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Chapter 1. General Introduction

1.1. Main Purpose of This Thesis

Block copolymers can form various morphologies of micelles in selective solvents and
attract much attention. Because such block copolymers are expected to be used as drug
delivery systems, the attention is not limited to be in academic field. When micelles are
injected into the blood vessel in a drug delivery system, it must be stable and not be
dissociated into unimers, so that the critical micelle concentration (cmc) must be very low.
Polymer micelles are superior to small molecular micelles due to their stability and much
lower cmc. However, the stability of the polymer micelle makes the inclusion of drugs
difficult. To include drugs into the polymer micelle effectively, drugs may be added (under
stirring) to a physiological saline solution where the block copolymer is molecularly dispersed,
and then the block copolymer is forced to form the micelle by changing some external
conditions. Stimulus responsive block copolymers are therefore suitable for drug delivery
systems.

The formation and dissociation of the micelle, as well as the morphology of the
micelle, are governed by the intermolecular interaction of block copolymer chains. In spite
of the importance, the relation between the intermolecular interaction and micellization and
also micellar morphology has not been established. The main purpose of this thesis is to

establish the relation to control the micellization behavior by the intermolecular interactions.

1.2. Intermolecular Interactions and Self-Assembly Morphology in Block
Copolymer Solutions

Intermolecular interactions play important roles in the self-assembly behavior of block
copolymers in solution. Intermolecular interactions in a solution of a diblock copolymer
composed of A and B monomers dissolved in a solvent (S) are specified by three interaction
parameters between the A monomer unit and S, y s, between the B monomer unit and S, ¥,
and between the A and B monomer units, y,z, as shown in Figure 1-1. If the solvent S is a
good solvent to the A (B) block chain, y.q (¥gs) is close to zero, and if S is poor to the A (B)
block chain, y,g (¥5s) is a larger value. Similarly, .5 increases with decreasing the affinity
between the A and B monomer units. The interaction parameters s and ¥4 can be changed

by the solvent conditions, e.g., by changing the solvent composition in a mixed solvent, or by
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changing temperature for block copolymers where the A or B block chain is a thermosensitive

polymer.

XAS
®
[ O ° [
® ®
Figure 1-1. Schematic illustration of a diblock copolymer in solution and the three

interaction parameters.

It is well known that polymer micelles can take three different morphologies, the
spherical micelle, the cylindrical micelle, and bilayer vesicle (cf. Figure 1-2a-c). The
micellar morphology depends on the ratio of the degrees of polymerization of the A and B

block chains, and also by other external conditions mentioned below.

(a) spherical (b) cylindrical (c) bilayer (d) concentrated-
micelle micelle vesicle phase droplet

Figure 1-2. Various types of the self-assembly morphology of block copolymers in

solution.

Recently, Takahashi et al. [1] and Sato et al. [2] found that when the amphiphilicity of
the block copolymer is weak, i.e., y,s and yjs 1s not so much different, the block copolymer
did not form any micelles but the block copolymer solution underwent a liquid-liquid phase

separation. When the interfacial tension between the coexisting dilute and concentrated
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phases is high enough, ten to hundred nanometer sized concentrated-phase droplets exist in
the phase-separating block copolymer solution (Figure 1-2d). It is important to understand
how the interaction parameters control the micellization and phase separation in block

copolymer solutions. The following two sections deal with this problem theoretically.
1.3. Phase Separation in Block Copolymer Solutions

According to the Flory-Huggins theory [3], the mixing Gibbs energy density (per unit
cell of the lattice) Ag, for a homogeneous solution of the molecularly dispersed block
copolymer is given by

Agy, P -

— =gl =1 1-1

o7 gk + gy + g (1-1)
where k; is the Boltzmann constant, 7" is the absolute temperature, ¢ and ¢, are the volume

fractions of the solvent and copolymer, respectively (¢ + ¢ = 1), and P is the number of

segments per copolymer chain. In the last term of the above equation, % is the average
interaction parameter defined by

X =XpAXAs + XBXBS ~ ¥AXBXAB (1-2)
Here, x, and x; are the mole fractions of A and B segments in the copolymer chain. When the
numbers of A and B segments per chain are denoted as P, and Py (P = P, + Py), x, = P, /P
and x; = P /P.

When the solvent S is good for both A and B block chains, the magnitude of x is
small and the plot of Ag, against ¢, provides a curve convex downward. If the solvent S
becomes poor for A or B block chain or for both chains, » increases and the plot of Ag, vs.
¢, exhibits a bump as shown by the solid curve in Figure 1-3 (where P = 100, x; =0.5,and ¥
= 0.8), and one can draw a common tangent as indicated by the red broken line. Let the
copolymer volume fractions at two points of contact D and C of the common tangent denote
as ¢py and ¢y, respectively. Then, the copolymer solution with ¢, between ¢, and @,
undergoes the phase separation into the dilute phase with ¢, , and the concentrated phase with
®p.., because the mixing Gibbs energy density of the phase-separating solution is lower than
that of the homogeneous solution, as indicated by the points F and E, respectively, in Figure
1-3.
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Figure 1-3. Plot of Ag, against ¢, for a homogeneous solution of the molecularly dispersed

block copolymer, where P = 100, x; =0.5,and » =0.8.

1.4. Micellization in Block Copolymer Solutions

If the solvent S is a selective solvent for the A-B block copolymer, the block
copolymer may form a micelle. This micellization behavior can be treated by extending the
Flory-Huggins theory. Let us regard the spherical micelle formed by the block copolymer
chain as a thermodynamical phase with the concentration profile illustrated in Figure 1-4. In
what follows, we consider an aqueous block copolymer solution where the solvent S is water
or aqueous salt solution, the A block chain is hydrophilic, and the B block chain is
hydrophobic. Then, the micelle has the hydrophobic core region consisting of B block
chains and the hydrophilic shell region consisting of A block chains.

The volume fractions of the B chain and the solvent S in the hydrophobic core are
denoted as ¢ and ¢ .. (=1 — ¢), and the volume fractions of the A chain and the solvent S

as ¢ and ¢g g (= 1 — ¢,), respectively. The radii of the hydrophobic core R, and of the

core

whole micelle R may be given by



Reore =Py, R=a(P + By" | (1-3)

where a is the size of the unit lattice cell and « is the scaling exponent. It is known that the
exponent ¢ is 1/2 in the weak segregation limit and 2/3 in the strong segregation limit.
(Strictly speaking, the two scaling exponents in the core and shell regions may be different,
but here we neglect the difference.) The average volume fraction ¢, of the copolymer in the

micellar phase is calculated by

oot

with the aggregation number N, of the micelle. Using this ¢, ¢ and ¢, are given by
3 3

i = ;z; ho. = —R3’“_ARore3 # (1-5)

The mean-field lattice theory gives us the mixing enthalpy density in the micellar
phase Ah,, as

Ah,,

T = ()(ASXA%,sheu + XBSYBH core ~ XABXAXB )¢P (1-6)

By extending the Flory-Huggins theory, one can count the number of ways w, in which the

i-th copolymer chain (1 <7 < Np) is inserted in the micellar phase:

Py

o = YTxedp (z-1F3
' JTPBagI)B PPy

B
—N—Pa—n} (1-7)

1-2—1(1'-1)}

where z is the coordination number of the lattice. In the micellar phase, the interface between
the core and shell regions acts as the reflecting barrier for the A and B block chains. This
restriction has been taken into account in the above equation, using the theory of Hoeve [4].
The mixing entropy density As,, in the micellar phase can be calculated from w, given by eq

1-7, just like the Flory-Huggins theory. The result is given by

As ¢ R-R? R}
= __P(ln g+In ¢P ) - 3 CozﬁS,shell In ¢S,shell - _C';)&;S,core In ¢S,core (1 _8)
kg P R R

where ¢ is defined as

2 6

c= %xAxlls_za (xZ + xg) prie (1-9)

At last, the micellar phase has also the interfacial Gibbs energy density Ag;. According to
gy y A§ g

Noolandi and Hong [5], Ag; is written as

Agy _ xpdp 12

281 _ 2BYP 3 A 1-10
T ¢BPBa[ (#a +03) M2 ] (1-10)
where Afi, is given by



Ay, = %[XAB¢A¢B +(XBS¢B - XAS¢A)(¢B _¢A)]

(. 1. 1 11 (1-11)
+E (1_E¢A _E¢B In 1_E¢A _E¢B - (1_ ¢A)ln(1_¢A) _(1_¢B)ln(1 - ¢B)
The total mixing Gibbs energy density Ag,, of the micellar phase is given as the sum
Ag., = Ahy, —TAs,, +Ag; (1-12)

1.0

¢ 0.5-

0.0 -

N
hydrophilic shell

hydrophobic core

Figure 1-4. Concentration profile of the spherical micelle in solution.

Under the suitable condition, the micellar phase coexists with the dilute phase of the
block copolymer solution. The phase equilibrium condition is just the same as in the case of
the liquid-liquid phase separation explained in the above section. Figure 1-5 illustrates the
plot of Ag,/ksT against ¢p for the micellar phase (the red dotted and solid curves), along with
the plot for the homogeneous solution (the black solid curve), which is the same curve as
shown by the solid curve in Figure 1-3. The same values of P (= 100), x; (=0.5),and )} (=
0.8) were chosen for the micellar phase and homogeneous solution, the value of yap was fixed
to be 0.3, as an example, and o was chosen to be 1/2. Because ¢ must be less than unity, ¢p
cannot exceed 0.25 (cf. eq 1-5) for the curves of Ag, /ksT.

When S is the non-selective solvent where yas = xss (= 0.875), the red dotted curve of
the micellar phase is above the common tangent (the thin black broken line, the same line as
the red broken line in Figure 1-3) for the solid curve for the homogeneous solution over whole
the ¢p range. This indicates that the liquid-liquid phase separation is thermodynamically
more stable than the formation of the micellar phase at any ¢p (< 0.25). However, with
increasing the amphiphilicity of the copolymer, i.e., when xss becomes considerably larger

than yas (e.g., xss = 1.3 and xas = 0.45), the red solid curve of the micellar phase goes down
6



at higher ¢p, one can draw the common tangent (the thin black solid line) below the common
tangent for the solid curve for the homogeneous solution. This demonstrates that the micellar
phase with ¢p = ¢pm coexists with the dilute solution with ¢p = ¢'p 4, and the micellar phase
formation becomes thermodynamically more stable than does the liquid-liquid phase

separation at ¢'p 4 < ¢p < ¢p m, as seen from the points G and F’ in Figure 1-5.

O‘ZD'IIIII
\‘-\"- "’m /‘B
. (/Bc, = 0.875)
& 005 G 5 N ]
ey 3
~ : " SN\ M
cb" 5 Aﬁ—ln ]\BT : A
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-5 } s \ ]
& Agy/kgT
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0 0.1 0.2 0.3 0.4 0.5 0.6

Pp

Figure 1-5. Plots of Ag, and Ag, against ¢, where P = 100, x; = 0.5, and » = 0.8. The
black solid curve and dashed line are the same as the black solid curve and the red dashed line

in Figure 1-3.

1.5. Packing Parameter and the Micellar Morphology

The micellar morphology of various diblock copolymers in a selective solvent has
been extensively investigated [6—13]. The morphology is related to the packing parameter A,
proposed by Israelachvili et al. [14,15], defined as

v (1-13)

aOlc



where v, [, and a, denote the effective volume and effective length of the hydrophobic part of
the block copolymer chain, and the effective area of the hydrophobic—hydrophilic part
interface of the chain, respectively. As shown in Figure 1-6, when the hydrophobic part is
viewed as a corn, 4 = 1/3, and when the hydrophobic part is viewed as a cylinder, A = 1. If
corn-like hydrophobic parts of block copolymer chains aggregate, a spherical micelle is
formed, and if cylindrical hydrophobic parts aggregate, a plate-like bilayer micelle is formed.
Therefore, we may expect the spherical micelle at 4 = 1/3, the bilayer disk-like micelle or
vesicle at 4 = 1, and the cylindrical micelle at an intermediate 4. A can be changed by
changing not only the ratio of the block length but also the intermolecular interaction [6—13].
The transition of the micellar morphology may occur by the change in @, (through the
repulsion among coronal block chains) or the change in v (thorough the interaction between

the chains in the micellar core) with varying the solvent composition.

A=1/3 1/3<A<1 A=1

Figure 1-6. Schematic representation of the packing shapes of block copolymers.

1. 6. How to Change the Intermolecular Interaction: Stimuli-Sensitive
Block Copolymers

Although there are several methods to vary the y parameters of block copolymers, this
thesis deals with the following two types of block copolymers: (i) Mixture of an
anionic—neutral block copolymer and a cationic—neutral block copolymer and (ii)
Thermo-sensitive block copolymers. A lot of excellent reviews and text books on the other
types of polymers have been published [16-22].

Mixture of an anionic—neutral block copolymer and a cationic—neutral block
copolymer. In 1995, Harada and Kataoka [47] first demonstrated that a mixture of an
anionic—neutral block copolymer and a cationic—neutral block copolymer forms a micelle

driven by the electrostatic attraction between the anionic and cationic block chains in aqueous
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solution. They referred to such a micelle as “polyion complex micelle”. There have been
many studies on the polyion complex formation, and such micelles are considered as good
candidates for drug carriers [48-52].

Recently, Sakamoto et al. [53] investigated the morphology of the polyion complex
micelle formed of a block copolymer (AP) composed of poly[sodium
2-(acrylamido)-2-methylpropanesulfonate] (PAMPS; A) and poly[2-(methacryloyloxy)ethyl
phosphorylcholine] (PMPC; P) and a block copolymer (MP) consisting of
poly{[3-(methacryloylamino)propyl]trimethylammonium chloride} (PMAPTAC; C) and
PMPC (cf. Chart 1-1) with the different block length ratio in aqueous solution containing 0.1
M NaCl. They found that the micellar morphology is changed from the spherical micelle to
the cylindrical micelle and finally to the vesicle (cf. Figure 1-2a-c) by increasing the ratio of
the 1onic block chain (A and M) lengths to the neutral block chain (P) lengths. The relation
between the block length ratio and the morphology agrees with that of conventional micelles

which assemble driven by hydrophobic interaction, as investigated by Eisenberg et al. [6].

(a) (b)

|—CH2 b C|)—CH2
oo}

0- On + On
NH @) (@) O NH @) HO
Na+ O4P\ /N_ O¢ AN
0 A o
/N+\ /N+\

Chart 1-1. Chemical Structures of AP (a) and MP (b).

There are many external conditions which control the intermolecular interactions
among ionic and neutral block chains in the above block copolymer mixture system, and then

the self-assembly morphology of the block copolymer mixture. For example, the added salt
9



concentration controls the electrostatic interaction between the anionic and cationic block
chains to change the affinity between the solvent water and the polyion complex formed.
Hence, the salt-induced morphology transition of the micelle may take place. The mixing
ratio of the two ionic-neutral block copolymers is another experimentally changeable
parameter. The mixing ratio may change the composition of the polyion complex micelle
formed and then the net charge of the micelle, which can affect the micellar morphology.

Thermosensitive block copolymers. Poly(N-isopropylacrylaide) (PNIPAM)
[23-38] and poly(2-isopropyl-2-oxazoline) (PIPOZ) [1,24,39-46] (see Chart 1-2) are typical
thermosensitive polymers which undergo the phase separation in aqueous solution upon
heating. The phase separation behavior has been extensively investigated and is caused by
that the water molecules dehydrate from the polymer chain with the thermal agitation.

If the block copolymer consisting of a thermosensitive polymer block and a
hydrophilic polymer block, the block copolymer exists as single chains in solution at a
temperature lower than the phase separation temperature. By increasing the solution
temperature, the block copolymer is expected to form the micelle, because the
thermosensitive block is changed from hydrophilic to hydrophobic, i.e. the amphiphilicity is
increased with increasing temperature (cf. Section 1.4). There have been a lot of studies on
such micellization behavior. However, most of them merely reported that the change in the
hydrodynamic radius with increasing the temperature. The detail morphology or structure
depending on temperature (i.e. the amphiphilicity) is far from clear, in spite of the importance

in their applications.

(a) (b)
O

NH 0O

Chart 1-2. Chemical structures of (a) Poly(N-isopropylacrylaide) (PNIPAM) and (b)
poly(2-isopropyl-2-oxazoline) (PIPOZ).
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1.7. Scope of This Work

The goal of this study is to establish the relation between the intermolecular interaction and
the morphology of self-assemblies formed by block copolymers in solution. Two block
copolymer systems have been chosen in this work: (i) the mixture of the anionic—neutral
block copolymer (AP) and cationic—neutral block copolymer (MP) shown in Chart 1-1 and
(i1) the thermosensitive block copolymer composed of PNIPAM and PIPOZ block chains
shown in Chart 1-2.

Chapter 2 deals with the added salt concentration dependence of the self-assembly
morphology formed by the mixture of MP and AP with an almost stoichiometric mixing ratio.
As mentioned above, by changing the salt concentration the affinity between the solvent water
and the polyion complex formed by M and A block chains varies, and thus the amphiphilicity
of the complex of the two block copolymers MP and AP. When the ionic block chains lose
their charges due to the neutralization at the complex formation, the affinity to water and then
the amphiphilicity of the block copolymer complex can be drastically changed, which may
strongly affect the self-assembly morphology of the complex.

In Chapter 3, the mixing ratio of the two ionic-neutral block copolymers MP and AP
was changed from the stoichiometric one. This change brought about the variation in the
composition of the block copolymer complex and in the electrostatic energy of the complex.
As the result, a reversible micellar morphology transition was observed by addition of a
solution of MP or AP to the MP-AP mixture solution. It is noted that all four morphologies
depicted in Figure 1-2 were observed in aqueous solutions of the MP-AP mixture of different
salt concentration and mixing ratios.

Chapter 4 is concerned with the self-assembly of the thermosensitive block copolymer
PNIPAM-bH-PIPOZ in mixtures of water and methanol. Both PNIPAM and PIPOZ are
thermosensitive, and the phase separation temperatures of their aqueous solutions are almost
identical. Thus, we may not expect the amphiphilicity of this block copolymer in aqueous
solution. However, the phase separation temperature of PNIPAM decreases and that of
PIPOZ increases in water-methanol mixtures with increasing the methanol content.
Therefore, the interaction parameters yas and xss can be controlled by changing the methanol
content and temperature, and the self-assembly behavior of PNIPAM-b6-PIPOZ in mixtures of
water and methanol was investigated at different methanol contents and temperatures.

The main results and conclusions obtained in this work are summarized in Chapter 5.

11
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Chapter 2. Salt Concentration Dependence of Self-Assembly of a Mixture
of Anionic—Neutral and Cationic—Neutral Block Copolymers in Aqueous
Solution

2.1. Introduction

Intermolecular interactions of block copolymers are a key factor for their
self-assembly in solution [1]. For diblock copolymers, the intermolecular interactions in
solution are characterized in terms of three interaction parameters: yas between the solvent S
and block chain A, ygs between the solvent S and block chain B, and yap between the block
chains A and B. Recently, Sato et al. [2—4] observed the thermally induced macroscopic
phase separation and the micellization in dilute aqueous solutions of nonionic thermosensitive
block copolymers [poly(2-isopropyl-2-oxazoline)-b-poly(2-ethyl-2-oxazoline) [2],
poly(N-isopropylacrylamide)-b-poly(N-vinyl-2-pyrrolidone) [3], and
poly(N-isopropylacrylamide)-b-poly(2-isopropyl-2-oxazoline)] [4], where the affinity of one
block chain (say the block chain B) to the solvent becomes suddenly worse upon heating.
When ygs increases upon heating, the average interaction parameter of the copolymer defined
by ¥ = xayas t+ XpYBs — Xax)an (xa, xg: the mole fractions of the A and B monomer units in
the copolymer chain) also increases, and the macroscopic phase separation may take place.
However, if ygs 1s sufficiently larger than yas, the amphiphilicity of the copolymer is so strong
that the copolymer tends to form micelles. Therefore, the macroscopic phase separation and
micellization occur in block copolymer solutions by a delicate balance of the interaction
parameters.

In the present study, we have investigated the self-assembly behavior in aqueous
solutions of anionic—neutral and cationic—neutral block copolymers mixtures, changing the
intermolecular interactions by the added NaCl concentration Cs. The block copolymers we
have chosen are an anionic—neutral (AP) block copolymer composed of poly[sodium
2-(acrylamido)-2-methylpropanesulfonate] (PAMPS) and poly[2-(methacryloyloxy)ethyl
phosphorylcholine] (PMPC) and an cationic—neutral (MP) block copolymer consisting of
poly{[3-(methacryloylamino)propyl]trimethylammonium chloride} (PMAPTAC) and PMPC
(cf. Chart 1-1), both of which were recently synthesized by Yusa et al. [5]. Here, the neutral
block PMPC is an amphoteric water-soluble polymer with high biocompatibility, and its
interaction parameter in aqueous solution is almost independent of the ionic strength [6].
For the aqueous solution of the copolymer mixture, we have six interaction parameters (yas,

AMs, Xps, Xap, Xmp, and yam) to characterize its thermodynamic properties. Here, the
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subscripts A, M, P, and S represent the anionic, cationic, and neutral blocks and the solvent
(aqueous NaCl), respectively. At a sufficiently high Cs, the electrostatic attraction between
the A and M block chains is screened out, and if all A, M, and P chains are hydrophilic, both
AP and MP block copolymers may be molecularly dispersed in the aqueous solution. When
Cs is decreased, the electrostatic attraction between the A and M chains becomes strong (i.e.,
yam becomes strongly negative), and the A and M chains form a neutral complex. Moreover,
since charges of the A and M chains become neutralized, the hydrophilicity of the A and M
chains reduces, which increases yas and yus and then decreases the solubility of the AP and
MP copolymers [7-9]. However, when yas and yvs are much larger than yps, the
amphiphilicity of the AP and MP block copolymers is strong to form a micelle (polyion
complex micelle or polyelectrolyte complex coacervate core micelle). When the micelle is
formed, possibilities of contacts between the A or M chain and solvent are reduced, and the
interaction parameters yas and yms do not play important roles in the micellar solution. This
effect increases the solubility of the polyion complex micelle. Therefore, we can change the
solubility and amphiphilicity of the AP and MP block copolymers by changing Cs.
Furthermore, when Cs in the solution decreases, the electrostatic attraction between
the A and M chains becomes strong, and the neutral complex formed by the A and M chains
squeezes more water out.  As a result, the neutral complex shrinks in the aqueous solution by
decreasing Cs. If the AP and MP copolymer mixture forms a micelle in the solution, the
hydrophobic part (comprising the neutral complex) of the micelle shrinks with decreasing Cs,
which may change the morphology of the micelle. Therefore, we can also expect some
morphological transition of the polyion complex micelle by changing Cs. The self-assembly
in aqueous solutions of anionic—neutral and cationic—neutral block copolymer mixtures has
been extensively studied for ca. two decades [10—27]. However, the competition of the
macroscopic phase separation and micellization as well as the morphological transition of the
micelle in such block copolymer mixture solutions by changing the ionic strength has not
been investigated so far, although the self-assembly behavior of such polyion complexes is a
basically important issue when they are applied to drug delivery systems [26,27].
Recently, Sakamoto et al. [20] investigated the morphological transition of micelles
formed by mixtures of the AP and MP copolymers in 0.1 M aqueous NaCl with changing the
ratio of the charged to the neutral block lengths for AP and MP. They found the
morphological transition of the spherical micelle — cylindrical micelle — bilayer vesicle
with increasing the relative lengths of the charged A and M block chains to that of the neutral
P block chain. This is the same trend as amphiphilic block copolymers in selective solvents,

as reported by Eisenberg et al. [1].
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In the present study, we have selected a pair of AP and MP copolymer samples with A
and M block chains much longer than the P block chain, expecting the formation of the
vesicle at Cs = 0.1 M, which is the same Cs as Sakamoto et al. studied. We have studied the
self-assembly behavior in aqueous AP and MP mixture solutions over a wide Cs range from 0
to 2 M, by direct observation, optical and electron microscopies, and small-angle X-ray
scattering (SAXS).

2.2. Experimental Section

Materials. The AP and MP copolymer samples used in this study were synthesized,
and their molecular weights were determined by Dr. Yusa at University of Hyogo. The
procedures for the sample synthesis and characterization is described in ref. 5. Table 2-1
lists molecular characteristics of the AP and MP samples. Since the same neutral block
chain was used as the precursor of both AP and MP samples, the weight-average degrees of
polymerization Ny p of the neutral block chains of the two samples were identical to each other.
Weight-average degrees of polymerization Noa and Nom of the anionic and cationic block
chains were considerably higher than Nyp. The molecular-weight dispersity of the anionic
block chain was considerably wider than those of the cationic and neutral block chains. The

water was purified by using a Millipore Milli-Q system.

Table 2-1. Molecular Weight Characteristics of the AP and MP Samples

a b c d d d
sample Mnl Mwl/Mn] MW1 Mwl,p Mwl,A MWI,M N()’pe N()’Ae N(),Me

PMPC 6210 1.03 6400
AP 47200 1.56 73600 6400 67200 21.7 293
MP 49300 1.09 53700 6400 47300  21.7 215

“Number-average molecular weight determined by 'H NMR. ’Dispersity index determined
by SEC. “Weight-average molecular weight calculated from M /M, and M,,.
“Weight-average molecular weight of the neutral block chain M1 p, the anionic block chain
Mg A, or the cationic block chain M,y calculated from M, of the PMPC, AP, or MP
samples. ‘Weight-average degree of polymerization of each block chain using the

monomer-unit molar mass Mop =295, My a = 229, or Mom = 220.5.
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Preparation of Test Solutions. The MP and AP samples were separately dissolved
in pure water, and then the MP solution was poured into the AP solution slowly and the
mixture solution was shaken by a vortex mixer. An hour before the following experiments,
solid NaCl was added into the copolymer mixture solution and stirred immediately. The salt
concentration is specified by the molar concentration Cs of NaCl. The X-ray scattering
intensity of the mixture solution did not change with time at least for 50 h after adding NaCl.

Preliminary transmittance electron microscopic observations indicated that stable
vesicles were formed at the mole fraction x; of cations borne by MP in the total charges borne
by AP and MP to be 0.6. Thus, in the present study, the mixing ratio of AP and MP was
fixed at x; = 0.6. This mixing ratio corresponds to 0.599 of the weight fraction wyp of MP in
the total copolymer mixture.

Optical and Electron Microscopy. Solutions of MP—AP mixtures were observed at
25 °C by using a BXS53 optical microscope (Olympus Corporation, Tokyo) and a
transmittance electronmicroscope (TEM) (JEM-2100, JEOL Ltd., Tokyo). Samples for the
TEM observation were prepared as follows: a drop of the test solution (the total polymer mass
concentration ¢ = 0.005 g/cm’) was placed on a copper grid which was coated with Formvar
film and plasma-irradiated, and then the drop was blotted. The sample was stained by an
aqueous solution of sodium phosphotungstate (0.2wt%), and the excess solution was also
blotted. The stained sample was dried under vacuum to make the TEM observation.

Small-Angle X-ray Scattering. SAXS experiments were conducted at 25 °C on two
facilities at SPring-8, Hyogo, Japan, and the photon factory (PF) of KEK, Ibaraki, Japan.
The BL40B2 beamline in SPring-8 equipped with an imaging plate detector R-AXIS VII
(Rigaku Corporation, Tokyo) was chosen for this study. The incident X-ray was polarized,
and the wavelength was 0.1 nm. The camera length and the accumulation time were 4.17 m
and 180 s, respectively. We used the BL-10C beamline in PF equipped with a PILATUS3
2M detector (Dectris Ltd., Baden). The incident beam was polarized, and the wavelength
was chosen to be 0.1488 nm, while the camera length and the accumulation time were 2.05 m
and 180 s, respectively. No significant difference was observed on the SAXS profiles for
identical solutions measured in the two beamlines. It was checked that SAXS intensity
profiles were not changed by irradiations (180 s) repeated twice, indicating no sample
damages by at least one irradiation. Scattering intensities were measured down to lower
scattering angles in SPring-8 than in KEK-PF because of the different camera lengths and the
size of the beam stoppers. A capillary cell with a 1.9 mm diameter was used for each
measurement. The test solutions with different Cs were prepared by addition of NaCl to the

fresh salt-free copolymer solution at each time to reduce the sample damage by irradiation.
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The excess scattering intensity /y over that of the solvent was transformed to the excess
Rayleigh ratio Ry using aqueous solutions of poly(ethylene glycol) (PEG) as the standard
sample (cf. eq 2-Al in the Appendix 2). The total polymer mass concentration ¢ in the

solution was fixed at 0.005 g/cm’.

2.3. Results and Discussion

Macroscopic Liquid—Liquid Phase Separation. At Cs =2 and 1 M, aqueous dilute
solutions of the mixture of MP and AP with x; = 0.6 were almost transparent, but we observed
liquid—liquid phase separations in aqueous dilute solutions of the MP—AP mixture of x; = 0.6
at 1 M > (Cs > 04 M. Figure 2-la shows a photograph of a macroscopically
phase-separating solution with Cs = 0.6 M and ¢ = 0.01 g/cm’ in a tube. The separating
upper and bottom phases are the coexisting dilute and concentrated phases. We observed the
phase separation in the copolymer mixture solutions also by optical microscopy, as shown in

Figure 2-1b, where spherical objects are phase-separating concentrated-phase droplets.

i
Figure 2-1. (a) Photograph and (b) optical micrograph of phase separating aqueous
solutions of a MP—AP mixture with x; = 0.6 at Cs = 0.6 M; the total copolymer concentration

¢=0.01 g/cm’ in panels a and ¢ = 0.005 g/cm’ in panel b.

From the existence of spherical objects in optical micrograph images, we judged
whether the solution is in one-phase or two-phase region. Figure 2-2 shows the phase
diagram, where the total mass concentration ¢ of the copolymer mixture and the molar

concentration Cs of NaCl are selected as the horizontal and vertical axes, respectively, and
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filled and unfilled circles indicate the two-phase and one-phase, respectively. From this
phase diagram, we can say that the mixture solution with ¢ = 0.005 g/cm’ (as indicated by the
vertical dashed line) is in the two-phase region at 1.0 M > Cs > 0.4 M.

At a sufficiently high Cs, the electrostatic attraction between the A and M block chains
is screened out, and if all A, M, and P block chains are hydrophilic, both AP and MP block
copolymers may dissolve in the solution. When Cs is decreased, the electrostatic attraction
between the A and M block chains becomes strong enough to form a neutral complex, and the
neutralization of the A and M block chains weakens the hydrophilicity of the two block
copolymers to decrease their solubility [9]. However, if the amphiphilicity of the AP and
MP block copolymers becomes strong with further decreasing Cs, AP and MP block
copolymers may form polyion complex micelle. The solubility of the micelle formed in
aqueous solution should increase because the hydrophobic neutral complexes of the A and M
blocks are covered by the hydrophilic P block chains in the micelle. This may be the reason

for the reentrant phase behavior shown in Figure 2-2.

c= Ofos g/em’

10° 10* 102 102 10!

c/gem °

Figure 2-2. Phase diagram for the aqueous NaCl solution of the AP-MP mixture (x: = 0.6).

Unfilled and filled circles denote one- and two-phase (macroscopically), respectively.
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To examine the role of the neutral block PMPC chain in the phase behavior, we have
made the same experiment for aqueous solutions of the PAMPS and PMAPTAC
homopolymer mixture with ¢ = 0.005 g/cm® and x. = 0.6. (The weight-average molecular
weights of the homopolymer samples used were both ca. 2.4 x 10*, and the dispersity indices
of PAMPS and PMAPTAC were 1.17 and 1.02, respectively, determined by SEC.) The
biphasic region started at Cs = 1.5 M for the homopolymer mixture solutions, considerably
higher than for the copolymer mixture solutions, in spite of the lower molecular weights of
the homopolymers. Thus, the neutral block PMPC chain appreciably increases the
hydrophilicity of the block copolymer complex to reduce Cs of the solubility limit to ca. 1 M,
although the PMPC chain length is much shorter than the charged A and M block chains.

Yusa et al. [5] reported monotonous decreases of hydrodynamic radius with increasing
Cs from 0 to 1 M for aqueous solutions of three AP—MP mixtures with Ny a/Nop ~ Nom /Nop
< 1. This indicates that no phase separation takes place in their AP—-MP mixture solutions.
Yusa et al.’s [5] AP and MP samples have longer P block chains, so that the solubility of their
AP and MP samples does not so much decrease after neutralization. Therefore, the neutral P
block chain plays an important role in the solubility of the AP—MP neutral complex.

SAXS Profiles of AP-MP Mixture Solutions at Different Cs. Figure 2-3
compares SAXS profiles for aqueous solutions of the AP-MP mixture (x+ = 0.6) with ¢ =
0.005 g/cm3 at different NaCl molar concentrations Cs. In the ordinate, K. is the optical

constant defined by
Ke = NAaezyazv (2_ 1 )

with the Avogadro constant N,, the classical electron radius a. (= 2.82 x 10" cm), and the
average contrast factor y,, (calculated from the measured or literature value [28] of the partial
specific volume; see eq 2-A4). k in the abscissa denotes the magnitude of the scattering
vector. At Cs =2 M, the profile shows essentially no angular dependence at k < 0.2 nm ',
indicating that no large self-assemblies are formed in the mixture solution. With decreasing
Cs from 2 M, both angular dependence and intensity itself of the profile at £ < 0.2 nm'
become stronger remarkably, which demonstrates the formation of large self-assemblies of
the AP-MP mixture in the solutions of the lower ionic strength. Furthermore, the profile at
Cs = 0.01 M has a weaker k dependence (Ry/Kec o< k') than that at Cs = 0.1 M (Ry/Kec o<
k?) in a low & region (k < 0.06 nm '), implying different morphologies of self-assemblies at
the two Cs. It is noted that the profiles at Cs = 0.1 and 0.01 M have small broad peaks
around & = 0.35 and 0.25 nm ', respectively. (The profile at Cs = 0.7 M was taken on a

beamline of a shorter camera length, so that data were not obtained at k£ < 0.07 nm™'.)
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Contribution from Neutral Complexes and Free Chains to SAXS Profiles for
Biphasic Solutions. If the AP and MP block copolymer chains exist independently in the
mixture solution, the excess Rayleigh ratio for the mixture can be expressed by [29]
R E w.M P(k)

0 = (2-2)
1+24, M P(k)cw,

Kec

i=MP AP
where w;, M;, Pi(k), and A4,; are the weight fraction, the molar mass, the intramolecular
interference factor, and the second virial coefficient of the component i (= MP and AP) (wmp
=1 — wap = 0.599 at x; = 0.6). The molecular parameters for the AP and MP block
copolymer samples including in eq 2-2 were determined from the scattering functions of the
two individual samples in 1 and 0.1 M aqueous NaCl (see Table 2-Al).

The purple solid curve for the mixture at Cs = 2 M in Figure 2-3 indicates the value
calculated by eq 2-2, with the molecular parameters of the AP and MP samples at Cs = 1 M
(listed in Table 2-A1). We have assumed that the molecular parameters at Cs = 2 M are
identical with those at Cs = 1 M. The theoretical curve agrees with the experimental data at
Cs = 2 M, and we can say that the AP and MP block copolymer chains are molecularly
dispersed at Cs as high as 2 M, where the electrostatic attraction between A and M block
chains are screened out by the added salt. The scattering function for Cs = 0.7 M in Figure
2-3 could not be fitted by eq 2-2 using the molecular parameters for the AP and MP samples
at Cs = 1 M, indicating the polyion complex formation by the A and M block chains due to
stronger electrostatic interaction at Cs = 0.7 M. As mentioned in the Appendix 2, the
electrophoretic light scattering (ELS) experiment indicated that the complex of AP and MP
formed at Cs = 0.1 M was almost neutral and adsorbed a tiny amount of the excess MP in the
solution with x. = 0.6, when the Henry equation [30] for the charged sphere was applied.
Here, we assume that the complex of AP and MP formed at Cs <1 M is neutral. If the mole
fraction of free AP in the total AP is denoted as xap", the weight fractions of the free MP, the
free AP, and the neutral complex (NC) are given by eq 2-A10. When xxp" = 0, all AP forms
the neutral complex, and when xap~ = 1, no neutral complex is formed.

If the three components, AP, MP, and NC, exist independently in the solution, we
have the following equation [29,31]

R 3 wiM P (k)
Kc Fwl+24, M P(k)ew,

WNCMNCPNC (k) (2‘3)

where wne, Mnc, and Pnc(k) are the weight fraction, the weight-average molar mass, and the

z-average particle scattering function, respectively, for the neutral complex. The
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intermolecular interference effect for the neutral complex was neglected because of its

electroneutrality.

10°
10°F N\ 0.0l M
10°
10°
10°
10°

10° L=
10 107! 10°

(RyK.c) / g mol™

107! 10°
k/nm™

Figure 2-3. SAXS profiles for the AP-MP mixture in aqueous NaCl (¢ = 0.005 g/cm’, x; =
0.6)at Cs=2,0.7,0.1,and 0.01 M. Upper right panel: comparison of SAXS profiles at Cs =
0.1 and 0.01 M (the profile at Cs = 0.01 M is shifted vertically by the factor 10 for viewing

clarity). Solid and dashed curves: theoretical curves explained in the text.

As seen from the phase diagram in Figure 2-2, the solution of the AP—MP mixture
with ¢ = 0.005 g/cm® and Cs = 0.7 M is within the biphasic region, and the polyion complex
of the AP and MP block copolymers may form spherical droplets of the coexisting
concentrated phase. The molar mass M of the spherical droplets of the NC may not be
uniform but has a dispersity. Assuming the log-normal molar mass distribution, we can

express MncPnc(k) as
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with the dispersity index Dne (= M, /M,) of the neutral complex and the particle scattering

dM (2-4)

function Py(k) for the neutral complex of the molar mass M. The scattering functions Py(k)
for the spherical particle of the uniform density is given by eqs 2-A16—18.

If the molecular parameters for free AP and MP chains given in Table 2-A1l at Cs =1
M are used, there remain XAPE, Mnc, Pne, and the concentration ¢, within the concentrated
phase droplet as adjustable parameters in eq 2-3.  Among the parameters, Mxc and ¢, mainly
determine the absolute value and the £ dependence of Ry/K.c at low k, respectively, and Xap-
mainly determines the absolute value of Rys/Kcc at high k; the dispersity index Dnc slightly
modifies the & dependence of Ry/K.c at low k. However, the best fit at Cs = 0.7 M was
obtained by using wyc slightly smaller than that calculated from xap" with eq 2-A 10, probably
because a part of concentrated-phase droplets went out from the scattering volume in the
SAXS measurement by sedimentation. The green solid curve for Cs = 0.7 M in Figure 2-3
shows the fitting results using the parameters listed in Table 2-2. The green dashed curve for
Cs = 0.7 M in Figure 2-3 indicates theoretical values of the NC contribution wneMncPne(k).
The deviation of the dashed curve from the data points at k> 0.3 nm ' is the clear evidence
for the existence of the free AP and MP chains in the solution. We have made SAXS
measurements for biphasic solutions of the AP-MP mixture at 1 M > Cs > 0.6 M, other than
0.7 M, and the results have been fitted by eq 2-3 in the same way (cf. Figure 2-A2). Table
2-2 lists also fitting results at those Cs. In Table 2-2, xap- decreases with decreasing Cs
because the electrostatic attraction between the A and M block chains becomes strong.
Moreover, the concentration ¢, of the concentrated phase decreases with decreasing Cs from 1
to 0.6 M and seems to approach c. (~ 102 g/cm”) for aqueous solutions of polyion complexes
formed by oppositely charged homopolyelectrolytes (Cs = 0 M) [7,8]. Because the SAXS
profiles in Figures 2-3 and 2-A2 at Cs =1 M > Cs > 0.6 M are smooth functions without any
bumps and peaks, there may be no higher-order structure (any microphase separation
structures) inside the concentrated-phase droplet, probably due to the weak amphiphilicity of
the NC.

Fitting the SAXS Profiles of AP-MP Complex Assemblies in the Micellar
Solutions. Although we did not observe macroscopic phase separation in aqueous solutions
of the AP-MP mixture with ¢ = 0.005 g/cm’ and Cs < 0.5 M, the SAXS profiles at Cs = 0.1
and 0.01 M in Figure 2-3 indicate the formation of large self-assemblies. Sakamoto et al.

[20] demonstrated that the AP-MP complex at Cs = 0.1 M is a spherical micelle, cylindrical
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micelle, and bilayer vesicle when Nyoa/Nop ~ Nom/Nop = 0.27—1, 4.7, and 9.5, respectively.
Since our AP and MP samples have Ny a/Nop ~ Nom/Nop ~ 10, we can expect that the NC of
our AP and MP samples at Cs = 0.1 M takes bilayer vesicle (cf. Figure 2-4a), and the small
peak at k ~ 0.35 nm ' (cf. the inset in Figure 2-3) may correspond to the thickness D of the
hydrophobic shell in the bilayer vesicle.

Table 2-2. Parameters Used in Fitting of SAXS Profiles for Biphasic Solutions at Cs =
1-0.6 M

Cs xap" war~ wwp wne Myc (10° g Dne ce(g
(M) “ mol ™) cm )
1 0.63 £ 0.25 0.45 0.27+£0.02 3£0.5 >7 0.2+
0.03 (0.30°) 0.02

0.9 047+ 0.18 0.38 0.4+0.02(0.44° 9+0.2 >7 02+
0.03 0.02

08 04+0.03 0.16 0.36 0.38 +£0.02 10+£3 >5 0.15+
(0.48°) 0.02

0.7 0.18+ 0.07 0.27 0.52 +£0.04 8+0.2 2+04 0.09 +
0.02 (0.66°) 0.01

0.6 0.03 £ 0.01 0.21 0.7+£0.05 10+£3 1.8+ 0.09 +
0.03 (0.78°) 0.4 0.01

“Weight fractions of the free AP and free MP, calculated from xap" (the second column) by eq
2-A10. “Weight fraction of the NC in the total copolymer. “Values of wxc calculated by eq

2-A10 with the xxp" value given in the second column.

Since the electrostatic attraction between the A and M block chains is stronger at Cs =
0.1 M than at Cs > 0.6 M, we can expect xap” = 0 from the results in Table 2-2 and that the
minor component AP at x; = 0.6 is all included into the NC. Although free MP chains (the
major component) remain in the mixture solution at Cs = 0.1 M, it turns out that their
contribution to Ry/K.c is negligibly small, when compared the experimental Ry/K.c with that
calculated by eq 2-3 with the molecular parameters of the MP chain at Cs = 0.1 M (cf. Table
2-Al). Therefore, we consider only the NC contribution wneMncPne(k) in eq 2-3 , i.e.
R, :
== M P (K) (2-3)
In a first approximation, we assume the bilayer vesicle with a uniform hydrophobic layer

thickness D, which is characterized by five parameters (Mnc, Pnc, D, the mass concentration
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cecore Within the hydrophobic layer, and the height H of the hydrophilic layer) and other
structural parameters are calculated from the five parameters (cf. the Appendix 2). It is
noted that the absolute values of the excess Rayleigh ratio Ry were determined, and the
contrast factors for the hydrophilic and hydrophobic parts of the vesicle were calculated from
the partial specific volumes of the block chains and solvent (cf. eq 2-A20), so that they were
not adjustable parameters in our fittings. The particle scattering function Pnc(k) of the
bilayer vesicle can be calculated by eq 2-4 along with eqs 2-A19-23, and the weight fraction
wne is calculated by eq 2-A10 with xap- = 0. Among the structural parameters, D almost
uniquely determines the small peak position (k ~ 0.35 nm') of the scattering function, Mc
and cqore mainly determine the absolute value and the k& dependence of Ry/K.c at low k, H
mainly determines the k£ dependence of Ry/K.c at high k, and Pnc slightly modifies the &
dependence of Ry/K.c at low k. Because the theoretical value of Ry/K.c is insensitive to Pxc,
we have assumed Pnc to be 2. Then, we can almost uniquely determine the four adjustable
parameters by fitting the theoretical R¢/K.c to the experimental data. However, the
theoretical scattering function has a too sharp peak at k ~ 0.35 nm ' (cf. the red solid curve in
Figure 2-A2d). When Ny 4 and Ny m of the ionic block chains have some dispersities, D has
also a dispersity, which makes the peak broader. Thus, we have considered the dispersity in
D by eq 2-A24 using the parameter op, though the smearing effect [32] at SAXS

measurements may contribute more or less to op.

(a)

P ‘H

R.lo /A DN\ _ID
4| Ry H
lR2R1 t

(b)

Figure 2-4. Schematic diagrams of the bilayer vesicle (a) and the cylindrical micelle (b).

The fitting curve at Cs = 0.1 M slightly disagrees with experimental data at high &£ >
0.5 nm ' (cf. the green solid curve in Figure 2-A2d). This is because eq 2-A19 does not
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consider the scattering contribution from individual chains in the hydrophilic layer part.
When calculating this contribution according to Pedersen and Gerstenberg [32,33] (eq 2-A29),
we obtain the red solid curve for Cs = 0.1 M in Figure 2-3 (and also the blue solid curve in
Figure 2-A2d), which perfectly fits the experimental data points. The parameters determined
by this fitting are listed in Table 2-3. The average diameter 2R, (cf. Figure 2-4a) calculated
from eqs 2-A21 and 2-A23 with D = 19 nm (the average (D) in Table 2-3) and M = My is 200

nm.

Table 2-3. Characteristics of the Bilayer Vesicle Formed at Cs = 0.5-0.05 M

E MNC Ccore
Cs/M  xap (Wne) ) . Dne 73 (Dymm op/nm  H/nm
/ 10" gmol /gcm
0.1 0(0.71) 7+4 b 0.42 £0.03 19+£05 3.5+0.5 2
, 042+0.03 -
0.5-0.05 0(0.71) 7+4 2 19+£05 3.5+0.5 2
0.35+0.03

“ Values calculated from xap" by eq 2-A10 in the Appendix, and used for the fitting. °

Assumed value.

Additional SAXS profiles at 0.5 M > Cs > 0.05 M are shown in Figure 2-A2b. The
profiles are almost identical each other and can be fitted by the equations for the bilayer
vesicle with the parameter values same as those at Cs = 0.1 M, although a slight variation of
Ceore Zave Us a better fitting (see Table 2-3).

As mentioned above, the scattering profile at Cs = 0.01 M is different from that at Cs
= 0.1 M, and it could not be fitted by the scattering function for the bilayer vesicle. The k'
dependence of the scattering function at Cs = 0.01 M in the lowest k region is the character of
the cylindrical micelle. The different morphologies are observed also in TEM images of
particles dried from an aqueous solution of the AP—MP mixture at 0 and 0.1 M, shown in
Figure 2-5 and Figure 2-A4. The TEM image in Figure 2-5a implies the existence of the
cylindrical micelle at Cs =0 M.

To fit the profile at Cs = 0.01 M, we have assumed that the NC exists as a mixture of
the bilayer vesicle and cylindrical micelle (cf. Figure 2-4). As in the case of Cs = 0.1 M, we

assume xap~ (= wap) = 0 and calculate Ry/K.c by eq 2-3' with

WNCMNCPNC (k) = ersM P (k) + wcylMcylf)cyl (k) (2_5)

Vves Vves
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where the subscripts ves and cyl denote the vesicle and cylinder, respectively, and the
scattering function My P.yi(k) for the cylindrical micelle is calculated by eq 2-4 where Py (k)
is given by eqs 2-A25-27. From the k' dependence of Ry/K.c at low k, the contribution of
the vesicle in eq 2-5 should be minor at Cs = 0.1 M, and we have approximated M,esPyes(k) by
that at Cs = 0.5 — 0.05 M (calculated using the parameters listed in Table 2-3). Furthermore,
according to the theory of the cylindrical micelle [34], the aggregation number distribution of
the micelle was assumed to obey the most probable distribution, i.e., Doy = 2. We have
therefore the five parameters weyi, Mcyl, Ceores Re, and H to be determined. Among them, R
almost uniquely determines the small peak position (k ~ 0.25 nm ") of the scattering function,
M.y and ccore mainly determine the absolute value and the & dependence of Ry/K.c at low k, H
mainly determines the k& dependence of Ry¢/K.c at high k, and wcy shifts vertically the
scattering function. We can almost uniquely determine all the adjustable parameters by
fitting the theoretical Ry/K.c to the experimental data.

As in the case of the vesicle fitting at Cs = 0.1 M, the peak corresponding to R, (at k ~
0.25 nm ') was too sharp and the scattering function at high & decays too steep at the above
fitting. These disagreements were adjusted using eq 2-A28 (the R, dispersity correction with
the additional adjustable parameter or) and eq 2-A29 (the contribution of individual chains in
the hydrophilic coronal part). The solid curve for Cs = 0.01 M in Figure 2-3 shows the
fitting result, and Table 2-4 lists the parameters selected. Similar fittings were made on the
scattering functions at Cs = 0.02 and 0 M (cf. Figure 2-A2c), and fitting parameters are listed
in Table 2-4.

Table 2-4. Characteristics of Cylindrical Micelles Formed at Cs = 0.02—0 M*

Cs/ Waes, Mey / 10° D, Coore
° wne” . o s g , (Rg)nm  ox/mm H/nm
M Weyl mol /gcm
0.25+0.03, 043+ 165+ 3.5+
0.02 0.71 1.4+0.6 2¢ 2
0.46 + 0.03 0.03 0.5 0.5
0.19+£0.03, 0.45 + 18+ 35+
0.01 0.71 1.4+0.6 2¢ 2
0.52+0.03 0.03 0.5 0.5
0.05+0.03, 045+ 195+ 3.0=+
0 0.71 1.4+0.6 2¢
0.61 +0.03 0.03 0.5 0.5

“ Parameters for the vesicle were the same as those at Cs = 0.5-0.05 M listed in Table 3.

® Values calculated from xap" = 0 by eq 2-A10 in the Appendix. ¢ Assumed value.
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The length L of the cylindrical micelle estimated by SAXS at Cs = 0 M is calculated
by eq 2-A27 (with M = My, ¢y1 and R. = (R.) in Table 2-4) to be 280 nm, which is much shorter
than that of the TEM image in Figure 2-5a. Because the length of the cylindrical micelle is
dependent on the amphiphile concentration [34], the micelle may grow and coagulate during
the dry process in the sample preparation for the TEM experiment. Although the micellar
image bends in Figure 2-A4a, the flexibility effect may not be important at fitting the SAXS

profiles because the cylinder length is short in the solution, and the flexibility effect is not

appreciable except at very low k.

} LI o’ ‘/T‘; g > P ,":
Figure 2-5. TEM images of MP—AP mixtures with x; = 0.6 at Cs =0 M (a) and 0.1 M (b).

Salt-Induced Morphological Transition of the Polyion Complex Micelle. The
weight fraction wey of the cylindrical micelle estimated by fitting increases with decreasing
Cs. According to Israelachvili et al. [35,36], the micellar morphology is related to the packing
parameter A defined by

=L (2-6)

a,l,

where v is the effective volume of the hydrophobic chain, ay is the area per chain of the
hydrophobic—hydrophilic domains interface, and /. is the length of the hydrophobic chain in
the hydrophobic domain. Their prediction is that the cylindrical micelle is formed at 1/3 <4
< 1/2 and bilayer vesicle at 1/2 <A < 1. When Cs is decreased, the electrostatic attraction
between AP and MP becomes stronger. This indicates that the hydrophobic domain formed
by the polyanion and polycation chains of AP and MP becomes more compact, which reduces
v and then 4. In fact, c.ore increases slightly with decreasing Cs (cf. Tables 2-3 and 2-4).

Therefore, the preference of the cylindrical micelle with decreasing Cs is consistent with the

prediction of Israelachvili et al. It is worth noting that their prediction is also consistent with
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Sakamoto et al.’s finding [20] that AP and MP form the cylindrical micelle instead of the
vesicle at Cs = 0.1 M, when Ny+/Nox ~ No+/Ny= decreases from 9.5 to 4.7.

Van der Gucht et al. [21] found the salt-induced spherical micelle to cylindrical
micelle transition in the polyion complex system of
poly(N-methyl-2-vinylpyridinium)-b-poly(ethylene oxide) and short poly(acrylic acid)
homopolymer in aqueous solution. This can be also explained by the increase in 4 through v
with increasing Cs. Zhang et al. [37] reported a morphology transition from the vesicle,
cylindrical, to spherical micelle in aqueous solution of polystyrene-b-poly(acrylic acid) with
decreasing Cs. This transition may be explained by the increase of ao through the
electrostatic repulsion among coronal poly(acrylic acid) chains with decreasing Cs, which
decreases /4 (cf. eq 2-6). Similar morphological transitions from the vesicle, cylindrical, to
spherical micelle for block copolymer micelles were observed in many aqueous and organic
solvent systems, by changing the solvent composition [1,37—41].

In Tables 2-3 and 2-4, the diameter 2(R.) of the cylindrical micelle core is about twice
as large as the thickness (D) of the hydrophobic layer of the vesicle. This corresponds to the
shift of the small peak in the SAXS profiles at Cs = 0.1 and 0.01 M in Figure 2-3. In the
solvent-composition-induced morphological transition for block copolymer micelles, the
thickness of the solvophobic domain generally increases in order “the vesicle — cylindrical
— spherical micelle” [37—41]. Our result agrees with this general tendency.

The volume V.o and interfacial area Aqore Of the solvophobic domain in the micelle

are related by

core = % (2-7)
where D and d are the thickness and dimensionality of the solvophobic domain (D = 2R, for
the cylindrical micelle and d = 0, 1, and 2 for the spherical, cylindrical, and disk-like micelles,
respectively). Eq 2-7 indicates that 4. abruptly increases with the morphological transition
from the disk (or vesicle; d = 2), cylinder (d = 1), to sphere (d =0). To reduce the penalty of
this interfacial energy, D may increase along with the morphological or dimensional transition

of the micelle.

2.4. Conclusion

We have investigated the self-assembly in dilute aqueous solutions of a mixture of the

anionic—neutral block copolymer (AP) and cationic—neutral block copolymer (MP) by
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changing the added NaCl concentration Cs or the electrostatic interaction among oppositely
charged blocks at a fixed total copolymer concentration (= 0.005 g/cm’). The ratio of the
charged to neutral block chain lengths was ca. 10, and the mixing ratio (the mole fraction of
the MP charge unit in the total charge units) of AP and MP was fixed to be 0.6.

At a sufficiently high Cs (= 2 M), the electrostatic interaction is almost screened out,
and AP and MP are dissolved independently in the aqueous solution. With decreasing Cs,
the neutral complex of AP and MP starts forming, and the neutralization of the charged blocks
reduces the affinity of the complex to water, which increases the average interaction
parameter for the AP—-MP complex in aqueous solution. As the result, a macroscopic phase
separation takes place at 1 M > Cs > 0.6 M.

Further decreasing Cs, the electrostatic attraction between the oppositely charged
blocks becomes stronger to squeeze out more water from polyion complex domain. Thus,
the interaction parameter between the charged blocks and the solvent water increases to
enhance amphiphilicity of AP and MP chains, the AP—-MP complex forms micelles, and the
solution returns to the one-phase region. Moreover, the micelle morphology changes with
Cs. At 0.5 M > Cs > 0.05 M, the micelle is the bilayer vesicle, while at Cs < 0.02 M the
cylindrical micelle appears and becomes the major component in salt-free solution where the
attraction between the oppositely charged blocks is maximum. This morphological
transition and the change of the hydrophobic domain thickness along with the transition were
explained in terms of the packing parameter of Israelachvili et al. [35,36] and the interfacial

energy penalty, respectively.

References

[1]Y. Mai, A. Eisenberg, Chem. Soc. Rev. 41, 5969 (2012).

[2] R. Takahashi, T. Sato, K. Terao, X.-P. Qiu, F. M. Winnik, Macromolecules 45, 6111
(2012).

[3] T. Sato, K. Tanaka, A. Toyokura, R. Mori, R. Takahashi, K. Terao, S. Yusa,
Macromolecules 46, 226 (2013).

[4] R. Takahashi, X.-P. Qiu, N. Xue, T. Sato, K. Terao, F. M. Winnik, Macromolecules 47,
6900 (2014).

[5] K. Nakai, M. Nishiuchi, M. Inoue, K. Ishihara, Y. Sanada, K. Sakurai, S. Yusa, Langmuir
29, 9651 (2013).

[6] Y. Matsuda, M. Kobayashi, M. Annaka, K. Ishihara, A. Takahara, Langmuir 24, 8772
(2008).

31



[7] K. Ueno, H. Ueno, T. Sato, Polym. J. 44, 59 (2012).

[8] H.-D. Liu, T. Sato, Chin. J. Polym. Sci. 31, 39 (2013).

[9]J. Qin, D. Priftis, R. Farina, S. L. Perry, L. Leon, J. Whitmer, K. Hoffmann, M. Tirrell, J. J.
de Pablo, ACS Macro Lett. 3, 565 (2014).

[10] M. A. Cohen Stuart, B. Hofs, I. K. Voets, A. de Keizer, Curr. Opin. Colloid Interface Sci.
10, 30 (2005).

[11] I. K. Voets, A. de Keizer, M. A. Cohen Stuart, Adv. Colloid Interface Sci. 147—148, 300
(2009).

[12] Y. Lee, K. Kataoka, Soft Matter 5, 3810 (2009).

[13] D. V. Pergushov, A. H. E. Miiller, F. H. Schacher, Chem. Soc. Rev. 41, 6888 (2012).

[14] A. Harada, K. Kataoka, Macromolecules 28, 5294 (1995).

[15] S. Schrage, R. Sigel, H. Schlaad, Macromolecules 36, 1417 (2003).

[16] A. Koide, A. Kishimura, K. Osada, W.-D. Jang, Y. Yamasaki, K. Kataoka, J. Am. Chem.
Soc. 128, 5988 (2006).

[17] A. Kishimura, A. Koide, K. Osada, Y. Yamasaki, K. Kataoka, Angew. Chem., Int. Ed. 46,
6085 (2007).

[18] M. Burkhardt, N. Martinez-Castro, S. Tea, M. Drechsler, I. Babin, I. Grishagin, R.
Schweins, D. V. Pergushov, M. Gradzielski, A. B. Zezin, A. H. E. Miiller, Langmuir 23,
12864 (2007).

[19] W.-F. Dong, A. Kishimura, Y. Anraku, S. Chuanoi, K. Kataoka, J. Am. Chem. Soc. 131,
3804 (2009).

[20] S. Sakamoto, Y. Sanada, M. Sakashita, K. Nishina, K. Nakai, S. Yusa, K. Sakurai, Polym.
J. 46,617 (2014).

[21] H. M. van der Kooij, E. Spruijt, I. K. Voets, R. Fokkink, M. A. Cohen Stuart, J. van der
Gucht, Langmuir 28, 14180 (2012).

[22] M. Lemmers, 1. K. Voets, M. A. Cohen Stuart, J. van der Gucht, Soft Matter 7, 1378
(2011).

[23] D. V. Krogstad, S.-H. Choi, N. A. Lynd, D. J. Audus, S. L. Perry, J. D. Gopez, C. J.
Hawker, E. J. Kramer, M. V. Tirrell, J. Phys. Chem. B 118, 13011 (2014).

[24] D. V. Krogstad, N. A. Lynd, S.-H. Choi, J. M. Spruell, C. J. Hawker, E. J. Kramer, M. V.
Tirrell, Macromolecules 46, 1512 (2013).

[25] D. V. Krogstad, N. A. Lynd, D. Miyajima, J. Gopez, C. J. Hawker, E. J. Kramer, M. V.
Tirrell, Macromolecules 47, 8026 (2014).

[26] A. Harada, K. Kataoka, Prog. Polym. Sci. 31, 949 (2006).

[27] A. Kishimura, Polym. J. 45, 892 (2013).

32



[28] R. Hagino, J. Yashiro, M. Sakata, T. Norisuye, Polym. J. 38, 861 (2006).

[29] B. H. Zimm, J. Chem. Phys. 16, 1093 (1948).

[30] D. C. Henry, Proc. R. Soc. London, Ser. A 133, 106 (1931).

[31] J.-F. Berret, Macromolecules 40, 4260 (2007).

[32] J. S. Pedersen, Adv. Colloid Interface Sci. 70, 171 (1997).

[33] J. S. Pedersen, M. C. Gerstenberg, Macromolecules 29, 1363 (1996).

[34] T. Sato, Langmuir 20, 1095 (2004).

[35] J. N. Israelachvili, D. J. Mitchell, B. W. Ninham, J. Chem. Soc., Faraday Trans. 2 72,
1525 (1976).

[36] J. N. Israelachvili, Intermolecular and Surface Forces, 3rd ed.; Academic Press: Waltham,
MA, 2011.

[37] L. Zhang, A. Eisenberg, Macromolecules 32, 2239 (1999).

[38] J. Bang, S. Jain, Z. Li, T. P. Lodge, J. S. Pedersen, E. Kesselman, Y. Talmon,
Macromolecules 39, 1199 (2006).

[39] P. Bhargava, J. X. Zheng, P. Li, R. P. Quirk, F. W. Harris, S. Z. D. Cheng,
Macromolecules 39, 4880 (2006).

[40] Y.-Y. Won, A. K. Brannan, H. T. Davis, F. S. Bates, J. Phys. Chem. B 106, 3354 (2002).
[41] S. Jain, F. S. Bates, Macromolecules 37, 1511 (2004).

Appendix 2.

Analysis of the SAXS intensity. The excess scattering intensity /, over that of the
solvent at the scattering angle 6 was transformed to the excess Rayleigh ratio R, using
aqueous solutions of polyethylene glycol (PEG) with the polymer mass concentration cer as

reference materials by

_ 2
R,g _ NAae2 Uref A:Oref creeref Ioref I_Z (Z-Al)
NA 1+ 2A2,reerefCref IO,ref 1

where N, is the Avogadro constant, a. is the classical radius of electron (=2.82 X 107" c¢m),
I°r and [° are the intensities of incident beam at measurements of the reference and test
solutions, respectively, and [oref, Mret, A2ref, U ref, and Apyer are the excess scattering intensity
at 8 = 0, the molar mass, the second virial coefficient, the partial specific volume, and the
excess electron density, respectively, of the reference solution. The values of M..r (= 5050)
and Az rer (= 2.4 X 10~ cm’mol/g®) were determined by light scattering, the value of Trs (=
0.838 cm’/g) by densitometry (using an Anton Paar DMA 5000 densitometer), and the

contrast factor U rer Apret/Na was calculated by

33



Ure APret _ Moref _ Yref’’e H,0 (2-A2)
N My et Un,0Mu,0

with the number of electrons 7. (= 24) and the molar mass My rer (44 g/mol) of the monomer
unit of PEG, the number of electrons 7e n,0 (= 10) and the molar mass My u,0 (= 18 g/mol) of
a water molecule, and the specific volume vp,o (= 1.003 cm’/g) of water.

The optical constant K. is defined by
2.2
Ke = NAae J/av (2'A3)

with the average contrast factor y,, of the polymer. For the mixture of the AP and MP
copolymers dissolved in aqueous NaCl, y,, was calculated by

_ UppAppp UnpAOMP
Yav =" Wapt— —— Wup (2-A4)
Ny Ny
where U, Ap;, and w; are the partial specific volume, the excess electron density, and the
weight fraction of the copolymer i (i = AP and MP), respectively. The contrast factor y; (U

iApi/Na) of each component i is calculated by

n, U
= - (%) (2-45)
Mi NA solv
with
_ = Tn n
Pe) 5 e’HZO(l—WNaa)’f—e’NaCl WNaCl (2-A6)
N A Jsolv YUsolv M H,0 NaCl

where ne;, Ne.H,05 and n.Nac1 are numbers of electrons of copolymer i, H;O molecule, and
NaCl, respectively, M;, MHzO, and Mnac) are molar masses of copolymer i, H,O and NaCl,
respectively, vUsly 1S the specific volume of the solvent (aqueous NaCl), and wy,cr 1s the
weight fraction of NaCl in aqueous NaCl. It should be noticed that (7 po/Na)solv depends on
the polymer through o/; in eq 2-A6. For the block copolymer of AM or MP, n.;/M; and v ;
are calculated by

Mei  NeopNop +71e0aNo A or ne0.pNop +eoMNom
M pp Myp

(2-A7)

5

1
= or
MAP MMP

(2-A8)

S

where neo; 1s the number of electrons in the monomer unit j (= P, A, or M), Ny, M;, and v,
are the degree of polymerization, molar mass, and partial specific volume of the block chain j

(=P, A, or M), and M; is the molar mass of the copolymer i (i = AP and MP). While the
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literature value’ was used for ¥ A, partial specific volumes o p and ¥y were determined by
densitometry (see below). The weight fractions of MP (wmp) and of AP (wap) can be
calculated from x: (the mole fraction of cations borne by MP in the total charges borne by AP
and MP) by

X NoaMpmp

Wyp =1—Wpp = 2-A9
e A (1_x+)NO,MMAP+x+N0,AMMP ( )

Composition in the Neutral Complex Solution. Let us assume that a part of MP
and AP in the mixture form the neutral complex. If x. > 0.5 and the mole fraction of free AP
in the total AP is denoted as xApE, the weight fractions of the free MP, the free AP, and the
neutral complex are given respectively by

WE, = (1-x, ) No pxXapM ap
(1-x, )NomM ap + x,No A Myp

[2x+ ~1+ (I-x,) XEP]NO,AMMP
(1=x, )NomM ap +x,No xMyp

E ' E '
No, (1 - xAP)MAP + No,a (1 - xAM)MMP
(1=x, )NomM ap + X, No s\Myp

(2-A10)

Wmp =

WNC = (l_x+

In the neutral complex, Na" and CI™ are no more the counterions of AP and MP, respectively.
As the result, M"sp and M"yp in the numerator of the equation of wxc in eq 2-A10 represent
the molar masses of AP and MP without the counterions. When xxp- = 0, all AP forms the
neutral complex, and when xap" = 1, no neutral complex is formed.

If the neutral complex forms a micelle with a core-shell structure in water, the weight

fractions of the core and shell parts in the neutral complex are given by

o Moy + Mg a W =M0,PN0,P(1/N0,A+1/N0,M)
o (M;%P/NO,A)"'(MI,\/IP/NO,M)’ shell (M:AP/NO,A)Jf(va[P/No,M)

(2-A11)
Scattering Functions. For the block copolymer consisting of Gaussian a and b
block chains and dispersed molecularly in the solution, the molar mass multiplied by the
intramolecular interference factor MP(k) is calculated by
244 2 214 2
Ya My" B (K) + 1" My B (k) + 2, 7, My My, Oy (K)

2
MP(k) =
Vav %) M, + M,

(2-A12)

where Pi(k) is the intramolecular interference factor for the block chain i (= a, b) and Q,,(k) is

the cross term of the ab block copolymer chain, both being given by
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P(k) = (e‘x"+xl-—l)e_di2k2/16, x; = K82, (2-A13)

2
i 2
Xi

and

Noav P (k) = Ng, P (k) = N, By (k)
2NOaNOb

Ouy () = (2-A14)

with the square radius of gyration (Sz)i, degree of polymerization Ny;, and diameter d; of the
chain i (= a, b, or ab chains) ({S*)ap = (%) + (S*)o; Noab = Noa + Nov; dap” = (d” + dp’)/2). In
eq 2-A12, y; is the contrast factor of the block chain i (= a and b) calculated by

= ;4—0—(1]’%) (2-A15)
0i A Jsolv

1

with the monomer unit molar mass M, of the block chain i, and (7 po/Na)solv glven by eq
2-A6. We have neglected the salt exclusion effect for the polyelectrolyte. As seen from eq
2-A12, M and P(k) are not the true molar mass and intramolecular interference factor, strictly
speaking, but include the effect of the difference in the scattering power between the blocks
through ..

When the neutral complex of AP and MP forms a spherical particle of the uniform
density with the molar mass M, the scattering function (or the intra-particle interference

factor) Py(k) of the particle is given by

2 242

Vav P (k) = yne” @7 (kRyy) (2-A16)

where
3(si s\
D(x) = (s1nx—3xcosx)’ Ry = (2-A17)
X 4”NACC

and the contrast factor ync of the neutral complex is calculated by

Y = Megs +Tep A +71e0 pNo p (1/N0,A + l/NO,M) (Upe ) (2-A18)

NC — / / - -
(Map/Noa )+ (Miup/No ) Na Jsolv

with (7 po/Na)solv glven by eq 2-A6.

If the neutral complex is a single bilayer vesicle, Py/(k) is given by
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R>®(kRy) - Ry’ D(kR,)
4 coreVVcore 3 3 +
2 Ry - R,
Vav P () = . . . .
vV, Ry"®(kRy) — R P(kR)) + Ry D(kRy) — Ry P(kRy)
shell”” shell R23 B Rl3 + R43 _ R33
(2-A19)
In this equation, the contrast factors of the core and shell parts are calculated by
no,a + oM U e (Y
core = 5 7 o Pe > Vshell = - e (2-A20)
Mo +Morn \ Na 1o Mop \Na Jior

respectively, the weight fractions W e and Wyhen are given by eqs 2-All, and the structure
parameters R, R, R3, and R4 of the vesicle defined in Figure 2-4a in the text are related each
other by

Ry=R+H, Ry=Ry+D, Ry =Ry +H (2-A21)
where D is the thickness of the hydrophobic layer and H is the height of the outer and inner
hydrophilic layer regions. Furthermore, when the concentration of the hydrophobic layer

region is denoted as ccore, we have the following relations

e = Moo (2-A22)

M4, (R - R

Thus, if D and ¢ are given, R, can calculated from M by

\/ MWeore _1_1) (2-A23)

R2=2

2 N AccoreD . 3

Using eqs 2-A21, we can calculate the remaining R, R3, and R4 for suitably chosen value of H,
then ya"Pu(k) from eq 2-A19 as a function of M.

The scattering function Py(k) for the single bilayer vesicle calculated by eq 2-A19
has a peak, and the peak width is very sensitive to the value of D. When Ny 4 and Ny of the
ionic block chains have some dispersities, D has also a dispersity, which makes the peak
broader. To take this dispersity effect into account, we average Py(k) with respect to the
dispersity in D, using a Gaussian distribution function:

(D-(D))’
2

209

(MP,, (k) = @;0 [MPy (K)exp dD (2-A24)
D

where (D) and op” are the mean value and variance of D, respectively. The adjustable
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parameters to calculate Py(k) for polydisperse vesicles are Mnc, Pnc, Ceores H, (D), and op°.
While the value of H is roughly estimated from the mean end-to-end distance of the neutral
block chain, the last (D) and op” are determined almost uniquely from the small peak of the
SAXS profile.

At last, if the neutral complex is a cylinder with the core-shell structure, Py(k) is

calculated by

R*W , (kR) - R, (kR,)
R*-R}

2
J/avsz (k) = <|:}/coreVVcoreqja (ch) + ysheIIVVshell Q?x (kL)> (2_A25)

a

where R, and R are the radii of the core and shell of the cylindrical micelle (cf. Figure 2-4b),

sin(%xcosa)
, Q,(x)= — (2-A26)

EXCOSCZ

2J(xsina)
W, (0) = L
xsina
and (---). represents the isotropic average with respect to the angle a between the scattering

vector k and the cylindrical axis of the micelle. If Mxc, ceore, Re, and H are given, we can
calculate L and R by

MW,
L=—"  R=R +H (2-A27)
”NARC Ceore

The H value is roughly estimated from the mean end-to-end distance of the neutral block
chain.

As in the case of the single bilayer vesicle, eq 2-A25 for the cylinder has a peak, and
the peak width is very sensitive to the value of R.. We average Py(k) for the cylindrical

micelle with respect to the dispersity in R, using a Gaussian distribution function:

(Rc B <Rc>)2

(MPM(k)>RC=\/E;GfMPM(k)eXp[— o 2 dR
R,

) (2-A28)
OpR

C

where (R.) and og.” are the mean value and variance of R., respectively.

Pedersen and Gerstenberg [1,2] formulated scattering functions of various micelles
where the hydrophilic shell part is represented as an assembly of Gaussian chains. Their
scattering functions are almost identical with the above functions for the uniform density
models for the vesicle and cylinder. In a high & region, however, the scattering from

individual chains in the hydrophilic shell part is not negligible. This contribution is given by

290 W 1 exp(=k2(S*)p) =1+ k2(S>
yavsz,chain(k)= Vshell " shell p( < >P) < >P

- (2-A29)
Mpp + Myp (k2<S2>P)
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where map and myp are aggregation numbers of AP and MP of the micelle, and <Sz>p is the
square radius of gyration of the coronal P chain.

Scattering Functions of the AP and MP Block Copolymers. SAXS profiles for
aqueous solutions of the individual AP and MP block copolymer samples at ¢ = 0.005 g/cm’
and at Cs = 1 M and 0.1 M are shown in Figure 2-Al. According to Zimm [3], K.c/R, 1s
calculated by

Ke 1
Ry  MP(k)

+24sc (2-A30)

For the block copolymer consisting of Gaussian a and b block chains, MP(k) is calculated by
eq 2-Al12. Here we have neglected the salt exclusion effect for the polyelectrolyte. As
seen from eq 2-A12, M and P(k) are not the true molar mass and the true intramolecular
interference factor, strictly speaking, but include the effect of the difference in the scattering

power between the blocks through ..

~
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~

(b)
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Figure 2-A1. SAXS profiles of the AP and MP block copolymer samples in aqueous NaCl
at Cs=1M (a) and 0.1 M (b). The polymer concentration of the all solutions is 0.005 g/cm’.
The red and blue solid curves indicate fitting results by eq 2-A12 using parameters listed in
Table 2-Al.

The blue and red solid curves in Figure 2-A1 show fitting results by using the fitting
parameters of block chains and copolymer chains of AP and MP listed in Table 2-A1. Data
points for MP at Cs = 1 M at low k deviate from the fitting blue curve in Figure 2-A1, maybe
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due to some non-ideal aggregates of MP chains. The radius of gyration of every block chain
in Table 2-Al is almost independent of Cs, because the chain is so short that the
intramolecular excluded volume effect is not important. Second virial coefficients 4, of AP
and MP at 0.1 M are slightly larger than those at 1 M due to the contribution of the
intermolecular excluded volume effect. If the radial electron density of the block chain
along the chain thickness is not uniform, the scattering function at high & increases and a
negative value of d° may be provided [4]. This may be the reason why &* of every block

chain at Cs = 1 M is negative.

Table 2-A1. Molecular Characteristics of the AP and MP samples at Cs =1 M and 0.1

M
Cs=1M Cs=0.1M

sample (8*"*/nm d*/nm’ A (SH”mm  &mm? A
PAMPS block 8.0 -1.5 7.0 -0.2
PMAPTAC block 6.5 -1.0 5.7 1.0
PMPC block 0.5 -1.0 0.5 1.0

AP 1.0 1.5

MP 0.2 1.4

“In units of 10~ cm’mol g %

SAXS Profiles for Aqueous Solutions of the AP-MP Mixture at All Cs. Figures
2-A2a—c show SAXS profiles for aqueous solutions of the AP—MP mixture (¢ = 0.005 g/cm’
and x; = 0.6) at all Cs investigated in the present study.

Partial Specific Volumes. Density measurements were made on dilute aqueous
NaCl solutions of three homopolymers of MAPTAC and MPC, the constituents of the MP
copolymer at different ¢ and Cs, using an Anton Paar DMA 5000 densitometer, to determine
partial specific volumes Uy and v p. Figure 2-A3 shows the Cs dependences of v \ and
U p with literature data of U 4 [5]. Contrast factors of the copolymers and copolymer block
chains at each Cs were calculated by eq 2-A6 with eq 2-A8 using these partial specific

volume.
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Figure 2-A2. SAXS profiles for aqueous solutions of the AP—-MP mixture (¢ = 0.005 g/cm’
andx; =0.6)at 1 M>Cs>0.6 M (a), 0.5 M > Cs >0.05 M (b), and at 0.02 M > Cs >0 M (c).
The data points are shifted vertically by the factor 4 for viewing clarity. Solid curves, fitting
results calculated by eqs 2-3 and 2-4 in the text as well as eqs 2-A16—18 (a), by eqs 2-3” and
2-4 in the text as well as eqs 2-A19-24 and eq 2-A29 (b), and by eqs 2-3° and 2-4 in the text
as well as eqs 2-A25-28 and eq A29 (c¢). Panel d compares the theoretical curve (blue
curve) for Cs = 0.1 M calculated by eqs 2-3°, 2-4, 2-A19-24 and 2-A29, shown in Panel b,

with theoretical curves without considering the dispersity of D (red curve) and the
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contribution of individual chains in the hydrophilic layer part (green curve).

0.9 - . -
) 0.8“-'//-
W | |
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Figure 2-A3. v of PMPC (circle), PMAPTAC (square), and PAMPS (triangle; Ref. AS) in

aqueous NaCl as a fuction of NaCl concentration at 25 °C.

Electrophoretic Light Scattering. The Electrophoretic mobility U of the complex
formed by AP and MP in a solution with Cs = 0.1 M and ¢ = 0.005 g/cm’ was acquired by a
ELS-Z zeta potential analyzer, Otsuka Electronics Co., Ltd., Osaka. The zeta potential & of
the complex was calculated to be +2.25 mV from U by

& =(m/e)U (2-A31)
where 7o and ¢ denotes the viscosity coefficient and the permittivity of the solvent,
respectively. By assuming that the complex is a charged sphere [6], we have estimated the
number of excess charges to be fewer than 1000 per the complex from the £ value obtained.
From the SAXS result, the total charge number of the complex (i.e., the vesicle) is in the order
of 107, so that the excess charge number is much fewer than the total charge number.
Therefore, the complex is almost neutral, and adsorbs a tiny amount of the excess MP in the
solution.

More TEM Images of the AP-MP Polyion Complex Micelle. Figure 2-5a
showed a TEM image of threadlike particles dried from an aqueous solution of the AP—-MP
mixture (x+ = 0.6) at Cs = 0 M. Figure 2-A4a displays a TEM image taken in the same
experimental condition, where a spherical particle coexists with threadlike particles.
However, this was a very rare case, and mostly threadlike particles were observed as shown in
Panel b of Figure 2-A4. On the other hand, only spherical particles were observed in all
TEM images of samples prepared from aqueous AP—MP mixture solutions at Cs = 0.1 M.
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Figure 2-A4c shows another TEM image taken in the same experimental condition as in
Figure 2-5b.

Figure 2-A4. TEM images of MP-AP mixtures with x; = 0.6 at Cs =0 M (a, b) and 0.1 M
(c).
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Chapter 3. Reversible Morphology Transition of Polyion Complex
Micelles Induced by Changing the Mixing Ratio of Copolymer Components

3.1. Introduction

Anionic—neutral and cationic—neutral block copolymers in aqueous solution form
micelles with the polyion complex core (polyion complex micelle) via electrostatic interaction
between cationic and anionic block chains. These polyion complex micelles have recently
attracted extensive attention as nano-carriers or nano-containers for protection and controlled
delivery of drugs or bio-active molecules. It is important to control the morphology and size
of the polyion complex micelle at utilizing it as nano-carriers or nano-containers. Thus,
extensive studies have been made [1-24], and several reviews [25—31] have been published
on various aspects of the polyion complex micelle formation so far.

As shown in Figure 3-1, there are many parameters determining the morphology and
size of the polyion complex micelle; the degrees of polymerization of the cationic block (Ny+),
the anionic block (Ny-), and the neutral blocks (N()n(+), N()n(f)), the molar concentrations of the
cationic monomer unit (Co:) and the anionic monomer unit (Cyp-), as well as the molar
concentration of the added salt (Cs) in the aqueous solution. Therefore, we have to study
systematically dependences of the polyion complex micelle formation on each of all the above
experimental parameters. Although many studies have been already performed on various
polyion complex micelles, the morphology of the polyion complex micelle has not been
thoroughly understood yet.

In this study, we have investigated the dependence of the morphology of the polyion
complex micelle on the mixing ratio of the oppositely charged block copolymers at fixed Ny,
No-, N()n(ﬂ, N()n(i), Cs, and the total copolymer mass concentration ¢, by using ELS, isothermal
titration calorimetry (ITC), and SAXS. In what follows, the mixing ratio is expressed in
terms of the mole fraction x; of the cationic monomer unit in the total charged monomer units
in the solution, defined as

x4+ = Co/(Cor + Cp) (3-1)
The effect of x: on the formation of the polyion complex micelle has been already
investigated by many researchers [11-24]. In most cases, as x: approaches to ca. 0.5,
{-potential becomes 0, and both hydrodynamic radius and light scattering intensity increase.
Lindhoud et al.[20] reported on the reversibility of the light scattering behavior with changing
x+. However, the detailed morphology of those polyion complex micelles has been

investigated only at x. ~ 0.5 so far. In this paper, we report a reversible morphology
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transition of a polyion complex micelle by changing x:. To the best of our knowledge, this
is the first report on the mixing-ratio-induced morphology transition of the polyion complex

micelle.

Ny Ny,O Ny Npp™

::-/_'MW

CO+
CS

Figure 3-1. Various parameters determining the morphology and size of the polyion

complex micelle.

We have chosen the same anionic—neutral block copolymer (AP) and
cationic-neutral block copolymer (MP) used in Chapter 2 (cf. Chart 1-1). Although PMPC is
not nonionic but zwitter ionic, it has been demonstrated that the inter-chain interaction of
PMPC in aqueous solution is independent of the ionic strength [32,33], so that PMPC can be
regarded as a neutral block chain. It is well known that PMPC is highly biocompatible,
because its chemical structure resembles the lipid of biomembranes [34]. In the present
study, we have used AP and MP samples with the degrees of polymerization Ny- ~ Nos >>
NOn(ﬂ ~ NOn(f), and fixed the added NaCl concentration Cs to be 0.1 M. From the result of
the previous Chapter 2, these AP and MP samples form a vesicle at Cs = 0.1 M and x: ~ 0.5.

The anionic monomer unit A™ in the anionic block chain and the cationic monomer
unit M" in the cationic block chain bear uni-valent negative and positive charges, respectively,
and can form the neutral complex MA by the strong electrostatic attraction. If A™ and the
counterion, M* and the counterion, and MA are regarded as thermodynamically independent
components, we view the block copolymer mixture solution as a quaternary system of A~, M,
MA, and the solvent. (Although the solution contains also NaCl and the neutral block chains
of AP and MP, we do not consider them in discussion of the solution composition.)

Since the neutral complex MA has no net charges, its solubility to the aqueous
medium should be much lower than A™ or M*, and a liquid-liquid phase separation may take

place in the quaternary solution. If we regard the micellization as a kind of the phase
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separation and the hydrophobic core of the micelle formed by AP and MP as the coexisting
concentrated phase, we can specify the composition of the solution in terms of the molar
concentrations of A~ (C,_"), M* (C,,"), and MA (C,,”) in the coexisting dilute phase, and of
A" (C)9), M* (C,,"), and MA (C,,) in the coexisting concentrated phase (or the
hydrophobic core), as shown in Figure 3-2. In what follows, the hydrophobicity of MA is
assumed to be so strong that C,,'” = 0 [35,36]. Thus, we can specify the composition of the

aqueous solution of the AP-MP mixture in terms of the six variables, C, ", C,,", C,.“, C,.*,

C,,?, and the volume fraction of the concentrated phase (the hydrophobic cores) @ in the
solution.
T D
C. @
eNCh
++++

e G
C0+(d) COﬂ:(C)

Cou=0

Figure 3-2. Composition variables in the aqueous solution containing the anionic—neutral

and cationic—neutral block copolymers.

These composition variables change with the mixing ratio x, at constant total
copolymer concentration c. With increasing x,, C,, and C,_ should increase and decrease,
respectively, according to the phase equilibrium condition (cf. Appendix 3). When C,, >
C, @ (C° < C,9), the micelle is positively (negatively) charged, and the electrostatic
interaction of the micelle changes along with x,, which may induce the morphology transition

of the micelle.

3.2. Experimental Section

Materials. The same AP and MP as used in the previous Chapter focusing on the
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effect of salt addition were also used in this chapter. Procedure for the synthesis of AP and
MP was described previously [24]. Table 3-1 lists molecular characteristics of the AP and
MP samples. Water was purified by using a Millipore Milli-Q system. Sodium chloride
NaCl (> 99.5%) was purchased from Wako Pure Chemical Industries, Ltd., Osaka and used as

received.

Table 3-1. Molecular Characteristics of AP and MP Samples [10]

sample  My1* My i/Mai” Mwi© My ? M1 ? Myt Noo® No-© Noo©
PMPC 6,210 1.03 6,400

AP 47,200 1.56 73,600 6,400 67,200 21.7 293

MP 49,300 1.09 53,700 6,400 47,300 21.7 215

“Number-average molecular weight determined by '"H NMR. “Dispersity index determined by
SEC. “Weight-average molecular weight calculated from My /M,; and M,;.
“Weight-average molecular weight of the neutral block chain My 1, the anionic block chain
M, 1, or the cationic block chain M, ; calculated from M, of the PMPC, AP, or MP
samples.  “Weight-average degree of polymerization of each block chain using the

monomer-unit molar mass My, = 295, My- =229, or My = 220.5.

Preparation of Test Solutions. Test solutions were prepared by two different
procedures. Firstly, the MP and AP samples were dissolved separately in pure water or in
0.1 M aqueous NaCl. In the one procedure, the aqueous MP solution was added into the
aqueous AP solution dropwise with gentle stirring by hand and then the mixture solution was
shaken by a vortex mixer. The solution prepared in this procedure is denoted as the solution
MP—AP. In the other procedure, the aqueous AP solution was added into the aqueous MP
solution in the same manner. The solution prepared in this procedure is denoted as the
solution AP—MP. For the salt free solutions, solid NaCl was added after mixing MP and
AP to adjust Cs to be 0.1 M.

The solutions were prepared at room temperature without sonication or thermal
treatment. The X-ray scattering intensity of the mixture solution did not change with time
from 1 to 50 h after the preparation. The total polymer concentration ¢ and NaCl
concentration Cs were fixed at 0.005 g/cm® and 0.1 M, respectively.

Electrophoretic Light Scattering. Electrophoretic mobility U, of the complex
formed of AP and MP in aqueous NaCl solution was obtained at 25 °C using a ELS-Z
(-potential analyzer (Otsuka Electronics Co., Ltd., Osaka). Test solutions for ELS were
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prepared by mixing salt free solutions of MP and PA and then by adding NaCl to the mixture
solution. The electro-osmotic effect was corrected. The zeta potential ¢ of the complex
was calculated from Uy, by

=y, (3-2)

€
where 7o and ¢ denotes the viscosity coefficient and the permittivity of the solvent,
respectively.

Isothermal Titration Calorimetry. ITC were performed at 25 °C with MicroCal
VP-ITC (Malvern Instruments Ltd, Worcestershire) in two procedures. In the first procedure,
an aqueous solution of AP (¢ = 5.0 x 10 g/cm’) containing 0.1 M NaCl was titrated from a
syringe into the cell of volume 1.417 mL, filled with an aqueous solution of MP (¢ = 2.5 x
10 g/em®) containing 0.1 M NaCl. In the second procedure, an aqueous solution of MP (¢
=5.0 x 10 g/cm’) containing 0.1 M NaCl was titrated from a syringe into the cell filled with
an aqueous solution of MP (¢ = 2.5 x 10~* g/cm”) containing 0.1 M NaCl. In both cases, 0.1
1L of the titrant was first added to the solution, and then 5 uL of the titrant was titrated 27
times by the intervals of 1000 s with stirring at 502 rpm. A reference cell was filled with an
aqueous solution of 0.1 M NaCl. The heat of dilution (much smaller contribution) was
subtracted from the data.

Small-Angle X-Ray Scattering. Synchrotron radiation SAXS experiments were

carried out as described in Chapter 2.

3.3. Results and Discussion

Electrophoretic Light Scattering. The net charge of the micelle formed by AP
and MP was investigated using ELS. Figure 3-3 shows the {-potential ({) of the polyion
complex micelles plotted against x.. The results are almost identical for the solutions of
MP—AP and AP—MP. 1t can be seen from the results that { becomes 0 or Co.© = C,© at
x+ = 0.55. In what follows, we denote this value of x. where &= 0 as x, (= 0.55). The
hydrophobic core contains an excess amount of anionic monomer unit A~ at x+ < x+'“, and an
excess amount of the cationic monomer unit at x. > x..

If the interaction between the neutral complex MA and the anionic monomer unit A
in the hydrophobic core is identical with that between MA and M", as well as No. = Ny- and
Non™ = Now™” (cf. Figure 3-1), x:© must be equal to 0.5 by symmetry. However, unless the

above conditions are not fulfilled, x, is not necessarily be 0.5. If the non-electrostatic
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attractive interaction between MA and A~ is stronger than that between MA and M under the
conditions of Ny+ = Np- and NOn(ﬂ = N()n(f), x.© should be larger 0.5.

Isothermal Titration Calorimetry. Figure 3-4 shows the time course of heat flow
at ITC measurements and the molar enthalpy AH of mixing obtained by integrating the heat
flow peaks, plotted against x;.. When the aqueous MP solution is titrated into the aqueous
AP solution (the solution MP —AP), AH is positive at x; < 0.5, but changes sign and takes a
minimum at x; ~ 0.55, and finally tends to zero at x; > 0.6. On the other hand, when the
aqueous AP solution is titrated into the aqueous MP solution (the solution AP —MP), AH is
positive at x. > (.5, takes a maximum at x; ~ 0.55, and tends to zero at x; < 0.45. Similar

minimum and maximum of AH were reported in other polyion complex systems [14,37,38].

C/mV
-

_10} A _

0 02 04 06 08 1

X+

Figure 3-3. C-potential for the polyion complex micelle formed of AM and MP, plotted
against x;. Unfilled symbol and filled symbol indicate that the solutions are prepared by the
procedures MP—AP and AP—MP, respectively.

49



@7 04—s—————

g
E 0.2 | MP—AP |
§ ON T V'T\ endotherm
% 1 J exotherm
= 02 AP—MP .
S u g '
,: M | M | M | M
0 100 200 300 400
time / min
(b) ——

Al o MP—AP
~ e AP—MP
=
g
—_—
A
T
<

-2

o 05 1

X+

Figure 3-4. ITC thermograms (a) and the molar enthalpy of mixing AH as a function of x.
(b) in AP—-MP complexation.

When MP and AP is mixed in aqueous solution, the cationic and anionic monomer
units (M" and A") form the neutral complex MA, and MA forms the hydrophobic core. As
shown in Figure 3-3, an excess amount of A is included in the hydrophobic core at x; < 0.55,
and the excess component in the hydrophobic core changes from A~ to M" when x. exceeds

0.55. The positive AH (endotherm) at small x. for the solution MP—AP and at large x. for
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the solution AP—MP is mainly due to the increase in the electrostatic energy by the
separation of counterions from the polyion chains at the complex formation. The minimum
and maximum of AH may reflect the conversion of the excess component in the hydrophobic
core between M" and A", indicating that the insertion of the MP chain into the hydrophobic
core is exothermic, while the insertion of the AP chain into the hydrophobic core is
endothermic. The endotherm in the latter case may be due to the dehydration of the AP
chain at the insertion. After the minimum and maximum, AH becomes almost O,
demonstrating that the MP or AP chains added further do not interact with the polyion
complex in the solution, but exist as dispersed single chains.

SAXS profiles. Figure 3-5a shows SAXS profiles for the mixtures in MP—AP
solutions with x; = 0.4, 0.55, and 0.8 at ¢ = 0.005 g/cm3 and at Cs = 0.1 M; NaCl was added to
the solution after mixing MP and AP. In the figure, Ry is the excess Rayleigh ratio, K, is the
optical constant (cf., eq 3-A1 in Appendix 3), and k is the magnitude of the scattering vector.
The profile at x+ = 0.55 (= x+(°)), where { ~ 0, exhibits the power low, R/K.c « kfz, in the low
k region, and also has a small peak around & ~ 0.3 nm ™', indicating vesicle formation as shown
in Chapter 2. By changing x: to be 0.4 and 0.8, the profiles in the low k region have slopes
much weaker than &, and the small peaks slightly shift toward lower & and the peak heights
diminish. The apparent radius of gyration was estimated to be 20 nm at both x; = 0.4 and
0.8 from the Guinier plot (not shown). However, values of R/K.c in the low k region at x; =
0.4 and 0.8 are much higher than those of AP and MP individual solutions (x; = 0: dark red
circle and x; = 1: dark blue circle, respectively) and the apparent molar mass obtained from
RJ/K.c at k=0 1is ca. 10", being much higher than M,, ; of AP and MP samples (cf. Table 3-1).
These results demonstrate that AP and MP form micelles also at x- = 0.4 and 0.8, but the
micelles formed are much smaller than the vesicle at x+ = x..

Figure 3-5b collects more SAXS profiles for MP—AP solutions with different x.

(circles with downward bar). When x. departs from x, =

0.55, the slope of the profile in
the low £ region becomes smaller. Figure 3-5b also contains MP—AP solutions at x; = 0.4
and 0.8 where NaCl was added to the solutions before mixing MP and AP (blue and orange
circles with upward bar). The scattering functions are almost identical with those for
MP—AP solutions at the same x;. Here, NaCl was added after mixing AP and MP. The
micelle morphology at x; = 0.4 and 0.8 does not depend on the order of mixing of AP, MP,

and NaCl.
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Figure 3-5. SAXS profiles of AP-MP mixtures with different x. in aqueous solution
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containing 0.1 M NaCl. (a) Comparison with x; = 0, 0.4, 0.55, 0.8, and 1 in absolute
intensity. The solutions were prepared by MP—AP, and NaCl is added after mixing AP and
MP solution. (b) The data at x; = 0.4, 0.5, 0.55, 0.6, 0.7, and 0.8, shifted vertically
multiplied by A4 for clarity. Circles with downward bar indicate scattering functions for
MP—AP solutions. Here, NaCl was added after mixing AP and MP. Circles with upward
bar for x; = 0.4 and 0.8 indicate scattering functions for MP—AP solutions. Here, NaCl was
also added before mixing AP and MP. The solid lines indicate theoretical curves calculated

by eqgs 3-8, 3-13, and equations in Appendix 3.

Fitting the SAXS Profiles. In the aqueous solution of AP—MP mixtures, the
polyion complex micelle and the excess free AP or MP component coexist as binary
scattering components. In what follows, the free AP or MP and the polyion complex micelle
are referred to as component 1 and 2, respectively. When the molar mass distribution of the
component obeys the log-normal distribution, the scattering function of the solution may be
given by [10,39,40]

2
Ry 1 yowM, B (k) y27 W, In (\/192 M/Mz)
= + fPM(k)exp -
Koy, |1+ 24 M B(Dew  \27InD, 2Inb,

dm L (3-3)

Here, y;, M,,, and w; are the contrast factor, the weight-average molar mass, and the weight
fraction of the component i (= 1, 2), respectively, 4,11 and P(k) are the second virial
coefficient and the particle scattering function of the component 1, respectively, Py(k) is the
particle scattering function of the component 2 with the molar mass M, and P is the molar
mass dispersity (i.e., the weight- to number-average molar mass ratio) of the component 2.
We have ignored the interparticle interference between polyion complex micelles as well as
between the polyion complex micelle and free AP or MP chain in eq 3-3. Second virial
coefficients 45, for AP and MP at Cs = 0.1 M are 1.5 x 10 cm’ g °mol and 1.4 x 10~ cm’
g “mol, respectively (cf. Chapter 2).
As explained in Appendix 3, w; is given by

- . _p(l_x+) (x >x(d))
X, +(Map/Myp )(Noy /Ny )(1-x,) V5777
wy=1l-w, = 1_(1+p—1)x (3-4)
= i - @
%o+ (Mp/ M ap) (Vo /Nos )= 5,) (v, <2(®)

(

where x.@ is the mixing ratio at which the excess component in the dilute phase converts

from AP to MP calculated by eq 3-A13, and p is defined as
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C((-:_i-) + C(()S-)

89+ o )

p =
with the molar concentrations of the cationic monomer unit (Co+'?), of the anionic monomer
unit (Co-), and of the neutral complex (Cy:) in the hydrophobic core, which are formulated
in Appendix 3 (eqs 3-All and 3-A12). The parameter p corresponds to 1 + xap~ in the
previous paper. While xxp” was an adjustable parameter, p can be calculated by eqs 3-5,
3-All, and 3-A12.

Atxs = 0.55 = x.9, we have o = 1 because Cor'? = Cy-'? = 0 from eqs 3-A12. Thus,
eq 3-4 gives us w; = 0.10 and w, = 0.90 at x; = 0.55 (> x+(d)). As demonstrated previously,
the mixture of the MP and AP samples forms a vesicle in the aqueous solution with Cs = 0.1
M and x: = 0.6. The feature of the SAXS profile indicates the formation of the vesicle also at
x+=0.55, as mentioned above. The scattering function Py(k) for the vesicle is calculated by
eqs 3-A21-28 in Appendix 3 [41-43]; Yeore in €q 3-A22 is equal to 7. from eq 3-A19 at Cp.©
= (- =0. The component 1 at x: = 0.55 is the free MP, of which scattering function is
calculated from the thin solid curve in Figure 3-5b. However, it turns out that the
contribution of the component 1 to R/K.c is negligibly small, as mentioned in Chapter 2.

The fitting of the scattering function for the vesicle to the experimental result at x; =

12 of the coronal chain must be in the

0.55 was made as follows. The radius of gyration (S°),
range of 1.1 nm (the coil limit) and 1.6 nm (the rod limit) from the degree of polymerization
No: (= 21.7) of the PMPC chain, and we have chosen (Sz>n”2 to be 1.5 nm; the other choice
within the above range does not affect the fitting. Thus, fitting parameters are the
weight-average molar mass M, and the molar mass dispersity D of the vesicle, the mass
concentration ceore Of the hydrophobic core, and the mean value (D) and the variance op of the
hydrophobic core thickness. Among them, (D) and op are almost uniquely determined from
the small peak position (k ~ 0.35 nm™') and the sharpness of the scattering function, M, and
Ceore are mainly determined from the absolute value and the & dependence of R/K.c at low £,
and D slightly modifies the & dependence of R/K.c at low k. Therefore, we can almost
uniquely determine the five adjustable parameters by fitting the theoretical R/K.c to the
experimental. The fitting result is shown by the green solid curve in Figure 3-5a, and the
fitting parameters selected are listed in Table 3-2.  Further details of the vesicle fitting are

given in the Chapter 2.
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Table 3-2. Characteristics of the Micelles formed of AP and MP

M2 Ccore 2Rcore Rina Rout <D> SD <S2>n1/2 Ccorona ne ’
X morphology ; my D 4 4
(10" g/mol) (gem )" (nm) (nm) (nm) (nm) (nm)* (gcm )
0.4 sphere 14+1 250 1.2 +£0.05 46 0.13 3700
0.5 vesicle 80 + 40 14000 2° 97,120 225+05 2.5 0.17
0.55 vesicle 80 + 40 14000 2° 04 100,120 21.5+05 3 0.16
0.6 vesicle 80 + 40 14000 2° ' 110,130 19+0.5 3.5 1.5 0.15
J J , +0.03
sphere +1.2+1, 220, 1.3+ 0.05, 4 , , 4
0.7 ) , , 44 98, 120° 22°¢ 3.5¢ 0.13,0.17°
vesicle 80“° 14000¢ 2%¢
0.8 sphere 1.2+1 220 1.3+£0.05 44 0.13 3000

“The common value for all x.. ” Average values of the results in AP—MP and MP—AP. “Assumed values. ¢ Values for the spherical

micelle with the weight fraction wgon = 0.48. Values for the vesicle with the weight fraction wyes = 0.15.
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We can expect that the smaller micelles in the solutions at x; = 0.4 and 0.8 are
spherical one, because the apparent radii of gyration of the micelles (see above) were
consistent with those expected for the spherical micelle formed by the AP and MP samples
[44]. In the first approximation, we take p to be unity also at x; = 0.4 and 0.8, assuming that
Co'?, Cp-© << Cp“. Then, we can calculate w; by eq 3-4 to be 0.20 (0.60), and the
component 1 is AP (MP) at x. = 0.40 (0.8). The scattering function for the component 1 can
be calculated from the thin solid and dashed curves in Figure 3-5a as well as 4,1, values
determined experimentally (see above).

The scattering function Py (k) for the spherical micelle is calculated by eqs 3-A29-31
in Appendix 3 [41—43], and we can use the same values for the radius of gyration (Sz>n” 2 of
the coronal chain and the mass concentration core 0f the hydrophobic core as in the case of
the vesicle at x; = 0.55. Thus, the adjustable parameters are only M, and D in eq 3-3. As
shown by the blue and orange curves in Figure 3-5b, the fittings are very good, so that we can
conclude the smaller micelles at x; = 0.4 and 0.8 are spherical one. TEM Images for the
spherical micelles are given in Appendix 3. The thickness of the hydrophobic core is 2R ore
for the spherical micelle, which can be calculated by eq 3-A31 in Appendix 3.

Table 3-2 also lists the aggregation number m; (i.e., the number of block copolymer
chains per micelle) calculated by eq 3-A26 in Appendix 3, the radius R 0f the hydrophobic
core of the spherical micelle by eq 3-A31, the inner and outer radii R;j, and R,y of the
hydrophobic shell of the vesicle by eqs 3-A28, and the polymer mass concentration Ccorona 1N
the coronal region by eq 3-A32. Although we do not consider the interfacial thickness
between the core (or shell) and coronal regions, the SAXS profiles are well fitted, indicating
that the hydrophobic core and shell have sharp interface.

As mentioned in Chapter 2, the thickness of the hydrophobic region must be larger in
the order of vesicle, cylinder, and sphere, due to the interfacial energy of the micelles. As
seen in Table 3-2, the thickness of the hydrophobic core 2R for the spherical micelle is
larger than the corresponding thickness (D) for the vesicle. This is consistent with the
interfacial energy prediction (c.f. Chapter 2) and also with the literature data [43,45—48].

For the spherical particle of the radius R, the total net charge number n. can be
calculated from the £ by [49,50]
ne(l+ka)

ol ®ea)] ) (3-6)

with

1 2 5 3 1 4 1 5 1 4 1 6 \'exp(—t)
FxX)sl+—x"—-—x"——x"+—x " —-exp(x)| =x" ——x dt 3-7
() 16 48 96 96 ( )(8 96 )f” ¢ G-7)
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where e 1s the elementary charge, x is the reciprocal of the Debye length, a is the effective
radius of the ion, approximately equal to be 0.1 nm, and ¢ is the permittivity of the solvent.
Because (Sz)n” 2<< Rcore for the spherical micelle at x; = 0.4 and 0.8, we can approximate R to
Reore.  Table 3-2 lists the values of n calculated by the above equations using the results
shown in Figure 3-3. The total charge of the spherical micelle calculated by (No:+ + No-)m,
(my: the aggregation number of the micelle, calculated by eq 3-A26 in Appendix 3) is in order
of 10°, so that the net charge is much smaller than the total charge in the spherical micelle.
As explained in Appendix 3, the molar concentrations Co+'?, Co-©, and Cp.® in the
hydrophobic core, and thus p in eq 3-10, can be calculated from n. by eqs 3-A8, 3-Al11 and
3-A12 where ¢ = ceore and M@ = M,.  The result of p for the spherical micelle is 1.1 at x. =
0.4 and 0.9 at x; = 0.8, and the above fittings for the spherical micelles at x; = 0.4 and 0.8
(approximating p = 1) are little affected by the correction of the p value.

The scattering functions at x;» = 0.5 and 0.6 in Figure 3-5b are also fitted by the vesicle
model, but that at x, = 0.7 had to be fitted by the mixture of the vesicle and the spherical

micelle. The scattering function for the mixture is calculated by

,- In? (B, M/M,)
2 Jzyylnﬂif [12" )] exo - g, |

i=sph, ves

(3-8)

instead of the second term in the parentheses on the right-hand side of eq 3-3. The fitting
results are shown by solid curves in Figure 3-5b, and fitting parameters chosen at x; = 0.5, 0.6,
and 0.7 are listed in Table 3-2.

Reversibility of the Morphology Transition. When the MP—AP solution of x; =
0.55 with Cs = 0.1 M was mixed with AP and MP solutions including 0.1 M NaCl to prepare
solutions of x+ = 0.4 and 0.8, respectively, the scattering intensity in the low & region decrease
and small peaks shift toward lower k, as shown in Figure 3-6 (from green circles to blue and
orange circles). The scattering functions are almost identical with those for MP—AP
solutions at x; = 0.4 and 0.8 in Figure 3-5. Moreover, the solutions of x; = 0.4 and 0.8 such
prepared were mixed with MP and AP solutions including 0.1 M NaCl, respectively, to
recover x+ to be 0.55, the SAXS profiles (brown and purple circles) return to that for the
original MP— AP solution at x. = 0.55 (green circles). These results demonstrate that the
morphology transition between the spherical micelle and the vesicle induced by changing x:
is reversible. Furthermore, the vesicle size is independent of the mixing pathway and
reproducible without a sonication or thermal treatment, although in usual cases of block
copolymer vesicles the size depends on the preparation procedure and is hard to be

reproduced [51-53]. The reversibility and reproducibility in the size are additionally
57



evidenced by dynamic light scattering (DLS) given in Appendix 3. The independence of the
SAXS profile of the order of mixing of AP, MP, and NaCl shown in Figure 3-5b also supports

the reversibility of the morphology transition.

X
108 LI : o 0.55

107 + AP / \+MP

0 0.4
106 + MP ‘l’ l+AP
10°

0 0.55 0 0.55
10%

10°

102' bl MR B
107! 10°

k/nm™

(Ry/K.c) /(g mol )

Figure 3-6. Reversibility of the SAXS profiles of AP-MP mixtures with in aqueous
solution containing 0.1 M NaCl. Green circle with upward bar: x = 0.55 prepared by MP—AP,
blue circle: x = 0.4 prepared by adding AP solution into the solution of x = 0.55, red circle
with downward bar: x = 0.55 prepared by adding MP solution into the solution of x = 0.4,
orange circle: x = 0.8 prepared by adding MP solution into the solution of x = 0.55, purple
circle: x = 0.55 prepared by adding AP solution into the solution of x = 0.8. The three
scattering functions of x; 0.55 (green, red, and purple circles) are overlapped. The solid

curves indicate theoretical values (eq 3-3 and equations in Appendix 3).

Electrostatic Energy of the Micelles. As mentioned in Chapter 2, we explained the
morphology change of the polyion complex micelle formed by the MP and AP samples at x.
= 0.6 from the cylindrical micelle to the vesicle with increasing Cs in terms of Israelachvili’s

packing parameter [54] defined as
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A =vlal, (3-9)
where v is the effective volume of the hydrophobic chain, a¢ is the area per chain of the
core-shell interface, and /. is the length of the hydrophobic chain in the core. From this
explanation, A for our polyion complex micelle formed by the MP and AP samples should be
ca. 1 [54] x+ =0.55 and Cs = 0.1 M, and decrease at x; = 0.4 and 0.8. However, there is no
reason for the decreasing A at x; = 0.4 and 0.8. (If the hydrophobic core of the spherical
micelle is swollen isotropically by the excess charged chains, Ashould even increase.)
Because the hydrophobic core of the spherical micelle is negatively and positively charged at
x+ = 0.4 and 0.8, we have to take into account the electrostatic energy of the micelles at such
x+. The electrostatic energies of the spherical micelle Usp, and of the vesicle Uyes both with the

charged hydrophobic cores in aqueous salt solution are given by (see Appendix 3)

2
Qsph

oh = Jo—o [1+J(KReore) ] (3-10)

core

= Qves2 (Rout /Rin )6 - 5(Rout /Rin )3 + 9(Rout /Rin ) -5
ves 2
o [(Rou /) 1]

+J (KR ) (3-11)

where Ogn and Oy are charges of the spherical micelle and the vesicle, ¢ is the dielectric

constant of the solvent water, and J(x) is the function defined by

5(1 + %x)exp(—x)

J(x)=
) (1+x)2

(3-12)

Because of the geometrical reason, the aggregation number of the vesicle must be
much larger than that of the spherical micelle. We therefore consider the split of one
charged vesicle of the outer and inner core radii R, and Rj, into N charged spheres of the
core radius Rcore, under the condition Qyes = NOgph. Assuming that the concentration ceore
within the hydrophobic core of the spherical micelle is equal to that of the vesicle as above,

we have the following relation:

1/3

Ry’ - Ry’
Rcore=[ outN - ) (3-13)

The electrostatic energy difference AU at splitting the vesicle into N spherical micelles is
calculated by AU = NUgpn — Uyes. When we choose the experimental values for Roy (= 100
nm) and Rj, (= 80 nm) and the salt concentration Cs = 0.1 M, (40n€R0ut/Qvesz)AU is calculated
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as the function of N, which is shown in Figure 3-7. Note that AU ~ 0 at x. ~ 0.55 because
the polyion complex micelle is neutral as seen from Figure 3-3. At x; = 0.4 and 0.8, N is
estimated to be ca. 50 from M, at x; = 0.55, 0.4, and 0.8 (cf. Table 3-2), and the sign of AU in
Figure 3-7 is negative at N = 50. Thus, the transformation from the charged vesicle to N
charged spherical micelles is energetically favorable. This energetic favorability overcomes
the geometrical un-favorability implied by the packing parameter at x; = 0.4 and 0.8. On the
other hand, the electrostatic energy diminishes at x; = 0.55 by neutralization, so that the

vesicle becomes more stable than the spherical micelle.

e
N
]

(407T€R o/ Oves’) AU

5 - L | . | . | . | . -
0 20 40 60 &80 100
N

Figure 3-7. Energetic favorability of spherical micelles and a vesicle: (4077eRow/Oves’)AU as

a function of N in Ry = 120 nm R;, = 100 nm.

3.4. Conclusion

We have studied the polyion complex micelle formed by a cation—neutral block
copolymer (MP) and an anion—neutral block copolymer (AP) in aqueous solution, focusing on
the effect of the mixing ratio of MP and AP x; = Cy+/(Co+ + Cy-) on the micelle morphology
and size, under the condition of Cs = 0.1 M and Ny:+ ~ Ny. being ca. 10 times higher than

60



N()n“) ~ NOHH. The vesicle formed at x; ~ 0.55, where { potential is 0, is transformed into
smaller spherical micelles when x; increases or decreases from 0.55, or the micelle is
positively and negatively charged, respectively. Furthermore, we have found that the
morphology and size transitions reversibly take place by simply adding AP or MP solution to
the micellar solutions to adjust x;. The control and reproducibility of the vesicle size is
crucial, when the vesicle is utilized as nanomedicines. Usually, strongly amphiphilic block
copolymers form vesicles in solution irreversibly, and it is rather difficult to control their size
[51-53]. Therefore, the polyion complex vesicle is of great advantage to use for
nanomedicines. The split of the large vesicle into smaller spherical micelles for the polyion
complex micelle may be induced by the electrostatic instability, which is controlled by the

mixing ratio of AP and MP, and it is the novel type of the micellar morphology transition.
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Appendix 3.

Compositions in the Polyion Complex Micelle Solution. Let us consider a
mixture of a polyanion and a polycation dissolved in aqueous solution. Here, the polyanion
and polycation are assumed to consist of A~ and M" segments with uni-valent negative and
positive charges, respectively, and the molar concentrations of the A~ and M segments in the
solution are denoted as Cy- and Cjy., respectively. By the strong electrostatic attraction, A~

and M" form a neutral complex AM (= P):

K
A"+ MY —2=AM (3-Al)

where K, is the association constant. Thus, we regard the polyion mixture solution as a
quaternary system of A, M", AM, and the solvent. (Here, the aqueous salt is regarded as a
single solvent component.)

Since the neutral complex AM has no net charges, its solubility to the aqueous
medium should be much lower than A~ or M", and a phase separation may take place in the
solution. The compositions of the coexisting dilute and concentrated phases are specified in
terms of the molar concentrations of A~ (Cof(d)), M (Co+'?), and AM (Cy. ) in the dilute
phase, and of A~ (Cy-“), M" (Cy+'?), and AM (Co+®) in the concentrated phase. According
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to the law of mass action, we have the following relations among the molar concentrations:

C(d) - K C(d)c(d)

CY =K COC (3-A2)
The mass conservation rule gives us the relations:
@ , (d) (© © o ©VB©
C,, = +C)1-D)+(C))+C ) )D (3-A3)

C, =(CV+CNA-D)+(CY +C )"

where @© is the volume fraction of the concentrated phase in the solution. In addition to
these equations, the phase equilibrium conditions with respect to the chemical potentials u of
the three components must be fulfilled

w=p® w9=pC = p (3-A4)
In principle, the six molar concentrations plus @ can be determined by the above seven
simultaneous equations. However, due to the lack of precise expressions of the chemical
potentials, it is practically impossible to determine the composition from the above equations.

We use the following phenomenological equations, instead of eqs 3-A4, to determine

the six molar concentrations and ®©. First, the neutral complex AM is assumed to be so
hydrophobic that the dilute phase does not contain AM, i.e.,

Co'?=0 (3-A5)
If the concentrated phase is dispersed as colloidal particles in the solution, we can determine
from the scattering experiment the polymer mass concentration ¢ in the concentrated phase,
which is related to Co-?, Cp+®, and Cy. by

¢ = Mo Co-© + My Co-© + (Mo + My )Cos® (3-A6)
where My and M, are the molar masses of the polycation and polyanion repeating units,
respectively (including the counter ions). Furthermore, from the ELS result, we can obtain
the net charge n. of the colloidal droplet of the concentrated phase (in the unit of the

elementary charge), which can be related to Co-“ and Co,'© by

(c)
n _M e -9 (3-A7)

c c(c) 0+ 0-

where M is the molar mass of the colloidal droplet of the concentrated phase, which can be
determined from the scattering experiment. Equations 3-A5—A7, instead of eqs 3-4, are
used to calculate the six molar concentrations.

The x: dependence of n, may be written as

(c)
n, = 2]‘:[0) &(x, —xic)) (3-A8)
c
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where & and x.© are parameters determined experimentally.; the latter parameter x.'“ is x:
where the zeta potential of the concentrated-phase droplet becomes zero. From eqs 3-A2,

3-A3, and 3-A5—A8, we can obtain the relations

) =a+lk;'= \/aKgl 1K+ E(x, - x9)

O = B2, - ) 4 KICE) + ECx, - x() (3-A9)

CE) =& x, - x4 K~ &(x, - ()
with parameter a defined by
9 - E(My, - My_)(x, -x\?)

a (3-A10)

In the right-hand side of the equation for C. in eq 3-A9, the double sign indicates plus at x.
> x:9 and minus at x; < x.©.
Because the electrostatic attraction between A~ and M’ is strong, we can

approximate K, to be infinity. Using this approximation, we obtain from eqs 3-A9

©) (c)
" =2EMy, |x, —x
o) - Rl (3-Al11)
B Mo, + My
© | 280 - X (x, 2 x19) © |0 (x, =x\9)
Cos = o G s © “ (3-A12)
0 (x, <x37) =2&8(x, - xy7) (x, <xy7)

If x:9 = 1/2, the major component in the dilute phase is A~ at x; < 1/2 and M" at x. > 1/2.
However, if x,'© > 1/2, the conversion of the major component in the dilute phase occurs at x
=x. Y <172, and if x,? < 1/2, it occurs at x; = xsY > 1/2. The conversion mixing ratio x @

in the dilute phase can be calculated by

14+ Eyx® - \/1 =28y (1-2() + (Epa® )2

b

xgd) _ By 5 (3-A13)

2By Cso +C§o

As in the case of the concentrated phase, we neglect the minor component in the dilute phase,
1e., CoY=0atx >xYand Cp. V=0 x, <x.¥. Using eqs 3-3, 3-5, and 3-12, we obtain
the following equations.

Co- (d) ¢ (d)
- 0= oW X, >x 3-Al4
ClO sl T -, [ > 47) G-AI9

Co, - Cy_ - (cg? e )q>

C
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Contrast Factors. The optical constant K. is defined by
2.2
K., =Npa, vy (3-A15)

with the Avogadro constant Na, the classical radius of electron a., and the average contrast
factor y,y of the polymers. For the mixture of the AP and MP copolymers in aqueous NaCl,
Yav Was calculated by

Vav = YMPWMP TV APWAP (3-Al16)
where wyp and wap are the weight fractions of the copolymers MP and AP in the solution,

respectively, and yvp and yap are their contrast factors, calculated by

_ ?/+M0+N0+ +7/nM0nN(();) _ }/—MO—NO— +ynM0nN(();1) 3-Al7
YMmp = (+) ) AP — =) ( )
My, Ny, + My, N, My_Ny_+My,Ng,
with y; (i =+, —, n) defined by
_ Meoi _ U | MeHr0 (g N NaCl Al
Vi = - (1= Wyacr ) + WNaCl (3-Al18)
My Usoly | Mu,0 NaCl

Here neoi, nen,0, and nenac1 are numbers of electrons of the monomer unit i (including the
counterion), H,O molecule, and NaCl, respectively, Mo;, Mu,0, and Maci are molar masses of
the monomer unit i, H,O, and NaCl, respectively, v; is the partial specific volume of the
monomer unit i, Usly 1 the specific volume of the solvent (aqueous NaCl), and wy,c 1s the
weight fraction of NaCl in aqueous NaCl.

The mixture of MP and AP forms the polyion complex micelle, of which hydrophobic
core consists of the monomer units M" and A~ as well as the neutral complex AM (see above).

(©)

The molar concentrations of M, A”, and AM in the hydrophobic core are Cy+'”, Co-©, and

Coi(c>’ respectively, as discussed above. The contrast factor . of the micelle is given by
7e (Mo, +Mq_)Ci2 +7.Mo, C) +y_Mo_Cg”

- (3-A19)
(M, + Mo )CG2 + Mo, G5 + Mo_Ci”

ycore

where M+ and M’, are the molar masses of M" and A~ ions, respectively (without the

counterions), and y.. is the contrast factor of the neutral complex AM calculated by
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Y - ~WNacl )t 7 WNacCl

= ! ! ! !
Mgy, +Mg_ (Mo, + Mg )y My,0 Myacr

(3-A20)
with the numbers of electrons n’c+,and 7n’e-,0f the monomer unit ions i (without the

counterion) and the specific volume v of NaCl.

Scattering Functions for Micelles. When the complex of AP and MP forms a single
bilayer vesicle, the particle scattering function (or the intra-particle interference factor) Pu(k)

with the molar mass M is given by [1,2]

Py (k) = ——— [, My p (D)exp (=D ] (3-A21)
V270, ’ 20p°

where Py, p(k) is the particle scattering function of the vesicle with the molar mass M and the
thickness of the hydrophobic core D, and (D) and op” are the mean value and variance of the
thickness of the hydrophobic core, respectively. If the shell part is represented as an

assembly of Gaussian chains, the scattering function Py, p(k) is given by

2
R ®(kR_)-R>®(KR. )
2
J/ZP M ,D(k)=[ycoreVVcore ol R03ut Rgm n +VnVI/;hellAcorona,ves(k)
out  “Yin (3-A22)
2
2 When Q(k2(s2 A2 k
Yy — ( < >n)_ corona,ves( )
ny
with
D(x) = 3(sinx —3xcosx) (3-A23)
X
s, sin[k(/reout +<52>1n/2ﬂ sin [k(Rin —<S2>1n/2ﬂ
4 (k) = + (3-A24)
T2, | kRur ) kR (5D

2exp(-x)-1+x

Q(x) = [exp( 2) ] (3-A25)
X
C$ +C) [Ny, +(CO +CD) /N,

my =M2( 0+ 0= )/ 0+ ( 0 0+ )/ 0 (3-A26)

Mo, (€8 + C2 )+ My (89 + )

In those equations, <S2>n denotes the square radius of gyration of the coronal chain, and Rj,
and R, are the inner and outer radii of the hydrophobic core, respectively. The weight

fractions of the core and shell parts in the micelle are given by
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M. (6 + €2 )+ Mg (cf? + €2
/4

core

1 Wy = (3-A27)

(Mgp No, )( €82 + €2 )+ (M /No) (€ + €2 )

where M’\p and M ap are the molar masses of the polycation and polyanion block chains

without the counterions, respectively. Ri, and R, are given by

D
Ry =R-—. R

ou

_R+2 Rr=2 L (3-A28)
t 2 2 ﬁNAC l)3 3

core

D D\/ MW, 1

with the mass concentration cqo. 0f the hydrophobic core, the molar mass of the vesicle M,
the hydrophobic core thickness D, and W,y.. The adjustable parameters to calculate Py (k)
for the vesicle are ceore, (S, (D), and op’.

In the case that neutral complex is a spherical micelle, P»(k) is given by [1,2]

2
Y 22 Iy M (k) = [}/ coreVVcoreq)(chore) *7n I/Vshell Acorona,sph (k)]

> Wepell” 2/q2 2 -
+7, __shell [Q(k (S >n) - Acorona,sph (k)]
m,
1- e_k2<52>n sin {k(Rcore + <52>1n/2 )]
Acoronasph (45 R) = (3-A30)

(%), kR + (570

where R, is radius of the hydrophobic calculated from the mass concentration ccoe Of the

hydrophobic core by
1/3
3IMW,
core = <o (3-A31)
47N, ACcore

The polymer mass concentration ccorona in the coronal region calculated by

mZMwn 1 . .
AN R <’Sz>1/2 (spherical micelle)
ccorona =4 A “core n (3-A32)
mZMwnl ( . 1 )
RSN vesicle
87N (R +R XS*),

12 We did not consider

where the thickness of the coronal region is approximated by 2(52)rl
the interfacial thickness between the core (or shell) and coronal regions.

Electrostatic Energy of Charged Micelles. Let us consider the vesicle with the
uniformly charged hydrophobic core of the outer and inner radius Ry and R;, and with the
charge Oyes, immersed in the aqueous solution with the Debye length k' (= (82NAQCs) 2,

where N, is the Avogadro constant and Q is the Bjerrum length). According to the Gauss
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law, the electrostatic energies outside (» > Roy) and within (Riy < 7 < Roy) the charged

hydrophobic core are given by

2 1 —KRout
Qves (1+§KR0ut)e o

871€ Ryt (1+ KRy )2

out

(3-A33)

out

Qves2 (Rout /Rin )6 -9 (Rout /Ry )3 +9 (ROUt [ Rin ) =3 (3-A34)
2
407 R [(Rout / Ry, )3 - 1]

respectively, with the dielectric constant & of the solvent water. In eq 3-A32, we have

core =

approximated k' in the outside coronal region to be equal to that in the outside the coronal
region. Furthermore, neglecting counterions of the charged core within the inner coronal
and solvent region of the vesicle, we have the total electrostatic energy of the vesicle Uyes by
eq 3-16 in the text.

The electrostatic energy of the spherical micelle with the uniformly charged
hydrophobic core of the radius Re. and with the charge QOsn, immersed in the aqueous
solution can be calculated similarly. The electrostatic energies outside (» > Rcore) and within
(0 < 7 < Reore) the charged hydrophobic core are given by eqs 3-A32 and 3-A33 where QOyes,
Rou, and Ry, are replaced by Ogpn, Reore, and 0, respectively.  The total electrostatic energy of
the spherical micelle Ugp, by eq 3-15 in the text.

Transmittance Electron Microscopy. The test solutions for TEM were prepared by
MP—AP procedure (cf. experimental section). A drop of each solution was placed on a
copper grid coated with Formvar film. The sample was stained by an aqueous solution of
sodium phosphotungstate (0.2wt%), dried in vacuo, and then observed using a JEM-2100

transmittance electron microscope (JEOL Ltd., Tokyo).

(a) © “

100 nm 100 nm

Figure 3-A1. TEM images of MP—AP mixtures at x; = 0.4 and 0.8.
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Figure 3-A1 shows TEM images of particles formed by AP-MP mixtures at x; = 0.4.
In both images, spherical objects are observed. The shape and radius (~ 20 nm) agree with the
SAXS results, supporting the formation of the spherical micelle. A part of the spherical
objects secondarily aggregate, which probably take place in drying for the sample preparation.
In the case of x; = 0.6, larger spherical objects are observed, given elsewhere [3]. Note that
such larger spherical objects observed at x; = 0.6 were never found at x. = 0.4 and 0.8.
Dynamic Light Scattering. Dynamic light scattering (DLS) measurements were
performed using an ALV/DLS/SLS-5000 light scattering photometer at 25 °C. A vertically
polarized YAG laser (wavelength: 532 nm) was used as incident light. Each test solutions,
prepared in the same manner as reversibility investigation using SAXS, was diluted with 0.1
M aqueous NaCl solution to adjust the polymer concentration ¢ = 1 x 10" g/em’ for

transparency, and poured into a quartz cell.

'_l_l'l'l'l_ bk LA LL L X
1 OGRS ! O 055
L +AP +MP
08 004 / \
_ +MP \L+AP
O 6 i 0 0.6 0 0.6

gi(n) ~ 1

0.4
0.2

10" 10 10" 10% 10°

[k Tk*t/(67117,)] / nm

Figure 3-A2. Auto-correlation functions at the scattering angle of 90° for the polyion
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complex micelle formed of AP and MP in aqueous NaCl solution, plotted against
ks Tk*t/(6m50) (ks is the Boltzmann constant, T is the absolute temperature, and 7 is the
viscosity coefficient of the solvent). Green circle with upward bar: x = 0.6 prepared by
MP—AP, blue circle: x = 0.4 prepared by adding AP solution into the solution of x = 0.6, red
circle with downward bar: x = 0.6 prepared by adding MP solution into the solution of x = 0.4,
orange circle: x = 0.8 prepared by adding MP solution into the solution of x = 0.6, purple
circle: x = 0.6 prepared by adding AP solution into the solution of x = 0.8. The three
scattering functions of x; 0.6 (green, red, and purple circles) are overlapped. Solid curves

indicate results of the single exponential fitting.

Figure 3-A2 compares the auto-correlation functions g?(7) — 1 plotted against Ruapp
at x; = 0.6, 0.4, and 0.8. Here, the test solutions of x; = 0.4 and 0.8 were prepared from the
solution of x+ = 0.6 by adding AP or MP solution. The scattering from the free single chain
was so weak and not observed even at x; = 0.4 and 0.8. The scattering components at x; =
0.6 is therefore assigned to the vesicle, and those at x; = 0.4 and 0.8 are to the spherical
micelle split from the vesicle. The g®(¢) for the spherical micelle at x; = 0.4 and 0.8 is
almost single exponential function, indicating narrow distribution and being consistent with
the results of the SAXS profile fitting (cf. Table 3-2). When MP or AP solution was added
into the solution of x; = 0.4 and 0.8 to recover x;: to be 0.6 again, the spectra almost
completely recover to the g?(¢) of the original solution of x; = 0.6. Therefore, the size and

size distribution of the vesicle are reproducible.
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Chapter 4. Self-Assembly of a Thermosensitive Block Copolymer in
Water—Methanol Mixtures

4.1. Introduction

The facile synthesis of libraries of diblock copolymers has been an impetus for the
creation of new polymeric materials of technological importance. It has also rejuvenated
colloid science ever since it was demonstrated that polymeric micelles readily form upon
treatment of diblock copolymers with selective solvents [1]. Extensive studies have been
carried out on various diblock copolymer micelles, in view of their potential applications as
nanocarriers and nanoreactors. Recently, there has been increasing interest in the so-called
stimulus-responsive polymeric micelles that form or disintegrate upon application of an
external trigger, such as a change in solution temperature, pH, salinity, or light. In particular,
diblock copolymers containing a thermosensitive block, such as poly(N-isopropylacrylamide)
(PNIPAM) or poly(2-alkyl-2-oxazoline) (POZ), have been investigated extensively in view of
their thermoresponsive self-association behavior [2—13]. Several reviews have been
published on various aspects of the assembly/disassembly of stimulus-responsive polymeric
micelles [14—17].

We reported previously an investigation of the thermoresponsive self-assembly in
water of a doubly thermosensitive diblock copolymer (PIPOZ-H-PEOZ) consisting of a
poly(2-isopropyl-2-oxazoline) (PIPOZ) block and a poly(2-ethyl-2-oxazoline) (PEOZ) block
[18]. The dehydration temperatures of the PIPOZ and PEOZ blocks in PIPOZ-b-PEOZ were
43 and 54 °C, respectively, for a copolymer having PIPOZ and PEZ blocks of M, = 7600 and
3600, respectively. Upon heating past ~ 50 °C the PIPOZ-b-PEOZ copolymer in water
underwent simultaneous micellization and liquid—liquid phase separation. The heat-induced
amphiphilicity of the diblock copolymer facilitated the flocculation or coalescence of the
polymer-rich liquid droplets and the formation of a macroscopically separated polymer-rich
solution.

Subsequently, Sato et al. [19] reported an investigation of a singly thermosensitive
diblock copolymer, PNIPAM-H-PNVP, consisting of a PNIPAM block and a
poly(N-vinyl-2-pyrrolidone) (PNVP) block. While PNIPAM becomes hydrophobic in
aqueous solutions heated above ca. 30 °C, PNVP is water—soluble over a wider temperature
range, up to nearly the water boiling temperature. Aqueous solutions of this diblock
copolymer also exhibit simultaneous micellization and liquid—liquid phase separation.

However, the amphiphilicity of the copolymer at the phase separation temperature is such that
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the polymer-rich droplets are colloidally stable in the phaseseparated dispersion with no
tendency toward flocculation or droplet coalescence. It was suggested that the hydrophilic
PNVP chains are located on the interface of the polymer-rich droplets, thus they slightly
enhance the droplets colloidal stability in the continuous liquid phase. We present here an
investigation of the solution properties of the thermosensitive diblock copolymer,
poly(2-isopropyl-2-oxazoline)-b-poly(N-isopropylacrylamide) (PIPOZ-b-PNIPAM; Chart
4-1). The corresponding homopolymers, PIPOZ and PNIPAM, undergo heat-induced phase
separation in water at nearly identical temperatures. Under these conditions, it is difficult, if
not impossible, to change selectively the solvent quality of water for one of the two blocks

using temperature as the sole trigger.

HC_C—CH—[—N CHz CH-}—N/\/\N cl
=0
un” SO PIPOZ-7k-b-PNIPAM-9k

A n=62 m=80

N;—fCHzCHz~N- CHy-CH;—0—CHCH-EN—CHzCHz N,
= |+ -El r PIPOZ-7k

A P
N Wew"w&fﬁ Y

o H
PNIPAM-10k
p= 45

Chart 4-1. Chemical Structures of the Polymers Used in This Chapter.

On the basis of previous reports, we anticipated that, in water, this copolymer would
not attain the amphiphilicity needed for micellization upon raising the solution temperature.
We were aware that the cloud point temperature 7cp of PNIPAM in water is often affected by
the addition of a water-miscible liquid. Invariably, as long as it remains a minority
component, the second component induces a decrease in the 7cp of PNIPAM. Recent
studies have shown that the Tcp of PIPOZ in water increases upon addition of ethanol as a
minority component [20]. These opposing trends offer the opportunity to tune the
amphiphilicity of PIPOZ-b-PNIPAM in a binary solvent system by changing the composition

of the mixed solvent. The objective of this chapter was to demonstrate that the dehydration
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and self-association of PIPOZ-b-PNIPAM in water—methanol (MeOH) mixtures can be
controlled by adjusting in concert the solution temperature and the MeOH content.

First, we describe the thermodynamic features of the heat/MeOH induced phase
transition of PIPOZ-H-PNIPAM in water—MeOH using turbidimetry and high-sensitivity diff
erential scanning calorimetry (DSC). Then, we use fluorescence depolarization and
small-angle X-ray scattering (SAXS) to uncover the underlying molecular interactions at play.
By comparing the results obtained here to those reported earlier for solutions of
PIPOZ-b-PEOZ in water, we discuss how the self-association behavior of thermosensitive

diblock copolymers is affected by the strength of their amphiphilicity.

4.2. Experimental Section

Materials. Polymer sample of PIPOZ-7k-b-PNIPAM-9k, PIPOZ-7k, and
PNIPAM-10k (Chart 4-1) were synthesized and provided by Professor Frangoise M. Winnik
and Dr. Xing-Ping Qiu at University of Montreal. The synthesis and characterization of the
samples are described in ref. 4 of Chapter 2.

Turbidimetry. The cloud point of copolymer solutions with ¢ = 1.0 x 10~ g/cm’
and different ¢meon was determined by spectrometric detection of the changes in
transmittance at A = 550 nm using an Agilent 8453 UV—visible spectrometer equipped with an
HP 89090A Peltier temperature controller. The heating rate was 0.2 °C/min. The solution
was not stirred during measurements. The inflection point of the transmittance vs
temperature curve was taken as the cloud point temperature. In addition, the temperature of
the onset of turbidity of PIPOZ-7k-b-PNIPAM-9k solutions (0.2 g/cm’) in mixed H,O/MeOH
of various ¢me.on Was monitored visually upon heating solutions from room temperature to
40 °C.

Differential Scanning Calorimetry. DSC measurements for
PIPOZ-7k-b-PNIPAM-9k, PIPOZ-7k, and PNIPAM-10k in water and water—MeOH mixtures
were performed on a VP-DSC microcalorimeter (MicroCal Inc.) at an external pressure of ca.
250 kPa. The cell volume was 0.520 cm®. The polymer mass concentration ¢ was set to 1.0
x 10 g/em® for all polymers. Solutions were heated at a rate of 1.0 °C/min in the
temperature range 10—70 °C. For each measurement, the reference solution was the same as
the solvent (water or water/MeOH) of the polymer solution analyzed. The experimental data
were analyzed using the Origin-based software supplied by the manufacturer. A cubic

connect baseline was subtracted from the data prior to fitting.
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Small-Angle X-ray Scattering. SAXS measurements were conducted on solutions
of PIPOZ-7k-b-PNIPAM-9k (¢ = 0.02 g/cm’) of ¢meon = 0, 0.2, 0.3, and 0.4 kept at 25, 40,
and 70 °C, using the beamline BL40B2 in SPring-8, Hyogo, Japan. The solutions were
poured in capillary tubes and rapidly heated by setting the capillary tube in a heating block.
The intensity of the scattered X-ray was detected using an imaging plate detector ca. 3 min
after placing the capillary tube in the heating block. The scattering intensity remained
approximately constant over time.

Fluorescence Depolarization. Steady-state fluorescence spectra were measured at
45 °C on water—MeOH mixed solutions of PIPOZ-7k-b-PNIPAM-9k including a small
amount of 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) with an
F-4500 fluorescence spectrometer (Hitachi Ltd., Japan) equipped with polarizers and
analyzers on the excitation and emission sides. The excitation of TMA-DPH was done with
a vertically polarized light (4 = 360 nm). The intensities /,, and I, of the emitted
fluorescence at 450 nm of the solutions were measured with the analyzers set vertically and
horizontally, respectively. The fluorescence anisotropy » was calculated by using the
following equation:
Here G = /I 1s an instrumental factor determined experimentally. Fluorescence life times
tiire. Of TMA-DPH in the solutions at 45 °C was measured with a FluoroCube fluorescence
spectrometer (Horiba Ltd., Japan) equipped with a diode laser (4 = 375 nm). The emission
was monitored at 450 nm. The »v value, where # is the viscosity of the fluorophore
environment and v the effective volume of the fluorophore, was obtained from r and ;¢ using

the Perrin—Weber equation [27]:

kTt
l = 1 (1 + B_Thfe) (4-2)
r

Here ry is the intrinsic fluorescence anisotropy. For TMA-DPH, r, was reported to be 0.39
[28].

Solutions for analysis were prepared as follows. An ethanol solution of 0.5 mM
TMA-DPH (purchased from Life Technologies, CA, USA), was added to water—-MeOH
mixture solutions of PIPOZ-7k-b-PNIPAM-9k of ¢meon = 0, 0.2, and 0.3. The solutions
were stirred for at least 18 h and filtered through a 0.5 pm pore size into a quartz (10 mm % 10
mm) cell at room temperature. The concentrations of PIPOZ-7k-b-PNIPAM-9k and
TMA-DPH in the solutions were 5 x 10 g/em® and 0.5 uM, respectively. Visual
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examination confirmed that the solutions were turbid at 45 °C.

4.3. Results and Discussion

Turbidity. = Changes  with  temperature in  the  transmittance  of
PIPOZ-7k-b-PNIPAM-9k solutions with a polymer mass concentration ¢ = 1.0 x 10~ g/cm’
in water and in water—MeOH mixtures are presented in Figure 4-1. From the sigmoidal
transmittance vs temperature curves, we determined the temperature at which the
transmittance starts to decline Tyuset and the cloud point temperature, 7cp, defined here as the
inflection point of the transmittance vs temperature curve (Table 4-1). The Tcp of the
diblock copolymer may be influenced slightly by the presence of the quaternary ammonium
group that is included in the linker between the two blocks. However, previous studies
indicate that the effect of a single charge along an amphiphilic polymer chain on the chain
hydrophilicity is usually weak and much smaller than the effect of a charged end group [29].
Both Tonset and Tcp decrease as the volume fraction of methanol, ¢meon, increases from 0 to
0.2. The transmittance with temperature curve becomes broader as @ueon increases. The
turbidity curve for the PIPOZ-7k-b-PNIPAM-9k solution of ¢meon = 0.2 exhibits two
components: a first drop in transmittance from 100% to 80% with Tonset = 34.0 °C and Tcp =
34.8 °C, followed by a gradual decrease to 5% transmittance with 7cp ~ 40.2 °C.

The trend toward lower transition temperatures is reversed as ¢gmeon €xceeds 0.2.  As
observed in Figure 4-1 (diamonds for ¢ymeon = 0.3 and squares for dyeon = 0.4), the turbidity
curves are smooth and their temperature span increases markedly as ¢meon increases, with
concomitant increase in 7cp. Transmittance vs temperature curves were recorded also for
solutions in water and in water—-MeOH mixtures of the homopolymers PIPOZ-7k and
PNIPAM-10k (see the chemical structures in Chart 4-1), used as model compounds for each
block of the copolymer. In the case of PIPOZ-7K solutions, both Tyt and Tcp increase with
increasing ¢mcon, 1n agreement with the trends reported for PIPOZ in water—ethanol mixed
solution [20]. Solutions of PNIPAM-10k exhibit the cononsolvency characteristics of
PNIPAM as reported previously [30]. Values of Tyonset and Tcp for all solutions are compiled
in Table 4-1.
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Figure 4-1. Temperature dependence of the transmittance of PIPOZ-7k-b-PNIPAM-9k in

water and water—MeOH mixtures. The polymer mass concentration = 1 x 107 g/em?;

heating rate = 0.2 °C/min; the digits on the curves are the ¢meon values of the mixed solvents.

From the turbidity data, we drew the phase diagrams of PIPOZ-7k-b-PNIPAM-9k,
PIPOZ-7k, and PNIPAM-10k in water—MeOH mixtures at ¢ = 1.0 x 10 g/cm’ (Figure 4-2).
The cloud points of the copolymer and PIPOZ-7k in water (¢mecon = 0) are nearly identical
(42.0 °C vs 40.5 °C), but the cloud point of PNIPAM-10k in water is significantly lower
(30.7 °C). This discrepancy may not be an intrinsic feature of the copolymer phase
transition. It may reflect the sensitivity of the Tcp values of low molar mass PNIPAM to the
chemical structure of the chain ends [24]. In the following, therefore, we focus on the
differences in the general trends of the 7cp variation as a function of ¢meon. The phase
diagram of PNIPAM-10k presents a deep minimum (7¢cp ~ 12 °C), corresponding to dmeon =
0.40. In the case of PIPOZ-7k, the cloud point continuously increases with increasing ¢meomn.
The phase diagram of PIPOZ-7k-b-PNIPAM-9k displays a shallow minimum (7¢cp ~ 39 © C)
for ¢meon = 0.25. However, the trend is mitigated by the fact that in the 0.1 < @yeon < 0.2
range, the turbidity curves exhibit a two-step transition. The inflectionpoint temperatures of
the first-step minor transition for PIPOZ-7k-b-PNIPAM-9k at 0.1 < ¢meon < 0.2 are plotted

with triangles in Figure 4-2.
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Table 4-1. Characteristics of Turbidity and DSC Curves for PIPOZ-7k-b-PNIPAM-9Kk,
PIPOZ-7k, and PNIPAM-10k in Water—MeOH Mixture of Different ¢ye.on Values

turbidity DSC
polymer PMeoH Tonset /°C Ter’/°C Tv’/°C  AH/KJI mol™
PIPOZ-b-PNIPAM 0 39.0 42 45.2 4.89
0.1 36.0 375,412 432 3.11
0.2 34.0 34.8, 40.2 42.7 2.58
0.3 30.0 41 33.3 1.38
0.4 33.0 51.5 - -
PIPOZ 0 39.4 40.5 42.6 5.80
0.1 41.0 422 43.5 3.20
0.2 43.1 443 45.6 2.20
0.3 48.3 51.5 - -
PNIPAM 0 29.2 30.7 33.5 5.86
0.1 26.8 28.2 31.2 4.07
0.2 21.6 229 28.6 3.17
0.3 14.2 16.0 - -
0.4 8.8 11.2 - -

“Results obtained for solutions with ¢ = 1.0 x 107 g/cm3, bSee the text for the definition of
Tonset; TCP, and Twu.

Differential Scanning Calorimetry (DSC). The temperature dependence of the
heat capacity at constant pressure Cp for solutions of the homopolymers PIPOZ-7k and
PNIPAM-10k at a concentration ¢ = 1.0 x 10~ g/cm’ is presented in Figure 4-3a for solutions
in water (full circles) and in mixed water—MeOH solutions of various @nmeon (open symbols).
The temperatures 7\ corresponding to the endotherm maxima for PIPOZ-7k and
PNIPAM-10k differ by ~10 °C, similarly to the 7¢p values, most likely as a consequence of
the differences in end-group structures. The transition enthalpies (AH) of the two
homopolymers are similar, as reported earlier [24,31]. The endotherms of the
homopolymers in mixed water—MeOH solutions decrease in intensity with increasing ¢dmeon.
They are too weak to be recorded reliably with the microcalorimeter employed for ¢meon >
0.30. The enthalpy data recovered from the endotherms indicate that the phase transition
and dehydration of the two polymers are affected significantly by the presence of MeOH [32].
The 7w values undergo strong shifts, toward lower temperatures in the case of PNIPAM-10k

78



and toward higher temperatures in the case of PIPOZ-7k (see Table 4-1). These trends
corroborate the observations of changes in solutions turbidity displayed in the phase diagrams

shown in Figure 4-2.
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Figure 4-2. Phase  diagrams of PIPOZ-7k, PNIPAM-10k [30], and
PIPOZ-7k-b-PNIPAM-9k in water—-MeOH mixtures of methanol volume fraction @meon

ranging from 0 to 0.5. Polymer concentration = 1.0 x 10~ g/ecm’; data points are Tcp
obtained from turbidity measurements.  Triangles indicate the temperature of the

inflection-point of the first-step minor transition for PIPOZ-7k-b-PNIPAM-9k.

Thermograms of the diblock copolymer PIPOZ-7k-b-PNIPAM-9k, dissolved in water
and in water—-MeOH mixtures of ¢peon = 0.2, 0.3, and 0.4 are presented in Figure 4-3b. The
corresponding 7m and AH values are listed in Table 4-1. The thermogram of the diblock
copolymer in water (full circles) presents a single isotherm with a weak shoulder on the low
temperature side. The Ty value of the main endotherm (45.2°C) is slightly higher than the
T values of either PNIPAM-10k or PIPOZ-7k in water. The enthalpy associated with the
copolymer transition is significantly weaker than the values recorded for homopolymer
solutions (Table 4-1). These features of the thermogram of PIPOZ-7k-b-PNIPAM-9k in
water imply (i) that the interactions between the PNIPAM block and water molecules are
strengthened by the presence of the linked PIPOZ chain (higher 7y value) and (i1) that the

linked chains of the two blocks dehydrate and collapse cooperatively. This behavior is
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different from that exhibited by aqueous solutions of the doubly thermosensitive copolymer
PIPOZ-b-PEOZ, which exhibit a bimodal endotherm [18], but similar to the DSC behavior for
aqueous solutions of a doubly thermosensitive copolymer
poly(N-isopropylacrylamide)-b-poly(N-vinylcaprolactam), recently reported by Hou and Wu
[12].

The endotherm of PIPOZ-7k-b-PNIPAM-9k in a mixed solution of @gyeon = 0.2 (open
circles in Figure 4-3) presents a broad band with a maximum at 41 °C and a weak shoulder
around 33—34 °C, indicating that dehydration takes place in two steps. The former value is
similar to the inflection point of the high-temperature sigmoid of the turbidity curve, while the
latter temperature is close to the Tonser value recorded for this solution. The endotherm
recorded for PIPOZ-7k-b-PNIPAM-9k in a mixed solution of ¢meon = 0.3 (diamonds in
Figure 4-3b) is weak and shifted toward lower temperature (7 ~ 33 °C). It is asymmetric,
suggesting the occurrence of two-step dehydration. The enthalpogram of
PIPOZ-7k-b-PNIPAM-9k in a mixed solution of ¢mcon = 0.4 (squares in Figure 4-3b) is small
and broad, spanning from ~ 40 to ~ 70 °C. It is too small for accurate determination of Ty
and AH.

Heat-Induced Phase Separation of PIPOZ-7k-b-PNIPAM-9k Solutions. Figure
4-4 displays photographs of solutions of PIPOZ-7k-b-PNIPAM-9k (¢ = 0.2 g/em’) in
water—MeOH mixtures of ¢yeon = 0, 0.2, and 0.3 (from left to right) kept at 40 °C for 4 h.
The samples with ¢peon = 0 and 0.3 are milky, as a consequence of the dehydration and the
phase separation of the copolymer. Upon cooling to room temperature, both solutions
recovered their limpidity. The ¢meon = 0.2 sample kept at 40 °C for 4 h consists of two clear
liquid layers, indicating that in this water—MeOH mixture, the dehydration of the copolymer
is accompanied by the formation of polymer-rich liquid droplets, which coalesce in a single

liquid phase of higher density than the continuous phase.
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Figure 4-3. DSC thermograms for PNIPAM-10k and PIPOZ-7k homopolymers (a) and for
PIPOZ-7k-b-PNIPAM-9k (b) in water and water—MeOH mixtures: ¢meon, MeOH volume

fraction; polymer concentration, 1.0 x 10 g/cm’.
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Microviscosity on the Droplets Interface in Phase-Separated Solutions
Determined by Fluorescence Depolarization. The fluorophore TMA-DPH is often used to
assess the local microviscosity of inhomogeneous amphiphile solutions. It tends to reside
preferentially on the interface between hydrophobic and hydrophilic domains [33]. In fact,
the fluorescence of TMA-DPH-containing PIPOZ-7k-b-PNIPAM-9k solutions with ¢yeon = 0,
0.2, and 0.3 kept at room temperature was very weak, as anticipated for TMA-DPH dissolved
in polar solvents such water or methanol [33]. However, the emission intensity was strongly
enhanced as the solution temperature exceeds 40 °C, an indication that TMA-DPH is
anchored to the interface between the droplets of the coexisting concentrated phase and the

continuous polymer-poor phase.

¢MeOH =0

Figure 4-4. Photographs of concentrated solutions of PIPOZ-7k-b-PNIPAM-9k with ¢ = 0.2
g/cm3 and ¢meon = 0, 0.2, and 0.3 after being kept at 40 °C for 4 h.

Figure 4-5 presents the changes as a function of ¢meon of the product of the effective
molecular volume v of TMA-DPH by the local viscosity # surrounding TMA-DPH derived
from fluorescence depolarization and fluorescence lifetime measurements carried out on
phase separated copolymer solutions heated to 45 °C using eqs 4-1 and 4-2.  While the bulk
solvent viscosity increases with increasing dmeon (for dmeon < 0.45), the ratio nv decreases
with increasing @dmeon as seen in Figure 4-5, an indication that the surface of the coexisting
concentrated-phase droplets becomes more fluid with increasing ¢meomn.

The hydrophilicity at the interface of colloidal particles affects the stability of the
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particles in opposite manners. On the one hand, a hydrophilic interface stabilizes colloids in
aqueous solutions, as seen in the case of phase-separated aqueous solutions of the diblock
copolymer consisting of a PNIPAM block and a hydrophilic poly(N-vinyl-2-pyrrolidone)
(PNVP) block, where concentrated-phase droplets are stabilized by PNVP block chains on the
droplet interface [19]. On the other hand, a hydrophilic interface also promotes the
flocculation of colloidal particles, as demonstrated previously in a study of the macroscopic
liquid/liquid phase separation of aqueous PIPOZ-H-PEOZ solutions heated to a temperature at
which PIPOZ-b-PEOZ is amphiphilic [18]. The flocculation may be induced by the
viscoelastic effect during the collision of colloidal particles [18,34—37].

As shown in Figure 4-4, macroscopic two-phase separation occurred in a
PIPOZ-7k-b-PNIPAM-9k solution with ¢peon = 0.2 at 40 °C, but not in a solution with dmeon
= 03 also at 40 °C. These results can be related to the hydrophilicity of the
concentrated-phase-droplet interface, which induces both stabilization and flocculation of
colloids. By increasing the amphiphilicity of the block copolymers, the flocculation effect

seems to appear first, and the stabilization effect becomes important.
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Figure 4-5. Changes of the product of the effective molecular volume v of TMA-DPH by
the local viscosity # sensed by TMA-DPH obtained by fluorescence depolarization
measurements for phase-separated solutions of PIPOZ-7k-b-PNIPAM-9k in water—MeOH
mixtures of different ¢neon; temperature = 45 °C. The concentrations of

PIPOZ-7k-b-PNIPAM-9k and TMA-DPH in the solutions were 5 x 10 * g/cm® and 0.5 pM,
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respectively.

SAXS Profiles. Profiles recorded by SAXS measurement on solutions of
PIPOZ-7k-b-PNIPAM-9k in water and water—-MeOH mixtures with ¢yeon = 0.2, 0.3, and 0.4
(c = 0.02 g/em’) are presented in Figure 4-6. At 25 °C, where all the solutions were
transparent, the scattering function intensities /(k) of all solutions exhibit the same pattern,
characterized by a plateau for small scattering vector &, followed by a decay for k> 0.3 nm ™",
although a weak upturn is observed in the low & region for the aqueous solution (¢meon = 0).
In contrast, at 40 and 70 °C, where all the solutions were turbid all /(k) are strongly decaying
functions at low k. For the solutions with ¢meon = 0 and 0.2 at 40 °C, as well as for those
with ¢dmeon = 0, 0.2, and 0.3 at 70 °C, the functions obey the power law dependence, (k) o<
k* in the low k region. At higher k, however, the k dependence of I(k) on the solvent
composition is weaker, indicating that the solutions contain large and small scattering
components, predominantly contributing to /(k) at low and high £, respectively. It is noted
that the shapes of /(k) for solutions with @peon = 0—0.4 at 40 °C at the high & resemble those
at 25 °C.

It can be seen from Figure 4-3 that dehydration does not occur in the
PIPOZ-7k-b-PNIPAM-9k solutions with ¢nmeon = 0—0.4 at 25 °C. Thus, we can expect that
the copolymer chain is molecularly dispersed in the solutions at 25 °C. The excess
scattering intensity /(k) for such solutions is given by [38,39]
K (VAp,)*EeM P(k)

(k)=
1+24,cM P(k)

(4-3)

where K't is the SAXS instrument constant, v is the partial specific volume of the
copolymer, Ap. 1s the excess electron density of the copolymer, { is the correction factor of
the selective adsorption in the mixed solvent, and M), P(k), and A4, are the molecular weight,
particle scattering function, and second virial coefficient of the copolymer sample,
respectively. We assumed that the electron densities of the PIPOZ and PNIPAM blocks are
identical, because they are structural isomers. All SAXS measurements were performed in
the same SAXS facility with the same capillary cell, so K'r should be identical for all
solutions.
The excess electron density Ap. in water—MeOH mixtures can be calculated by
n N, _ N, Ceyn gy + X0 )

Ap =& 4-4
Pe VM v (x, M, +x, M, ) “-4)

0

where N, is the Avogadro constant, V¢ is the specific volume of the water—MeOH mixture,

and n.j, M;, and x; are the number of electrons, molar mass, and mole fraction of the
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component i (= 0 for the monomer unit, H for water, and M for MeOH), respectively. To
calculate Ap., we have used v = 0.9 cm’/g (the value for PNIPAM in water [40] and for
PIPOZ-b-PNIPAM at ¢meon = 0.2), literature values for vy, and wy = 1 — wy =
(om/pr)dmeor/[1 + (pm/pa —1)dmeon] With densities of water (py) and MeOH (pm). The
correction factor ¢ of the selective adsorption is unity for the single solvent system (¢meon =
0), but less than unity if MeOH is selectively adsorbed onto the copolymer chain in

water—-MeOH mixtures.

10? ——————r
25°C
; ¢ =0.02g/cm’
10° L j
~~
=
= I
107 | |
- | ° 03
| = 0.2
10°L | 5 9 |
0.05 0.1 , 05 1
k/nm~
102 S 102
10° | | 102 | |
S S
=~ =
10 L ] 10 L ]
[ ]
° .
= 0.2
10—5 3 o Q B 10_5 = i
005 041 05 1 0.05

k/nm™!

Figure 4-6. Double logarithmic plots of the excess scattered intensity /(k) vs the magnitude
of scattering vector k for PIPOZ-7k-b-PNIPAM-9k solutions with different ¢meon at 25, 40,
and 70 °C (¢ = 2.0 x 102 g/em®). Solid and thin dashed curves indicate theoretical values

explained in the text and Tables 4-2—4.
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The scattering functions at 25 °C are fitted using M; = 2.0 x 10" (see above) and the
following Debye function [41] for P(k)
exp(-k*(S*), ) -1+k*(S?)

(k2 <S2 >chain)2

By (K) = 2% — (4-5)
with the mean square radius of gyration (Sz)chain of the copolymer chain. Fitting results are
shown by solid curves at 25 °C in Figure 4-6, and values of (Sz)chainl/z, and A4, chosen are
listed in Table 4-2. Kubota et al. [42] reported the molecular weight dependence of
<S2>chain”2 for PNIPAM in water at 20 ° C: (Sz)cham” 2=0.0224M,°>* nm.  Their relation gives
(S ehain'> = 4.7 nm at M; = 2.0 x 10%, that is comparable with (S>)epain"> of the copolymer in
water and water—MeOH mixtures. Values of A4, in Table 4-2 are also comparable to those
for PNIPAM in water [42].

Table 4-2. Parameters Used for Fitting the Scattering Functions at 25 °C

parameters Pmeon = 0 Pmeon = 0.2 dmeon = 0.3 dmeon = 0.4
Ape/nm” 334 463 527 598
' 1 0.815 0.82 0.79
(8%)ehain' /nm 4.1 3.65 4.05 4.35

A>/10%cm’ g

5 1.0 0.3 0.9 1.2

mol

The DSC thermograms shown in Figure 4-3 indicate that in water and in
water—-MeOH mixtures PIPOZ-7k-b-PNIPAM-9k is partially and fully dehydrated at 40 and
70 °C, respectively, which may induce liquid—liquid phase separation in the copolymer
solutions. The separated concentrated phase may exist as polydisperse spherical particles
(large scattering component) while copolymer chains in the dilute phase may be molecularly
dispersed or slightly aggregated (small scattering component). The scattering function for
such a system is calculated by [18,19]

I(k)=K.(VAp )’ EcM [w, m, P, (k)

chain' " “chain™ chain (4_6)

+Wsphere dmmPspherc,m (k)W(m)

where Wenain and Wyphere (=1 — Wenain) are the weight fractions of the chain and sphere, mchain 1S
the aggregation number of the chain, Pgynerem(k) 1s the particle scattering function of the

sphere with the aggregation number m, and w(m) is the aggregation number distribution
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function expressed in terms of the weight fraction. We have neglected the interparticle
interference effect, because the solvents become poor at 40 and 70 °C. Using the mass
concentration ¢, of the coexisting concentrated phase, the radius R,, of the sphere with the

aggregation number m is calculated by

/3

3mM

R, =| 1 (4-7)
" \4aN,c,

and the particle scattering function Pgphere,m(k) by

5, SCR, ) - kR, os(kR,) ’
(kR )’

P rem(K) = [ (4-8)

We assume that the size distribution of the concentrated-phase droplets obeys the general

log-normal distribution:

w(x)dx = Le>(p(—)c2)d>c (4-9)
Jx
Here x is defined by
In[m/(m m 2
X= [ ( sphere,w sphere,n) ] (4_ 1 O)
2 ln(msphere,w / msphere,n )

with mgpherew and Mgpheren being the weight and number-average aggregation numbers of the
polydisperse spheres, respectively.

In Figure 4-6, the scattering functions for the copolymer solutions for all @gmeon at
40 °C have slopes similar to those for I(k) at 25 °C at k> 0.3 nm ', indicating that the small
scattering component in the copolymer solutions at 40 °C resembles the single chain at 25 °C.
In fact, eq 4-6 can fit to the experimental /(k) for all ¢peon at 40 °C in the high & region where
Pepherem(k) tends to zero, using M; = 2.0 x 10*, Mepain = 1, and Penain(k) given by eq 4-5, along
with suitable values for Wenain and (Sz)cham” ? and the values of Ap. and ¢ determined at 25 °C
(being ignored their temperature dependences). Moreover, eq 4-6 can fit to the experimental
I(k) in the low k region at 40 °C at ¢yeon = 0 and 0.2, which obey the k¥ * dependence, using
Ppherem(k) and w(m) calculated by eqs 4-7-10. The solid curves for ¢meon = 0 and 0.2 at
40 °C in Figure 4-6 indicate the theoretical values, calculated with parameter values listed in
Table 4-3, which perfectly fit to the experimental results. Among the fitting parameters,
Mehain and (S”Yenain' > affect I(k) mostly in the high k region, while Mphere.ws Mspherew/Mspherens
and ¢, predominantly affect /(k) n the low & region. Therefore, the fitting parameter values

were determined almost uniquely.
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However, it was impossible to fit /(k) in the low k region for ¢meon = 0.3 and 0.4 at
40 °C, where (k) does not obey the & * dependence, with the equations above. Although the
DSC thermograms of PIPOZ-7k-b-PNIPAM-9k at ¢meon = 0.3 and 0.4 in Figure 4-3 are not
bimodal, the phase separation temperatures of PIPOZ and PNIPAM homopolymers are,
respectively much higher and much lower than 40 °C, at ¢mecon = 0.3 and 0.4, such that the
amphiphilicity of PIPOZ-7k-b-PNIPAM-9k may be quite strong. Consequently, we may
expect that the critical micellar concentration (CMC) of the copolymer in solutions of ¢meon =
0.3 and 0.4 at 40 °C becomes lower than the copolymer concentration of the coexisting dilute
phase in the phase separated mixture. In such a case, molecularly dispersed copolymer
chains and star-like micelles may coexist in the dilute phase. The scattering function for

such a solution is calculated by

I(k) = K7’" (\7Ap)2 CCMI X [WchainmchainPchain (k)
(k)+w dmmP_  (k)w(m)]

sphere sp!

(4-11)
+w

micelle mmicelle Pmicelle

With Whicelle, Mmicelles aNd Pricerie(k) being the weight fraction, aggregation number, and particle
scattering function, respectively, of the star-like micelle. The scattering function Ppicene(k) 18
calculated according to Pedersen and Gerstenberg using equations given in the Supporting
Information of ref 18 where adjustable parameters are the aggregation number mimicere, the
radius of gyration of the corona chain (Sz)mmna” 2, and the concentration inside the
hydrophobic core ccoe Of the micelle. The radius of the core is calculated by
[3mmiceneMpN1pAm/(4ﬂNACc0re)]1/3 where Mbpnipam 1S the molar mass of the PNIPAM block
chain. The fitting results are shown by the solid curves for the corresponding solvent
conditions (Figure 4-6), and the parameters chosen are listed in the fourth and fifth columns
of Table 4-3. We also tried to fit /(k) in the low & region for ¢meon = 0.3 and 0.4 at 40 °C by
a vesicle model. To keep high (k) in the low k region, we had to select high aggregation
numbers of the vesicle comparable to mgphere,w listed in Table 4-3, but such high aggregation
numbers of the vesicle gave huge radii of gyration (~ 10* nm), which are inconsistent with
light scattering results (not reported here).

For PIPOZ-7k-b-PNIPAM-9k solutions, molecularly dispersed copolymer chains were
observed by SAXS in the coexisting dilute phase for all gmeon at 40 °C.  This is a contrast
with the aqueous PIPOZ-bh-PEOZ solution, where only star-like micelles with mcpain = 10 were
detected by SAXS in the coexisting dilute phase of the phase-separated aqueous solution [18].
The different association properties of the two copolymers are consistent with the weaker
amphiphilicity of PIPOZ-7k-b-PNIPAM-9k, compared to PIPOZ-b-PEOZ, which leads to an

enhanced CMC in the dilute phase, such that molecularly dispersed copolymer chains become
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detectable by SAXS.

Table 4-3. Parameters Used for Fitting the Scattering Functions at 40 °C (¢ = 2.0 x
102 g/cm’)

parameter dmeon =0 dmeon = 0.2 dmeon = 0.3 dmeon = 0.4
Wehain 0.50 0.36 0.33 0.40
Mchain 1 1 1 1

(S*chain' */nm 3.6 3.1 3.0 2.8
Wphere 0.50 0.64 0.55 (0.67") 0.42 (0.60")
Mpherew 6.3 x 10° 1.65 % 10 6.55 x 10° 1.5 % 10’
Mphere.w/ Msphere.n 4.5 4.3 4.8 4.5
cdgem” 0.48 0.485 0.38 0.20
R/nm* 400 550 430 710
Wrnicelle 0 0 0.12 (0% 0.18 (0"
Mmicelle 55 11
(%) corona /MM 3.4 3.0
Ceore/g €M 0.41 0.29

“Weight-average radius of the concentrated-phase droplets calculated by

1/3
R3 _ 3Wlsphere,le msphere,n
" 4aN,c. (m
c

sphere,w

"Values used to draw thin dashed curves at 40 °C in Figure 4-6.

For all @neon, the radius of gyration <Sz>cham1/z of the single copolymer chain in the
dilute phase at 40 °C is smaller than that at 25 °C, due to the reduction of the solvent quality
upon heating. The mass concentration inside the molecularly dispersed copolymer chain
Cinchain May be calculated by

3m i Ml
= chain (4_12)

5 3/2
4.77:NA (3 <SZ >chain )

C. .
in,chain

The values of Cinchain calculated using the results in Table 4-3 are lower than 0.17 g/cm’,
indicating that copolymer chain shrinkage 40 °C is not so much, in agreement with the fact
noted earlier that the copolymer chain remains partially hydrated at 40 °C (see Figure 4-3).

At 70 °C, the scattering functions, except in the case of solutions with ¢peon = 0.4,
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obey the k* dependence over a wide range of k, which indicates an increase in Wephere- 1N
fact, fits of I(k) at 70 °C in the low k& region by eqs 4-5—-10, indicated by solid curves in Figure
4-6 at 70 °C, were obtained using wgphere larger than those at 40 °C (cf. Table 4-4). However,
the best fits (the solid curves) gives us too small (S2>chain” 2 which leads to unrealistically high
Cin.chain (& 2 — 30 g/em’) from eq 4-12.  Assuming Cin.chain tO be 1dentical with the bulk density
of the copolymer (= 1/7 = 1.1 g/em®), which may be the maximum value, we must choose
the values of {S*)ehain ~ in parentheses in Table 4-4. We then obtain the thin dashed curves
in Figure 4-6 at 70 °C, which fit /(k) data in the high £ region less satisfactorily. This may
be due to the finite thickness (or the radial distribution of the electron density) of the
copolymer chain [43], which is not considered by eq 4-5, although it was difficult to uniquely
determine {(S*)cnain' > and the chain thickness. It is noted that the finite thickness effect may
not be important at 25 and 40 °C, because the copolymer chain in the dilute phase does shrink
very much at these temperatures. Its large dimension provides the predominant k£
dependence at high k. Because of the strongly attractive interaction at 70 °C, the copolymer
chains aggregate in the dilute phase at ¢mcon = 0.4. (A similar fitting to the data at gpeon =
0.4 at 70 °C was obtained by using eq 4-11 with Wehain + Waicetle = 0.05, but it was difficult to
determine Wenain and wiicelle S€parately by this fitting because of the small amount of the small

scattering component.)

Table 4-4. Parameters Used for Fitting the Scattering Functions at 70 °C (¢ = 2.0 x
102 g/cm’)

parameter dmeon =0 dmeon = 0.2 dmeon = 0.3 dmeon = 0.4
Wehain 0.025 0.065 0.067 0.05
Mchain 1 1 1 4.5

(8®chain' */nm 0.7 (1.5 0.5 (1.5") 0.5 (1.5") 2.1 (2.5%
Wphere 0.975 0.935 0.933 0.95

Mpherew 9.3 x 10’ 1.2 x 10° 1.0 x 10° 7.6 x 10
Msphere,w/Msphere,n 4.4 4.5 4.5 4.4
cdgem” 0.71 0.75 0.60 0.53
Ry/nm” 860 200 200 890

“Values calculated from 1/ = 1.1 g/cm’ and used to draw thin dashed curves in Figure 4-3.

’See the footnote of Table 4-2.
From the lever rule, we can calculate the copolymer mass concentration ¢4 in the
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coexisting dilute phase by

c = cccwchain (4_ 1 3)

4=
cc - C(l - Wchain)

where c is the copolymer mass concentration in the original solution before phase separation.
Figure 4-7 shows a phase diagram, where the phase-separation temperature is plotted against
cq and ¢, for PIPOZ-7k-b-PNIPAM-9k solutions with different ¢meon. In spite of limited
number of data points for each ¢mcon, the phase diagrams seem to be typical ones for
polymer—poor solvent systems. It is noted that the phase gap c. — ¢4 becomes narrower with
increasing ¢meon = 0.3 and 0.4. This may correspond to the gradual decreases in the
transmittance observed in the turbidity measurements at ¢yeon = 0.3 and 0.4 shown in Figure
4-1.

Temperature / °C

20 e v e e e e

c/gem™

Figure 4-7. Temperature—concentration phase diagram for PIPOZ-7k-b-PNIPAM-9k

solutions with different ¢meon.

4.4. Conclusion

The heat-induced dehydration and self-association of the doubly thermosensitive

block copolymer PIPOZ-b-PNIPAM were examined for solutions in water and water—MeOH
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mixtures. Although the difference in the dehydration temperatures of PIPOZ and PNIPAM
homopolymers is enhanced with increasing the MeOH volume fraction ¢meon up to 0.3, the
DSC thermograms of block copolymer solutions in mixed water—MeOH solution indicate that
the dehydration processes of the two block do not occur independently. This may be due to
the interference of the cononsolvency effect of the PNIPAM block and the cosolvency effect
of the PIPOZ block. As a result, the amphiphilicity of PIPOZ-5-PNIPAM in water—MeOH
mixtures is not strengthened, and, consequently, the micellization of the copolymer does not
occur as readily as, for example, in the case PIPOZ-b-PEOZ solutions in water heated to a
temperature at which water becomes a selective solvent. However, we provide evidence that
micellization of PIPOZ-b-PNIPAM takes place in water—MeOH mixtures of ¢meon = 0.3 and
0.4 at 40 °C, under relatively strong amphiphilicity conditions. Micelles only form in phase
separated systems, when the CMC is lower than the polymer concentration in the coexisting
dilute phase. Possibly the CMC of PIPOZ-b-PNIPAM in water—-MeOH mixtures in the
phase-separation temperature region may be higher than that of PIPOZ-b-PEOZ in water
under comparable temperature conditions. Dehydration induces a liquid—liquid phase
separation of water—-MeOH mixed solutions of PIPOZ-b-PNIPAM upon heating. When the
copolymer solutions with ¢meon = 0, 0.2, and 0.3 were kept at 40 °C for a long time,
macroscopic two phase separation took place only in the solution with ¢yeon = 0.2.  Results
of fluorescence depolarization of an amphiphilic fluorophore indicate that, at 45 °C, the
interface of the concentrated-phase droplets softens with increasing ¢gmeon, which may be the
driving force toward macroscopic two phase separation at ¢gpe.on = 0.2. However, at ¢meon =
0.3, the stronger amphiphilicity of PIPOZ-b-PNIPAM stabilizes the droplets. The
amphiphilicity of the block copolymer affects the colloidal stability of concentrated-phase

droplets in the phase separated solutions delicately.
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Chapter 5. Summary and Conclusions

The self-assembly behavior of two kinds of block copolymer systems in dilute solution with
changing the amphiphilicity of the block copolymers under varing conditions was
investigated. As discussed in Chapter 1, we may observe the competition between the phase
separation and micellization and also the morphology transition of the micelle with changing
the amphiphilicity of the block copolymer in solution. The control of the formation and
dissociation of the polymer micelle, as well as the morphology of the polymer micelle is
basically important, when block copolymers are utilized as nano-carriers such as the drug
delivery system.

In Chapter 2, the self-assembly in dilute aqueous solutions of a mixture of an
anionic-neutral block copolymer (AP) and a cationic-neutral block copolymer (MP) (cf.
Figure 1-8) by changing the added sodium chloride (NaCl) concentration Cs or electrostatic
interactions among oppositely charged blocks has been investigated by direct observation,
optical and electron microscopies, and SAXS. The ratio of the charged to neutral block
chain lengths was ca. 10, and the total copolymer concentration and the mixing ratio (the
mole fraction of the MP charge unit in the total charge units) of AP and MP were fixed to be
0.005 g/cm’ and 0.6, respectively. With decreasing Cs from 2 M to 0 M, we have found
reentrant one-phase, two-phase, one-phase transitions in the aqueous solution of the AP-MP
mixture. The two-phase to one-phase transition at Cs ~ 0.5 M arises from the competition
between the macroscopic phase transition and micellization, which is the first observation in
dilute block copolymer solutions. Moreover, we have found a micelle morphology transition
from the bilayer vesicle to the cylindrical micelle with further decreasing Cs from 0.5 M to
lower than 0.05 M.

The mixing ratio dependence of the morphology of the polyion complex micelle
formed by AP and MP in 0.1 M aqueous NaCl solution was investigated in Chapter 3 by
using SAXS, ELS, and ITC, under the condition that the anionic and cationic block chains are
much longer than the neutral block chains. When the anionic and cationic monomer units in
the solution are nearly equi-molar, the net charge of the polyion complex micelle is close to
zero, and the bilayer vesicle is formed. However, when the anionic or cationic monomer
units in the solution are richer than the other, the polyion complex micelle is charged by
including the excess block copolymer component to form the smaller spherical micelle. The
morphology transition between the vesicle and spherical micelle can take place reversibly by
adding AP or MP into the micellar solutions. The electrostatic energy of the micelle may

induce the morphology transition.
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In Chapter 4, the dehydration and self-assembly of a novel thermosensitive block
copolymer consisting of poly(2-isopropyl-2-oxazoline) and poly(N-isopropylacrylamide)
(PIPOZ-b-PNIPAM) (cf. Figure 1-7) upon heating were studied in water and water-methanol
(MeOH) mixtures by DSC, turbidimetry, SAXS, and fluorescence depolarization. Although
the difference of the phase-separation temperatures of the PIPOZ and PNIPAM
homopolymers solutions is enhanced as the MeOH content in the mixed solvent increases, the
DSC thermograms of PIPOZ-b6-PNIPAM in water-MeOH mixtures are not bimodal, which
indicates that the dehydration of each block does not occur independently. As a result, the
amphiphilicity of this copolymer is so weak in the amphiphilic condition that the solution
undergoes a temperature-induced liquid-liquid phase separation, but the micellization was
difficult to occur.

In sum, the present thesis work demonstrated that block copolymers can change the
morphology of their self-assembly or micelle formed in dilute solution, as shown in Figure
1-2, by altering various solution conditions or the interaction among the two block chains and
the solvent. It is important to control the self-assembly morphology of block copolymers in
solution, when the self-assemblies are used for applications such as drug delivery systems.
This work provides basic knowledge to control the self-assembly morphology of block

copolymers.
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