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Chapter I

General Introduction

I-1. Polymer Self-Assemblies Used in the Field of Nano-Technology
In biological systems, molecular assemblies of proteins,” nucleic acids,*
polysaccharides,”” and lipids®'® play important roles to engage in life activities. Inspired by these

life systems, polymer scientists recently intend to apply molecular assembly systems of synthetic

12 13-15

polymers as nano-carriers,'"'> nano-reactors, and so on. Drug delivery systems utilizing
amphiphilic block copolymers are typical examples of such intentions.'®

It is known that amphiphilic block copolymer chains can form the spherical micelles,
cylindrical micelles, or disk-like micelles (vesicles) in selective solvents,'” while solvophobic

18,19
"~ They are

homopolymer chains form spherical droplets in the poor solvents (cf. Figure 1-1).
referred to as polymer self-assemblies, because these structures are spontaneously constructed by
inter-chain attractive interactions in solution.

It is very important to control the structure and size of polymer self-assemblies in order to

20233 For example,

apply them as nano-carriers and nano-reactors in the field of nanotechnology.
drug delivery systems carrying anti-cancer drugs can accumulate in tumor tissues much more
than in normal tissues by controlling the nano-carrier size.** The size of the polymer micelles is
usually an order of nanometers to sub-microns. The spherical droplet size of solvophobic
homopolymers depends on the polymer-solvent system, but in some cases the droplets stop
growing at some stage and possess the size of sub-microns order. However, polymer self-

assemblies possess size or aggregation number distributions intrinsic to the assembly

morphology. We have to know the intrinsic distribution of the aggregation number for each



polymer self-assembly in solution to control the polymer assembly size.

b L o d
amphiphilic solvophobic
polymer chain polymer chain

spherical cylindrical
micelle micelle

sttt e
HUGIR IR

disk-like micelle

Figure I-1. Schematic diagrams of the spherical micelle, cylindrical micelle, or disk-like micelle
formed by amphiphilic polymer chains, as well as of the spherical droplet formed by solvophobic

polymer chains in the solvent.

I-2. Distributions of the Aggregation Number for Polymer Self-Assemblies in Solution

The aggregation number distribution of polymer self-assemblies in solution is generally

determined by the following dissociation-association equilibrium.'”*’

Km
mM M, (I-1)

where m is the aggregation number, M and M,, denote the unimer and m-mer, respectively, and
K, is the association constant. In the system in dissociation-association equilibrium, the

following equation holds



My = Hm (I-2)
with £ and u, being the chemical potentials of M and M,, in solution, respectively.
If the solution is sufficiently dilute and the interactions between solute molecules are

negligible, the chemical potential of the m-mer is generally given by:

Uy = M +RT In(%nj (I-3)

Here, 1,° is the standard chemical potential of M,,, ¢, is the volume fraction of M,, in the
solution, and RT is the gas constant multiplied by the absolute temperature. This equation is

substituted into eq I-2, we have the equation for K, in the form

K E¢—m:mexp M~ Hm (1-4)
mgm RT

where ¢, is the volume fraction of M. From eq -4, it can be shown that for large m, ¢, abruptly

increases when the total polymer volume fraction exceeds the critical volume fraction

dome =K 2" (1-5)

Thus, this critical volume fraction is referred to as the critical micelle concentration (cmc). The

distribution function of the aggregation number for the polymer self-assembly or the polymer
micelle in solution is determined by the dependence of 1,° on m.

When m amphiphilic block copolymer chains assemble to form a spherical micelle, m

solvophobic block chains gain the Gibbs energy proportional to m, but the repulsive pair

interaction proportional to m” provides the Gibbs energy loss. As the result, £,° can be written in

the form

Ly = gM+ ggm? (1-6)

with two proportional coefficients g and ge.



When m amphiphilic block copolymer chains assemble to form a cylindrical micelle, m
solvophobic block chains gain the Gibbs energy proportional to m, and the cylinder ends

destabilize the Gibbs energy g. (a constant). As the result, £,° can be written in the form

Him = 9M+ e (1-7)
Furthermore, when m amphiphilic block copolymer chains assemble to form a disk-like micelle,
m solvophobic block chains gain the Gibbs energy proportional to m, and the edge of the disk

12

destabilize the Gibbs energy which is proportional to m ~. As the result, 4,° can be written in the

form
H = gM+ gem"'? (I-8)

Finally, when m solvophobic homopolymer chains assemble to form a spherical droplet, m

solvophobic chains gain the Gibbs energy proportional to m, and the spherical surface of the

2/3

droplet destabilize the Gibbs energy which is proportional to m~”. Thus, z4,° can be written as

Hiy = gm + gom?’® (19)

These equations I-6—9 for 1,° are inserted into eq I-4 to obtain®

egemo2 mexp [—ge (m-mg )2} (spherical micelle)

me % (qil ede )m (cylindrical micelle)
Pn = n (I-10)
m(¢lege) exp(—gemm) (disk-like micelle)

m(¢l gl )m exp(—gemm) (spherical droplet)

with mo [= (1 + g 'In ¢)/2] being the optimum aggregation number for the spherical micelle.

These ¢, provides the distribution function of the aggregation number for the polymer

assemblies.



The above distribution for the cylindrical micelle is the most probable distribution,
identical with the molecular weight distribution of polycondensates.”® It is known that this
distribution gives us the ratio of the weight-average to number-average aggregation numbers
my/my to be 2, when @exp(g.) approaches to unity. Figure I-2 shows the distribution functions
calculated by eq 1.10 with ¢exp(ge) = 0.999. The distribution for the spherical micelle given by
eq I-10 is much sharper than the most probable distribution, as shown in Figure I-3. On the other
hand, in a dilute solution with ¢; < 0.01, large disk-like micelles (or the vesicles) and spherical
droplets are not formed, if gexp(g.) < 1 in eq I-10. We have to choose ¢ exp(g.) larger than
unity, but this choice gives us the divergence of ¢, at large m, as shown in Figure I-3. Thus, there

are no thermodynamically stable aggregation number distributions for large disk-like micelles (or

the vesicles) and spherical droplets.

12 . . . ; .

spherical droplet
1 ~cylindrical micelle

disk-like micelle [

0.8 |-
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Figure I-2. Aggregation number distributions of the spherical micelle (mo = 10°, go =2 x 107,
cylindrical micelle [@dexp(g.) = 0.999], disk-like micelle [¢@exp(g.) = 1.006], and spherical
droplet [ §iexp(ge) = 1.05] in the solution with ¢; = 0.01, calculated by eq I-10.



When a dilute homopolymer solution is brought into the two-phase region from the one-
phase region, the phase separation takes place, and the concentrated phase grows in two kinetic
mechanisms: The nucleation-and-growth (in the meta-stable region) and spinodal decomposition
(in the spinodal region).”’ In the former mechanism, after the formation of concentrated phase
nuclei, the nuclei grow according to the Ostwald ripening.’’ Because the equilibrium
concentration of small concentrated-phase droplets is higher than that of large droplets, the small
droplets were dissolved into metastable solutions, and large droplet grows by redepositing the
dissolved solute component in the Ostwald ripening process. Lifshitz and Slyosov32 formulated
the size distribution function of the droplet in the late stage of the Ostwald ripening. The droplets
grow continuously with the number-average radius being proportional to the one third power of
the time, and my/m, to be 1.15. In the spinodal decomposition, the bicontinuous network

structure with the characteristic wavelength develops in the phase separating solution.

I-3. Phase Separation in the Aqueous Solution of Poly(/V-isopropylacrylamide)
Poly(N-isopropylacrylamide) (PNIPAM) is a well-known thermoresponsive polymer, and
the phase behavior of its aqueous solution has been extensively studied both experimentally and

theoretically for many years.”>™

It can be simply synthesized via free-radical polymerization
from N-isopropylacrylamide monomer that is commercially available. At room temperature,
PNIPAM is miscible in water, and after the temperature reaches ca. 30 °C or higher, the phase
separation takes place in the aqueous solution. Based on this phase separation behavior,
researchers are interested in potential applications of this polymer and its gel to tissue

37-40

engineering and drug deliver as the phase separation temperature of PNIPAM is near the

temperature of human body.



Figure I-3 shows the chemical structure and pictures of the aqueous solution in the one-
phase and two-phase regions. While the solution is transparent in the one-phase region, it
transforms to “milky” solution. This milky solution however does not lead to macroscopic phase
separation, even when it keeps standing for a long time (more than 1 day). This indicates that the
concentrated-phase droplets formed in the solution stop growing at some stage. Thus, the
Ostwald ripening does not occur in the phase-separating aqueous PNIPAM solution, being

different from normal phase-separating polymer solutions.

PNIPAM

%CH:— CH +
: | n
T

NH

CH

CHs/ N CHs

20°C 30°C 40°C

Figure I-3. Chemical structure of PNIPAM and appearance of its aqueous solution (¢ = 0.01
g/cm3) in the one-phase (at 20 °C) and two-phase (at 40 °C) regions.

Figure 1-4 displays the phase diagram of the aqueous PNIPAM solution obtained by
Afroze et al.* using turbidity and differential scanning calorimetry. The binodal curve is very
flat, remarkably different from normal phase-separating polymer solutions. Furthermore, the
phase diagram of the aqueous PNIPAM - sensitively depend not only on the molecular weight of
PNIPAM, but also on the chain-end groups, stereoregularity, randomly branched structure, and

so on.”” Those dependences are so complex that its phase diagram is still unpredictable, despite

7



of the long research history of PNIPAM for more than 50 years. *°

In addition to the above complexity, Kawaguchi et al. ** pointed out that the transmittance
of light through the aqueous PNIPAM solution did not approach to 0 even at a temperature
higher than the cloud-point temperature, so that the macroscopic phase separation does not take
place in the solution at the cloud point and then the cloud-point curve does not necessarily

correspond to the binodal. This finding asks questions about previously reported phase diagrams.

I ¢ turbidity | |
50 [ o DSC .
o f
v 40/ two phase region i
g | !
§ 30<W —_
S [ :
20 | one phase region :
10_..‘.J!.‘.l".m.‘..\.l....‘.\,l.‘l.‘.‘
0 0.2 0.4 0.6 0.8

-3
c/gcm

Figure 1-4. Phase diagram of the aqueous PNIPAM solution obtained by Afroze et al.** using

turbidity and differential scanning calorimetry.

I-4. Thermosensitive Block Copolymers in Solution

When drugs and chemicals are incorporated into and released from nano-carriers and
nano-reactors, it is convenient that amphiphilic block copolymers can form and collapse the
micelle upon heating and cooling. For this reason, polymer scientists are recently very much

interested in thermosensitive block copolymers as “smart materials.” So far, many



thermosensitive block copolymers have been synthesized and their self-association behavior was
investigated.*!

However, as pointed out by Sato and Takahashi,* if the temperature change does not lead
to strong enough amphiphilicity to the block copolymer, the copolymer cannot form the micelle
but undergoes the liquid-liquid phase separation to form spherical droplets of the concentrated
phase. They examined the competition between the micellization and liquid-liquid phase
separation using the lattice model theory, and obtained the phase diagram as shown in Figure I-
5. When the interaction parameter yas between the block chain A and solvent is constant, and
the interaction parameter yps between the block chain B and solvent increases, i.e., the
amphiphilicity of the block copolymer increases, the solution first existing in the one phase
region goes into the two phase region of the liquid-liquid phase separation, and then into the
micellization region, where the micelle coexists with the copolymer single chain. Some
thermosensitive block copolymers were reported to undergo the liquid-liquid phase separation

upon heating.*"'!



T T T T T T T T T

micellization

7 _
liquid-liquid ]

_uphase separation

one phase

ABS

Zas. COnstant

28

Figure I-5. Phase diagram for the amphiphilic block copolymer solution, where the liquid-liquid

phase separation and micellization are competing.* Here, the abscissa is the copolymer volume
fraction in the solution, and the coordinate is the interaction parameter yps between the block
chain B and solvent. The interaction parameter yas between the block chain A and solvent keeps

constant.

I-5. Scope of This Research

This dissertation deals with the competition between micellization and liquid-liquid phase
separation in thermosensitive block copolymer solutions, using poly(N-isopropylacrylamide)-b-
poly(N-vinyl-2-pyrrolidone) (PNIPAM-H-PNVP; cf Chart I-1) as the thermosensitive block
copolymer. As mentioned above, PNIPAM becomes hydrophobic above ca. 30 °C, while PNVP
is hydrophilic even at high temperatures close to the boiling temperature of water. Thus, the
interaction parameter between PNIPAM and water (ygs in Figure I-5) can be changed by
temperature to examine the competition between micellization and liquid-liquid phase

separation.

10



‘<?H—CH2~>block~<$H—CHzﬁ—
C=0 xNy (1=x)N
v O

o

PNIPAM-b-PNVP

Chart I-1. Chemical structure of poly(N-isopropylacrylamide)-b-poly(N-vinyl-2-pyrrolidone)
(PNIPAM-b-PNVP), where N, is the degree of polymerization of whole block copolymer, x is
the ratio of PNIPAM chain

Prior to study the competition between micellization and liquid-liquid phase separation in
aqueous solutions of PNIPAM-H-PNVP, Chapter II describes small angle X-ray scattering
(SAXS) investigations of the dispersion state in a phase separating aqueous PNIPAM
homopolymer solution at different temperatures. As mentioned in Section I-3, the phase-
separating aqueous PNIPAM does not obey the Ostwald ripening but keeps the colloidal state. To
my best knowledge, the dispersion state in the phase separating aqueous PNIPAM has not been
studied by SAXS so far, although the globule state of the PNIPAM chain was investigated in
very dilute solution by light scattering.

In Chapter III, the competition between the micellization and liquid-liquid phase
separation is studied both theoretically and experimentally. Using the lattice model theory of
Sato and Takahashi,® I have investigated the composition and molecular weight dependences of
the block copolymer on the competition. To compare these theoretical results, I have studied the
dispersion state in aqueous solutions of PNIPAM-b-PNVP with different PNIPAM contents and
molecular weights upon heating by SAXS.

Chapter IV describes the study on the dispersion state in aqueous solutions of mixtures of

PNIPAM-bH-PNVP block copolymer and the PNIPAM homopolymer upon heating, expecting that
11



the competition between the micellization and liquid-liquid phase separation can be controlled by

addition of the PNIPAM homopolymer to the block copolymer solution. The dispersion state of

each polymer component may be also affected by the existence of another polymer component.

In fact, a macroscopic phase separation was observed in the mixture solution, though not

observed in the individual polymer solutions.

Chapter V summarizes the results and conclusions obtained in this dissertation.
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Chapter I1

Phase Separation in Aqueous Solutions of Thermosensitive Polymer Poly(/V-

isopropylacrylamide) upon Heating.

II-1. Introduction

Ever since it was demonstrated that an aqueous solution of poly(V-
isopropylacrylamide) (PNIPAM) underwent phase separation upon heating,'”* much attention has
been paid for the phase separation behavior and its application such as drug delivery system and
tissue engennering.>* At the application of this polymer to various purposes, the phase diagram
is the most fundamental property of its aqueous solution, and PNIPAM is one of the polymers of
which phase behavior has been studied most extensively so far, as reviewed by Halperin et al. >

The cloud point curves®” and calorimetric transition point curves”® of aqueous
solutions of PNIPAM were reported over a wide range concentration by many reserachers.
However, those curves were very flat or had broad minima at very high concentrations (~ 40—50
wt%). Moreover, those curves reported often shifted towards the higher temperature side with
increasing the molecular weight. These phase diagrams for the aqueous PNIPAM are quite
anomalous when compared with phase diagrams of typical polymer-poor solvent systems and

with the Flory-Huggins theory.” The theory predicts that the critical volume ¢ fraction of

polymer and critical interaction parameter . are related to the relative chain length P by’
¢c — P—1/2’ ZC :%_i_ P—1/2 (II_I)

According to the equations, the minimum of the binodal curve must be located at considerably

low polymer concentrations for high polymers, and the critical point for higher P must not be

15



located in the biphasic region for lower P. Many phase diagrams of aqueous PNIPAM solutions
reported so far disagreed with these predictions.

However, it was pointed out by Kawaguchi et al.'’

that the phase separation of aqueous
solution of PNIPAM should not be treated as general phase separation of polymer solutions. In
the first place, the cloud points and binodal points are not identical in a solution of a polymer
bearing molecular weight dispersity. Therefore, the direct measurements of the concentration of
the concentrated and dilute phases would be necessary.

In general, binodal curves are made by measuring the concentrations of dilute-phase and
concentrated-phase under macroscopically phase-separated conditions, however that procedure is
difficult for aqueous solutions of PNIPAM. The reason is that the concentrated droplet phase

stops growing to form colloidal particles of the hydrodynamic radius of a few hundred nm.""™"

16-18
and

This phenomenon is responsible for high surface viscosity of concentrated droplet phase
electrostatic repulsion,'® and such droplet is often called as mesoglobule. In the extreme case of
the high molecular weight and the low concentration of PNIPAM in water, the single chain
coil-globule transition was reported by Wu et al.*’

(Meso)globules may be considered as the concentrated (or polymer-rich) phase
kinetically-trapped, and we refer to it as the concentrated phase droplet here. In fact, Balu et
al."” have reported that an aqueous solution of PNIPAM exhibits macroscopic phase separation
by adding LiCl. In addition, Takahashi et al.'"® have demonstrated that in an aqueous solution of
PNIPMA-b-poly(2-isopropyl-2-oxazoline), whether macroscopic phase separation takes place or
not can be controlled by adding methanol and changing temperature to adjust the interfacial

viscosity and the interfacial solvophilicity of the concentrated droplet phase.

In the present study, I investigate the dispersion state in aqueous PNIPAM solutions over
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a wide temperature range covering one-phase and two-phase regions by small-angle X-ray
scattering (SAXS) measurements. The SAXS results are compared with the above-mentioned

previous results of the phase separation behavior of aqueous PNIPAM.

I1-2. Experimental Section
I1-2-1. Polymer Samples and Solutions Preparation.

A PNIPAM sample were purchased from Polysciences, Inc., Pennsylvania, USA.
According to the supplier, the PNIPAM sample was synthesized via free radical polymerization
in dioxane using 2,2'-azobisisobutyronitrile as an initiator. The sample was fractionated using
acetone and hexane as solvent and precipitant, respectively, on the basis of the literature.”' The
fraction used in this study has the weight-average molecular weight M, ;, the dispersity index
My, 1/M, 1, and the second virial coefficient 4> (in 25 and 29 °C water) listed in Table II-1. The
fraction of raceme diads of the sample was 0.5 + 0.02, determined by "H NMR according to Ref

22.

Table II-1. Molecular Characteristics of the PNIPAM Fraction Used.

Fraction M, 1/gmol ™ ¢ Ay @ My 1 /My

PNIPAM-120k 124 x 107 3.4 (25°C), 2.6 (29 °C) 1.09

“Determined by static light scattering. ’In units of 10~ *cm’ g mol. “Determined by SEC.

The PNIPAM fraction was dissolved in water deionized using a Millipore Milli-Q system
to use for SAXS measurements. The polymer weight fraction w of the test solution was fixed to
be 2 %, and the polymer mass concentrations c at different temperatures were calculated from w

multiplied by the water density at each temperature.
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I1-2-2. SAXS measurements.

Synchrotron radiation SAXS measurements were carried out at the BL40B2 beamline,
SPring-8, Hyogo. The wavelength of the incident light and the camera distance were fixed to be
0.1 nm and 4 m, respectively. A single quartz cell (the inner diameter: 2.0 mm) with a rubber cap
was used in all measurements. Temperature of the cell holder was controlled by a thermostat
HCS302 (Instec, Inc., Colorado). Since the capillary cell was thin enough, the temperature of the
test solution was regarded to be identical with the temperature of cell holder, elevating the
temperature with a heating rate of 1 °C/min from 25 to 73 °C. The scattering intensity of each
solution was accumulated for 2 min by using a Dectris PILATUS2M instrument and circularly
averaged. The polymers were not damaged by the X-ray irradiation, and the solvent was not
vaporized by heating, checked by measuring the solution at 25 °C again at last.

The scattering intensity was calibrated so as to agree the excess SAXS Rayleigh ratio Ry x
with the light-scattering excess Rayleigh ratio for the aqueous PNIPAM solution at 25 °C. The

SAXS optical constant K, was calculated by**

2

n 0 Ijn |

Ke:NAaez[ = —solv } (1I-2)
Mo UsoivMsoly

Here, Na is the Avogadro constant, a. is the classical electron radius, zeo (e solv) and My (Msoly)
are the electron number and the molar mass of the monomer unit (the solvent), respectively, and

U and Uy are the polymer partial specific volume and solvent specific volume, respectively.

II-3. Results
Figure II-1 shows SAXS scattering functions as the double-logarithmic plots of Ry x/K.c

vs k for the 2 wt% aqueous solution of the fraction PNIPAM-120 k at 25 — 35 °C. Here, Ryx is
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the excess SAXS Rayleigh ratio at the scattering angel €, K. is the SAXS optical constant
calculated by eq II-2, ¢ is the polymer mass concentration, and k is the magnitude of the
scattering vector. In the low k region (k < 0.1 nm™'), the scattering intensity increases with
increasing temperature, indicating the formation of large scattering components with increasing
temperature. On the other hand, at £ > 0.2 nm™', the scattering intensity keeps constant at 25, 29,
31, and 33 °C, but abruptly decreases at 35 °C. The scattering in the high & region mainly arises
from the PNIPAM single chains molecularly dispersed in the aqueous solution. The data points at
0.3 nm ' <k <2nm™' almost obey the line with a slope slightly large than —2, expected for the

Gaussian chain. The single chain component were not practically observed at 35 °C.
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Figure II-1. SAXS profiles of the aqueous solution of the fraction PNIPAM-120k (w = 0.02) at
25,29, 31, 33, and 35 °C. The segment indicates the slope of K2
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Figure II-2 shows SAXS scattering profiles for the aqueous PNIPAM solution at 25, 35,
57, and 73 °C. Above 35 °C, the scattering function does not essentially change with
temperature, although we can observe a little bit shifts downward with increasing temperature
from 35 °C. The scattering intensity at 35 °C and higher almost obey a line with the slope of —4
in an intermediate k range (0.1 nm ™' < k < 0.3 nm™"). This slope implies that the large scattering
component at the high temperatures is polydisperse spheres. Although the scattering intensity is
weak, the data points at high temperatures slightly deviate upward from the line with the slope
—4 at k> 0.3 nm'. This may come from a tiny amount of PNIPAM single chains or their small

aggregates remaining even at the high temperatures.

108 E T gn' T T T T T T —
: 2y
[ e
107 | 35"0%& )
s 70 %, E
= 73°C ]
5 105 I Y i
=¥ E = B -
~ . : E
E:.I : nn’“‘“‘w :
~ 10 s - i
P : ]
% ) o
% i & - ]
104 3 N E
103 i L :
0.01 0.1 1

k/nm™!

Figure II-2. SAXS profiles of the aqueous solution of the fraction PNIPAM-120k (w = 0.02) at
25, 35,57, and 73 °C. The segment indicates the slope of K
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I1.4. Discussion
As shown in Figures II-1 and I1-2, the SAXS scattering function for the aqueous PNIPAM
solution is remarkably different below and above 35 °C. In the following, we analyze the SAXS

scattering function separately below and above 35 °C.

I1-4-1. Analysis of the Scattering Function below 35 °C.

At 25 °C, water is a good solvent for PNIPAM, because the second virial coefficient 4
is positive (cf. Table II.1), and PNIPAM may exist as a flexible chain affected by the
intramolecular excluded volume effect in 25 °C water. Yoshizaki and Yamakawa®’ calculated the
particle scattering function P(k) for the unperturbed wormlike chain, and proposed an empirical
function to represent the calculation results as a function of k as well as the persistence length ¢

and the Kuhn statistical number N (or the contour length L) of the wormlike chain, given by
_5 _+5
P(k) = [(1—13 £ j Py (KiRg) e *7 Pry(k; L)}r(k; N, &) exp(—%dzkz) (I1-3)

where R, is the radius of gyration of the chain (calculated from ¢ and N), &is defined by

E= (%)(%T (20k) (I1-4)

and Pc+(k; Ry) and Pr)(k; L) are the known particle scattering functions for the Gaussian coil
with the same R, as that of the wormlike chain, and the rod with the contour length L. Numerical
results for P(k) cannot be expressed by an average of Pc+(k; R,) and Pry(k; L) in the bracket of
eq II-3, so that we need the correction factor I'(k; N, &) in eq II-3 which is a function of &, N, and
&, formulated by the original authors. The last exponential function in eq II-3 is the correction
factor of the finite thickness of the polymer chain, where d is the polymer chain thickness.

Pedersen and Schurtenberger26 made off-lattice Monte Carlo simulations on the discrete
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wormlike chain with the excluded volume interaction to calculate the perturbed particle
scattering function P(k). Calculated results for the perturbed P(k) are expressed in a similar form
to eq II-3 for the unperturbed one. While the particle scattering function of the rod Pwr(k; L) is
not affected by the excluded volume interaction, that of the Gaussian coil Pcx(k; R,) 1s perturbed

by the interaction. Furthermore, the parameter ¢ is replaced by

. 3/2 (R 2.564
r_ _g -
¢ _(1.103N] (ij (2a4) )

and numerical coefficients in the correction function ['(k; N, &) are dependent on the

perturbation. The perturbed particle scattering function is given by
—go ’ . g0 . ", - ’
P(k):[(l—e J jP(C*)(k,Rg)Jre g P(R)(k,L)}F(k,N,cf)exp(—%dzkz) (11-6)

with the perturbed functions P'c*(k; R,) and I''(k; N, &) given by the original authors.
At a finite polymer concentration, the scattering function is affected by the inter-

molecular interference, and it may be written in the form”’

Rox _ MyaP(k)
Kee 1+2M, 1 P(K) Ay C

(I1-7)

where M,,; and A,; are the weight-average molar mass and the second virial coefficient,
respectively, for the polymer. The particle scattering function P(k) is calculated by eq II-3 or II-6.

Figure II-3 displays the Kratky plot for the aqueous PNIPAM solution at 25, 29, 31, and
33 °C shown in Figure II-1. According to the Debye function®® for the Gaussian chain, the
Kratky plot reaches to a plateau in a high k region, but the experimental Kratky plots keep
increasing with increasing k. This may come from the chain connectivity and radial distribution
of the excess electron density of the PNIPAM chain. Equations II-3 and II-6 include these effects

on the scattering function. In Figure II-3, red solid, black solid, and black dotted curves indicate
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theoretical values calculated by eq II-7 along with P(k) calculated by eqs II-6, II-3, and Pc#(k;
Rg)exp(—dzkz/ 16), respectively. At 25 and 29 °C, A4, is positive, and the intra-molecular
excluded volume effect may be important. Thus, the red solid curves show the best fitting with
the experimental data. At 31 and 33 °C, dehydration takes place on the PNIPAM chain, and water
becomes a poor solvent, although no light-scattering 4,; has not reported. The experimental

Kratky plot can be fitted by the black solid curves for the unperturbed wormlike chain.
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Figure I1-3. Kratky plots for the aqueous PNIPAM solution at 25, 29, 31, and 33 °C shown in
Figure II-1. Red solid, black solid, and black dotted curves, P;(k) calculated by eqs II-6, II-3, and
Pew(k; Rg)exp(—d2k2/16), respectively. Plots for 29, 31, and 33 °C shift upward for viewing

clarity.
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Table II-2 lists fitting parameters used to calculate the Kratky plots in Figure II-3. Values
of My, and A, at 25 and 29 °C consistent with light scattering results shown in Table II-1, and
the perturbed R, 1s slightly larger than unperturbed Ryo. The g values indicate that the PNIPAM
is a flexible polymer, but it turns out that the chain stiffness effect is important at high £ from the
comparison between the black solid and dotted curves at each temperature. The intra-molecular
attractive interaction may be important in the PNIPAM chain at 33 °C, however there are no
theoretical calculations of such attractive interaction effect on P(k). Although the experimental
Kratky plot seems to be fitted by the black solid curve, the fitting parameter values may be
affected by this attractive interaction. Thus, we do not argue the values of 4, and g at 33 °C. At
last, d* values in the rightmost column in Table II-2 are negative, which are physically
unreasonable. However, as pointed out by Arakawa, et al. >’ inhomogeneous radial distribution of
the excess electron density of the polymer chain can give negative d” values, if the correction
factor exp(—d*k*/16) is used in eqs II-3 and II-6. The radial electron density distribution of the

hydrated PNIPAM chain may be responsible for the negative d”.

Table 1I-2. Fitting parameters for the single chain used in the Kratky plots at 25, 29, 31,
and 33 °C.

Temp My1* Az,lb g/nm L/mm (N€) | Rgo/nm d Ry/nm &’/nm”
25 °C 12.4 3.0 1.0 280 (140) 9.6 10 -0.1

29 °C 12.4 1.6 1.0s 280 (130) 9.8 10 —-0.08
31 °C 12.4 0.8 1.05 280 (130) 9.8 - -0.08
33 °C 12.4 0 1.5 280 (93) 12 - -0.05

*In units of 10* g/mol. ® In units of 10~* cm’g *mol. ¢ Calculated by L/2¢. * Unperturbed radius of

gyration calculated from g and N.
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Although the scattering function in the low £ region is not inconspicuous in the Kratky
plot in Figure II-3, upswings in the low k region are definitely observed even at 25 and 29 °C in
Figure II-1. These upswings indicate the existence of large scattering components. As listed in
Tables II-1 and II-2, the second virial coefficient A, is positive at 25 and 29 °C, so that water is
a good solvent for PNIPAM at those temperatures. However, it has been sometimes reported the
formation of large polymer aggregates even in good solvents.’*>? Combining static and dynamic
light scattering, Kawaguchi ez al.'’ demonstrated that PNIPAM form large aggregates in water
even at temperatures considerably lower than the cloud point, and the aggregating component
may be loosely packed random coils, judged from the ratio p of the radius of gyration to the
hydrodynamic radius.

We express the loosely packed random coils by randomly cross-linked Gaussian chains,
illustrated in Figure II-4. The z-average particle scattering function P, ,(k) for the randomly

cross-linked Gaussian chain may be represented by

L @ (_sinbkj
l+a bk _
g2 0= (f-1a (1 sinbkjp(c*)(k’b/“/g) (II-8)
+ _
1-(f -Da bk
tie chain

dangl ing chain

Figure I1-4. Schematic diagram of a randomly cross-linked Gaussian chains as a model for the

loosely packed random coil.
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where f'and « are the functionality and the reaction rate of the cross-link point, respectively, b is
the average end-to-end distance of the tie chain connecting the nearest neighbor cross-link
points, and Pcx(k; b/6"%) is the Debye function for the Gaussian chain with the radius of
gyration of 5/6"%. The weight-average number my e Of tie chains per aggregate is given by

l+a
Moy == I1-9
'w,tie l—(f—l) ( )

which diverges at o= 1/(f—1).

Because the inter-molecular interference for the large scattering component (component 2)
becomes sharply unimportant with increasing k, we consider the inter-molecular interference
effect only among single chains (component 1). As a result, the scattering function can be written

35
as

Rox — wiM,, R (k)
Kec  1+2wmM,,1 R (K)AysC

+W, M, 5P, (k) (I1-10)

where w;, M;, and P«(k) are the weight fraction in the total polymer, the weight-average molar
mass, and (z-average) particle scattering function of component i (i = 1, 2), respectively, and 4> ;
is the second virial coefficient for component 1. Equation II-3 or II-6 is used for Pi(k), and
Pogg k) in eq 11-8 for P,(k). The weight-average molar mass M, of component 2 is calculated
by my . (given by eq II-8) multiplied by the molar mass of the tie chain M. (of which average
end-to-end distance is b).

Figure II-5 demonstrates that the SAXS scattering function for aqueous PNIPAM solution
at 25 and 29 °C can be nicely fitted by eq II-10 along with eqs II-8 and II-9. The fitting
parameters used for these fittings are listed in Table II-3. The weight fraction w, of the
aggregating component is very tiny, and the aggregation number m e is quite large, which are
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characteristic to polymer aggregates in good solvents.
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Figure II-5. Fitting results of the SAXS scattering function for aqueous PNIPAM solution at 25-
33 °C.

Table II-3. Fitting parameters for the aggregating component at 25, 29, 31, and 33 °C.

Temp. W 1t a Mytie | Rgage,/NM Mie" b/nm
25°C 0.0055 4 0.3332 3,300 190 1.4 5.4
29 °C 0.008 4 0.3331 1,900 160 1.8 6.1
Temp. ) My2® | Myo/ Mys | cin® | Rgages/nm

31°C 0.02 5.0 4 0.22 100

33°C 0.35 5.6 22 0.18 180

* Assumed to be 4. ° In units of 10* g/mol. “In units of 10® g/mol. 4n units of g/em’.
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On the other hand, the same fitting by eq II-10 along with eqgs I1-8 and II-9 was impossible
for the scattering functions at 31 and 33 °C in the low k region. Thus, the large scattering
component at 31 and 33 °C is not loosely packed random coils of the PNIPAM chain. With
increasing the temperature, the degree of dehydration of the PNIPAM chain increases to make
the attractive interaction among PNIPAM chains stronger, and the aqueous PNIPAM solution
may go into the biphasic region of the phase diagram. In the biphasic region, concentrated-phase
droplets may be formed in the dilute aqueous PNIPAM solution. The concentrated-phase droplets
are regarded as polydisperse spherical particles, of which z-average particle scattering function
P, (k) can be expressed by3 6

sin(kR) — kR cos(kR)
(kR)°

2
P2(k) = My, {sx } My (M)dM I-11)

where R is the radius of the sphere with the molar mass M, calculated by

1/3
R= (LJ (1I-12)

47N ACin
with the Avogadro constant N and the polymer mass concentration cj, inside the spherical

particle. The molar mass distribution function (the weight fraction) w,(M) of the spherical

particles in eq II-11 is assumed to obey a log-normal distribution:

1 In?(M/ My, M, )

W, (M) = exp| — (I1-13)
i \IZﬁln(MW,Z/Mn,Z)M 2In(Myz /My2)

with M,,» and M, being the weight-average and number-average molar mass of the polydisperse
spherical particles.
Equation II-10 along with eq II-11 instead of eq II-8 can fit the scattering functions at 31

and 33 °C in the low k region (cf. solid curves in Figure II-5). The fitting parameters are listed in
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Table II-3.

At present, we do not know the relation between the loose aggregation at 25 and 29 °C
and the phase separation at 31 and 33 °C. As mentioned above, the loose aggregation takes place
under the good solvent condition, indicating that it may have nothing to do with the attractive
interaction inducing the phase separation. When the loose aggregation contributes to turbidity of
the solution, the cloud point is not necessarily the indication of the start of the phase separation,

as pointed out by Kawaguchi et al.'

I1-4-2. Analysis of the Scattering Function at Temperatures > 35 °C.

As indicated in Figure II-2, the scattering function in the high k region abruptly
diminishes at temperatures > 35 °C, demonstrating the disappearance of PNIPAM single chains
in the aqueous solution. The phase separation makes the single chains to coagulate and to form
the concentrated phase; the coexisting dilute phase has little single chain component. The K
decay of the scattering function at temperatures > 35 °C demonstrates that the main scattering
component is the polydisperse spherical particles, i.e., concentrated-phase droplets.

Taking into account the inter-particle interference effect among spherical particles, we

write the scattering function in the following form®’

& _ MW,ZPZ,Z(k)
Kc  1+2My, 5P, 5 (K)Ay 5C

(11-14)

where A,, is the (average) second virial coefficient for spherical particles, and the z-average
particle scattering function is calculated by eq II-11 with eqs II-12 and II-13. In Figure II-6, solid
curves indicate theoretical values by using parameter values listed in Table 1I-4. The fitting
parameters are very insensitive to the temperature. Only M, slightly increases with the

temperature. It is interesting that cj, is not only insensitive to the temperature but also
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considerably low. We will discuss this result in the next subsection.
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Figure II-6. Fitting results of the SAXS scattering function for aqueous PNIPAM solution at

temperatures > 35 °C.

Table II-4. Fitting parameters for concentrated-phase droplets at temperatures > 35 °C.

Temp My,* Mo/ My Cin Ry age /M Arr°
35°C 2.85 4 0.18 97.s 1.0
45 °C 3.8 4 0.18 110 1.5
51 °C 4.75 4 0.18 120 1.5
57 °C 4.75 4 0.18 120 2.0
73 °C 6.65 4 0.175s 130 0.28

*In units of 10* g/mol. ° In units of g/cm’. “In units of 10~ cm*gmol.
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Although the high-k scattering intensity is weak, the data points at high temperatures
slightly deviate upward from the line with the slope —4 at k > 0.3 nm . This may come from a
tiny amount of PNIPAM single chains or their small aggregates remaining even at the high
temperatures. Considering this minor scattering component, we modify the scattering function

from eq II-14 to

Ry
—=wM,, 1P (k)+
Kc 1™Viw,1 1()

Wy MW,Z I:)2,2 (k)
1+2M,, 2P, 2 (k) Ag oC

(1I-15)

where wi, M1, and P)(k) are the weight fraction, the weight-average molar mass, and the
particle scattering function of the minor small component, respectively. Here, this minor
component is assumed to be a globule of the PNIPAM single chain, of which particle scattering

function is given by that for the uniform density sphere:*°

2
8 sin(kR) — kR cos(kR)

k)=1]3
R(K) —

(1I-16)

where R is the radius of the globule. If there is not water inside the globule, the polymer
concentration inside the globule should be identical with the reciprocal of the specific volume for
PNIPAM (= 0.9 cm’/g). Using eq II-12 with M = 12.4 x 10* g/mol and ¢;, = 1.1 g/em’, R is
estimated to be 3.5 nm.

Figure II-7 plots k4R9,X/Kec against k for the temperatures > 35 °C. Although data points
are rather scattered, the upswing of the plot in the high & region at each temperature (especially at
35 °C) may indicate the existence of small globule component. Solid curves are obtained from eq
II-15 with My,; = 12.4 x 10* g/mol and R = 3.5 nm. Values of w; chosen are shown in the right
side of Figure II-7. When the solid curve is compared with the dashed curve obtained with w; =0

at each temperature, the first term in the right-hand side of eq II-15 appreciably contributes to the
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scattering function at high £.
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Figure II-7. Fitting results of the SAXS scattering function for aqueous PNIPAM solution at

temperatures > 35 °C. Solid and dashed curves, theoretical values calculated by eq II-15 and eq

II-14 (w; = 0 in eq II-15), respectively.

I1-4-3. Phase diagram.

Afroze et al. carried out turbidity and DSC measurements on aqueous PNIPAM solution
over a wide range of the polymer concentration, where the molecular weight of the PNIPAM
sample is 12 x 10* being quite close to our PNIPAM sample. Figure II-8 shows their

experimental results of the cloud point temperature (unfilled black circles) and the temperature at

32



the beginning of the endotherm (filled black circles). Although the former temperature is slightly
higher than the latter temperature at ¢ < 0.3 g/cm’, both data points form a composite curve.

1.1 and also mentioned above (cf. Figure II-5 and

However, as pointed out by Kawaguchi et a
Table I1-3), the random aggregation first occurs among PNIPAM chains in water upon heating.
This random aggregation may contribute to turbidity and endotherm of the aqueous PNIPAM

solution, but it may not directly relate to the phase separation. Thus, the solid curve connecting

black circles may not be the binodal curve.
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Figure II-8. Polymer mass concentrations c;j, inside the spherical particles obtained by SAXS
(red filled circles) and the temperature where the SAXS profile starts showing the &
dependence in the low k region (red square), plotted in the phase diagram to compare the results

obtained by Afroze et al.®
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The SAXS profile of the aqueous PNIPAM solution (¢ = 0.02 g/cm’) abruptly diminishes
in the high k region at 35 °C (cf. Figure II-1), indicating that PNIPAM single chains disappear in
the solution to form polydisperse spherical particles. Thus, we can say that the red square in the
phase diagram of Figure II-8 is inside the biphasic region. Furthermore, the upswing of the
SAXS profile in the low k region (cf. Figure II-5) becomes steep at 31 and 33 °C, and can be
fitted not by the loosely packed random coil or the randomly cross-linked Gaussian chain but by
polydisperse spherical particle model. This indicates that the binodal temperature at ¢ = 0.02
g/cm3 is as low as 31 °C (the square in Figure II-8), which is close to the cloud point temperature
and the temperature at the beginning of the endotherm obtained by Afroze et al.®

SAXS profiles for the phase separating aqueous PNIPAM solution at temperatures >
35 °C provide polymer mass concentrations ci, inside the spherical particles. The results of ci,
are plotted by red filled circles in the phase diagram of Figure II-8. Those red circles are inside
the two-phase region, and remarkably deviate from the solid curve obtained by turbidity and
DSC measurements. This demonstrates that spherical particles in the phase-separating aqueous
solution are not pure coexisting concentrated phase, but include coexisting dilute phase. Not only
cin but also the SAXS profile itself do not essentially change with temperature above 35 °C.
Therefore, the dispersion state in the phase-separating PNIPAM solution may be frozen above
35 °C. The dehydration upon heating makes PNIPAM so hydrophobic that inter- and intra-
molecular attractive interaction may exceed thermal energy to prohibit the molecular chain
rearrangement above 35 °C. Therefore, the dispersion state in the phase-separating PNIPAM
solution above 35 °C may not be the thermodynamically equilibrium state. This makes the study

of aqueous PNIPAM solution difficult.

34



II-5. Conclusions

The phase separation behavior of the aqueous PNIPAM solution upon heating was
investigated by SAXS, and the following conclusions were obtained:
(1) Below 35 °C, the main component in the solution is the single random coil chain, of which
SAXS scattering function is fitted by flexible wormlike chains with or without the excluded
volume effect.
(2) At 25 and 29 °C, the solution contains a minor scattering component of the loosely packed
random coil viewed as the randomly cross-linked Gaussian chain.
(3) At 31 and 33 °C, the minor component changes from the loosely packed random coil to
polydisperse spherical particles. This is the indication of the phase separation
(4) At and above 35 °C, the main component in the solution changes from the single random coil
chain to the spherical particle. However, the SAXS profile does not essentially alter with
temperature above 35 °C. This indicates that the phase-separating PNIPAM solution above 35 °C
is not the thermodynamically equilibrium state. The polymer concentration inside the spherical
particle was much lower than the expected coexisting concentrated phase concentration.
(5) A tiny amount of small particles remains in the phase-separating solution above 35 °C.
However, it is premature that this small particle component is the globule of the PNIPAM chain
coexisting with the concentrated phase, because the solution is not in the thermodynamically

equilibrium state.
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Chapter 111
Micellization and Phase Separation in Aqueous Solutions of Thermosensitive
Block Copolymer Poly(N-isopropylacrylamide)-b-poly(/V-vinyl-2-

pyrrolidone) upon Heating.

I1I-1. Introduction

Strongly amphiphilic diblock copolymers consisting of polar and nonpolar block chains
[e.g., polystyrene-b-poly(acrylic acid) and polystyrene-b-poly(ethylene oxide)] are known to
form different types of micelles in aqueous media.'® These polymer micelles are much more
stable with lower critical micelle concentrations than micelles of low-molar-mass surfactants.
This stability is the merit of applications as nanocarriers and nanoreactors.

On the other hand, when the amphiphilicity of the diblock copolymer is not strong
enough, the liquid—liquid phase separation is preferred to the micellization as the solvent
becomes poor. If colloidal droplets of the concentrated phase in the phase-separating solution are
stabilized by the more hydrophilic block chain covering the colloidal droplet surface, it is rather
difficult to distinguish the spherical droplet of the concentrated phase from the spherical micelle.
However, it is important to clarify the condition of the micellization and phase separation,
because the spherical micelle has a definite hydrophobic core and a constant size, which is more
useful to apply as nanocarriers and nanoreactors than the colloidal droplet of the concentrated
phase.

Recently, many thermosensitive block copolymers have been synthesized and their self-

. . . . . 7-15 . .
assembly behavior in aqueous solution has been investigated, because their micelles can

38



easily incorporate and release drugs and chemicals. However, these thermosensitive block
copolymers often underwent liquid—liquid phase separations rather than the micellization,
because of their weak amphiphilicity. In a previous study, Sato et al.'* investigated the self-
association of a thermosensitive block copolymer consisting of poly(N-isopropylacrylamide) and
poly(N-vinyl-2-pyrrolidone) (PNIPAM-b-PNVP; cf. Scheme 1) in water upon heating by small-
angle X-ray scattering (SAXS) and concluded that the phase separation rather than the
micellization takes place in this copolymer solution, due to the weak amphiphilicity of the
copolymer. Similar conclusions were obtained also for aqueous solutions of poly(2-isopropyl-2-
oxazoline)-b-poly(2-ethyl-2-0xazoline)13 and poly(2-isopropyl-2-oxazoline)-b-poly(/N-
isopropylacrylamide). '° Additionally, Sato and Takahashi'® demonstrated theoretically that
weakly amphiphilic block copolymers prefer thermodynamically the liquid—liquid phase

separation to the micellization in solution.

~<CI>H—CH2—>block~<C|3H— CHzﬁ—
C=0 xNg (1=x)N,
s O

&H

PNIPAM-b-PNVP

Scheme III-1. Chemical structure of poly(N-isopropylacrylamide)-b-poly(N-vinyl-2-
pyrrolidone) (PNIPAM-h-PNVP)

When the block copolymer is used as nanocarriers or nanoreactors in solution, it is
important to understand detailed conditions of the micellization and phase separation. In this
study, we carried out SAXS measurements on aqueous PNIPAM-H-PNVP solutions to examine

the competition between the micellization and phase separation by changing the degrees of
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polymerization of both block chains. The experimental results were compared with the theory

based on the lattice model.'*

III-2. Theoretical Section

First, we briefly reviewed the previous lattice theory for block copolymer solutions.'*
According to the Flory-Huggins theory,'’ the mixing Gibbs energy per lattice site Agy of the
homogeneous solution of the AB diblock copolymer, of which A and B block copolymer chains

consist of Px and Pg lattice units, respectively, is given by

¢p

AQh _ (23 - i
|<B_T_¢S|n¢3+ Pln(/ﬁp+;(¢s¢p (III-1)

where kgT is the Boltzmann constant multiplied by the absolute temperature, ¢s and ¢ are the
volume fractions of the solvent and copolymer, respectively, in the solution (¢s =1 — ¢p), P is the
number of the total lattice units consisting of one copolymer chain (= P + Pg), xa and xg are the
mole fractions of the A and B units in the copolymer chain (xp = Pa/P, xg = Pg/P =1 — x4), and

7 1s the average interaction parameter between the block copolymer chain and solvent, defined

byl 8

X =XaXas T XgXBs — XaXsXAB (I1I-2)
with yas, ¥Bs, and yap being the interaction parameters between the A unit and solvent, between

the B unit and solvent, and between the A and B units, respectively.
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Figure III-1. Uniform density spherical droplet model (a) and a simplified model of the

spherical micelle (b).

On the other hand, when the block copolymer forms a micelle in the solution illustrated in

Figure ITI-1, the mixing Gibbs energy per lattice site Agy, of the micellar phase is given by'®

AQm _
KeT
R3 — Rcore3 Rcore3
=¢PP(Inz<+In¢P)+ - (1- s )IN(1—gas )+ o (1- g )In(1-gg.) (I-3)

3aR 2 .2
+|:XA (1—¢as ) 2as + X (1o ) xBs — XAXBZAB:|¢P +%EB__¢

with

3
K= 2—7; P2+a XAXBl_Za (XAa + XBa ) (111'4)

Here, ¢p 1s the average copolymer volume fraction in the micellar phase and R and R are radii

of the micelle and of the micellar core (cf. Figure III-1b), respectively, simply calculated by
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Reoe/2=(*gP)”, (R—Reore)/a=(xaP)” (111-5)
with the unit lattice size a and an exponent «. In what follows, « is assumed to be 0.5 for the
Gaussian chain. (Although o for the A and B block chains should be larger and smaller than 0.5,
respectively, due to the excluded volume effect, final phase diagrams are almost independent
ofthe values of @.) In the last term in eq III-3, yis the interfacial tension between the core and
shell regions. The volume fractions of the A block chain in the shell region ¢ and of the B

block chain in the core region ¢g . (cf. Figure III-1b) are given by

3 3
R3Xa o XA (XAa + XB“) R3Xg o (XAa + XB“)
¢A,S = 3 3 = 3 ¢P’ ¢B,C = 3 = 3a—-1 ¢P (HI_6)
R™ = Reore (an + XBa) - XB3a Reore XB
The last interfacial energy term in eq I1I-3 can be calculated by'®
a’ 1 L1 1
P §(¢A,s + ¢B,c) f (§¢A,S'E¢B,c) - E[ f (¢A,s’0) +f (O’¢B,c )J (II-7)
B
with the function f(x, y) defined by
F(xy)=[In(1-x=y)+ zasx+ ZasY [(1-X=y)+ 2aeXy (I11-8)

Thus, when P, xg, and o as well as yas, yss, and yap are given, we can calculate Ag,, as a
function of ¢ from the above equations II11-3—11I-8.

When yap and yas are fixed to be 0 and 0.4, respectively (a = 0.5), the binodal curve for
the liquid—liquid phase separation in the ygs—¢p phase diagram can be drawn from the common
tangent of the Agy—¢p curve given by eqs ITI-1 and I11-2."° The results for several sets of P and xg
are drawn by black dashed and solid curves in Figure III-2, where panels a—c show the xp
dependence at fixed P = 200 and panels d—f display the P dependence at fixed xg = 0.3 of the

liquid—liquid phase separation diagram. When ygs is an increasing function of the temperature,
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the phase diagrams have the lower critical solution temperatures.

On the other hand, if the common tangent can be drawn to the Ag,—¢p curve and Ag,—¢p
curve (given by eqs III-3—III-8), the phase equilibrium between the dilute (or concentrated)
copolymer phase and the micellar phase may be possible, and if the total Gibbs energy in this
equilibrium state is lower than that at the liquid—liquid phase separation, the micellization prefers
the liquid-liquid phase separation.'® In the phase diagrams in Figure III-2, red solid curves (red
dash-dot curves) are binodal curves for the dilute phase-micellar phase equilibrium (the
concentrated phase-micellar phase equilibrium) which are thermodynamically more stable than
the liquid—liquid phase separation. The black solid and dashed curves distinguish between
thermodynamically stable and unstable binodal curves for the liquid—liquid phase separation.

As seen from panels a—c in Figure III-2, both binodal curves for the liquid—liquid phase
separation and micellization go upward with decreasing xp at fixed P, but the former shifts more
rapidly, so that the micellization becomes more stable at lower xg. On the other hand, panels d—f
demonstrate that both binodal curves for the liquid—liquid phase separation and micellization go
upward with decreasing P at fixed xg, but the latter shifts more rapidly. Thus, the micellization
becomes more stable at higher P. As yps increases along the arrow in panels a, b, e, and f, the
single-phase solution undergoes the liquid—liquid phase separation and then micellization. On the
other hand, in panels ¢ and d, the micellization takes place directly from the single-phase state

with increasing ygs.
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Figure III-2. Theoretical phase diagrams of block copolymer solutions with changing interaction
parameter ygs at fixed yap = 0 and yas = 0.4. Panels a—c show the xg dependence at fixed P =
200, and panels d—f display the P dependence at fixed xg = 0.3 of the phase diagram. (Panels b
and e are the same phase diagram.) The volume fractions of the coexisting dilute and micellar
phases are denoted as ¢'pq and ¢pn, respectively, and those of the coexisting concentrated and

micellar phases as ¢'p. and ¢'pm, respectively.

Strictly speaking, the micelle is not a thermodynamic phase but a thermodynamic
component, which indicates that the micellization may not be regarded as the purely
thermodynamic phase separation. As shown by the small arrow in panel d in Figure III-2, when
¢p increases at a fixed yps, the single-phase solution transforms into the micellar solution at
crossing the red solid curve. The concentration ¢p of the crossing point is referred to as the
critical micelle concentration; however, it is not the phase transition point thermodynamically but

a crossover point. Similarly, the phase boundary between the liquid—liquid phase separation
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region and the micellization region in the phase diagrams of panels a, b, e, and f in Figure III-2
should also be regarded as a crossover between different self-association states of the block

copolymer.

IT1I-3. Experimental Section
III-3-1. Materials.

Ethyl-2-methyl-2-butyltelanilpropionate (BTEE) was gifted from Otsuka Chemical. N-
Vinyl-2-pyrroridone (NVP) (99.9%) was gifted from Nippon Shokubai, which was distilled
under reduced pressure. N-Isopropylacrylamide (NIPAM) (97%) from Sigma- Aldrich was
recrystallized from a mixture of benzene and n-hexane (3/7, v/v). 2,2'-Azobis(isobutyronitrile)
(AIBN, 98%) from Wako Pure Chemical was recrystallized from methanol. N,N-
Dimethylformamide (DMF) was distilled under reduced pressure. Water was purified with a

Millipore Milli-Q system. Other reagents were used as received.

III-3-2. Copolymer Samples.

Two PNIPAM-b-PNVP samples were used in this work. Both of them were synthesized
according to the organotellurium-mediated controlled radical polymerization described in a
previous paper.10 The copolymer samples were purified by reprecipitating from chloroform into a
large excess of diethyl ether twice. The polymers were dissolved in pure water and were
recovered by a freeze-drying technique.

Molecular characteristics of these block copolymer samples are listed in Table III-1,
along with those of the previously used sample. Number-average degrees of polymerization of

the PNIPAM block chain Ny,(PNIPAM) and of the PNVP block chain Ny,(PNVP) as well as the
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total number-average degree of polymerization No,= No,(PNIPAM) + Ny ,(PNVP) and the mole
fraction of the NIPAM monomer unit in the copolymer chain x = Ny,(PNIPAM)/N,, were
determined by 'H NMR. Dispersities in the molecular weight M,/M, of the copolymer samples

were determined by size-exclusion chromatography (SEC) using polystyrene standard samples. '

I11-3-3. Measurements.

'"H NMR spectra were obtained with a Bruker DRX-500 spectrometer. SEC
measurements were performed using a Tosoh RI8021 refractive index detector equipped with
two Shodex LF-804 polystyrene mixed gel columns at 40 °C under a flow rate of 0.5 mL/min. A
DMF solution containing 10 mM LiBr was used as eluent. The obtained data were calibrated

with standard polystyrene samples.

Table III-1. Molecular Characteristics of PNIPAM-5-PNVP Samples Used in This and

Previous Studies

sample Noa(PNIPAM)® | Noo(PNVP)® | Nom | x| M/M," | My/10%°
PNIPAMg-b-PNVPsgs 60 368 428 | 0.14 | 125 5.95
PNIPAM;,-b-PNVP 5 31 120 151 | 021 | 1.26 2.12
PNIPAM, 0-b-PNVP; 5 ¢ 100 218 318 | 031 | 1.16 4.12

“Determined by 'H NMR. "Determined by SEC. “Weight-average molecular weights calculated
by [113Nyn(PNIPAM) + 111Ny 4(PNVP)|M,,/M, using the results listed in the second, third, and

sixth columns. “Sample used in the previous study.'*

Small-angle X-ray scattering (SAXS) measurements of aqueous PNIPAM-H-PNVP

solutions were performed on the BL40B2 beamline, SPring-8, Hyogo. The wavelength of the
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incident light and the camera distance were fixed to be 0.1 nm and 4 m, respectively. For all
measurements, a single quartz capillary cell (2.0 mm inner diameter) with a rubber cap was used.
Since the capillary cell was thin enough, the temperature of each test solution was regarded to be
identical with the temperature of cell holder, elevating the temperature with a heating rate of
1 °C/min from 20 to 75 °C. The scattering intensity of each solution was accumulated for 2 min
by using a Dectris PILATUS2M instrument and circularly averaged.'’

The SAXS excess Rayleigh ratio Ry xat the scattering angle 6 and the optical constant K,

of SAXS were calculated by™

Rox =F [I s T " ]’ Ke = Nalae27/av2 (I11-9)
mon,soln mon,solv

Here, F is the instrument constant, Iy soin (Zo.solv) a0d Zimon soln (Zmonsolv) are the scattering intensity at

the scattering angle 6 and the incident SAXS intensity, respectively, of the solution (of the

solvent), N, is the Avogadro constant, a. is the classical radius of an electron (=2.8 x 107" cm),

and y,y is the average SAXS contrast factor of the copolymer. The values of y,, for the copolymer

in water were calculated by

_ Mo nipamNon (PNIPAM) yonipam + Mo nveNo n (PNVP) 7pnve

Va (I11-10)
Y Mo nipamNo n (PNIPAM) + Mg \vpNg n (PNVP)
with the contrast factors of the NIPAM and NVP monomer units given by
NeNIPAM U Ne H,0 Nenve Oy Ne H,0
YPNIPAM = — —ENIPAM. =222 vonve = — — —PRVP Z (II-11)

Mo, nipAM bYH,0 IV|H20 Mo nvp UH,0 MO,HZO

where n.;and M, ; (i = NIPAM, NVP, and H,0) are the numbers of electrons and molar masses of
the monomer units and water, respectively, U ; is the partial specific volume of the monomer unit
i (= PNIPAM and PNVP), and vy;0 is the specific volume of water. By density measurements of

the copolymer samples, the partial specific volumes were determined to be O pnppam = 0.863
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cm’/g and & pave = 0.774 cm’/g (ypxipam = 0.0692 mol/g; ypnve = 0.1105 mol/g). Temperature
dependences of ypnipam and ypnyp Were neglected. The instrument constant ' was determined so
that the experimental scattering profile at 25 °C agrees with the theoretical one for the single
chain (cf. eqs III-12—16 below).

Test solutions of 2.0 wt % for SAXS measurements were prepared by mixing the dried
PNIPAM-H-PNVP sample and pure water and stirring the mixture at least overnight at room

temperature.

I11I-4. Results and Discussions
I11-4-1. SAXS Profiles.

Figure III-3 shows temperature dependences of SAXS scattering functions Ry x/K.c for
samples PNIPAMg)-b-PNVP3es and PNIPAM;3,-b-PNVPy,9, where ¢ is the copolymer mass
concentration and k is the magnitude of the scattering vector. For both block copolymers, the
intensity increases with the temperature at k£ < 0.3 nm ' but almost independent of the
temperature at k = 0.3 nm . The increase in the scattering function in the low k region indicates
the formation of a large scattering component upon heating, but the temperature insensitiveness
of the scattering function in the high & region demonstrates that the original small scattering

component at the room temperature exists even at high temperatures.
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Figure III-3. SAXS profiles obtained for 2 wt% aqueous solutions of the block copolymer
samples PNIPAMg)-b-PNVP3¢5 (a) and PNIPAM;3;-b-PNVP;, (b) upon heating from 25°C to
73°C with heating rate of 1°C/min. The SAXS scattering profile for 1 wt% aqueous solution of
the sample PNIPAM 4o-b-PNVP,;5 at 60 °C obtained in the previous study'® is also shown in
Panel b.

Above 60 °C, the scattering functions in the low & region for PNIPAMgp-b-PNV P45
(panel a) show plateaus, but those for PNIPAM3,-6-PNVP;y (panel b) keep increasing with
decreasing k, although some plateaus are observed in an intermediate & region above 70 °C. In
panel b, the scattering function for PNIPAMo-b-PNVP,;5 at 60 °C obtained in the previous
study'® also keeps increasing in the low k region. The difference in the scattering function in the
low k region indicates the different morphologies of the aggregating component of the block

copolymers upon heating.

II1-4-2. Theoretical Scattering Functions
As mentioned above, depending on the composition and degree of polymerization, the

block copolymer in solution may form the micelle or undergo the liquid—liquid phase separation.
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For the aqueous solution of PNIPAM-b-PNVP, the macroscopic phase separation does not occur,
but the separated concentrated phase forms colloidal spheres or droplets in the phase separating
solution.' Thus, the aqueous PNIPAM-H-PNVP solution contains the single chain, micelle,
and/or colloidal sphere of the concentrated phase as scattering components. When weight
fractions of the single chain, micelle, and sphere are denoted as Wchain, Wmic, and Weph,
respectively, and (weight average) aggregation numbers of the micelle and sphere as mpi. and
mysph, Tespectively, the scattering function for the aqueous PNIPAM-H6-PNVP solution may be

. 21
written as

RQ,X =M, { Wehain I:)chain (k)
KeC 1+ 2AZ I\/Ilpchain (k)WchainC

+ Winic Mmic I:)mic (k) + Wsph mw,sph F)sph (k)} (IH-IZ)
where M, and A, are the molecular weight and the second virial coefficient of the single chain
and Pcpain(k), Pmic(k), and Pgpn(k) are the particle scattering function of the single chain, micelle,
and sphere, respectively. We consider the interparticle interference effect only among single
chains in eq III-12. In what follows, M,, listed in Table III-1 (the last column) is used as M,. The

particle scattering function Pepain(k) of the PNIPAM-b-PNVP single chain, taking the random coil

. . 22
conformation, is expressed by

Ve Ponain (K) = Wa%y a2Pa (K) + Wg 752 P (k) + 2WaWgy A 75Qas (K) (I1I1-13)

with

X X 1-e *A)(1-e%8

e "A-1+X e "B-1+X

Pa(k) =2———F—4, P(k)=2—5—2, QAB=( )( ) (I11-14)
Xa B XaXp

Xa= %bAZNO,Akz’ Xg = %bBZNo,Bk2 (ITI-15)

Here, the subscripts A and B stand for PNVP and PNIPAM, respectively, b; and Ny; (i = A, B) are

the effective monomer unit length and the degree of polymerization, respectively, and wa and wg
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are the weight fractions of the A and B block chains in the copolymer chain, respectively,
calculated by

Mo nipam No n (PNIPAM)

WB :1—WA =
Mo, nveNo,n (PNVP) + Mg nipamNo n (PNIPAM)

(11I-16)

See also eqs I1I-10 and 11. In what follows, Ny ,(PNVP) and Ny ,(PNIPAM) listed in Table III-1
are used for Ny 4 and Ny g.

The particle scattering function for the spherical micelle Ppic(k) is given by

2
o Prac )= [AWAEA () + raweEa (e + VA% o 4 gc200]  ama1gy

where

1—e XA sin [(Rcore + % bcoronaNO,Al/z)k} £y = 3Sin(Rcorek) - Rk COS(Rcorek)
XA (Rcore + %bcorona NO,All2 ) k (Rcorek)3

Ex(k) = (II-18)

with the width ¢ of the core—corona interface, the bond length bcorona 0f the coronal (PNVP)

chain, and the radius R of the spherical core, given by

4 m... .M N
?ﬂ RcoreSCcore _ Mmic O,NIPQM 0,PNIPAM (ITI-19)
a

Here, ccore 1s the PNIPAM block chain mass concentration inside the core and N, is the Avogadro
constant. The cylindrical micelle and vesicle are not expected for our PNIPAM-b-PNVP samples
because Non(PNVP) > Ny ,(PNIPAM) (cf. Table I1I-1).%°

At last, the scattering function for polydisperse spheres Pg,n(k) is given by

mw,sph I:)sph (k) =

1 J{3sin(Rk) Rk cos(Rk)}2 exp[— |n2(\/5msph/mw.sph)

dm. 111-20
J27zInD (Rk)3 2Inb } son ( )

where D and m,, 1 are the dispersity index and the weight average aggregation number of the

spherical particles, respectively, and Ry, is the radius of the sphere with the aggregation number
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mgph, calculated by

A

MiMgpn
?Rscin = :

Na

(I-21)

with the copolymer mass concentration cj, inside the spherical particle.

I11-4-3. Fitting of SAXS Profiles.

Figure III-4 shows the fitting result by eqs III-12—21, for example, of the scattering
function for PNIPAM;;-6-PNVP 5 at 73 °C. The red solid curve indicates the total theoretical
scattering function, and the three black solid curves display the theoretical scattering functions of
the three scattering components. The scattering components of the single chain, micelle, and
polydisperse spheres mainly contribute to the total scattering function in the high £, intermediate
k, and low k regions, respectively. Although there are many fitting parameters in the above-
mentioned theoretical scattering function, the parameters for each scattering component can be
determined almost uniquely by the fitting of the experimental scattering function in the

corresponding & regions.
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Figure III-4. The fitting result of the SAXS profile of PNIPAM3,-b-PNVP, at 73 °C. Circles,
experimental data; black solid curves, theoretical scattering functions for the single chain,
micelle, and polydisperse spheres components; red solid curve, total theoretical scattering

function of the three scattering components.

Experimental scattering functions for PNIPAMgy-b-PNVP345 and PNIPAM3,-b-PNVPy
at different temperatures, as well as PNIPAM p-b-PNVP;, ;5 at 60 °C obtained plreviously,14 are
similarly fitted to the above equations, as shown by curves in Figure III-5, and the fitting
parameters used are listed in the Table III-A of the Appendix. Scattering functions for both
copolymers at 25 °C are fitted by the single-chain scattering function (dashed curves) in high &
regions, but the upswing of the scattering functions indicates the existence of large aggregates in
the solutions.'* Although both scattering functions at 25 °C are fitted by the dotted curves for the
single chain + polydisperse spheres over the whole & region in Figure III-5, similar fitting can be

made also by the model of the single chain + random aggregate.14
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Figure III-5. Fits of experimental scattering functions for PNIPAMgy-b-PNVP36 (a) and
PNIPAM;;-b-PNVPy (b) at different temperatures, as well as PNIPAM o-b-PNVP, 5 at 60 °C
obtained previously (in panel b), by eqgs I1I-12—21. The dot-dash, dotted, and solid curves as well
as the thin dashed curve indicate theoretical scattering functions for the single chain + micelle,
the single chain + polydisperse spheres, the single chain + micelle + polydisperse spheres, as
well as the single chain, respectively. For the viewing clarity, the scattering functions except at

25 °C shift vertically by the factor 4.

With increasing temperature, the scattering function for PNIPAMg(-b-PNVP;¢s in panel a
in Figure III-5 grows in both the intermediate and low & regions, which indicates the formation
of the micelle and polydisperse spheres (the concentrated phase droplets). In the panel, dash-dot
and solid curves display theoretical scattering functions for the single chain + micelle and for the
three scattering components, respectively. At 73 °C, the experimental scattering function can be
fitted by the dash-dot curve for the single chain + micelle.

The scattering function for PNIPAM3,-b-PNVP5 in panel b grows first in the low &
region and then in both the intermediate and low & regions with increasing temperature. The

dotted and solid curves indicate theoretical scattering functions for the single chain +
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polydisperse spheres and for the three scattering components, respectively. The solid curves fit
better than the dotted curves. The scattering function for PNIPAM y-b-PNVP;,5 at 60 °C
obtained previously'* is also fitted by the three scattering components model. The function in the
intermediate k region indicates the existence of a small amount of the micelle for this copolymer
sample, although the scattering function of this sample was previously fitted by the theoretical
curve for the single chain + polydisperse spheres.'*

Weight fractions of the single chain (Wchain), micelle (wmic), and polydisperse spheres
(wsph) obtained by the above fittings are plotted against the temperature in Figure III-6. As
mentioned above, the three components contribute to the SAXS scattering function at different &
regions, so that we can determine the weight fractions accurately (within ca. 10% error). The
weight fraction wgp, 1s small for both PNIPAMgo-b-PNVP363 and PNIPAM3,-b-PNVP 5 even at
temperatures where the experimental scattering functions show the upswing at low k. This is
because the scattering power of large spheres is very strong. For PNIPAMg(-b-PNVPseg with x =
0.14, wpic and wepain start increasing and decreasing, respectively, above 50 °C, and the
concentrated phase droplet is not practically formed over the entire temperature range
investigated. As seen from Table III-A(a) in the Appendix, wgpn takes a maximum around 55 °C
and tends to zero at higher temperature. This temperature dependence of wy, can be qualitatively
explained by the arrows in the phase diagrams in panels a, b, e, and f of Figure III-2. The
interaction parameter yps between PNIPAM and water should increase with increasing
temperature, and thus, the heating of a dilute solution corresponds to the changes along the
vertical arrows indicated in Figure III-2. The solution passes through the liquid—liquid phase
separation region and then goes into the micellization region. Although the theoretical phase

diagram does not predict the coexistence of the concentrated-phase droplet and the micelle in the
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intermediate ygs (temperature) range, the phase boundary between the liquid—liquid phase
separation and micellization regions in the phase diagram should be regarded as the crossover
between different self-association states of the block copolymer, as mentioned in the above

theoretical section.

(a) (b)
Wehain J
0.8 1 0.8 ¢ PNIPAM,-b-PNVP,
g Wehain 18 : (circles; x = 0.205)
= 06 4 | 06¢ i
) = L
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Y] R - (squares; x = 0.31)
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Figure III-6. Temperature dependences of the weight fractions of the single chain (black
symbols), spherical micelle (blue symbols), and polydisperse spheres (red symbols) for sample
PNIPAMgp-b-PNVP3s3 (x = 0.14) (a) and samples PNIPAM;;-b-PNVP 5 (x = 0.205) and
PNIPAM go-b- PNVP35 (x = 0.31) (b).

For PNIPAMj3,-b-PNVP 5 with x = 0.205 and a low degree of polymerization of 151,
Wenain Starts decreasing only above 60 °C. This is consistent with the theoretical phase diagrams
in Figure I11-2d—f, where the binodal and micellization curves go up and the one-phase region is
enlarged with decreasing P at fixed xg. For PNIPAMp-b-PNVP;;5 with x = 0.31 and a degree of
polymerization of 318, both wq,, and wy,;c increase above 40 °C and wqpy is larger than wye. Thus,
it turns out that the ratio wpi/wspn increases with decreasing x. This corresponds to the theoretical

results shown in Figure IlI-2a—c, where the liquid—liquid phase separation region becomes
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narrower and the micellization region is enlarged with decreasing xg.
Because the lattice theory is a semiquantitative theory, we do not make a quantitative
comparison between the theoretical phase diagrams in Figure III-2 and the experimental results

shown in Figure III-6.

III-5. Conclusions

The competition between the micellization and liquid—liquid phase separation was
investigated for dilute aqueous solutions of the thermosensitive PNIPAM-b-PNVP block
copolymers with different degrees of polymerization of the PNIPAM and PNVP block chains
upon heating by SAXS. The scattering profiles obtained were analyzed in terms of the three
scattering components model consisting of the single chain, micelle, and polydisperse spheres to
estimate weight fractions of the three components. When the NIPAM content is high, the
liquid—liquid phase separation is superior to the micellization (or the weight fraction of the
concentrated-phase droplet is larger than that of the micelle), whereas at lower NIPAM contents,
the micellization is preferred to the liquid—liquid phase separation. When the total degree of
polymerization of PNIPAM-H-PNVP is lower, the micellization and liquid—liquid phase
separation occur at higher temperatures. These degrees of polymerization dependences were

semiqualitatively explained by the theory based on the lattice model.
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Appendix.

The following Tables list fitting parameters obtained by fitting experimental SAXS
profiles for three PNIPAM-b-PNVP samples in water at different temperatures by the theoretical
scattering function explained in the text (eqs 12-21). For the single chain, the effective bond
length b for PNIPAM may be underestimated by the chain thickness effect on the scattering
function.'™ The second virial coefficient 4, was chosen to be 1 x 104, 2% 107, and 0 crn3mol/g2

for PNIPAM60'b-PNVP36g, PNIPAM31'b-PNVP120, and PNIPAM]oo'b-Pvazlg, respectively.

Table III-A. Values of fitting parameters for the single chain, micelle, and polydisperse spheres
determined by fits of eqs III-12-21 to the experimental SAXS scattering profiles for (a)
PNIPAM60'b'PNVP368, (b) PNIPAM31'b-PNVP120, and (C) PNIPAM]oo'b-Pvazlg.

(a) PNIPAMgp-6-PNVP34 (x = 014)

25°C 35 °C 45 °C 55 °C 65 °C 73 °C
Wehain 0.999 0.9995 0.987 0.875 0.71 0.66
H(PNVP)/nm " 0.67 0.67 0.67 0.67 0.67 0.67
H(PNIPAM)nm° | 0.1 0.1 0.1 0.1 0.1 0.1
Wanic * 0 0 0.01 0.12 0.29 0.34
Mimic © - - 90 90 90 90
Ceore/ gem™ ¢ — — 1.0 1.0 1.0 1.0
Beorona/M ° - - 0.7 0.7 0.7 0.7
(o/nm)*© - - 7 7 7 7
Weph * 0.001 0.0005 0.0028 0.005 0 0
Msph 4000 4000 4000 4000 - -
p' 10 10 10 10 — —
Cin/ gem™ ! 1.0 1.0 1.0 1.0 - -
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(b) PNIPAM;;-b-PNVP 5 (x = 0.205)

25°C 35 °C 45 °C 55 °C 65 °C 73 °C
Wehain * 0.997 0.986 0.9835 0.979; 0.9675 0.924
H(PNVP)/nm ° 0.67 0.67 0.67 0.67 0.67 0.68
b(PNIPAM)/nm®° | 0.2 0.2 0.2 0.2 0.2 0.2
Waic ® 0 0.0095 0.0095 0.01 0.018 0.060
e © - 100 100 100 110 110
Ceore/ gem™ - 1.0 1.0 1.0 1.0 1.0
Beorona/nm - 0.67 0.67 0.67 0.67 0.67
(o/nm)*© - 3 3 3 3 2
Weph * 0.0033 | 0.0045 0.007 0.0105 0.0145 0.016
Mysph 4x10" | 5x10° 5x 10 5x10° 5x10% | 3.5%10"
P! 1x10* [ 1x10° 1 x 10 1 x 10 1 x 10 1 x10°
cin/gem™ ¢ 1.05 0.6 0.6 0.5 0.5 0.65
(¢) PNIPAM 0o-b-PNVP, 5 (x = 0.31)
25°C™ | 40°C 60 °C
Wehain * 1.0 0.895 0.55
h(PNVP)/nm ° 0.65 0.90 0.95
b(PNIPAM)/nm® |  0.25 0.50 0.50
Wanic® 0 0.005 0.15
Mimic © — 8 10
Ceore/ gem™ ¢ _ 1.0 1.0
Beorona/nm ° — 0.60 0.58
(o/nm)*© — 0.5 1.0
Weph " 6x107¢| 0.10 0.30
Mysph 7700¢ | 2.4 x10" | 4300
p' _ 2 6
c¢in/gem™ ¢ — 0.40 0.50
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 Weight fractions of the isolated chain, spherical micelle, and polydisperse sphere. ° Effective
monomer unit lengths of the PNVP block chain, the PNIPAM block chain, and coronal (PNVP)
chain; bpnipam may be underestimated by the chain thickness effect on the scattering function.?”
29 ¢ Aggregation number of the spherical micelle and the weight average aggregation number of
the polydisperse sphere. ¢ Polymer mass concentrations inside the hydrophobic core of the
micelle and the polydisperse sphere. ¢ Width of the core-corona interface. " Dispersity index for
the aggregation number of the polydisperse sphere. £ Fitted by the randomly branching chain of

tri-functional monomers. '
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Chapter IV
Phase Separation and Micellization in Aqueous Solutions of Mixtures of
PNIPAM-b-Poly(/N-vinyl-2-pyrrolidone) and PNIPAM homopolymer upon

Heating

IV-1. Introduction

Amphiphilic block copolymers are often utilized as emulsifiers in order to stabilize
colloidal dispersions.'™ Solvophobic block chains of the block copolymer are adsorbed on the
solvophobic surface of the colloidal particle, and solvophilic block chains of adsorbed block
copolymers hinder the coagulation of colloidal particles in the solvent. However, solvophilic
block chains sometimes make the colloidal particle surface soften to help the coalescence of
colloidal particles, i.e., the block copolymer acts as a flocculant of colloidal dispersion.*”

As discussed in Chapter II, spherical droplets formed in the phase-separating aqueous
PNIPAM solution upon heating have a radius of order of 100 nm, but do not coalesce because of
the hardness of the droplet surface. When the block copolymer, poly(N-isopropylacrylamide)-b-
poly(N-vinyl-2-pyrrolidone) (PNIPAM-b-PNVP), 1is added to the aqueous PNIPAM
homopolymer solution, the block copolymer may be adsorbed on the PNIPAM droplet surface.
Does this adsorption of the block copolymer stabilize or destabilize colloidal dispersion of the
phase-separating PNIPAM solution? If the block copolymer destabilizes the colloidal PNIAPM
solution, it can be utilized as the flocculant to recover PNIPAM from its aqueous solution upon
heating.

From the point of view of PNIPAM-H-PNVP, the addition of PNIPAM homopolymer to

the block copolymer solution may affect the competition of the phase separation and
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micellization. As mentioned in Chapter III, this competition depends on the composition and
molecular weight of the block copolymer. The addition of the homopolymer may be another
factor to control the competition.

The present Chapter investigates the phase separation and micellization behavior in
aqueous solutions of mixtures of the PNIPAM homopolymer and the PNIPAM-b-PNVP block
copolymer by macroscopic and microscopic observations and SAXS measurements, expecting
that the competition between the micellization and liquid-liquid phase separation of the block
copolymer can be controlled by addition of the PNIPAM homopolymer to the block copolymer
solution. Experimental results obtained for the homopolymer + block copolymer mixture
solutions are compared with corresponding experimental results for the homopolymer solution

and block copolymer solution.

IV-2. Experimental Section
IV-2-1. Materials.

Two block copolymer samples, PNIPAMgo-b-PNVP36s and PNIPAM;3,-b-PNVP 9, used
in Chapter III and one PNIPAM homopolymer sample with a degree of polymerization of 1100
(PNIPAM|¢9) used in Chapter II were used also in this chapter. The block copolymers were

synthesized by the organotellurium-mediated controlled radical polymerization.
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Table IV-1. Molecular Characteristics of PNIPAM-b-PNVP and PNIPAM Sample Used in
This Chapter.

sample Noa(PNIPAM)® | Non(PNVP)® | Non | x| My/My° | My/10%°
PNIPAMgo-H-PNV P 60 368 428 | 0.14 | 1.25 5.95
PNIPAM;-b-PNVP 5, 31 120 151 | 021 | 1.26 2.12
PNIPAM 100 1100 - 1100 | 1 1.09 13.52

“Determined by 'H NMR. “Determined by SEC. “Weight-average molecular weights calculated
by [113Non(PNIPAM) + 111Ny 4(PNVP)|M,,/M, using the results listed in the second, third, and

sixth columns. “Sample used in the previous study.6

IV-2-2. Macroscopic and Microscopic Observations.

All the test solution were heated in a heating oven to take pictures at different heating
times. The microscopic observations were carried out by an Olympus U-OPA microscopy. Test
solutions were sandwiched between glass slide and cover slide, and set on a heating plate

(Kitazato MP-100 MFH) to take pictures at different heating times.

IV-2-3. Small angel X-ray scattering.

Small-angle X-ray scattering (SAXS) measurements of aqueous solutions of the mixture
of PNIPAM and PNIPAM-H-PNVP were performed by the BL40B2 beamline, SPring-8, Hyogo.
The details of experimental method and heating rate are the same as those in Chapters II and I1I.
Both concentrations of the PNIPAM-5-PNVP copolymer and the PNIPAM homopolymer in test
solutions were fixed to 2 wt%. Thus, the total polymer concentration was 4 wt% and the weight
fraction of the homopolymer wpemo in the total polymer was 0.5. The total polymer mass

concentration ¢ was calculated from the weight fraction multiplied by the solution density at each
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temperature.
The scattering intensity was calibrated by use of an aqueous PNIPAM solution at 25 °C

as the reference. The SAXS optical constant K, was calculated by’

2 2

n LN n on

Ke = NAae2 [ e - _U sobv j (1_Whomo)+( e - _U soly j Whomo (IV'I)
Mo OsorvMsoy o Mo OsovMgoiy homo

The notation is the same as that in Chapter II (cf. eq 11-2).

IV-3. Results and Discussion
IV-3-1. Turbidity and Microscopic Observations.
As mentioned in Chapter II, when the 2 wt% aqueous PNIPAM homopolymer solution

was heated to 50 ° C, PNIPAM chains mostly coagulate to form spherical droplets with a radius

of ca. 100 nm. Such a large colloidal droplet has so strong light scattering power that the
colloidal solution is turbid, as shown in Figure IV-1a.

On the other hand, the block copolymers, PNIPAMg-b-PNVP;3¢s and PNIPAMj3,-b-
PNVP,, are much less hydrophobic due to the hydrophilic PNVP block chain, and SAXS
results indicated that the main component in 2wt% aqueous solution was still the single chain
even at 50 °C, (cf. Figures III-3 to 6 in Chapter III). As the result, 2wt% aqueous solutions of the
two block copolymers, PNIPAMg-b-PNVP3ss and PNIPAM;3;-b-PNVP 5, are not so much
turbid, as demonstrated in Figure IV-1b and c. The aqueous PNIPAM3;-6-PNVP, solution in
Panel c is slightly more transparent than the PNIPAMgy-b-PNVP345 solution in Panel b. This is
because the more hydrophobic PNIPAM block chain is shorter for the former block copolymer,
and Figures III-3 to I1I-6 in Chapter III have demonstrated that the single chain content is higher

for PNIPAM31 -b-PNVPlz().
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Figure IV-1. Time evolutions of the phase separation in aqueous solutions of (a) PNIPAM o,
(b) PNIPAMgo-b-PNVPs¢s, (¢) PNIPAM3,-b-PNVP 3, (d) the mixture of PNIPAMgo-b-PNV P35
and PNIPAM| ¢, as well as (e) the mixture of PNIPAM3;-b-PNVP,5y and PNIPAM ¢ at 50 °C.
For all the solutions, the weight % concentration of the homopolymer and block copolymer were

2 wt%.
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Panels d and e in Figure IV-1 display photographs of aqueous solutions containing the
mixtures of PNIPAM,jo0 and PNIPAMg-b-PNVP36s and of PNIPAM,;o0 and PNIPAMj3,;-b-
PNVP,y at 50 °C. Both concentrations of the homopolymer and block copolymer were 2 wt%.
The aqueous solution of the mixture of PNIPAM; o0 and PNIPAMgy-b-PNVP343 in Panel d
become turbid just after heated to 50 °C, but after keeping at 50 °C for 20 min, the turbid phase
shrinks and a less turbid region appears on the top of the solution. The aqueous solution of the
mixture of PNIPAM;oo and PNIPAM;;-b-PNVP 5, in Panel e also become turbid just after
heated to 50 °C, and then after keeping at 50 °C for 20 min, the turbid phase shrinks and an
almost transparent phase appears on the side of the solution.

Tanaka® reported the shrinkage of the polymer-rich phase in an aqueous poly(vinyl
methyl ether) (PVME) solution. He observed a network structure of the polymer-rich phase in
the phase-separating solution by microscopy. The network structure shrunk as the polymer-rich
phase discharged water to the surrounding matrix. To check the similarity of our solutions to his,
we observed our homopolymer + block copolymer mixture solutions by an optical microscope.
Figure IV-2 displays microscopic images of the homopolymer solution and the homopolymer +
block copolymer mixture solutions. Although the homopolymer solution is turbid, it has no
structure in the microscopic image. As mentioned in Chapter II, the homopolymer solution
contains polymer-rich droplets with a radius of ca. 100 nm at 50 °C, which cannot be observed
by the optical microscope. On the other hand, the phase-separating solutions containing the
homopolymer + block copolymer mixtures have a network structure (the upper panel) or shrunk
network structure (the bottom panel). As seen in the right panels, those structures develop rather
quickly after the temperature jump to 50 °C.

The microscopic network structures in the homopolymer + block copolymer mixture
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solutions resemble those observed by Tanaka® for aqueous PVME solutions. Therefore, the
shrinkage phenomena of the polymer-rich phase observed in our solutions and Tanaka’s seem to
occur by a similar mechanism. Tanaka has reported a double-well-shaped phase diagram for his
aqueous PVME solution, and insisted that this unique phase diagram has somethings to do with
the network structure in the phase-separating solution. However, he also reported a similar
unique phase separation behavior even in aqueous PNIPAM solution. The aqueous PNIPAM
solution does not have such a double-well-shaped phase diagram (cf. Figure II-8), so that the
relation between the shrinkage phenomena of the polymer-rich phase and the phase diagram is

not still clear.

PNIPAM. . ,-b-PNVP
i 268 Os 3s
PNIPAMyy00
at 50 °C
6s 10s
PNIPAM 400
PNIPAM,,-b-PNVP
31+ 120 0 S 3 s
PNIPAM 100
100 xm 4 K& 2 6s 10s

Figure IV-2. Microscopic observations of phase-separating aqueous solutions of PNIPAM g0
(left) and of the mixtures of PNIPAM; o9 and the block copolymer, PNIPAMgo-b-PNVPs¢g or
PNIPAM3;;-b-PNVP 5 (middle) 10 min after the temperature jump to 50 °C. Right panels show
the time evolutions of the mixture solutions. For all the solutions, the weight % concentration of

the homopolymer and block copolymer were 2 wt%.
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IV-3.2. Small Angle X-Ray Scattering.

Figure 1V-3 shows SAXS profiles for aqueous solutions of the PNIPAMg-b-PNVP3¢5 +
PNIPAM| o0 mixture (a) and of PNIPAM;,-b-PNVP 5y + PNIPAM, ;o0 mixture (b) at different
temperatures. At k£ < 0.05 nm™', the intensity first increases but decreases with temperature for
both mixture solutions. Data points for 37, 51, and 57 °C almost obey lines with the slope of —4,
indicating that the large scattering component is the spherical particle. In Panel a, the scattering
function at 73 °C exhibits a plateau in an intermediate k£ region (~ 0.1 nm ). This plateau
resembles that of aqueous solution of PNIPAMgo-b-PNVP345 alone at the same temperature (cf.
Figure I11-3), implying the existence of the spherical micelle component in the solution.

In the higher & region (> 0.3 nm™"), the temperature dependence of the scattering function
is weak for both mixture solutions. This indicates that the single chain component of the

copolymer remains even at high temperatures, like the solutions of block copolymer alone (cf.

Figure III-3).
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Figure 1V-3. SAXS profiles for aqueous solutions of the PNIPAMgy-b-PNVP3¢s + PNIPAM 90
mixture (a) and of PNIPAM3;-b-PNVP ;o + PNIPAM, oo mixture (b) at different temperatures.
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Figure IV-4. Comparison of SAXS profiles for aqueous solutions of the block
copolymer + homopolymer mixtures with those for aqueous solutions of the copolymer alone
and of the homopolymer alone at 25 and 73 °C. (a) and (b), the PNIPAMgp-b-PNVPs345 +

PNIPAM | o0 mixture at 25 and 73 °C, respectively; (c) and (d), PNIPAM;;-b-PNVP +
PNIPAM; o mixture at 25 and 73 °C, respectively.

Figure IV-4 compares the scattering functions for aqueous solutions of the block
copolymer + homopolymer mixtures with those for aqueous solutions of the copolymer alone

and of the homopolymer alone at 25 and 73 °C. At 25 °C, where water is the good solvent for
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both copolymer and homopolymer, the scattering function for the mixture resembles those for
the copolymer and homopolymer alone. On the other hand, at 73 °C, the scattering function for

the mixture resembles more that for the copolymer than that for the homopolymer.

IV-3-3. Analysis of the SAXS Profiles.

If the dispersion states of the block copolymer (component 1) and the homopolymer
(component 2) in the aqueous solution do not alter by mixing, the scattering function for the
mixture may be written as’

AEWM, P (K) + 7,2 W, M, Py (K)

R +2W1M1Pl(k)W2M2P2(k)0(7722A&1 —2n72A +7712A22)
0.X _ —  (IV-2)
KeC  [1+2A3wM; R (K)C][1+ 2A%w, M, Py (K)c] - 4w My P (K)wo M o P, (K) Ay c

where w;, M;, and P; (k) are the weight fraction (in the total polymer), the molar mass, and the

particle scattering function of component i (= 1, 2), 7; is the excess electron density of

component i relative to the averaged one, and A4; is the second virial coefficient between
components i and j (i, j = 1, 2), and c is the total polymer mass concentration. When w; =1 (0)

and w, = 0 (1), we obtain the scattering functions for component 1 (2) alone as

Kee ) 1+2AMiR(K) " ( KeC ), 1+2A%C,MpPy(K)

From the above equations, we can calculate w;cM;P; (k) by

(Rox/ Kec)i

wieMi R (k) = Y(wic)-2A; (Rpx /Kec)i

= FE(,,XJ (IV-4)

Using the experimental (Rgx/Kec); and A4;, we can calculate F\~)9,x,i , and substituting these

calculated values into eq [V-2, we can calculate the scattering function for the mixture by
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25 25 s B (72 5 Ay 12
Rox 1717 Roxa*72"Rox2+ 2Ry xaRox2 (7’2 A1 —2n72R2 + 1 Azz)

_ i . - . (IV-5)
Ke€ € (1+ 2A11R9,x,1)(1+ 2A%Rg x 2 ) — 4Ry x1Ro.x.2 A2

if the dispersion states of both components are not altered by mixing. Only adjustable parameter
ineqIV-5is Ap,.

Figure IV-5 compares experimental scattering functions for aqueous solutions of the block
copolymer + homopolymer mixture (circles) with those calculated by eq IV-5 along with eq [V-4
(solid curves). Values of the second virial coefficients 4}, and 4, used in eq IV-5 were the same
as those used in Figure III-5 (Chapter III) and in Figures II-5 and II-6 (Chapter II; cf. Tables I1-2
and I1-4). The adjustable parameter 4, at 25 and 37 °C was chosen so as to give best fits (cf.
Table 1V-2). The solid curves agree well with the experimental results at 25 and 37 °C,
demonstrating that the dispersion states of both PNIAPM homopolymer and PNIPAM-b-PNVP
block copolymers in aqueous solution are not affected by the mixing at 25 and 37 °C. On the
other hand, the solid curves 51, 57, and 73 °C do not fit to the experimental results for both
mixtures with physically reasonable values of A;,. This indicates that the mixing of the block
copolymer and homopolymer affects the dispersion states of the homopolymer and/or block

copolymers.

73



9

(@) 100, ——— (b) "¢
108 L 103;-

- T :
g2 107l g8 107k
=11] =1]
S 108 ] o 108l
~ i ;
% 105 2105
= = g
< < i
104 L 104;

103 1 L 103
0.01 0.1 1 0.01

1

k/nm-

Figure IV-5. Comparison of experimental scattering functions for aqueous solutions of the block
copolymer + homopolymer mixtures with those calculated by eq [V-5 along with eq IV-4 (solid
curves) and with eq IV-6 (dotted curves).

Table IV-2. Parameter Values Used to Calculate the Scattering Function in Figure IV-5.

PNIPAMgo-b-PNVPs45 PNIPAM;,-b-PNVP 5

temp + PNIPAM; g + PNIPAM; o0

An’® A A" & An® A A" &
25°C 3.0° 25 1 3.0° 1.7 1
37 °C 1.0° 0.25 0.9 1.0° 0.1 0.8
51 °C 1.0 1.5° 0 0.5 0.20 1.5° 0.1 0.18
57°C 2.0° 0 0.3 2.0° 0 0
73 °C 0.3° 0 0.1 0.3° 0 0

*In units of 10~ cm>g?mol. ° In units of 10~ cm’g*mol.

As shown in Chapter II (Table 11-4), the aqueous solution of the PNIPAM oo homopolymer

contains droplets with the weight average molar mass of (3—7) x 10° g/mol and the average
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radius of 100—130 nm above 35 °C. As displayed in Figures IV-1 and IV-2, the colloidal droplets
of the PNIPAM homopolymer in water coalesce to form larger particles (or network structure)
upon addition of the PNIPAM-b-PNVP block copolymer. When the spherical droplet size

increases, the particle scattering function P,(k) diminishes very much, as demonstrated in Figure

IV-6. Thus, F\~’9,X12 in eq IV5 must be reduced from the value calculated by IV-4.

Furthermore, the shrinkage of the polymer-rich phase shown in Figure IV-le makes the
test solution of the SAXS experiment inhomogeneous. Figure IV-7 shows the aqueous solution
of the PNIPAM3,-b-PNVP 1,y + PNIPAM, oo mixture at 45 °C in the capillary set horizontally in
the SAXS cell holder. While the solution in the capillary is uniform and transparent before the
temperature jump (0 min), after the temperature jump it becomes turbid (5 — 30 min), and then
the macroscopic phase separation takes place (60 and 120 min). Thus, X-ray used in the SAXS

experiment does not pass though the homogeneous solution. This phase separation makes also

Ry.x 2 diminish.
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s cin = 0.18 glcm®s
102 My2/Mn2 =4
104 § My2/g/mol =
3.7x10° 4

< 106 ]
& ;
_85 §
107 3.7 x10'";
10-10 |
3.7 x 10"

1012 S

0.01 0.1 1

k/nm™!

Figure IV-6. Particle scattering function for polydisperse spheres with different particle sizes.
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Figure IV-7. Shrinkage of the polymer-rich phase in the aqueous solution of the PNIPAM3;-b-
PNVPy + PNIPAM o0 mixture at 45 °C in the capillary set in the SAXS cell holder

horizontally.

To take into account these effects, F"égvxlz is reduced by a factor &

. ) (Rg,x/KeC)2 &
o2 Y(woc)—2A, (RevX/KeC)Z

(IV-6)

Dotted curves, indicating theoretical values calculated by eq IV-5 along with eq IV-6 using
values of the factor & listed in Table IV-2, are much closer to the experimental results in a low &
region (< 0.2 nm_l). The & value chosen for the PNIPAM3,-b-PNVP 5 + PNIPAM o9 mixture at
each temperature (> 25 °C) is smaller than that for the PNIPAMgy-b-PNVP365 + PNIPAM 09
mixture, which corresponds to the enhancement of the macroscopic phase separation in the
former mixture solutions (cf. Figures [V-1 and IV-2).

However, the dotted curves at 51, 57, and 73 °C exhibit weaker k dependences in the low
k region for both mixtures. As shown in Figure IV-6, the growth of the spherical droplet makes
the k dependence stronger in a low k region (k < 0.04 nm™'), where the dotted curves and

experimental results do not agree with each other. Therefore, the spherical droplet component
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formed by the block copolymer (component 1) may also grow by addition of the PNIPAM
homopolymer. It is possible that the block copolymer and the homopolymer are mixed to form
larger spherical droplets in both mixture solutions above 50 °C.

The dotted curve for the PNIPAMgy-b6-PNVP365 + PNIPAM; 99 mixture at 73 °C almost
agrees with the experimental scattering function over the entire k region examined. This block
copolymer do not practically forms the spherical droplet component in water at 73 °C (cf. Table
III-A in the Appendix of Chapter III), so that the above-mentioned effect on the spherical droplet
component does not affect the scattering function at 73 °C in the low & region. This demonstrates
that the hydrophobic core of the spherical micelle formed by the block copolymer does not
contain the PNIPAM homopolymer in the mixture solution at the high temperature. The
experimental scattering functions for the same mixture solution at 51 and 57 °C as well as those
for the PNIPAMj;;-6-PNVP ¢ + PNIPAM 90 mixture at 51, 57, and 73 °C do not exceed the
corresponding dotted curves, indicating that the molar mass of the spherical micelle component
formed of the block copolymers does not increase by addition of the PNIPAM homopolymer, and

thus the micelle also does not contain the PNIPAM homopolymer.

IV-4. Concluding Remarks

As concluded in Chapters II and III, while spherical polymer-rich droplets are formed in
the aqueous PNIPAM homopolymer solution upon heating, the PNIPAM-b-PNVP block
copolymer exists as the spherical droplet, spherical micelle, and single chain in hot water. When
the PNIPAM homopolymer and the PNIPAM-b-PNVP block copolymer coexist in the aqueous
solution, the spherical micelle and single chain components of the block copolymer are not

affected by the coexistence of the homopolymer. Only the spherical droplet components of the
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homopolymer and block copolymer are affected by mixing.

Figure IV-8 shows temperature dependences of the excess heat capacity ACp at constant
pressure (per monomer unit) for aqueous solutions of PNIPAM-b-PNVP block copolymer and
PNIPAM homopolymer samples.10 As well known, the thermogram for the aqueous PNIPAM
homopolymer solution has a very sharp peak, revealing that the dehydration of the PNIPAM
chain upon heating occurs cooperatively. However, the peak in the thermogram for the PNIPAM-
b-PNVP block copolymer is much broader, indicating that the dehydration of the PNIPAM chain
in the block copolymer takes place much gradually, may be due to the attachment of the
hydrophilic PNVP block chain to a PNIPAM block chain end. It is well known that PNIPAM has

a strong chain-end effect on the dehydration."”
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Figure IV-8. Endothermic curves of aqueous solutions of a PNIPAM homopolymer (unfilled
circles) and PNIPAM;yy-b-PNVP;s;3 block copolymer (filled circles).11
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From these thermograms, we can say that the degree of hydration and then the
hydrophobicity are considerably different between the PNIPAM homopolymer chain and
PNIPAM block chain around 40-50 °C. Therefore, the PNIAPM homopolymer and block chains
may not be miscible each other in that temperature range. Furthermore, as mentioned in Chapter
I1, the polymer-rich droplet of the PNIPAM homopolymer is frozen above ca. 35 °C, so that it
may be difficult to incorporate the block copolymer chain even above 60 °C, where the PNIPAM
block chain of the copolymer becomes also hydrophobic after the completion of dehydration.
Thus, the PNIPAM homopolymer added to the block copolymer solution cannot control the
competition between the micellization and liquid-liquid phase separation of PNIPAM-b-PNVP.

Although the polymer-rich droplet of the PNIPAM homopolymer is frozen, PNIPAM
block chains of the copolymer may be adsorbed on the droplet surface to soften the surface by
PNVP block chains of the copolymer. This softening can help the coalescence of the droplet, the
formation of the network structure, and the shrinkage of the polymer-rich phase. Similar

phenomena were reported for aqueous solutions of thermosensitive block copolymers.*
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Chapter V

Summary and Conclusions

This dissertation has dealt with the liquid-liquid phase separation and micellization

occurring in aqueous solutions of a thermosensitive block copolymer poly(N-isopropyl-
acrylamide)-b-poly(N-vinyl-2-pyrrolidone) (PNIPAM-H-PNVP), with and without the PNIPAM

homopolymer upon heating. Here, the PNIPAM block chain becomes hydrophobic above ca.
30 °C, while the PNVP block chain is hydrophilic even at high temperatures.

Prior to study on the competition between micellization and liquid-liquid phase
separation in aqueous solutions of PNIPAM-b-PNVP, Chapter II described small angle X-ray
scattering (SAXS) measurements on aqueous solution of the PNIPAM homopolymer upon
heating to investigate the liquid-liquid phase separation in the aqueous solution of the PNIPAM
homopolymer. Below 29°C, the solution mostly contains the polymer single random coil chain
with a minor scattering component of the loosely packed random coil. When the temperature
reached to 31 °C and 33 °C, the liquid-liquid phase separation occurred, and the minor scattering
component transfers to polydisperse spherical particles from the loosely packed random coil. As
the temperature goes up to 35°C or higher, the main scattering component of the single random
coil chain also transforms to spherical particles and there is no change in SAXS profiles between
35 °C to 73 °C. In addition, a tiny amount of globules of the PNIPAM chains coexist with
spherical particles was also observed in the solution above 35°C. These findings indicate that the
PNIPAM solution is not the thermodynamically equilibrium state in this temperature range.

Chapter III investigated the competition between the micellization and the liquid-liquid
phase separation in aqueous solutions of the PNIPAM-bH-PNVP samples with different PNIPAM
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content x and total molecular weight upon heating by theory and SAXS measurements. SAXS
profiles obtained were analyzed to determine the weight fractions of the spherical micelle, the
spherical droplet, and the isolated chain in aqueous solutions of three PNIPAM-b-PNVP samples
with different x as a functions of temperature. When x decreases, PNIPAM-b-PNVP prefers to
form the spherical micelle rather than to form spherical droplets of the concentrated phase.
Moreover, micellization and liquid-liquid phase separation temperatures increase with decreasing
the degree of polymerization of the PNIPAM block chain. This SAXS result is consistent with
the theoretical prediction based on the lattice model.

In Chapter IV, the PNIPAM homopolymer was mixed with the PNIPAM-b-PNVP block
copolymer in aqueous solution. Upon heating, the liquid-liquid phase separation took place in the
mixture solution, a network structure was observed in the phase-separating solution by optical
microscopy, and the polymer-rich phase shrunk. Block copolymer single chains may be adsorbed
on the polymer-rich droplet surface of the PNIPAM homopolymer to soften the surface and to
help the coalescence of the droplet. The SAXS profiles obtained indicated that the phase
separation of the PNIPAM homopolymer and the micellization of the PNIPAM-b-PNVP block
copolymer occurred almost independently, probably because the degree of hydration and the
hydrophobicity are considerably different between PNIPAM and PNIPAM-b-PNVP.
Furthermore, because the PNIPAM homopolymer is frozen above ca. 35 °C, is may be difficult to
incorporate with PNIPAM-H-PNVP at high temperatures, although the block copolymer chain

may modify the surface of PNIPAM spherical particles.
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