively. A
squared-Lorentian function is employed for the form
factor:

1
P(g) = (TqZé__Z) exp(—0o’q?) (8)

L

where o is related to the width of the diffuse interfacial
boundary.*®* An equation for silica gel particle ag-
gregates assuming power-law correlations between
particles and a finite correlation length proposed by
Freltoft et al.*® was used for the structure factor

Cd, — DId,, — DES (1 + ¢*e,HM 5

S@) =1+
(@) (1+ &, D% q&y
sin[(d,, — 1) arctan(g&y)]
4 1 9)

where d,,, I, and C are the mass fractal dimension
(1 < d,, < 3), gamma function, and a proportionality
constant, respectively. In eqs 8 and 9, the lower and
upper cutoff lengths for mass fractal structures are
considered as &, and &y, respectively.

The solid lines in Figure 12 are the fit to the
experimental data using eqs 8 and 9 at the tempera-
tures above 30 °C, and Table 3 gives the values for
obtained parameters. As the temperature is raised, the
upper cutoff length of mass fractal of the macrodomains
&y increases, while the lower cutoff length &, is insensi-
tive to temperature. Fractal dimension d,, increases
from 1.51 to 2.39 with temperature, indicating that the
macrodomains are packed more densely in space at
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Table 3. Fitted Structure Parameters of 7% (w/v)
Aqueous Solution of NaggEj14 in Regions IV and V
Determined by SANS and USANS

temp°C  &/A  EW/A(x103) dm olA t/A
30 49 8.02 151 103 26
31 49 11.4 2.08 1.08 27
32 50 12.2 23.9 1.99 50
34 50 13.8 23.9 2.21 55
40 24.9 62

higher temperature. The parameter o in eq 8 is related
to the characteristic interfacial thickness #4850

= 2m)Y%s (10)

The interfacial structure of aqueous solution is sche-
matically shown in Figure 15, where the surface of the
macrodomains is covered with PEG brushes swollen
with water. It should be noted that the scattering
lengths of PNIPA, bpnipa (= 1.23 x 10~ e¢m =2 mol), and
PEG, bprg (= 0.94 x 10“cm~2 mol), are similar and
smaller than that of deuterated water, bp,o (= 9.49 x
10714 ¢cm~2 mol). Therefore, 1 observed by SANS corre-
sponds to a spatial distribution of D3O across the
interface between PNIPA-rich macrodomain and swol-
len PEG chains. As indicated in Table 3, the character-
istic interfacial thickness, ¢1, becomes larger with in-
creasing temperature. This change in #; is probably
explained by changes in packing density. Above 30 °C,
the PNIPA chains of PNIPA-block-PEG are collapsed
due to the increase in hydrophobicity. This leads to
decrease in the interfacial area per chain or average
length, L, between the junctions of block chains, as
illustrated in Figure 15. However, the PEG chains are
swollen, and this leads to a difference in the segmental
volumes of PNIPA and PEG. To retain normal liquid-
state densities, the PEG block must stretch as shown
in Figure 15.

3.6. Morphologies and Ordering Mechanism of
Phases. On the basis of the microscopic observations
by fluorescence spectroscopy, DLS and SANS, we sche-
matically present the elucidated morphologies of the

system and then consider the ordering mechanism for
the aqueous PNIPA-block-PEG solution.

In the transparent sol region I, both PNIPA and PEG
blocks are swollen with water. While in region II,
PNIPA-block-PEG forms disordered micelles in short-
range liquidlike order, as shown in Figure 16b where
the micelles are comprised of PNIPA cores and PEG
brushes. Near the boundary between regions I and II,
unimolecular micelles might be formed as a consequence
of the asymmetric swelling of PNIPA and PEG block
chains (Figure 16a).

The opaque sol observed in region VI is attributed to
the network composed of the percolated PNIPA-rich
domains coexisting with PEG-rich domains. PNIPA
domains are less swollen with water than PEG domains
(Figure 16¢). In the opaque sol region III, on the other
hand, we could not observe the gel state at higher
temperatures, which indicates that PNIPA-rich domains
are not percolated into whole system (Figure 16d). The
characteristic length &, therefore, corresponds to that
of PNIPA-rich domain, as indicated in Figure 16¢c,d. The
network in the region IV has the mass fractal structure
with fractal dimension d,, = 1.5—2.4 in the length scale
limited by &1, and &y. The increase in d,, with temper-
ature is due to that in the packing density of PNIPA
domains.

The characteristic length &p, related to the size of
PNIPA-rich domain, is insensitive to temperature in
region IV. This may be a result of a competitive balance
between a dehydration of PNIPA domains that acts to
shrink &1, and stretching of PEG chains in PEG domains
that acts to expand &, as illustrated in Figure 15. As
the temperature is further increased into region V,
water is squeezed out from the gel phase that is caused
by contraction of PNIPA chains.

The ordering of aqueous solution of PNIPA-block-PEG
is likely to proceed by two steps: i.e., (i) microphase
separation between PNIPA and PEG block chains and
(i1) macrophase separation between PNIPA-block-PEG
and water. PNIPA-block-PEG solution is a ternary
system of PNIPA block, PEG block, and water; there-
fore, three interaction parameters, yng, ynw, and yew,



5758 Motokawa et al.

Macromolecules, Vol. 38, No. 13, 2005

i -~~~ il
% g;’ . PNIPA é’ié (

Region (Il) close to the boundary between (I)
and (Il). Micelles with short-range liquid-like
order.

PEG+water #
phase

""'_':L_""

Region (lll), non-percolated macro-domains (C <
Cgel}-

Region (Il), close to the boundary between
(1) and (IV). Micelles with short-range order.

PEG+water

Regions (IV) and (V), percolated network-like
damains (C > Cgg).
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proposed by SANS and USANS.

determine the thermodynamic instabilities of macro-
and microphase separations.

In region I, both block chains of PNIPA and PEG are
swollen with water. According to the dilution approxi-
mation,®! interaction between PNIPA and PEG chains
are weakened into ¢yng and a disordered state is
stabilized by swelling. When the temperature is in-
creased into region II, solvent selectivity, Ay (= ynw —
¥EW), becomes larger. A change in Ay also contributes
to the interaction between PNIPA and PEG block
chains. As a result of two competitive contributions of
dilution approximation and solvent selectivity, PNIPA-
block-PEG starts to form micelles in region II.

Within the framework of mean-field approximation,
macrophase separation between PNIPA-block-PEG and
water is determined by the y parameter, which is
averaged for two block chains as ymacro = fPNIPAYNW T+
(1 — fentea)yEw, Where fpnipa is the volume fraction of
PNIPA. In the temperature range studied here, water
behaves as a good solvent for PEG chains; therefore,
Ymacro €@N be approximated to ymacro = fontPAYNW. Using
this assumption, we obtain ymacro = 0.83ynw for NaggE114
and Ymacro = 0.46ynw for NssEii14. The macrophase
separation for NsgEi14 is suppressed compared to

NagsE114, which provides the qualitative explanation
that N3gE114 exhibits the transparent gel state in region
IV. On further increase in temperature, ymacro satisfies
the condition for macrophase separation above 30 °C,
which determines the phase boundary between regions
II and III for N228E114 and N143E114 and between regions
VI and VI for N3gE114. The opaque sol observed in region
IIT corresponds to macrophase separation, where mi-
celles are dispersed in water.

In region IV, we observed the networklike domain
with mass fractal structure exhibits power low scatter-
ing (~q?) for the q region of 1/&y < q < 1/&.. This
networklike domain is likely to have a morphology
characteristic for “viscoelastic phase separation”.52755 A
mechanism to form such a network may be regarded as
diffusion-limited association (DLA) of micelles; the
micelles diffuse and aggregate to minimize an interfacial
area with temperature. In the DLA process, dynamical
asymmetry between micelles and water is also an
important factor; here the term “asymmetry” denotes
the difference in mobility. It is well established that the
dynamical asymmetry induces local stress imbalance
between fast and slow components and affects phase
separation and relaxation of concentration fluctuation
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in order to transiently release stress imbalance during
the ordering process (dynamical coupling between stress
and diffusion). In the system studied here, micelles
formed by PNIPA-block-PEG and water correspond to
slower and faster components, respectively. The dy-
namical coupling in the DLA process involves the
association of the micelles into the networklike domain
in water. If the reorganization of domain structures is
allowed, the networklike domains should be trans-
formed into clusters of droplets, in hydrodynamic limits,
to reduce the interfacial free energy. Aqueous solution
of PNIPA-block-PEG, however, exhibits a distinct be-
havior in this sense; SANS measurement confirmed the
networklike structure remains in region V. This pinning
of the domain growth is probably caused by aggregation
and vitrification of PNIPA chains.

The compound PNIPA is known to be a thermosen-
sitive polymer, and the combination of the dehydration
of the chains and the entropic force of the chains induces
the coil-to-globule transition.’® The dehydration is in-
duced by the destabilization of the clustered water
molecules surrounding the isopropyl group when their
chemical potential exceeds that of bulk water. The coil-
to-globule transition of PNIPA achieved by adding
salt®758 or saccharide® has also been explained by the
dehydration mechanism. Since PNIPA exhibits only a
small change in chain dimension at lower temperatures
in water,%0 the observed change in the solvent selectivity
around 18 °C, which is far below the LCST temperature
of the PNIPA block (~32 °C), may be related to the
unique architecture of PNIPA-block-PEG. The connec-
tion of the hydrophilic PEG block to the PNIPA block
is thought to reduce the chemical potential of water
molecules to destabilize the hydrated state of PNIPA
chains, resulting in a decrease in the transition tem-
perature.®! Because of the higher PEG content of
N3sE114 as compared with NoggE114, the hydrated state
of PNIPA chains of N3gE114 is less stable than that of
NoggE114, a siutation which is responsible for the forma-
tion of the PNIPA domain in the aqueous solution of
N3sgE114 at a lower temperature. This phenomenon leads
the aqueous solution of N3sEi14 to have a higher K,
value.

4. Concluding Remarks

We have studied the self-assembly behavior of aque-
ous solution of PNIPA-block-PEG prepared by the quasi-
living radical polymerization technique using a ceric ion
redox system. For the aqueous PNIPA-block-PEG solu-
tion, we macroscopically distinguish, with changes in
the temperature and/or concentration, five regions in
the phase diagram: transparent sol, opaque sol, trans-
parent gel, opaque gel, and syneresis. Because of the
dehydration of the PNIPA block above 32 °C, a mac-
rophase separation in the aqueous solution of PNIPA-
block-PEG occurs to form PNIPA-rich domains dis-
persed in the matrix composed of the swollen PEG
chains and water.

When traces of pyrene are added to NogogE114 aqueous
solutions, the pyrene partitions into the hydrophobic
core phase. Several aspects of its spectroscopic proper-
ties are changed upon transfer into the more hydropho-
bic environment. The (0,0) band is shifted from 333.4
to 335.8 nm in the hydrophobic core. The vibrational
fine structure (the I1/I3 ratio) undergoes the changes
expected for this kind of transfer. By examining the
extent of these changes as a function of block polymer
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concentration and/or temperature, we can identify and
determine the critical association concentration to be
on the order of 0.3—0.8 g/L. and determine as well the
partition coefficient K, for pyrene, ranging from about
102 to 103. Remarkably, the spectroscopic properties
indicate that the hydrophobicity around the probe starts
to increase around 17 °C, a level which is far below the
LCST temperature of the PNIPA block (~32 °C) of the
PNIPA-block-PEG. Evidently, the PNIPA-block-PEG,
compared to the bulk water, starts to provide space for
a preferential transfer of the pyrene molecules. It is
likely that water behaves as a selective solvent for PEG
blocks; the PEG chains are more swollen with water
than are the PNIPA chains. Our DLS measurements
also indicate that the contraction of the PNIPA block
starts to occur around 18 °C. Such an asymmetrically
swollen state might be responsible for the observed
spectroscopic properties. It should be noted that in this
temperature region both the block chains of the PNIPA
and the PEG are swollen with water, so that the
solution is transparent, without macroscopic inhomo-
geneity. The temperatures at which water starts to
become a selective solvent for PEG blocks determined
by the fluorescence and DLS measurements are consis-
tent with those determined by SANS.

The microstructures of PNIPA-block-PEG in water
were also investigated by SANS measurements over a
wide q range from 107° to 10~1 A~1. Microphase separa-
tion occurs above 17 °C, where I(q) deviates from the
OZ formalism in that it shows a steeper g behavior or
excess scattering in the low q region resulting from the
formation of disordered micelles, which includes a range
of state from asymmetric swelling and micelle with
short-range liquidlike order. Above 30 °C, network
domains are formed as a result of macrophase separa-
tion due to dehydration of PNIPA blocks. As the
temperature increased up to 40 °C, the network domain
is collapsed along a direction parallel to PNIPA-block-
PEG interface, leading to increase in interfacial thick-
ness and to macroscopic syneresis.
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