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Chapter 1

General Introduction

1.1. Historical Backgrounds

Amphiphiles are molecules consisting of two parts, one polar and the other one
nonpolar. They self-assemble in the presence of selective medium, such as selective solvents
and selective surface, causing micellization and adsorption, respectively. These specific
behaviors of amphiphiles have aitracted the attention of many research groups for a few
decades.'"®

Theorencal analysis of amphiphilic polymer solution originated from the study of
the end-adsorbed polymer on a flat surface by Alexander in 1977.7 It was proceeded by
Cantor to apply for a block copolymer between two immiscible solvents.® The model for star
polymers proposed by Daoud and Cotton extend Alexander model toward curved interfaces,
which enable to apply for polymeric micellar systems.” Moreover, compulter simulations
have been also performed.'’

On the other hand, experimental evolution in this field has been rather slow since
Krause performed the light scattering and the viscosity measurements for styrene-methyl
methacrylate block copolymer in selective solvent in 1964.'' It was mainly due to the
difficulty to obtain the samples satsfying a prior condition which the theory requests, 1.e.,

the samples with well controlled structure, and due to the lack of appropriate method to

investigate the details of aggregate state.



1.2.  Purpose of This Thesis

As mentioned above, the two most important things which comply with theorists’
demand are precise preparation and precise characterization of the samples. Based on these
concepts, a series of studies in the present thesis has been done mainly used by the
techniques as described below. The aim of this thesis is to obtain important aspects of
armnphiphile association by the quantitative evaluation of aggregation properties, which will
give a basis for many theoretical works. In addition, it is shown throughout this thesis that
the self-association of amphiphilic polymers can give aggregates of very different size and
geometries, which is precious aspect for understanding of intermolecular interactions, such

as hydrophilic and hydrophobic interactions.

1.2.1. Preparation of Amphiphilic Polymers of Well-defined Structure.
Living polymerization is the most important and powerful technique to obtain
polymers with narrow molecular weight distribution and controlled molecular weight. Most
nonionic amphiphilic block copolymers which are used for many researches and in industrial
fields have poly(ethyleneoxyde) as a hydrophilic segment, and can be synthesized by living
anionic polymerization.'” In this thesis, amphiphilic block copolymers having poly(2-
hydroxyethyl vinyl ether) or poly(2-hydroxyethyl methacrylate) are presented as novel

amphiphiles, synthesized by living cationic'* or anionic polymerization, respectively.

1.2.2.  Scattering Methods.

Small-angle scatteringi4 is a method to measure the angle dependence of the
scattered intensity of incident rays on sample, that allows dimensions to be measured in the
range 10 to 500 A. It supplies us with the information regarding the size, shape, and their

distribution as well as the spatial arrangement and surface appearance when it is applied for



micellar systems. Historically, the first application was the small-angle X-ray scattering
(SAXS)"™** for the micellar solutions of sodium dodecyl sulfate. cetyltrimethylammonium
chloride, cetyltrimethylammonium bromide and four different soaps. which was performed
by Reiss-Husson and Luzzati in 1964.'"7 For neutron scattering (SANS), Cabos and Delord
performed the first systematic studies of octyl benzene sulfonate micelles in water in 1977.%*
As regarding polymer micelles, SAXS measurements were performed for polystyrene—
polybutadiene-polystyrene triblock copolymer in ethyl methyl ketone in 1973,'"” and SANS
were adopted for micelles of polystyrene—poly(ethylene oxide) graft copolymer in 1979.%°
These powerful methods have been contributing to the development in colloid and surface
chemistry *

Concerning SANS,**** contrast variation method is available, which enables to
investigate the heterogeneity of the internal structure of the micelle by use of deuterated
compounds, i.e., isotopic labeling. This is due to the fact that the difference of the scattering
length between hydrogen and deuterium is one of the largest that can be obtained.

In Part I of this thesis, internal structure of polymer micelles has been analyzed by contrast
variation method of SANS, or by combination of SAXS and SANS measurements.

X-ray reflectivity (XR)** which is described in the final chapter in the present thesis
extracts plenty of information from planar interface. Although it differs from scattering
methods from the point of view that the former observes a reflected image and the latter does
a diffraction figure, the XR is also an outstanding and rather new technique that contribute to

the surface chemistry.”’



1.3. Outline of This Thesis

This thesis consists of an introductory chapter and two parts. Part [ contains
Chapters 2, 3 and 4, in which micelles formed by amphiphilic polymers of viny! ethers are
dealt with. In Chapter 2, partially deuterated copolymers at ether substituent parts of poly(2-
hydroxyethyl vinyl ether)-block-poly(n-butyl vinyl ether) (poly(HOVE-5-NBVE)) were
especially prepared for SANS experiments.** The micelle structure of the amphiphilic block
copolymers formed in water was investigated by the contrast variation method of SANS. A
sphere to rod transition in the shape of the micelles was observed as the mole fraction of
hydrophobic segments in the copolymers increased.

The sphere to rod transition is quantitatively analyzed by systematic SANS
investigation in Chapter 3.%" Poly(HOVE-b-NBVE) with the same hydrophilic length but
different hydrophobic lengths were prepared. By the contrast variation method, the
hydration effect in the micellar shell was quantitatively estimated. SANS profiles of polymer
micelles were well described by a sphere-rod coexistence model. Hydrophobic chain length
dependence could be understood as changes of both micellar size and the volume fraction of
rodlike micelle.

Chapter 4 treats micellization behavior of amphiphilic polymers having an octadecyl
group as a hydrophobic segment (ODVE-poly(HOVE)) which was investigated by SAXS

and SANS measurements.>®

The increase in hydrophilic chain length reduced the
aggregation number, but had little effect on the size of overall micelle. A sphere to disk
transition with decreasing temperature was found, and was explained relating to the
crystallization behavior of alkyl chains.

Part II presents novel amphiphilic biock copolymer, poly(l, 1-diethylsilabutane)-
block-poly(2-hydroxyethyl methacrylate) (poly(SB-6-HEMA)). In Chapter 5, block

polymerization of 1,1-diethylsilacyclobutane with styrene derivatives and methacrylate



derivatives was investigated.’ Poly(1. 1-diethylsilabutane)-block-poly(2-(ren-
butyldimethylsiloxy}ethyl methacrylate) was led to poly(SB-b-HEMA} by hydrolysts, which
showed amphiphilic character.

In Chapter 6, SAXS measurements were performed for poly(SB-4-HEMA) in
methanol, which is a good solvent for HEMA and a poor solvent for SB." The aggregation
number of the micelle was found to strongly depend on the polymer composition, while total
micellar size was almost independent of the degree of polymerization of HEMA. The
reduction of the solvent polarity by addition of toluene induced the morphological change

from micelle to reversed micelle via unimer state.

Chapter 7 deals with the spread monolayer of poly(SB-6-HEMA) at air-water

interface.’

XR measurements showed the copolymer forms monolayer with uniform
thickness and smooth surface. The two layer model consisting of a melt of SB chains and
hydrated HEMA chains reasonably explained the XR data, and suggested the enhancement

of the thickness of the monolayer with increasing surface pressure.
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Part 1

Micellization Behavior of Amphiphilic Polymers

of Vinyl Ethers



Chapter 2

Micellization of Vinyl Ether Amphiphilic Block Copolymers

as Studied by Small-Angle Neutron Scattering

Abstract

Several amphiphilic block copolymers based on vinyl ether derivatives were
synthesized by living cationic polymerization. Different compositions of hydrophilic and
hydrophobic segments in the copolymers were achieved by changing the monomer ratios of
vinyl ether derivatives. Partially deuterated copolymers at ether substituent parts were espe-
cially prepared for small-angle neutron scattering (SANS) experiments. These copolymers
formed micelles of core—shell structure in water. SANS measurements for aqueous solu-
tions of various copolymers were performed by using a contrast variation method. The
morphology of these micelles was studied as a function of chemical composition of the co-

polymers.



2.1. Introduction

Amphiphilic block copolymers, which consist of hydrophilic and hydrophobic
segments connected by a covalent linkage, are typical polymeric surfactants. Although the
physical propertics of commercially available polyoxyalkyiene block copolymers have been
widely studied in the past few years, little is known about the behavior of other amphiphilic
block copolymers in solution. For example, no detailed research is available on the mecha-
nism of their micellization, as well as the structure and properties of the micelles.

As part of the studies of the synthesis and properties of amphiphilic block poly-
mers,*™ the micellar structure formed by vinyl ether amphiphilic block copolymers in aque-
ous solution and the effect of segment composition are descrived in this chapter by means of

a small-angle neutron scattering (SANS) method.

2.2. Experimental Section

In order to synthesize the partially deuterated block copolymers for SANS ex-
periments, n-butyl-d, vinyl ether (NBVE-d,) was used as a comonomer. The sequential liv-
ing cationic polymerization of 2-acetoxyethyl vinyl ether {AcOVE) and NBVE-d, was car-
ried out by the HCI adduct of AcOVE and znc chloride initiating system in dichloromethane
solution.” The segments of AcOVE in the copolymers were hydrolyzed by sodium hydrox-
ide in dioxane, and converted to 2-hydroxyethyl vinyl ether (HOVE) segments. The result-
ing poly(HOVE-b-NBVE-d,) exhibited an amphiphilic character. These were completely
purified by dialysis with deionized water. The characteristics of the copolymers obtained are

listed in Table 2.1.



Table 2.1. Characteristics of Poly(HOVE-b-NBVE-d,)

Used for SANS Measurements.

Sample mn MM Ogve
D-1 50:10 1.10 0.17
D-2 39:21 1.17 0.35
D-3 65:40 1.25 0.38

* Determined by 'H NMR. ° Determined by GPC using polystyrene
standard. © Molar fraction of NBVE in a polymer, given by n/(m+n).

SANS measurements were performed by using SANS-U of Institute for Solid
State Physics, The University of Tokyo, Tokai, Japan, and also carried out by KWSI1-

spectrometer at Institut fiir Festkorperforschung, Forschungszentrum Jiilich, Germany. For

the measurements at SANS-U, the wavelength (A) of neutron source was chosen to be 7 A
(AMA = 10%). Two different sample—detector distance (2 and 8 m) were selected. At

KWS1, A of 7 A (AMA = 20%) and three different sample—detector distance (2, 8 and 20 m)

were used. Scattering data collected by 2D-detector were circular averaged to be 1D-form
scattering data, and were transformed to absolute cross sections using the Lupolen® stan-

dard.
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2.3, Results and discussion

SANS measurements for aqueous solutions of the copolymers were carried out
by using a contrast variation method in a mixed solvent system of H,O and D,O. The scat-
tering profiles were strongly dependent on the change in the solvent ratios, reflecting core—
shell structure of micelles. Figure 2.1 shows SANS profiles of three different samples in
D,0. The data do not cover the same ¢ range because of the difference in micellar sizes. The

scattering curves of D-1 at several contrasts were well reproduced by the theoretical curves

of a core-shell spherical model. In the case of D-2, which has higher value of ¢ than

D-1 as listed in Table 2.1, the scattering profiles were coincident with the theoretical curves

of a core—shell ellipsoidal model, an anisotropic factor of which is 2. Conceming D-3

which has the highest ¢, the scattering profiles at lower g region is quite different from

the others, where the intensity is proportional to 1/g as shown in Figure 2. 1(c). This behav-
ior indicates the formation of rodlike micelles.

Figure 2.2 schematically shows the change in the shape of micelles that are
formed in the aqueous solution of the block copolymers on increasing the hydrophobicity.
The spherical micelle first becomes ellipsoidal one. On further increasing the hydrophobicity,
the ellipsoidal structure is converted to a rodlike shape. It is quite difficult 1o clarify the
transition of micellar shape quantitatively because a lot of factors affect the micellization be-
havior and the shape of micelles, e.g. the surface tension of core, the interaction of hydro-
philic segments with water molecules, the interaction among hydrophobic segments and so

on. However, the qualitative tendency that the micellar shape is influenced by the change in

Oypve- as a measure of hydrophobicity, was apparently observed.

-14-



100

(a)
10+

0.1

100

104

0.1

dZ(Q/dQ [cm™]

100

N
0.1 \

0.01 +———erry .
0.002 0.01 0.1

qiA™]
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Figure 2.2, Schematic diagram of the relationship between the fraction of
hydrophobic segments in a block copolymer and the shape of micelles esti-
mated from SANS profiles.



2.4. Conclusions

SANS measurements of poly(HOVE-b6-NBVE-d,) in aqueous solution were
performed by using a contrast variation method. The shape of micelles formed was found to
be largely dependent on the segment composition of the copolymers. The SANS data re-
vealed a sphere to rod transition in the shape of the micelles with increasing the ratios of
hydrophobic segments to hydrophilic ones in the copolymers. This transition behavior of

the copolymers in aqueous solution will be discussed in detail in the next chapter.

-16-
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Chapter 3

Sphere to Rod Transition of Micelles Formed by Amphiphilic

Diblock Copolymers of Vinyl Ethers in Aqueous Solution

Abstract

Amphiphilic block copolymers of vinyl ethers containing 2-hydroxyethyl vinyl
ether (HOVE) and partially deuterated »n-butyl vinyl ether (NBVE) were synthesized by liv-
ing cationic polymerization. Four block copolymers with the same hydrophilic length but
different hydrophobic lengths were prepared. The internal structures of the micelles formed
by these copolymers in aqueous solution were investigated by the contrast variation method
of small-angle neutron scattering (SANS) measurement. The molar volume of HOVE was
estimated to be quite small from the dependence of the forward scattering intensity on the
contrast, which comes from the hydration effect in the micellar shell. The SANS data were
well described by the theoretical form factor of a core—shell model. The micellar shape was
strongly dependent on the hydrophobic chain length of the block copolymer. The polymer
with the shortest hydrophobic chain was suggested to form spherical micelles, whereas the
scattering curves of the longer hydrophobic chain polymers showed the ¢-' dependence,
reflecting the formation of rodlike micelles. These scattering curves could be well described
by a sphere~-rod céexistence model. The volume fraction of the rodlike micelle was found to

increase with increasing hydrophobic chain length.



3.1. Introduction

Ar11phi;)ﬁilic copolymers which are widely used in industrial fields are also 1mpor-
tant materials in many ficlds of natural science such as colloid science and biology. Many
groups have studied the specific behavior of amphiphilic polymers such as micellar forma-
tion and adsorption in selective solvents during the past few decades.'™

Quantitative theoretical approaches demand the synthesis of amphiphilic polymers
with a well-defined structure. Living polymerization is the most important and powerful
technique for this purpose. Indeed, most nonionic amphiphilic block copolymers. which
have an oxyethylene chain as a hydrophilic segment, are synthesized by living anionic po-
lymerization® in order to obtain narrow molecular weight distribution and controlled molecu-
lar weight.

Sawamoto et al. have reported the living cationic polymerization of alkyl vinyl
ethers,”” and they synthesized an amphiphilic block copolymer with 2-hydroxyethyl vinyl
ether as a hydrophilic part. This new polyalcohol-type amphiphile can be a valuable sample
along with the oxyethylene-type nonionic block copolymer for investigation of its specific
phenomena, since it can be prepared with a precise control of molecular weight using rela-
tively simple equipment.

Small-angle neutron scattering (SANS), which has been reported by many
groups,™* " is a valuable method for evaluation of the internal structure of micelles. Since
the neutron is scattered by the density fluctuation of scattering length inherent for each atom,
and an atom (proton, for example) has a different scattering length from its isotope
(deuterium), SANS measurement makes it possible to investigate the heterogeneity of the
internal structure of the micelle by use of a hydrogenated/deuterated mixture. This so-called
contrast variation method'"'” is applicable to the system with enough contrast inside the par-

ticle, which means that, in the case of a micellar system, partial deuteration is needed to ob-
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tain a large contrast of the scattering length density (SLD) between the core and the shell of
the micelle. An alkyl vinyl ether monomer with a deuterated alkyl group can be prepared by
the palladium-catalyzed ether exchange reaction with deuterated alcohol.'” Thus. amphiphilic
block copolymers of vinyl ethers are quite useful materials for the investication of their mi-
cellar structure by means of SANS."'!

Here. we have investgated the behavior of amphiphilic block copolymers synthe-
sized by living cationic polymerization in aqueous solution and have determined the size and
shape of the micelles by the SANS technique. We report the transition of the micellar shape

from sphere to rod with increasing molar fraction of hydrophobic part in a polymer.

3.2. Experimental Section

3.2.1. Synthesis of Amphiphilic Diblock Copolymers.

Block copolymers were synthesized by living cationic polymerization with two
kinds of monomers, 2-acetoxyethyl vinyl ether (AcOVE) and n-butyl vinyl ether (NBVE),
as shown in Scheme 3.1. AcOVE can be led to water-soluble 2-hydroxyethyl vinyl ether
(HOVE) by hydrolysis of the protective group after polymerization. The AcOVE monomer
was synthesized from sodium acetate (98.5%, Nacalai tesque, Kyoto) and 2-chloroethyl
vinyl ether (99%, Aldrich, Milwaukee) at 90 “C. As a hydrophobic segment, a mixture of n-
butyl-d, vinyl ether and n-butyl-h, vinyl ether was used for two purposes. One was to ob-
tain enough contrast between hydrophilic and hydrophobic segments for neutron scattering,
and the other was to achieve high accuracy for determination of the polymer composition by
'"H NMR spectroscopy. n-Butyl-d, vinyl ether was synthesized from octadecyl vinyl ether
(Tokyo Kasei, Tokyo) and n-butanol-d,, (99.5 at. % D, C/D/N Isotopes, Quebec) by the

ether exchange reaction with 1,10-phenanthroline palladium diacetate as a catalyst. This



monomer and commercial NBVE (Nacalai tesque) were mixed and then distilled before po-
lymerization. The molar fraction of the deuterated monomer in the NBVE mixture was de-
termined to be 0.537 by '"H NMR. The hydrogen chioride adduct of AcCOVE was obtained
by bubbling the hydrogen chloride gas inte a hexanc solution of AcOVE. Commercial zinc

chloride as diethyl ether solution (Aldrich) was used without further purification.

CH,=CH CH,=CH
! ]
9 0
(CH,) CqHg  (46.3 %)
™9 " “CaDs (53.7 %
¢=0 4Dg (53.7 %)
CH;—CH~—CI CHy
e (ACOVE) (NBVE) CH;0H/NH;,
(CH2)2 - -
0 ZnCl,, -20°C 40°C
C=0
CH, in CH,Cl,

H—(—-CHz—-CH CH,—CH—}-0CH,8
0 o n

. 1 NaOH
(gHz)z CaHy. in Dioxane
C=0 CaDq
CH,
H CHZ—QHT(-CHz—gH—)—OCHa
e o
CH; CaHg
CH, o
' C4Dg
OH
k+/ ;—Y—.—J
Hydrophilic Hydrophobic

Scheme 3.1. Synthesis of Poly(HOVE-b-NBVE)



Polymenzation was performed in a dried flask with a three-stopcock under nitrogen.
We started five batches simuitaneously, to prepare four block copolymers with the same
hydrophilic length and a different hydrophobic length. The hydrogen chloride adduct of
AcOVE and zinc chionde was injected as an initiator system into the dichloromethane solu-

von of AcOVE at —-20 “C. When the AcOVE monomer conversion determuned by gas chro-

matography reached 95%, one batch was quenched by ammoniacal methanol: simultane-

ously, a different amount of NBVE monomer was added to the other four reaction solutions

at —40 °C. The copolymenzation was terminated by injection of ammoniacal methanol.

The copolymers were hydrolyzed by sodium hydroxide in dioxane and led to
HOVE-NBVE block copolymers. These were purified by dialysis with deionized water, and

their aqueous solutions were passed through a filter with a pore size of .22 pm.

3.2.2. Molecular Characterization.

The values of M /M _ were determined by GPC (solvent: chloroform) with a poly-
styrene standard calibration for AcOVE-NBVE block copolymers, where M, and M are the
weight- and number-averaged molecular weights, respectively. We obtained the number-
averaged degree of polymerization of AcOVE (m) to be 84.5 from the mass spectrum of the
homopolymer and assumed that four block copolymers synthesized simultaneously have the
same value of m. The degree of polymerization of NBVE (n) was evaluated by comparing
the area of methyl peaks of both acetoxyl and butyl groups obtained by '"H NMR. These
values are listed in Table 3.1. Although they were evaluated for poly(AcOVE-b-NBVE} pre-
cursor polymers, they can be appiied for poly(HOVE-5-NBVE) polymers as well, since we
confirmed by 'H NMR that no subreaction had taken place during hydrolysis, such as
polymer degradation process. The 'H NMR spectrum of poly(HOVE-6-NBVE} with m = 85

and n = 15 (N8515) in D,0O is shown in Figure 3.1. It shows no acetoxy peak, indicating



that the protective groups were completely hydrolyzed and removed by purification. In addi-
tion, arelatively broad peak derived from the methyl protons of butyl groups is observed at
0.8 ppm, reflecting the fact that the hydrophobic part tends to avoid contact with water

molecules, which is evidence of micelle formation 1n water.

Table 3.1. Molecular Characteristics of Poly(HOVE-b-NBVE)

m’ n’ MM °
homopolymer 84.5 1.08
N8515 84.5 15.1 115
N8530 84.5 31.1 1.18
N8545 84.5 44.5 1.21
N8560 84.5 60.1 1.23

“ Obtained by mass spectrum for the homopolymer, and assumed to have the same
value as for the block copolymers. ”'H NMR. ¢GPC,
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"H NMR spectrum of poly(HOVE-6-NBVE) in D,0.
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3.2.3. Smali-Angle Neutron Scattering.

The SANS mcasurements were performed by the KWS| spectrometer at the re-

scarch reactor FRJ2 at the Forschungszentrum Jiilich GmbH. The wavelength () of neu-

tron source was chosen to be 7 A (AAA = 20%). Solutions were measured in quartz cells

with a path length of | and 2 mm. The SANS experiments were carried out at a sample to
detector distance of 2, 4, 8, and 20 m, covering a range of the scattering vector of 0.002 £ ¢
< 0.1 A, Scattering data measured by a 2D detector were circular averaged to be 1D form
scattering data and then corrected for electronic background, and the scattering of the empty
cell was subtracted. The data were transformed to absolute cross sections using the
Lupolen® standard. For all scattering data of samples, the scattering of solvent and the calcu-
lated incoherent scattering of the protonated portion of the polymer were subtracted.

For measurements by the contrast variation method, we used D,0/H,O solvent

mixtures. Four different volume fractions of D,0 (¢,,,,) were chosen for each polymer solu-

tion to obtain various contrasts:

Gpao =0 (H,O contrast)

pyre, = 0.199 (core contrast, where p, = pove)
Opyap = 0.350 (intermediate contrast)

Op20 = 0.500 (shell contrast, where p, = pypve)

For the calculation of the core and the shell contrasts, the molar volumes of NBVE (105.54
em'/mol) and HOVE (75.56 cm’/mol) corresponding to the measured densities of ho-
mopolymers NBVE (0.949 g/cm®) and HOVE (1.166 g/cm’) were used. The volume frac-
tion of polymer was chosen to be 1% for all measurements, except for the investigation of

the concentration dependence.



3.3. Theoretical Background

If the contribution of interparticle interaction is negligible, the neutron scattering

Ccross section can be given by the equation

dX(g)/d2 = n P(q) 3.1

where n, is the number density of particles and P(g) is the particle form factor. The scarter-

ing vector g 1s given by g = 4x sin 8/A, where 20 is the scattering angle and A is the neutron

wavelength. P(g) depends on the size, shape, and density distribution inside the scattering
particles.

Here we deal with two models for describing the SANS data, spherical and cylin-
drical ones. In both cases, we assumed that the micelles consist of a core—shell structure.

The form factor of a spherical core-shell model with the radii of the core R and of the

overall micelle R can be written as follows:'’

P(q)sphcrc = {(pC - pS)VC‘FC(q)Sphefc + (pS - pIf))VS‘FVS(q)spln:rc}2 (32)
FC(q)sph:rc = 3(Sln(qRC) - qRC COS(qRC))/(q‘RC)3 (33)
F@), ppere = 3(sin(gRs) — qR cos(gR)N(GR)’ (3.4)

where p., ps, and p, are the SLDs of the core, the shell. and the solvent. V.. and V; are

given as 4nR /3 and 4nR./3, respectively. The aggregation number (Ngg) 18 calculated
from V_, n, and the volume of NBVE repeat unit (vygye):

N =4,V /(n VipvE) (3.5)
where ¢, is the volume fraction of polymer in the core, and is equal to 1 for the close-packed
core. The volume occupied by hydrophilic parts of polymers in the shell of a micelle is given

by (N,

agg

M Vyoys)» Where oy is the volume of the HOVE repeat unit. Thus, the volume
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fraction of polymer in the shell (¢.) 1s calculated as
b, = Num;”’ Viovi/ (Vs = Ve (3.6)
then p,, pe. and pg are given by the SLDs of D,O (p,,»,)» H.O (pypp,). NBVE (prgyy). and

HOVE (pyvik:

Po = PuaoPpao + (1 = Opon)Prine (3.7)
Pe = OPnpve + (1 - 0P, (3.8)
Ps = PsPove + (1 — 4P, (3.9)

where ¢, ,, 1s the volume fraction of D,O in solvent. Here the SLDs of repeat units and pure
solvents can be calculated as

p, =2 b,lv, (3.10)
where subscript i refers to D,O, H,0, NBVE, or HOVE. b, is the scattering length of atom
z in the repeat unit or solvent molecule, and v, is the corresponding volume. Thus, P, =
6.406 x 10" and p,;,, = -5.617 x 10° ¢cm™ can be obtained. One can obtain the values of

Purve and pygy 1f the densities of NBVE and HOVE are determined. For the calculation of

Phove» the isotopic exchange of the hydrogen in the OH group of HOVE should be taken
into account, by assuming that this hydrogen is occupied by a deuterium or hydrogen in
proportion to ¢y,

In the case of a core-shell cylinder with the radii of the core R and the overall mi-

celle R and the length L, its form factor is given by'’
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P(@)eginser = UDITHPe = POVEF e @eyinges + (Ps = Po)VsF s(@eiinger)” 5i B AP
310

F (@) eiinser = {(SIn(g(L12) cos B)(g(LI2) cos P)}{2/,(gR. sin BY(gR. sin B)}
(3.12)

Fl@).giinae = {(sin{g(L/2) cos B)g(LI2) cos B)}{ 2], (gR sin BY(gR; sin )}

(3.13)

where B is the angle between the axis of symmetry of cylinder and the scattering vector ¢,

and J, denotes the Bessel function of the first kind and of order 1. V. and V; are the volumes

of cylinders with radi1 R . and R, respectively, and length L.
On the condition that ¢ » 21t/L and L » R, the form factor of cylinder can be modi-
fied to a simpler form:
P(@eyringer = (M L (P = POV2T (GRINGR) + (Ps = Po)Vs2T, (GRIAGRY) )
(3.14)
The same equation as eqs 3.3-9 can apply to the cylinder for calculation of N, ¢, and the
SLDs. The neutron wavelength distribution (AA/A = 20%) and collimation of the SANS

machine were taken into account in the data evaluation.' 8



3.4. Results and Discussion

Figure 3.2 shows the SANS profiles of aqucous solutions of N8515 and N8560 at
several contrasts. As shown in Figure 3.2a, the profiles for N8515 which has the shortest
hydrophobic length exhibited a plateau at a smaller angle that is typical for spherical particles.
For N8560 having the longest NBVE chain, the profiles were quite different from those of
N8515 as shown in Figure 3.2b. Notice that the y axis in Figure 3.2b is the absolute scatter-
ing intensity multiplied by ¢. The ¢~' dependence of the scattering intensities can be clearly
found at a smaller angle, which is charactenistic of rodlike particles. This g~' dependence

was observed for N8545 as well. A tendency that the SANS profile depends on the polymer
composition has been also observed previously.'’

Itis clear experimentally from the scattering profiles and also theoretically from eq

3.2 that the forward scattering intensity (dX(g=0)/d€2) depends on the SLD of solvent (p,)

and that the square root of the forward scattering intensity is proportional to ¢,,."" For

N8515 and N8530, the determination of the forward scattering intensity for each contrast

was possible by a linear extrapolation of a Guinier plot'” (In(dZ(g)/dQ) ~ g° piot). The plots

of the square root of these forward scattering intensities against ¢, gave a good linear rela-

tionship as can be seen in Figure 3.3. For N8545 and N8560, however, 1tis impossible to

determine the forward scattering intensity because of the ¢~' dependence at a small angle as

described above. However, the value of dZ(g=0)/dQ2xg can be obtained instead of
dX (g=0)/dQ2 by linear extrapolation of In(dZ(q)/dQ2xq) ~ ¢° plot,'® and similarly, a good

linear relationship between (dZ(g=0)/dQxq)'"* and ¢, was found as shown in Figure 3.3.
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of N8560 under several contrast conditions: H,O (<), core (), intermediate
(), and shell contrast (O).
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ward scattering intensity. The solid lines are due to least-squares fits, and the
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changing vgve and vyoyg as fitting parameters.



The volume fraction of D,0 at dX(g=0)/dQ = 0 or dZ(g=0)/dQxq = 0 (9, ) was
determined for each polymer by least-squares fits and is plotted against n (NBVE length) in
Figure 3.4. At the zero average contrast condition &,,,, = 0; 4c: the SLD of solveni mixture
coincides with the averaged SLD of the copolymer:

PzacPoro+ (1= yac)Prsn = MByiug + MBp WMy o + vy (3.15)
where byqye and by, are the scatiering lengths of HOVE and NBVE, respectively. Modify-

ing eq 3.15, ¢, . can be represented as a function of n:

Gy ac(n) = {(mbyoye + NOygyed (MVyaye + MVygye) — P20 H{Ppro = Piao)

(3.16)
Note that the value of by, depends on the solvent composition due to the isotopic ex-
change of the hydrogen as described above. The broken line in Figure 3.4 is derived from
eq 3.16 with the values of 105.54 and 75.36 ¢m’/mol as the molar volumes of NBVE and
HOVE, respectively. A large discrepancy was observed between the broken line and ex-

perimental data. Then, we tried to fit the experimental data by eq 3. 16 changing v ., and

Vyove 8 fiting parameters. As a result, we obtained the molar volumes of NBVE of 105.62
and HOVE of 59.13 cm’/mol and found good agreement with experimental data as shown
by the solid line in Figure 3.4. For NBVE, nearly the same molar volume was obtained as
expected. On the other hand, the molar volume of 59.13 cm*/mol for HOVE, which corre-
sponds to the density 1.490 g/cm’, is considerably small. This means that the partial molar
volume of HOVE in water is smaller than the molar volurne of its own molar volume in bulk
state. It is well-known that when a hydrophobic substance is put in water, water forms a
highly structurized “iceberg” surrounding the hydrophobic molecule.’’ The decrease of the
partial molar volurne can be explained as apparent deletion of the volume of methylene

groups which are located in the main chain or side chain of HOVE, by movement of the
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methylene into a vacancy inside of the iceberg. This phenomenon, for example, is also ob-
served as the decrease of total volume when water and ethanol are mixed. This hydration
effect is important and must be taken into account to describe the data.'”

We used the calculated molar volumes (105.62 and 59.13 c¢m'/mol for NBVE and
HOVE, respectively) and fitted the data for all contrast conditions, simultaneously. For
N8515, using the spherical core-shell model, we found good agreement between experi-

mental and theoretical data as can be seen in Figure 3.5. However, we had to introduce the

value of ¢, = 0.72 to describe the data, suggesting the existence of water in the micellar core;

otherwise, we could not fit the data on an absolute scale. It can be concluded that NBVE
which has an ether bonding may permit the penetration of water into the core to some extent.

The oblained values of the micellar structure parameters are listed in Table 3.2.

Table 3.2. Parameters of Sphere-Rod Coexistence Model

sphere rod
RC [A] RS [A] q)rnd
Nngs ¢5 Nagg/L [A_!]ﬂ ¢S
N85I15 36 98 0 53 0.12
N8530 68 145 0.05 174 0.13 1.92 0.30
N8545 88 170 0.15 263 0.12 2.24 0.27
N8560 110 200 0.30 381 0.11 2.60 0.23

“ The aggregation number of rodlike micelles per unit length.
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Since the ¢ dependence of the scattering intensities was clearly observed for
NE560, the core-shell cylindrical model was first applied. It is impossible to determine the
length or total volume of the rod, because it is possible only when the deviation from the ¢
slope and so-called Guinier region are observed. Then eq 3.14 is sufficient and was used for
fitting the data. However, the agreement between experimental and theoretical profiles was
not satisfactory as shown in Figure 3.6. The theoretical curves of the cylinder properly

showed the ¢™' dependence and was consistent with the experimental data at a smaller angle.
However, in the region g =~ 0.02 A™' where the scattering intensity deviates from the straight

line with a slope of -1, the two curves did not fit each other.
Then, we introduced a new assumption that not only the rodlike micelles but also
the spherical micelles coexist in the solution of N8560. This sphere-rod coexistence model

can be satisfied by this forin factor with eqs 3.2 and 3.14:
P(q)mix = ¢NrodP(q)cy1indcr + (l - q)Nrod)P(q)sphcrc (3 [7)

where ¢y, 1s the number fraction of the rodlike micelles in the total number of micelles in

the solution. It is more convenient to use the volume fraction of the rodlike micelles ¢

rod

which relates to @,

q)Nrod = cbrod/{q)rod + (1 - q’rod)(Nngg. rod/Nagg.. spherc)] (3 l 8)

Here N, ., and N are the aggregation numbers of the rodlike micelles and the

agg. sphere

spherical micelles, respectively. If all the polymers in the solution can be assumed to partici-

pate in the micelles, i.e., the critical micellar concentration is considerably low, ¢, , is identi-

cal to the number fraction of polymers contributing to the formation of the rodlike micelles.
In this model, radial dimensions are identical for the spherical and the rodlike micelles, that

is, RC‘ rod = R and R& rod — R

C, sphere S, sphere”
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The fitting results for N8560 with the coexistence model are shown in Figure 3.7.
A marked improvement of fitting quality was obtained compared with the core—shell cylin-

drical model. The obtained model parameters are listed in Table 3.2.

Using the same model, the scattering curves of N8530 and N8545 micelles were

fitted as shown in Figures 3.8 and 3.9. In all cases, the value of ¢, =0.72 was fixed, and

good agreement was achieved on an absolute scale. The obtained model parameters are listed
in Table 3.2. As a result, we found an increase of micellar size (R¢, R, or N ) with in-
creasing hydrophobic chain length of block copolymer. In addition, rodlike aggregates
started to form, and their volume fraction increased by the elongation of the hydrophobic
chain. The rodlike micelles could have a broad distribution of Iengths, but the averaged
length should be quite large (at least 5000 A) from the fact that the Guinier region could not
be observed in the experimental g range. We were not able to determine the length distribu-
tion of rod since the consideration of the length distribution of the rod made no change on
SANS profiles in the experimental g range. It should be also noticed that at least 70% of
molecules contribute to the formation of spherical micelle. It means that a large number of
spherical micelles coexist with a small number of rodlike micelles which have extremely
large dimensions and a broad distribution of lengths. Other models such as pure cylinder or
ellipsoid with the length distribution reproduce neither the micellization tendency nor the
experimental SANS profiles. Other approaches such as electron microscopy will provide
this information and prove the coexistence model.

Although there have been many examples of sphere to rod transition for the triblock
copolymer system such as poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene ox-
ide) (PEO-PPO-PEO) in water at elevated temperatures,'** the rodlike micelle formation of
diblock copolymers at a low concentration and low temperature in water which we presented
here should be noted. Zhang and Eisenberg have used electron microscopy and found the

“crew-cut” micelles of multiple morphologies of polystyrene-block-poly(acrylic acid) includ-
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ing rodlike structure.*’ Zhao ¢t al. have also reported the rodlike micelle of polystyrene-
block-poly(p-hydroxystyrene) formed in toluene by a combination of both static and dy-
namic light scattering studies.”* These are rare examples of the rodlike micelles of diblock
copolymer, and the methods that they used for the investigation could be applicabie to our
“systern and might be complementary to the SANS data.

The transition behavior can be qualitatively understood from the concept of “critical
packing parameter” introduced by Israclachvili®® for low molecular weight surfactants. If the
hydrophobic chain length keeps on increasing in the spherical micelle, the area occupied by
the polymer at the core-shell interface increases. However, there is an upper limit to the area
that can be covered by a hydrophilic chain with a certain length. Therefore, transition to a
rod shape will occur when the interfacial area per molecule of the spherical micelle exceeds

this limit by the increase of the hydrophobic chain length.
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Figure 3.7. Scattering cross sections of N8560 with the fitted curve
using coexisting model.
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The concentration dependence of the SANS profile was investigated for N8545. To
obtain the highest intensity (contrast), D,O was used as a solvent, and the polymer volume
fraction was varied from 0.05 to 0.5%. The data were normalized by the polymer volume
fraction. We expected that the decrease in the concentration would shorten the length of the
radlike micelle, thereby making the total micellar size detectable, or reduce the volume frac-
tion of the rod, but the SANS data were independent of the concentration as can be seen in
Figure 3.10. The normalized data were reproduced by the calculated curve with the same
paramelers as used in Figure 3.9. This suggests that the rodlike micelle with an extremely
long dimension already exists at a considerably low concentration and that the volume

fraction of rod does not change at least up to 1%.
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Figure 3.10. Scattering cross sections of N8545 in D,O normalized by
polymer concentration: 0.05% (1), 0.1% (Q), 0.2% (A), and 0.5% (). The

solid line 1s the theoretical curve with the same parameters as used in Figure 3.9.
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No cloud point for the 1% solution of these copolymers was observed when we
increased the temperature up to 90 “C. In the case of the PEQ-PPO—PEO triblock copolymer,
a strong temperature dependence of the phase behavior such as sphere to rod transition or
phase separation has been observed.'****® Since the copolymers we used have OH groups
at the side chains of the hydrophilic chain, which can effectively interact with the solvent,
the hydrogen bond may not be broken even by frequent thermal motion of the polymer, and
phase separation may not occur even at a high temperature. However, further studies are
required on the dependence of rodlike aggregates on temperature or concentration. Moreover,

a theoretical approach®®~" is necessary to interpret the phenomena experimentally observed.

3.5. Conclusions

Amphiphilic diblock copolymers poly(HOVE-b-NBVE) with a partially deuterated
hydrophobic segment were synthesized by living cationic polymerization and subsequent
hydrolysis. These copolymers formed micelles in an aqueous solution. The internal structure
of the micelles was investigated by the contrast variation method of SANS measurements.
The molar volume of HOVE obtained by calculation of zero average contrast was quite small,
which results from the hydration effect in the micellar shell. The SANS curves were de-
scribed by the core—shell model. The micellar shape was strongly dependent on the hydro-
phobic chain length of the polymer. The polymer with the shortest hydrophobic chain was
suggested to form spherical micelles. With increasing hydrophobic chain length, rodlike

micelles started to form, and their volume fraction was increased.
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Chapter 4

Characterization of Micellization Behavior of Amphiphilic

Polymer Having Octadecyl Group by Small-Angle X-ray and

Neutron Scattering

Abstract

Amphiphilic polymers having an octadecyl group as a hydrophobic segment with
different degrees of polymerization were synthesized by living cationic polymerization. Ma-
trix-assisted laser-desorption-ionization time-of-flight mass spectrometry (MALDI TOF MS)
was performed to determine the molecular weight. Differential scanning calorimetry (DSC)
measurements for polymer solid samples showed the melting point depending on the degree
of polymenzation. The size and shape of micelles formed by the polymers in water were
investigated by small-angle X-ray scattering (SAXS) and neutron scattering (SANS) meas-
urements. The aggregation number reduced with increasing degree of polymerization, while
the overall micelle size was almost independent. The SAXS and SANS data revealed the
sphere to disk transition on changing temperature for the polymer with the shortest hydro-
philic chain. Below the melting point of hydrophobic chain, the polymer formed disklike
aggregates with a crystallized core of octadecyl groups surrounded by swollen shell. With

increasing temperature, octadecyl groups melted and the spherical micelle were formed.



4.1. Introduction

Amphiphiles, which show specific behavior such as micelle formation and adsorp-
tion in selective solvents, have attracted the attention of many research groups for a few dec-
ades.'” Amphiphiles can be roughly divided into two groups, i.e., low molecular weight
surfactants and polymer amphiphiles. For low molecular weight surfactants,” characteriza-
tion of their self-assembly system is relatively simple because of no molecular weight distri-
bution. However, since it is difficult to change the size of ionic head group of molecules,
investigations of the effects of head groups can be fulfilled only by changing the apparent
size by vanation of ionic strength in the system. On the other hand, the hydrophilic-
lipophilic-balance (HLB) of amphiphilic block copolymers*~” can be changed by control of
the degrees of polymerization of both hydrophilic and hydrophobic segments, while molecu-
lar weight distribution yields ambiguity of phenomena, and enhances the difficulty of charac-
terization such as the determination of critical micellar concentration or micellar size.

Here, we introduce a new type of polymer amphiphile, which is synthesized by
homopolymerizaton with an initiator having an octadecyl group. A constant length of hy-
drophobic chain is attainable by the initiator method, and the control of degree of polymeri-
zation corresponds to the control of head group size of the surfactant. Thus, this polymer
has merits of both low molecular weight surfactants and polymer amphiphiles.

We have reported the micellization behavior of amphiphilic block copolymers hav-
ing poly(2-hydroxyethyl vinyl ether (HOVE)) as a hydrophilic segment, and formation of
the anisotropic micelle.*'° The polymer which we present here has the same hydrophilic
chain, and the degree of polymerization of HOVE can be precisely controlled by living cati-
onic polymerization.''*?

Micelles of the surfactant with an octadecyl group have been litde studied'** be-

cause of the crystallinity with high melting point and poor solubility in water. However,
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sufficient hydrophilicity for dissolution can be supplied by an increase of the degree of po-
lymerization. Moreover, such polymer surfactants must have an interesting micellization
behavior near the melting point.

Herein, we studied the size and shape of the rmicelles formed by the amphiphilic
polymer with an octadecyl group in water by the small-angle X-ray scattering (SAXS)!"8
and neutron scattering (SANS)" techniques. The micellar shape was found to change from

sphere to disk. This phenomenon is discussed along with differendal scanning calorimetry

(DSC) data.

4.2. Experimental Section

4.2.1. Synthesis.

The amphiphilic polymers were prepared as shown in Scheme 4.1. The initiator
having an octadecyl group was synthesized by bubbling the hydrogen chloride gas into a
hexane solution of octadecyl vinyl ether (ODVE, Tokyo Kasei, Tokyo). 2-Acetoxyethyl
vinyl ether (AcOVE) was synthesized from sodium acetate (98.5%, Nacalai Tesque, Kyoto)
and 2-chloroethyl vinyl ether (99%, Aldrich, Milwaukee) at 90 °C. Commercial zinc chlo-
ride as diethylether solution {Aldrich) was used without further purification.

Living cationic polymerization was performed in a dried flask with a three-stop
cock under nitrogen. The hydrogen chloride adduct of ODVE and zinc chlonide were injected
as an initiator system in dichloromethane solution of ACOVE at —20 °C. The initial mono-
mer/initiator molar ratic was changed to obtain four different molecular weight polymers

(ODI10, 20, 30, and 40, see Table 4.1). The polymerization was terminated by the addition
of ammoniacal methanol.

After polymerization, AcOVE was led to water soluble 2-hydroxyethyl vinyl ether
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{HOVE) by hydrolysis of the protective group with sodium hydroxide in dioxane. The ob-
tained amphtphilic polymer ODVE~poly(HOVE) was purified by dialysis with deionized
water. Their aqucous solutions were prepared by their direct dissolution into water and

heated at 50 °C for 1 h. Then, they were passed through a filter with a pore size of 0.22 um,

CH2=?H
0
(CH2)2
m o]
¢=0
CH3--(I3H—CI CH,
0 (ACOVE) CH;0H/NH,

—

|

CH "
(GHa)r7 ZnCl,, -20°C

CH,

in CH2C Iz

CHa—(CHz)ﬂ-o—CH«(—CHz—CH~2I-100H3
’ o

CH 1
3 (CHa); NaOH
q in Dioxane
¢=0
CH,

CHg-(CHz)ﬂ-0—?H—6CH2—?H—2;OCH3
CH, o

(?Hz)z

OH

Scheme 4.1. Synthesis of ODVE-poly(HOVE)
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4.2.2. Molecular Characterization.

Gel permeation chromatography (GPC) was carried out in chloroform on a Jasco
880-PU chromatograph equipped with four polystyrene gel columns (Shodex K-802, K-
803, K-804, and K-803) and a Jasco 830-RI refractive index detector. '"H NMR spectra
were obtained on a JEOL GSX 270 spectrometer. Matrix-assisted laser-desorption-
ionization time-of-flight mass spectroretry (MALDI TOF MS) was performed on a Shi-
madzu KOMPACT MALDI IV mass spectrometer using 3, 5-dimethoxy-4-hydroxycinnamic

actd (98%, Aldrich) as a matrix compound.

4.2.3. Differential Scanning Calorimetry (DSC).
The DSC measurements were performed on a Thermal analyzer systern WS002
(MAC Science, Tokyo) equipped with a TAPS1000S control unit and a DSC3100S module.

Polymer solid samples (ca. 8 mg) were measured in an aluminum container under a dry ni-

trogen flow at a heating or cooling rate of 10 *C/min. a.-Alumina was used as a standard.

4.2.4. Small-Angle X-ray Scattering (SAXS).

The SAXS measurements were performed using a Kratky type camera (Rigaku
Corporation, Tokyo) equipped with a rotating anode X-ray generator and a position sensi-
tive proportional counter (PSPC). The SAXS instrument has been described in detail else-
where.*® Sample solutions were measured in glass capillaries (Mark, Berlin) with a diameter

of 2 mm.

4.2.5. Small-Angle Neutron Scattering (SANS).
The SANS measurements were performed by SANS-U of Institute for Solid State

Physics, The University of Tokyo, at the research reactor JRR-3, Tokai, Japan. We used

the wavelength (L) of neutron source of 7 A (AMA = 10%). Solutions were measured in
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quartz cells (Nippon Silica Glass Co., Tokyo) with a pass length of 4 mm. Scattering data
measured by 2D-detector were corrected for electronic background and circular averaged to
be 1D-form scattering data; then, the scattering of empty cell was subtracted. The data were
transformed 10 absolute cross sections using the Lupolen® standard. From all scattering data
of samples, we subtracted the scattering of solvent and the calculated incoherent scattering of
the protonated portion of the polymer.

The SANS experiments for ODI10 solution were carried out at sample to detector
distances of 1, 4 and 12 m, covering a range of the scattering vector (g) of 0.003 < g < 0.28
A™'. For OD20 and OD30, the distance of 2 m was chosen to cover the range of 0.02 < g <
0.15 A™', We used D,0O as a solvent, and a volume fraction of polymer of 1 vol % for all

measurements.

4.3. Data Analysis of SAXS and SANS Measurements

The similar basic principle can be applied for both SAXS and SANS. The main
difference is that the neutron is scattered by the density fluctuation of scattering length inher-
ent for each atom, while the scattering of X-ray occurs by the electron density fluctuation.

When the contribution of interparticle interaction is negligible, the neutron scatter-

ing cross section can be given by the equation:
dX(g)/dQ =n P(qg) 4.1)
where n is the number density of particles and P(q) is the particle form factor including

particle volume and density fluctuation terms. The scaltering vector g is given by g = 4n

sinB/A, where 20 is the scattering angle and A is the neutron wavelength.
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Here we deal with the micelles in a core-shell structure. The particle form factor of

a core-shell model can be written as follows:
P(g) = (1/2)]0“{(pc =PIVl (g) + (P - po)Vst((J)}l sinf dﬁ (4.2}
where p, p and p, are the scattering length densities (for SANS) or electron densities (for

SAXS) of the core, the shell and the solvent. V. and V; are the volumes of the core and
overall micelle, respectively. The scattering amplitude Fi(g) (i = ¢, s) depends on the size
and shape of the scattering particles.!” For a core—shell sphere with a core radius of R and
overall micelle size R (see Figure 4.10), F,(g) is given by
F(q) =3 (sin(gR)—gR, cos(gR)) ! (qR)’ (4.3)
For a core—shell cylinder with a core radius of R, and overall micelle size R and length L:
F{g) = {(sin(q(L/2)cosP) / (q(L/2)cosB)}{2/,(gRsinB) / (gR;sinP)}  (4.4)
For a disklike structure with a core thickness of L., overall micelle size L  and radius R (see

Figure 4.10):

F(q) = {(sin(g(L/2)cosB)} / (g(L/2)cosP)}{2] (qRsinf) / (gRsinB}}  (4.5)

B is the angle between the axis of symmetry of particle and the scattering vector ¢, and J,

denotes the Bessel function of the first kind and of the order 1.
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4.4. Results

4.4.1. Characterization of Amphiphilic Polymers.

The number-averaged degree of polymerization of HOVE (m) was obtained by
MALDI TOF MS. The polydispersity mdex M /M~ was determined for ODVE-
poly{AcOVE)} (before the hydrolysis) by GPC with polystyrene standard calibration, where
M, and M arc the weight- and number-averaged molecular weights, respectively, since
ODVE-poly(HOVE) was not soluble in chloroform. These values are listed in Table 4. 1.
Figure 4.1 shows MALDI TOF spectra of QD40 and its precursor polymer as typical exam-
ples. Observed peaks were quite sharp as can be seen in Figure 4.1, and the peak interval
corresponded to the molecular weight of monomers (88 for ODVE-poly(HOVE) and 130
for ODVE-poly(AcOVE)). MALDI TOF MS is a quite effective technique to obtain the

e A A EL LA SRS
1000 2000 3000 4000 5000
Mass/Charge

=T
6000 7000 8000

Figure 4.1. MALDI TOF spectra of OD40 and its precursor polymer.
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absolute molecular weight, but in the case of a diblock copolymer, it is not possible to obtain
sharp peaks because of the chain length distributions of both segments. For the amphiphilic
polymers we used, however, peaks were clearly found and the molecular weight determina-
tion was possible, since these polymers had a hydrophobic chain with a fixed length intro-
duced by the initiator method of living cationic polymerization. The obtained number-
averaged degree of polymerization of both HOVE and AcOVE were in agreement within 5%
for all cases. This suggests that the hydrolysis was completed without any sub-reaction such
as polymer degradation process. We also confirmed by '"H NMR that the octadecyl group

was stable under the basic condition of hydrolysis.

44.1. DSC.

The DSC curves of OD10, 20, 30, and 40 are shown in Figures 4.2(a)~(d). In all
cases, two endothermic peaks were observed in the heating curves. One peak which ap-
peared at ca. 10 °C is probably due to the glass transition of poly(HOVE), and will not be
discussed here. The other peak is more characteristic: It was observed at ca. 42 °C, and it
became smaller with increasing hydrophilic chain length. This peak had a counterpart in the
cooling curve, but the corresponding exothermic peak shifted to a lower temperature as the
hydrophilic chain of the polymer became longer, and disappeared as for OD30 and 40. This
peak was attributed to the melting point of octadecyl group. The increase of the hydrophilic
chain length was considered to lower the degree of crystallinity, and the long hydrophilic
chain prevents the octadecy! group from crystallizing during the cooling process. This ther-
mal behavior of the polymers in a solid state is related with the properties of their micelles in

an aqueous solution, which will be discussed later.

53



DSC fmeats)

)

0S8 C [mcals]

7—]—Tvﬁ‘]r|1|;|r~r-|r||‘-|1-|-?
- (o)

2 [T TR U N 20 R WU YA A WA I S S N VAN W K YOG O ) 0 T T

|t S B S S S St Rty (N e S B O S S B M B SR S B St I S

.

(a)

- 4
U TN T S VOR[N0 T RO DU Y NN SN G WO (N WU T O G Y T OO0 WY W |
o 20 40 60 B0 100

temperaluio [Cj

0 20 40 60 80 100
tempaeralure ['C]

0SC [mcals)

D SC [mcals]

2‘T~r—r-1—r7-rufr[|:Tr|‘|ﬁ\],.ﬁ,|
W) |

NN Y W U YU W WO VA SN W SN WA SO0 N Y D SN T N O O i 2

20 40 (%] B0 100
termperatura [C)

22Ul

LI B S S R S B Bt B NN 20 B B SN S N S S B N S B N B |

{d)

TR TS SR O N VK SO U WO NN YK W VAN S50 TG N WO N O T O

o

20 a0 60 L 100
temperature [C)

Figure 4.2. DSCcurves of QD10 (a), OD20 (b), OD30 (¢}, and

0OD40 (d).

.54



4.4.3. SAXS and SANS.

The amphiphilic polymers OD20, 30 and 40 were dissolved into H,O to prepare 1
wt % solutions for SAXS measurements. Direct dissolution with a smaller HOVE content
made slightly turbid suspensions. However, they changed to transparent solutions by heat-
ing at 50 °C. These solutions were stable and kept their transparency at room temperature
even after 1 month. For SANS measurements, a | vol % D,O solution was prepared.

The SAXS profiles of the aqueous solutions of OD20-40 at room temperature are
shown in Figures 4.3(a}~(c). In all cases, astrong scattering was observed at small angles,

indicating the formation of large aggregates. In addition, a secondary maximum can be seen

at ¢ = 0.1 [A™"), implying a relatively narrow size distribution of micelles.

@

0.01 0.1 0.2

Figure 4.3. SAXS profiles of amphiphilic polymers in H,O at 25 °C.
0D20 (a), OD30 (b), and OD40 (c). Solid lines are theoretical curves of

spherical core-shell model.
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Figure 4.3. Continued.
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The SANS profiles of D,O solutions of OD20 and OD30 at room temperature are

shown in Figures 4.4(a), (b). The secondary maximum near g = 0.1 was not observed in

SANS curves. The difference of the scattering profiles between SAXS and SANS is evi-
dence that micelles consist of the core—shell structure. In SANS experiments. the contrast
between the core and the shell is considerably low compared with that between the shell and
solvent. Then the scattering profile is similar to that of the homogeneous sphere. On the
contrary, the electron density of the shell is higher than that of the core or the solvent, which
yields the secondary maximum in SAXS profile.

These scattering profiles were fitted by the form factor of spherical core-shell
model with R and Ry as fitting parameters. By fitting the SANS profiles in an absolute scale
we obtained the aggregation number of micelles, under the assumption of a close-packed
core consisting of the hydrophobic initiator part of the polymer chain. The SAXS profiles in
which the intensity is given on a relative scale were fitted by introduction of a shift factor.
The value of the shift factor was kept constant while all the SAXS profiles were fitted. The
fitting curves are shown in Figures 4.3 and 4.4 with the experimental data, and the results in
Table 4.1. The scattering at smaller angles and the position of secondary maximum were
excellently reproduced by the fitting curve in all cases. The slight discrepancy for sharpness
of the secondary maximum may be due to the polydispersity of micellar size. The deviation
at larger angles is due to the low accuracy of the measured curves in this range, and due to
the fact that the scattering at larger angles is dominated by individual fluctuaton of polymer

chains in the shell (blobs), which was not considered in the core-shell model.
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Figure 4.4. SANS profiles of D,O solutions of OD20 (a) and OD30
(b). Solid lines are theoretical curves of spherical core-shell model.
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The agueous solution of OD20 was also investigated at 45 *C by SAXS. The
SAXS profiles at both room temperature and 45 “C show good agreement as can be seen in

Figure 4.5, suggesting no temperature dependence of micellar shape and size in the tempera-

ture range studied here.
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Figure 4.5. SAXS profiles of OD20 in H,O at 25°C (O) and
45 °C Q).



Different from OD20-40, the 1 wt % agueous solution of OD10 was slightly turbid
at room temperature, and reversibly changed to transparent at a high temperature. Its SAXS
profile at room temperature also exhibited a different tendency as shown in Figure 4.6. Al-
though the position of the secondary maximum did not differ so much from that of the other
polymer solutions, the intensity at smaller angles decreased more abruptly with the increase
of ¢, indicating the cxistence of larger aggregates. Figure 4.6 shows the qualitatively fitted
results of the SAXS profile of OD10 by lines. The SAXS profile was first fitted by the form
factor of a spherical core—shell model. However, the secondary maximum peak was not
reproduced when a lower g region was fitted. A core-shell cylinder model shifted the peak
position to a higher ¢, but it was still inadequate. Finally, the agreement of both peak and a
lower ¢ region was achieved by introduction of a core-shell disk (or better to say sandwich-
like) model. Thus, the existence of disklike aggregates was qualitatively proved, but quanti-

tative fitting will be performed later.

50
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Figure 4.6. SAXS profile of ODI0 in H,O at 25 °C. Solid, broken,

and dotted lines are theoretical curves of sphere, rod, and disk with a

core-shell structure, respectively.
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The scattering intensity of disklike particles is proportional to ¢* at small angles."’
Thas scattering behavior could not be observed in the SAXS profile of ODI10, since it was
beyond the measurable ¢ range. On the other hand, this behavior could be observed by
SANS, which provides more information of smaller angle regions. Figure 4.7 shows the
SANS profile of 1 vol % D,O solution of ODI0 at room temperature. A linear region of the
intensity was observed at q < 0.06 [A™'], which is a quite different profile from the form
factor of sphere. However, the slope of the linear region was about 5/3. which was smaller
than that of disk (2). This profile may indicate the other shapes such as flexible rods
(threadlike), branch or network of rods, but it is more reasonable to consider that the disk-
like aggregates coexist with spherical micelles, if one takes into account the crystallization of

octadecyl groups below the melting point.
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Figure 4.7. SANS profile of OD10 in D,O at 25 °C. A linear region of the

intensity with a slope of about 5/3 was observed.
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The SANS measurement of D,O solution of OD10 was also performed at 45 °C,
which is higher than the melting point. A marked difference of the profiles between 25 and
45 "C can be scen in Figure 4.8. The profile of 45 °C resembled that of spherical micelles,
since a flat region was observed at middle angle regions. Indeed, this profile could be fitted
by the form factor of a sphere with a core-shell structure as shown by the solid line in
Figure 4.8. Deviation at a smaller angle might be due to a trace of large aggregates. The pa-
rameters are listed in Table 4.1. The solution was cooled to room temperature, and then
SANS was performed again at 25 °C. The result was the same as obtained before heating,
indicating the reversible change of the SANS profile, and hence the reversible change of

micelle structure.
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Figure 4.8. SANS profiles of OD10 in D,0Oat 25 °C (O) and 45 °C (O).
The solid line is the theoretical curve of the spherical core-shell model. The

dotted line 1s based on the assumption of coexistence of spherical micelles and
disklike aggregates with the volume fraction of disk of 0.2.
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Using both egs (4.3) and (4.3), with introduction of the volume fraction of disklike

aggregates ¢, the SANS curve of 25 °C was well fitted as shown by the dotted line in

Figure 4.8. The structure of the spherical micelles involved in the solution at 25 °C was as-
sumed to be the same as that at 45 °C, and the volume fraction of disklike aggregates was
determined to be 0.2 (20% disk and 80% sphere in volume). The values of L. and L are
also listed in Table 4.1. Although the value of the overall radius R of 300 A was used, it is
the smallest possible value and exact size of the disklike aggregates could not be determined,
since the information about the total size is provided from a smaller ¢ region than that cov-
ered in this experiment. With the same structure parameters as used for describing the SANS

data of ODI0, the SAXS curves was also well reproduced as shown in Figure 4.9.

0.1 —
0.01 q[A7] O 0.2

Figure 4.9. SAXS profiles of OD10 in H,O at 25 °C, fitted by
the same model as used for SANS.
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4.5. Discusston

4.5.1. Spherical Micelle.

The relationship between molecular architecture and structure of miceiles can be
clarified from SAXS and SANS results. If the structure of the spherical micelles is assumed
to be independent of temperature, the four different spherical micelles can be compared
(Table 4.1). The polymer with a shorter hydrophilic chain forms micelles having a larger

value of R (or N ), while R seems to be independent of the degree of polymerization ().

LY

From the values listed in Table 4.1, we obtained the relation of N, o< m™*'. The higher

hydrophilicity given by the increase of m reduced the aggregation number. On the contrary,

the size of overall micelle was little affected by the total length of polymer.

Table 4.1. Characterization of ODVE-poly(HOVE)s and Their Micelles

myfie”  m' MM shape R R Qyisx Nise

ODI10 10 79 1I5 disk(25°C) L.=20L,=62 0.2 —

sphere (45°C) 28 50 167
0D20 20 16  1.18 sphere 20 50 61
0OD30 30 28 1.21 sphere 16.5 53 34
OoD40 40 34 1.23 sphere 15.5 56 28

“ The initial monomer/initiator ratio. ® Obtained by MALDI TOF MS. ¢ By GPC before hy-

drolysis.
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4.5.2. Sphere to Disk Transition.

OD10, which is the polymer with the shortest hydrophilic chain, showed properties
different from the others. It formed disklike aggregates at room temperature, and reversibly
changed mnto spherical micelles with increasing temperature. This transitional behavior can
be interpreted by the DSC result. For OD10, the exothermic peak corresponding to the melt-
ing point observed on cooling was higher than that at room temperature (25 °C), in contrast
with the other polymers which had exothermic peaks lower than those at room temperature,
or no peaks. From these results, we concluded that the structural transition of micelles is
induced by the crystallization or melting of alkyl chains. Below the melting point, the poly-
mer forms disklike aggregates with a crystallized core of octadecyl groups surrounded by a
swollen HOVE shell, and spherical micelles are formed by the melting of the crystallized
core at temperatures higher than the melting point.

The sphere to disk transition has been reported for octadecylrimethyammonium
bromide (C,;TAB) micelles with increasing salt concentration, and disklike micelles coexist-
ing with globular micelles at a certain salt concentration have been observed by cryo-TEM
measurements.'* This surfactant has an alkyl chain of the same length as the polymer we
used. The increase of salt concentration shields the electrostatic repulsion between charged
headgroups of C,;TAB globular micelles, which induces the transition to disklike structures.
The same effect, i.e., a decrease of “effective” area of head group can be introduced by re-
duction of hydrophilic chain length in the case of our polymer surfactants. Indeed, we ob-
served the sphere to disk transition at room temperature when the degree of polymerization
of HOVE was decreased.

The internal structures of disk and spherical micelles predicted by the present sys-
tematic study are schematically shown in Figure 4.10. The polymers with a longer hydro-
philic chain favor the spherical micelle formation because of the larger repulsion between

hydrophilic chains. On the other hand, the disklike structure is favored for shorter chan



polymers. For the disklike structure of C,, TAB, the core 1s considered to consist of a bilayer
of octadecyl chains.'” ODI0, however, is supposed to have a crystallized monolayer core
where octadecyl groups penetrate from both sides of the planar core as shown in Figure
4.10, if the relatively small value of L. (20 A) determined by SANS and SAXS is taken into

account.
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Figure 4.10. Schematic representation of the structures of
spherical micelle and disklike aggregate. The crystallized alkyl chains
form the core of a disk surrounded by swollen HOVE chains.
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4.6. Conclusions

The amphiphilic polymers ODVE-poly(HOVE) were synthesized by living cationic
polymerizaton and subsequent hydrolysis. The molecular weight determination by MALDI
TOF MS was possible because of the fixed length of the hydrophobic chain. The size and
shape of micelles formed by these polymers in water were investigated by SAXS and SANS
measurements. The aggregation number was reduced with the increase in hydrophilic chain
length, while the size of overall micelle was almost independent of the total length of poly-
mer. In addition, the SAXS and SANS data showed a transition from disk to sphere with
decreasing temperature for the polymer with the shortest hydrophilic chain. This transidon
can be explained by the DSC data of the polymer in a solid state, which shows the melting
point. We conclude that the disklike aggregates with crystallized core change into the spheri-

cal micelles by the melting of octadecyl groups with increasing temperature.
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Part 11

Synthesis and Aggregation Behavior of

Carbosilane Block Copolymers



Chapter 5

Synthesis of Carbosilane Block Copolymers by Means of a

Living Anionic Polymerization of 1,1-Diethylsilacyclobutane

Abstract

Block polymerization of 1.1-diethylsilacyclobutane with styrene derivatives and
methacrylate derivatives was investigated. Sequential addition of styrene to a living
poly(1,1-diethylsilabutane), which was prepared from phenyllithium and 1,1-
diethylsilacyclobutane in THF-hexane at 48 °C, gave poly(l, 1-diethylsilabutane)-block-
polystyrene. Similarly, addition of 4-(rerr-butyldimethylsiloxy)styrene to the living
poly(1, I-diethylsilabutane) provided poly(1, 1-diethylsilabutane)-block-poly{4-(tert-
butyldimethylsiloxy)styrene). Poiy(l, 1-diethylsilabutane)-block-poly(methyl methacrylate)
was obtained by treatment of living poly(l, 1-diethylsilabutane) with 1, 1-diphenylethylene
followed by an addition of methyl methacrylate. Poly(l, 1-diethylsilabutane)-block-poly(2-
(terr-butyldimethylsiloxy)ethyl methacrylate) was also synthesized by adding 2-(rernt-
butyldimethylsiloxy)ethy] methacrylate to the living poly(1, 1-diethylsilabutane) which was

end-capped with 1,1-diphenylethylene in the presence of lithium chloride.



5.1. Introduction

Polycarbosilanes have been the subject of much interest and were widely studied in
the last three decades,’ since they have quitc unique characteristics compared to polysilox-
anes and usual hydrocarbon polymers. Applications of polycarbosilanes to advanced mate-
rials such as ceramic precursors or heat-resistant polymers have been investigated by many
workers.” A number of synthetic methods are known for preparation of polycarbosilanes.?
Despite these developments, little was known about carbosilane block copolymers because
of the lack of appropriate synthetic methods to obtain them. Recently, we have reported liv-
ing anionic¢ ring-opening polymerization of 1,1-dialkyl-substituted silacyclobutanes. Polysi-
labutanes with well-defined molecular weights and molecular weight distributions can be

synthesized by using that technique® (Scheme 5.1).

SiEb Eb
Si
PRLI 1 pH Sy
A 2 m
Living polymer
Scheme 5.1.

In this chapter, we report an efficient method to obtain carbosilane block copoly-
mers by using the living polymerization of 1, I-diethyisilacyclobutane (1). Applications to
the synthesis of amphiphilic block copolymers containing polycarbosilane as a hydrophobic

segment arc also described.

5.2. Experimental Section
§.2.1. Materials.

I, 1-Diethylsilacyclobutane was prepared by treatment of 1,1-dichlorosilacyclo-

butane and ethylmagnesium bromide in THF at 0 °C and punfied by distillation under re-
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duced pressure over lithium aluminum hydride. 1,1-Dichlorosilacyclobutane was purchased
from Tisso and used as delivered. Styrene and methyl methacrylate were washed three times
with 1M NaOH, three times with water, dried over Na,SQ,. and then distilled twice over
calcium hydride under reducéd pressure. 4-(rert-Butyldimethylsiloxy)styrene® and 2-(rer-
butyldimethylsiloxy)ethyl methacrylate® were prepared according to the reported procedure,
and purified by distllation under reduced pressure over calcium hydride. Phenyllithium di-
ethyl ether solution was purchased from Kanto Chemical Co. and used as delivered. Lithium
naphthalene was prepared by treatment of lithium metal with naphthalene in THF at room
temperature for 3 h. Diphenylethylene was purified by distillation from butyllithium in vac-
uum. Hexane and tetrahydrofuran (THF) were freshly distilled over sodium benzophenone

ketyl under an argon atmosphere before use.

5.2.2. Measurements.

Gel permeation chromatography was carried out in chloroform on a Jasco 880-PU
chromatograph equipped with four polystyrene gel columns (Shodex K-802, K-803, K-
804, and K-805) and a Jasco 830-RI refractive index detector. 'H NMR spectra were ob-
tained on Varian GEMINI 300 or JEOL GSX 270 spectrometers .

5.2.3. Block Polymerization of 1,1-Diethylsilacyclobutane (1) with Styrene
Derivatives.

Block polymerization with 4-(rerr-butyldimethylsiloxy)styrene is representative. In
a 50-mL round-bottomed flask equipped with a Teflon-covered magnetic stirring bar and a
rubber septum were placed THF (5 mL) and hexane (5 mL) under an argon atmosphere. The
solvents were titrated with a THF solution of lithium naphthalene to eliminate all reactive
impurities. The mixture was cooled to —48 °C and a phenyllithium diethy] ether solution (1.0

M, 0.25 mL, 0.25 mmol) was added, and then 1,1-diethylsilacyclobutane (0.64 g, 0.76 mL,



5.0 mmol) was added. The reaction mixture was stirred at —48°C for 1 h to provide living
poly(l, 1-dicthylsilabutane) (2). 4-(ter-Butyldimethylsiloxy)styrene (1.16 g, 1.05 mL, 5.0
mmol) was added and stirred for another 1 h. Then methanol (0.5 mL) was added to termi-
nate the polymerization. The resulting mixture was poured into brine and extracted with
toluene (50 ml.). The organic layer was separated, washed with water (50 mL), and dried
over anhydrous sodium sulfate. The volatile fractions were removed by evaporation. The
resulting product was dissolved in a small amount of toluene and precipitated into excess

methanol, filtered out, and dried to give poly(l,1-diethylsilabutane)-block-poly(4-(tert-
butyldimethylsiloxy)styrene) (4, 1.35 g). 'H NMR (CDCl,): 8 0.06-0.22 (s, 139H), 0.45-
0.61 (m, 194H), 0.77-1.02 (m, 366H), 1.24-1.38 (m, 50 H), 6.18-6.80 (m, 91H), 7.30~

7.38 (m, 3H), 7.45-7.52 (m, 2H). M_ = 8600 (determined by 'H NMR), and M /M_ =

1.15 (determined by GPC using polystyrene as a standard and CHCI, as an eluent).

5.2.4. Poly(1,1-diethylsilabutane)-block-polystyrene (3).

'"H NMR (CDCl,): 8 0.38-0.65 (m, 182H), 0.76-1.02 (m, 138H), 1.22-1.41 (m,

48H), 6.30-7.24 (m, 119H), 7.31-7.38 (m, 3H), 7.45-7.52 (m, 2H). M, = 5400

(determined by 'H NMR), and M /M _ = 1.09 (determined by GPC).

5.2.5. Deprotection of Poly(1,1-diethylsilabutane)-block-poly(4-(tert-
butyldimethylsiloxy)styrene) (4).

Deprotection of terr-butyldimethylsilyl groups was carried out according to the
reported procedure.® To a solution of polymer 4 (1.35 g) in 1,4-dioxane (40 mL) was added
hydrochloric acid (35 wt %, 8 mL). The mixture was heated at 30°C for 3 h. The resulting
product was precipitated into water, filtered out, and doed in vacuo to give poly(l,1-

diethylsilabutane)-block-poly(4-hydroxystyrene) (5, 0.86 g) in 91% yield. 'H NMR
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(CD,0D): 6 0.20-0.66 (m. 194H), 0.67-0.97 (m, 160H), 1.05-1.58 (m. 50H), 6.09-6.8}

(m, 90H), 7.10-7.21 (m, 3H), 7.29-7.38 (m, 2H).

5.2.6. End-Capping Experiment of Living Poly(1,1-diethylsilabutane) with
Diphenylethylene.

To a hiving polymer solution prepared from 1 (0.76 mL, 5.0 mmol) and phenyl-
lithium (1.00 M, 0.25 mL, 0.25 mmol) in THF (5 mL) and hexane (5 mL) at —48°C for 1 h
was added 1,1-diphenylethylene (0.088 mL, 0.50 mmol). The color of the solution turned
dark red. After the mixture was stirred for 30 min, methanol (0.5 mL) was added. The re-
sulting mixture was poured into brine and extracted with toluene (30 mL). The organic layer
was separated, washed with water (30 mL), and dried over anhydrous sodium sulfate. The
volatile fractions were removed under reduced pressure. The product was reprecipitated

(toluene/methanol) and dried in vacuo to provide a mixture of polymers 6 and 7 (0.45 g).

'"H NMR (CDCL,): & 0.42-0.61 (m, 182H), 0.74-0.98 (m, 150H), 1.24-1.40 (m, 50H),

2.03(q, /=7.0 Hz, 2H), 3.85(t, /=7.0 Hz, 1H), 7.06-7.29 (m, 10H), 7.30-7.37 (m,
3H), 7.42-7.52 (m, 2H). M, = 3200 (determined by 'H NMR), and M /M = 1.08

(determined by GPC).

5.2.7. Block Polymerization of 1,1-Diethylsilacyclobutane (1) with Methyl
Methacrylate.

To a living polymer solution prepared from 1 (0.64 g, .76 mL, 5.0 mmol) and
phenyllithium (1.00 M, 0.25 mL, 0.25 mmol) in THF (5 mL) and hexane (5 mL) aﬁ —48°C
for 1 h was added 1, 1-diphenylethylene (0.088 mL, 0.50 mmol). The color of the solution
turned dark red. After the solution was stirred for 30 min, methyl methacrylate (0.50 g, 0.54

mL, 5.0 mmol) was introduced, and the whole reaction was stirred for another 1 h. Then,
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methanol (0.5 mL) was added to terminate the polymerization, and the resulting mixture was
poured into brine and extracted with toluene (50 mL). The organic layer was separated,
washcd with water (50 mL), and dried over anhydrous sodium sulfate. The volatile fractions
were removed by evaporation. The resulting product was dissolved in a small amount of

toluenc and precipitated into excess methanol, filtered out, and dried to give poly(l,1-

diethylsilabutane)-block-poly(methyl methacrylate) (9, 0.93 g). '"H NMR (CDCl,): & 0.39-

0.62 (m, 175H), 0.73-1.09 (m, 197H), 1.18-1.40 (m, 49H), 1.75-2.10 (s, 37H), 3.51-
3.69 (s, 62H), 7.05-7.25 (m, 10H), 7.30~7.39 (m, 3H), 7.42-7.53 (m, 2H). M _=5300

(determined by 'H NMR), and M /M, = 1.19 (determined by GPC).

5.2.8. Block Polymerization of 1,1-Diethylsilacyclobutane (1) with 2-(fert-
Butyldimethylsiloxy)ethyl Methacrylate.

Lithium chloride (0.35M THF solution, 1.0 mL, 0.35 mmol), THF (5 mL), and
hexane (4 mL) were introduced to a reaction flask under an argon atmosphere. Then the sol-
vents were titrated with a THF solution of lithium naphthalene to eliminate reactive impuri-
ties. The mixture was cooled to —48°C and a phenyllithium diethyl ether solution (1.0 M,
0.25 mL, 0.25 mmol) and 1, I-diethylsilacyclobutane (0.64 g, 0.76 mL., 5.0 mmol) were
added. The reaction mixture was stirred at ~48°C for 1 h. To the solution thus prepared,
1, 1-diphenylethylene (0.088 mL, 0.50 mmol) was added. The color of the solution turned
dark red. After the solution was stired for 30 min, 2-(ferr-butyldimethylsiloxy)ethyl
methacrylate (1.22 g, 1.30 mL, 5.0 mmol) was introduced, and the whole reaction was
stirred for another 1 h. Then, methanol (0.5 mL) was added, and the resulting mixture was
poured into brine and extracted with toluene (50 mL). The organic layer was separated,
washed with water (50 mL}, and dried over anhydrous sodium sulfate. The volatile fractions
were removed by evaporation. The resulting product was dissolved in a small amount of

toluene and precipitated into excess methanol, filtered out, and dried to give poly(l,1-
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diethylsilabutane)-block-poly(2-(rerr-butyldimethylsiloxyethyl methacrylate) (10, 1.33 g).
'H NMR (CDCl,): § -0.10 10 0.17 (s, 146H), 0.27-0.70 (m, 201H), 0.71-1.18 (m. 449H),

1.20-1.49 (m, 53H), 1.70-2.10 (s. 33H), 3.63-3.86 (m. 47H), 3.64-4.17 (m, 47H),
7.05-7.25 (m, 10H), 7.30-7.38 (m, 3H), 7.42-7.52 (m, 2H). M_= 9400 (determined

by '"H NMR), and M /M_ = 1.20 (determined by GPC).

5.2.9. Deprotection of Poly(l,1-diethylsilabutane}-block-poly(2-(tert-
butyldimethylsiloxy)ethyl methacrylate) (10).

To a solution of polymer 10 (0.30 g) in 1,4-dioxane (12 mL) was added diluted hydrochlo-
ricacid (3 M, 1.0 mL). The mixture was stirred at room temperature for 24 h. Dialysis of
the product in water using Spectra MWCO 2000 gave a white precipitate, which was filtered

out, and dried in vacuo to afford poly(l,1-diethylsilabutane)-block-poly(2-hydroxyethyl
methacrylate) (11, 0.14 g) in 68% yield. 'H NMR (CD,0D): § 0.20-0.69 (m, 175H),

0.70-1.14 (m, 189H), 1.15-1.63 (m, 60H), 1.69-2.36 (s, 17H), 3.45-4.25 (m, 52 H),
6.88-7.13 (m, 10H), 7.14-7.24 (m, 3H), 7.30-7.41 (m, 2H).

5.3. Results and Discussion

5.3.1. Block Polymerization of 1,1-Diethylsilacyclobutane with Styrene
Derivatives.

In a previous paper, we have reported that organolithium-initiated polymerization
of 1, 1-diethylsilacylobutane (1) proceeded in accordance with a living mechanism in THF-
hexane (1 : 1) at —48°C.*" Here, initially, we examined block polymerization of 1 with sty-

rene. To a solution of living poly(1, 1-diethylsilabutane) which was prepared from 1 (5.0
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mmol) and phenyliithium (0.25 mmol) in THF-hexane, styrene (5.0 mmol) was added.
Polymerization of styrene readily started, and the block copolymer was obtained after termi-

nation with methanol (Scheme 5.2, Table 5.1, run 1).

”\\—O Phégitz H

2) MeOH

2

3
SchemeS5.2.

The formation of the block copolymer was confirmed by GPC measurement. Fig-
ure 5.1 shows GPC charts for poly(l,1-diethylsilabutane}) homopolymer (A) and the ob-
tained polymer (B). The GPC curves shifted to a higher molecular weight region with nar-
row molecular weight distribution (M /M, = 1.09). This indicates clean formation of
poly(l, 1-diethylsilabutane)-block-polystyrene (3). The number average molecular weight
(M) and the composition of the obtained block copolymer (m : n) were determined by 'H
NMR integral ratios of signals corresponding to the initiaton end group and each polymer
segments. The molecular weight of the obtained polymer (M = 5400) was in Lclgood agree-
ment with M calculated from the initial concentration ratio of phenyllithium and the sum of
two monomers (M, = 4700), The composite m : n of the obtained polymer was also in good
agreement with the ratio of the initial concentration of each monomer.

This polymerization was applied to synthesis of a functionalized block copolymer
consisting of a polystyrene derivative.” Addition of 4-(rert-butyldimethylsiloxy)styrene (5.0
mmol) to a solution of living polymer prepared from 1 (5.0 mmol) and phenyllithium
(0.25mmol) gave poly(l, [-diethylsilabutane)-block-poly(4-(terr-butyldimethylsiloxy)sty-
rene) (4) (Scheme 5.3, Table 5.1, run 2). GPC curves (A and C) revealed formation of the
block copolymer (Figure 5.1), although a contamination of a small amount of silabutane

homopolymer was observed.

-80-



Table 5.1.  Block Polymerization of 1,1-Diethylsilacyclobutane with Various

Monomers”®
Run Second Conditions Polysilabutane Block Copolymer
Monomer
MP MJIMS M  min® MM
1 St X 3000 1.09 5400  24:22 1.09
2 S108¢t° X 3700 1.09 8700 25:23 1.15
3 MMA/ Y 3200 1.09 5300 23:21 1.19
4 SIHEMAS Z 3800" 1.07 9400 26:27 1.20

? Conditions: homopolymerization of 1, 1-diethylsilacyclobutane (5.0 mmol) with PhLi (0.25
mmol); X, second monomer (5.0 mmol) was added; Y, 1, 1-diphenylethylene (0.5 mmol)
and second monomer (5.0 mmol) were added; Z, LiCl (0.35 mmol), 1, 1-diphenylethylene

(0.5 mmol), and second monomer (5.0 mmol) were added.

® Determined by '"H NMR. ¢ Determined by GPC using polystyrene as a standard. ¢ styrene.

¢ 4-(tert-butyldimethylsiloxy)styrene. ‘methyl methacrylate.
oxy)ethyl methacrylate. " M_ of end-capped polymer.

¢ 2-(tert-butyldimethylsil-

T
25

block-poly(4-(zert-butyldimethylsiloxy)styrene) (4).

Elution Volume (ml)

Figure 5.1. GPC charts: (A) poly(1, 1-diethylsilabutane); (B) poly(l,1-
diethylsilabutane)-block-polystyrene (3); (C) poly(1, 1-diethylsilabutane)-
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Hydrolysis of the terr-butyldimethylsilyl groups of the polymer 4 was easily
achicved by adding hydrochloric acid in dioxane and gave poly(l, |-diethylsilabutane)-
block-poly(4-hydroxystyrenc) (5). Figure 5.2 shows the 'H NMR spectra of the polymer 5.
Signals ascribed to poly(l, I-diethylsilabutane), which cannot normally be observed in
CD,0D, could be detected in this case. This fact also suggested the formation of a block
copolymer. Polymer 5§ thus obtained can be considered as an amphiphilic block copolymer

because it is soluble in not only a nonpolar solvent such as chloroform but also a polar sol-

vent such as methanol.
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Figure 5.2. 270 MHz 'H NMR spectrum of poly(l,1-
diethylsilabutane)-block-poly(4-hydroxystyrene) (5) in CD,0D.



5.3.2. Block Polymerization of 1,1-Diethylsilacyclobutane with Methyl
Methacrylate.

To explore block polymerization with monomers other than styrene derivatives.
polymerization with methacrylate esters was studied. However, direct addition of methyl
methacrylate to a living poly(I, I-diethylsilabutane) did not give poly(1, I-diethylsilabutane)-
block-poly(methyl methacrylate) selectively, probably because the propagating center of the
living poly(1, 1-diethylsilabutane) is too reactive to polymerize methyl methacrylate in a con-
trolled manner.

To decrease reactivity of the living center, end-capping of the living anion with 1,1-
diphenylethylene’ was performed. On addition of 1,1-diphenylethylene (0.5 mmol) to the
living polymer, the color of the solution immediately turned red, and 30 min after the addi-
tion, the reaction was quenched with methanol and the product purified by precipitation
(Scheme 5.4). Figure 5.3 shows the '"H NMR spectrum of the obtained polymer. The poly-
mer end was successfully capped with I,1-diphenylethylene. The efficiency of the end-
capping (6/(6 + 7)) was 0.95, which was determined from the integral ratio of phenyl group
absorption atd 7.30-7.52 {initiation end) and d 7.06-7.29 (termination end).

Eb
1) )\Ph 6 "H
Eb
2MEOH L Si_~_JH
m

7
Scheme 5.4

2

It is well-known that (1, 1-diphenylalkyl)lithium can polymerize methacrylate esters
to provide poly(methacrylate esters) with controlled molecular weights and sufficiently nar-
row molecular weight distributions.”>* Therefore, polymerization of methyl methacrylate by
using living poly(1, 1-diethylsilabutane) end-capped with I, 1-diphenylethylene was reexam-

ined. As a result, poly(1,1-diethylsilabutane)-block-poly(methyl methacrylate) (9) was ob-
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tained cfficiently by an addition of methyl methacrylate to the end-capped living polymer 8
(Scheme 5.5, Table 5.1, run 3). GPC curves (A and B) in Figure 5.4 indicate the formation
of the block copolymer. The number average molecular weight (M, = 5300) and the com-
position of the obtained block copolymer (m : n= 23 : 21) determined by '"H NMR were in

good agreement with the value calculated from the initial concentration ratio of phenyliithiumn,

1, and methyl methacrylate.

. m n
8 Li 2) MeOH o PhPh’ CO;Me

P&EW% R )\Cone P&EWH

Scheme 85,
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18 208 a0 32 agn
h
1 3 185 378 can
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Figure 5.3. 300 MHz 'H NMR spectrum of the product obtained
by end-capping reaction in CD,Cl,.
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5.3.3. Block Polymerization of 1,1-Diethylsilacyclobutane with 2-(tert-
Butyldimethylsiloxy)ethyl Methacrylate,

Hirao and Nakahama reported that living polystyrene end-capped with 1, 1-
diphenylethylene  could polymerize functionalized methacrylates such as  2-
(trimethylsiloxy)ethyl methacrylate or 2-(rerr-buthyldimethylsiloxy)ethyl methacrylate
smoothly in ihe presence of lithium chloride.® Accordingly, block polymerization of I,1-
diethylsilacyclobutane with 2-(rerr-butyldimethylsifoxy)ethy]l methacrylate was examined.
Addition of 2-(tert-butyldimethylsiloxy)ethyl methacrylate (5.0 mmol) to a living poly(1,1-
diethylsilabutane) end-capped with 1, I-diphenylethylene (8) in the presence of lithium chlo-
nde (0.35 mmol) gave poly(l,1-dicthylsilabutane)-block-poly(2-(terr-butyldimethylsil-
oxy)ethyl methacrylate) (10) (Scheme 5.6, Table 5.1, run 4). The GPC charts for the block
polymerization are shown in Figure 5.4, The GPC curves (A and C) showed the formation
of the block copolymer. The small tailing peak of the chart C in lower molecular weight re-

gion is considered as that of silabutane homopolymer, and the small leading peak in higher

c
B

A

[ T 1
25 30 a5

Elution Yolume (mL)

Figure 5.4. GPC charts: (A) poly(l, 1-diethylsilabutane) end-capped
with 1,1-diphenylethylene; (B) poly(1, I-diethylsilabutane)}-block-
poly(methyl methacrylate) (9); (C): poly(1, I-diethylsilabutane)-block-
poly(2-(tert-butyldimethylsiloxy)ethyl methacrylate) (10).
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molecular weight region might be ascribed 1o oxidatively coupled block copolymer which

was produced at the termination procedure.

1) )\coch ,CH,08i E Eb
icl  Si=Si'BuM &SF Hoaghol prf S H
8 LiCl i= Si'BuMe, P A n : N
2) MeCH PhPh” CO2 digxane PhPh’ CO,
C}gg CH,
Scheme 5. 6. OSi OH

The terf-butyldimethylsilyl groups were easily hydrolyzed with 3M HCl in diox-
ane, and poly(l,1—diemylsilabulanc)-block—poly(é-hydoxyethyl methacrylate) (11) was ob-
tained. Figure 5.5 shows the 'H NMR spectrum of polymer 11 in CD,OD. Itis noteworthy
that signals ascribed to poly(l, 1-diethylsilabutane), which is insoluble in methanol, could b'e
observed. This result provides another evidence for the formation of the block copolymer.
Because polymer 11 (1 wt %) was soluble in a polar solvent such as methanol or even in a
methanol-water (1 : 5) mixture as well as in a nonpolar solvent such as chloroform, it can be

considered as a nonionic amphiphilic block copolymer.

(v
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Figure 5.5. 270 MHz 'H NMR spectrum of poly(l, 1-diethylsilabutane)-
block-poly(2-hydroxyethyl methacrylate) (1 1) in CD,0D.
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5.4. Conclusions

An anionic polymerization of 1.1-diethylsilacyclobutane was successfully applied
to block copolymer synthesis. Block copolymers consisting of polysilabutane and polysty-
renes were obtained by sequential addition of a styrene monomer to the living polysilabutane.
On the other hand, block copolymers consisting of polysilabutane and poly(methacrylate
ester)s were obtained by an addition of methacrylate ester monomers to living polysilabutane
end-capped with 1,1-diphenylethylene. It is noteworthy that polysilabutane-block-poly(4-
hydroxystyrene) and polysilabutane-block-poly(2-hydroxyethyl methacrylate) have am-
phiphilic character. These polymers are expected to be new functional materials such as
polymer surfactants. Physical properties of the latter block copolymer will be reported in the

following two chapters.
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Chapter 6

Self-Assembly of Poly(1,1-diethylsilabutane)-block-poly(2-
hydroxyethyl methacrylate) Block Copolymer.
1. Micelle Formation and Micelle-Unimer-Reversed Micelle

Transition by Solvent Composition
Abstract

Amphiphilic block copolymer poly(1, 1-diethylsilabutane)-block-poly(2-hydroxy-
ethyl methacrylate) (poly(SB-b-HEMA)) was synthesized by living anionic polymerization
of 1,1-diethylsilacyclobutane with 2-(rert-butyldimethylsiloxy)ethyl methacrylate, and sub-
sequent hydrolysis of silyl-protecting groups. These copolymers formed spherical micelles
in methanol. Small-angle X-ray scattering (SAXS) measurements revealed that the aggrega-
tion number of the micelle strongly depends on the polymer composition, while total micel-
lar size is almost independent of the degree of polymernization of HEMA. SAXS measure-
ments were also performed for the polymer with the highest degree of polymerization of SB
in methanoVtoluene mixed solvents. The polymer in the solution was found to have different
morphology depending on the mixing ratio of the solvent; i.e., micelle-unimer-reversed

micelle transition with increasing toluene content was clearly observed.



6.1. Introduction

Block copolymers self-assemble in selective solvents. They form micelles in bulk
consisting of an inner core composed of solely insoluble segments and outer shell of soluble
segments swollen by the solvent. They are also adsorbed at the surface when insoluble seg-
ments favorably interact (o the surface. Many groups have studied these specific behavior of
amphiphilic polymers during the past few decades.’™

Copolymers with narrow molecular weight distribution (MWD) must be obtained
to analyze the properties of their self-assembly systems. We have been trying to create novel
amphiphilic polymers with narrow MWD and investigate their properties.*™® Previously, we
have reported the living anionic ring-opening polymerization of 1, 1-diethylsilacyclobutane,
and block polymerization with methacrylate derivatives,” which was also descrived in Chap-
ter 5. Since 1,1-diethylsilabutane (SB) is a typical nonpolar segment and 2-hydroxyethyl
methacrylate (HEMA) has high polarity, the block copolymer having both segments is ex-
pected to behave as an amphiphile. Nakahama et al. have reported that the surface of am-
phiphilic copolymer films contain HEMA as a hydrophilic segment changes to hydrophilic
one when it is exposed to water and reverts to hydrophobic by annealing.'® The copolymers
which we present here can also show interesting environment responses.

In this chapter, the micellar structure of amphiphilic block copolymers poly(l,1-
diethylsilabutane)-block-poly(2-hydroxyethyl methacrylate) (poly(SB-b-HEMA)) in metha-
nol and methanol/toluene mixed solvents has been investigated by small-angle X-ray scatter-
ing''** (SAXS) technique. It was clearly confirmed that the micelle shape relates to the

polymer composition and the solvent composition.



6.2. Experimental Section

6.2.1. Synthesis and Characterization of the Poly(SB-b-HEMA) Block Co-
polymers.

Block  copolymers. poly(l, 1-diethylsilabutane)-block-poly(2-(re 1t-butyldimethyl-
siloxy)ethyl methacrylate) were synthesized by living anionic polymerization. The resulting
polymers were hydrolyzed by diluted hydrochloric acid for the deprotection of ter-
butyldimethylsilyl groups and lead to amphiphilic block copolymers, poly(SB-5-HEMA)

(see Figure 6.1). These procedures have been described in detail in Chapter 5.
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e Figure 6.1. Chemical structure of

OH poly(SB-b-HEMA) block copolymer.

For characterization of polymers, gel permeation chromatography (GPC) was car-
nied out on a Jasco 880-PU chromatograph equipped with four polystyrene gel columns
(Shodex K-802, K-803, K-804, and K-805) and a Jasco 830-RI refractive index detector.
'"H NMR spectra were obtained on a JEOL GSX 270 spectrometer. Molecular characteriza-
tion of the copolymers were performed before hydrolysis, since chloroform which is the
eluent of GPC was not a good solvent for HEMA, while the precursor polymers were
molecularly dissolved in chloroform. In addition, we confirmed by 'H NMR that no sub-
reaction had taken place during hydrolysis, such as polymer degradation process.

Three copolymers with different compositions were prepared by changing the
monomer/initator ratio on polymerization, whose characteristics are tabulated in Table 6.1.

The number-averaged degree of polymerization of SB (m) and HEMA (n) were determined
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by '"H NMR, and M /M were determined by GPC, where M and M are the weight- and
number-averaged molecular weights, respectively. Polymer A has nearly the same length of
polar segment and longer nonpolar segment than polymer B, and polymer C has the same
value of m and larger n than polymer B. Then, polymer A is the copolymer with the highest

hydrophobicity.

6.2.2. Small-Angle X-ray Scattering (SAXS).

The SAXS measurements were performed using a Kratky type camera (Rigaku
Corporation, Tokyo) equipped with a rotating anode X-ray generator and a position sensi-
tive proportional counter (PSPC). The SAXS instrument has been described in detail else-
where.'”

Methanol and toluene (extra pure grade) were used without further purification.
Methanol/toluene solvent mixtures with different mixing ratios in volume were prepared.
Polymer solutions were prepared by direct dissolution of the copolymer into methanol or
solvent mixtures. In all cases, the polymer concentration was 1 wt % and measurement was
performed at room temperature. Sample solutions were measured in glass capillaries (Mark,
Berlin) with a diameter of 2 mm. In experimental data, the scattering intensity of correspond-

ing solvent has been subtracted.
6.3. Results and Discussion
6.3.1. Micelle Formation in Methanol.
Since methanol is a good solvent for HEMA and a poor solvent for SB, the block

copolymers are expected to form micelles in methanol consisting of a core composed of SB

and a shell of HEMA swollen by the solvent. SAXS profiles of the copolymers in methanol
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are shown in Figure 6.2. Strong scattering at smali angles is observed in all cases, suggest-
ing the micelle formation indeed. In addition, the scattering curves exhibit a well-marked
secondary maximum, indicating a well-defined structure of micelles.

Model fitting of the experimental data was performed. Simple core-shell spherical

model was adopted, the form factor of which is given as follows:'"

P(Q) = {(pc - ps)Vch(q) + (ps - pO)VSFS(q) }2 (6' Y
F(g) =3 (sin(gR.) — gR. cos(gR.)) ! (gR.) (6.2)
F(g) =3 (sin(gR;} - gR; cos(gRy)) / (qRy)’ (6.3)

R and R denote the radii of the core and the overall micelle, p.., p,, p, the electron densi-
ties of the core, the shell and the solvent, V.. and V; the volumes of the core and the overall
micelle, respectively. The scattering vector g is given by g = 4x sinB/A, where 28 is the
scattering angle and A is the X-ray wavelength. Here, we assume homogeneous electron
density distributions inside the core and the shell. Using the calculable values of the electron
densities of the monomer units (pgp and pygy ) and the solvent (p,), pe and pg are given by

Pc=Pss (6.4)

Ps = PsaiPo + (1 — bso)Priema (6.5)
where 9, is the volume fraction of the solvent in the shell, which can be calculated by the

following equation with the degree of polymerization of HEMA (n), and the volume of
HEMA repeat units (v, g4

Ggr =1 =N, 7 Viema ! (Vs — Vo) (6.6)
N, denotes the aggregation number of the micelles, which is calculated from V, the degree

of polymerization of SB (m), and the volume of SB repeat units (vgg):
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NaHH =V /(mvgy)

Assuming that the critical micelle concentration s negligibly low, 1.e., all polymers contrib-

(6.7)

ute to the micelle formation, the number density a, of the micelles is then calculated

n,= Q)/(Nm (m vey + 1 Vi

where ¢ is the volume fraction of copolymer in solution. The scattering intensity is finally

given by the product of the form factor and the number density of the micelles. However,

we introduced a shift factor f, since the intensity of the experimental data is obtained in arbi-

(6.8)

trary units because the data have not been calibrated to an absolute scale.

lg)=fn, P(q)

The values of pg, = 0.280, Pyema = 0.396, and p, = 0.268 [A~’] were fixed, and three pa-

rameters, R., R, and f were variables in the fitting procedure, while the value of f was ar-

(6.9)

ranged to be the same for all data.
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Figure 6.2. SAXS profiles of poly(SB-b-HEMA) in methanol.
Solid, dotted and broken lines are theoretical curves of core-shell

spherical model for polymer A, B and C, respectively.
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The SAXS curves were well. reproduced by the theoretical curves as shown in
Figure 6.2 with the parameters listed in Table 6.1. To obtain better agreement between ex-
perimental and theoretical curves, Gaussian type distribution function was introduced for
taking into account the polydispersity of micellar size. The deviation at larger angles is due
to the low accuracy of the measured curves in this range, and also due to the fact that the
scattering at larger angles is dominated by individual fluctuation of polymer chains in the

shell (blobs), which was not considered in the present core-shell model. The resultant value
of the polydispersity (6/R,) was about 12% in all cases. From Table 6.1. one can qualita-

tively understand the relationship between polymer composition and micellar structure. In-
crease of SB chain length (m) or reduction of HEMA length (n) enhances the aggregation
number (or R.). On the other hand, total micellar size (R) is almost independent of n,

which is found by comparison of polymer B and C.

Table 6.1. Characterization of Poly(SB-b-HEMA) and Their Micelles in

Methanol
polymer  m:n" MJM' R.[AF R AN N 0u
A 26 :24 1.20 64 105 164 0.82
B 12:22 1.20 33 76 47 0.89
C 13:37 1.28 28 78 27 091

“ Obtained by '"H NMR before hydrolysis. * By GPC before hydrolysis. © By fitting the
SAXS data. R, and R, are the radii of the core and the overall micelle, N, the aggregation

number, ¢, the volume fraction of the solvent in the shell, respectively.
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6.3.2. Relationship between Polymer Morphology and Solvent Composi-
tion.

Tolucne 1s a good solvent for SB and poor solvent for HEMA, in contrast with
methanol. Since methanol and toluene are miscible with ¢ach other, the effect of solvent se-
lectivity on polymer morphology can be investigated by utilizaoon of a methanol/toluene
mixed solvent with changing its mixing ratio. Polymer A was used for this purpose, because
polymers B and C were not soluble in toluene, which produced a turbid suspension with a
small amount of precipitate due to the shorter nonpolar chain. Seven solvent mixtures of
different mixing ratios and two pure solvents (methanol:toluene = 8:0, 7:1, 6:2, 5:3, 4:4, 3:5,
2:6, 1.7, 0:8) were prepared. SAXS profiles of polymer A in these solvents are shown in
Figures 3-5. The scattering profile clearly depends on the mixing ratio. With increase of the
volume fraction of toluene, the intensity at small angles decreases and secondary maximum
shifts to a larger ¢ and becomes broader first (Figure 6.3), then the intensity increases again
when the amount of toluene exceeds that of methanol. However, the secondary maximum is
not observed (Figures 6.4 and 6.5). The morphology of the copolymer in the solutions stud-
ied here can be classified into three regimes:

Micelle Region (methanol:toluene = 8:0, 7:1, 6:2, 5:3). The solutions
under methanol-rich conditions show SAXS profiles similar to that in pure methanol, pro-
viding a clear secondary maximum peak as shown in Figure 6.3. These profiles suggest the
micelle formation, and were fitted by theoretical curves of a core—shell mode! assuming a
solid core composed by pure SB and a solvent-swollen shell of HEMA. The fitting curves
are shown by lines in Figure 6.3. The fitting curves convoluted the distribution function of
R, as described above. The scattering at smaller angles and the secondary maximum are well
reproduced by fitting curves. Only the case of methanol:toluene = 5:3, the height of secon-
dary maximum could not coincide, which is probably due to the fact that unimers, which

will be described later, also exist in the micellar solution to some extent.
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Figure 6.3. SAXS profiles of polymer A (m : n = 26 : 24) in

methanol/toluene solvent mixtures. The polymers are suggested to form
micelles under methano}-rich conditions.
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Figure 6.4. SAXS profiles of polymer A (m :n = 26 : 24) in metha-
nol/toluene solvent mixtures. The polymers are suggested to exist in an

unimer state at intermediate mixing ratios .
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Unimer Region (methanol:teluene = 4:4, 3:5, 2:6). The scattering from
the solution at intermediatc mixing ratios is weak and shows a monotonic decrease against g,
as can be seen Figure 6.4. The scattering profiles could be fitted by Debye formula' which
is applicd for Gaussian chains with the radius of gyration R:

P@)=2{x~-1+exp(-x)}/x° {(6.10)

x =R (6.11)
The good agreement between experimental and theoretical curves indicates that the polymers
exist in an unimer state in these solutions. Obtained R values were small enough for 4:4 (22
A) and 3:5 solutions (23 A), which also suggests the unimer state. In the case of 2:6 solu-
tion, however, both the scattering intensity at smaller angles and the radius of gyration (40
A) were larger than the others, implying a possibility of the formation of small aggregates. If
the aggregation number is assumed to be proportional to the forward scattering intensity. it

can be approximately calculated to be 3 by comparison with 3:5 solution.
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Figure 6.5. SAXS profiles of polymer A (m : n = 26 : 24) in metha-
nol/toluene solvent mixtures. The polymers are suggested to form reversed
micelles under toluene-rich conditions.
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3

Reversed Micelle!™ Region (methanol:toluene = 1:7, 0:8). Under tolu-
ene-rich conditions, the copolymers can be assumed to form reversed micelles, since the
strong scattering was observed at smaller angles as shown in Figure 6.5 and the scattering

profile gould not be fitted by Debye function. In these conditons, the electron density of SB
(pgp = 0.280 [A]) is almost identical to that of solvent (p, = 0.281 and 0.283 for 1:7 and
0:8, respectively), then the swollen shell of SB is “invisible” and only the core composed by
HEMA is observed by X-ray. It should be noticed that the scattering intensity at wider an-
gles obeys the Porod law,'¢ i.e., it follows the power law of ¢ *. This relation is satisfied if

the boundary between the scattering objects and the matrix is sharp. Hence this observation

means that the micelle has the smooth interface between the core and the shell, since only the
core is observed in these conditions. Assuming p, = P, in eq (6.1), the scaitering data were
fitted by the form factor of homogeneous sphere, and here the distribution function of R
was convoluted. The fitting curves are also shown in Figure 6.5, The good agreement with

experimental data was observed at smaller angles. However, a small discrepancy arises at

larger angles where a “shoulder” is observed in theoretical curves in spite of high polydis-

persity introduced (/R ~ 20%) to smear the secondary maximum. Itis probably due to the

oversimplification of the model. It may indicate the formation of anisotropic micelles, which
will be mentioned below. However, we have not performed precise fitting using compli-
cated models.

All the fitting results are shown in Table 6.2. The obtained aggregation number

was plotted against the volume fraction of toluene in solvent (®,,.,.) in Figure 6.6 with

schematic representation of the aggregation style. On the plot, the aggregation number of 2:6

solution was assumed to be 3. The copolymer forms relatvely large micelles in methanol

(Boppee = O). With an increase of Guyyenes the solubility of the nonpolar chain (SB) increases,
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then the aggregation number decreases. At .., ~ 0.5, no aggregate is formed since both

HEMA and SB are soluble. A further increase of ¢ reduces the solubility of the polar

wluene

chain (HEMA), induces the formation of the reversed micelles, and enhances the aggrega-

tion number, Similar bechavior has been reported for polystyrene-b-poly(ethylene/propylene)

block copolymer in n-dodecane/1,4-dioxane mixtures.'’ In pure toluene (¢ = 1), quite

1oluene

Table 6.2. SAXS Results of Polymer A in Methanol/Toluene Mixture

Oropoen” shape R¢ [A] Ry [A] R; [A] 1'\.’agg Bs.)

0 micelle’ 64 105 — 164 0.82

0.125 micelle’ 58 103 — 122 0.86
0.25 micelle” 33 98 — 93 0.88

0.375 micelle’ 39 89 — 37 0.94
0.5 unimer — — 22 — —
0.625 unimer” — — 23 — —
0.75 unimer’ — — 40 — —
0.875  reversed micelle’ 48 — — 113 —
1 reversed micelle’ 69 — — 332 —

“The volume fraction of methanol in solvent. * SAXS data was fitted by core-shell model
with parameters R. and R,. “* SAXS data was fitted by Debye function with a parameter R.

¢ SAXS data was fitted by homogeneous sphere model with a parameter R ..
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large aggregates are formed, and in fact, the obtained value of R. = 69 A is larger than the
contour length of the HEMA block of the copolymer (60 A). It implies the possibility of a

formation of anisotropic micelles of which one or two dimensions are less than the contour
length. Indeed, the scattering curve at ¢,,,,.,. =-1 could be fitted by the theoretical curve of

prolate ellipsoid whose half length of the minor axes corresponds to the contour length, and
the ratio of major and minor axes is 3:1. However, we cannot conclude here about the micel-
lar shape, since the scattering profile is hardly distinguishable between ellipsoids and poly-
disperse spheres, moreover, making sure of an existence of large dimensional aggregates
(cylinder, for example) needs the information at smaller angles than that covered in this ex-

periment.

100

Nagg

10

Reversed
Micelle Unimer 1 icelle
1 ‘ | . [P NS PN ] :
0 0.2 0.4 0.6 0.8 1
¢ toluene

Figure 6.6. The aggregation number of polymer A (m :n=26:24)
as a function of the volume fraction of toluene in solvent.
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6.4. Conclusions

Amphiphilic block polymers of poly(SB-b-HEMA)} were synthesized by living
anionic polymerization. SAXS measurements were performed for these copolymers in
methanol and in methanol/toluene mixtures. They formed spherical micelles in methanol,
whose aggregation numbers were dependent on the polymer composition as follows: in-
crease of SB chain length or reduction of HEMA length enhances the aggregation number,
while the total micellar size (R.) is almost independent of the degree of polymerization of
HEMA. In the solvent mixtures, three different morphologies of the polymer, 1.e., continu-
ous change from mucelle to reversed micelle via unimer with increasing volume fraction of
toluene were observed. We have also found that the copolymer forms a quite stable mono-

layer at air/water interface, which will be described in Chapter 7.
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Chapter 7

Self-Assembly of Poly(1,1-diethylsilabutane)-block-poly(2-
hydroxyethyl methacrylate) Block Copolymer.

2. Monolayer at Air-Water Interface

Abstract

Spread monolayer of the amphiphilic block polymer poly(1, 1-diethylsilabutane)-
block-poly(2-hydroxyethy]l methacrylate} (poly(SB-b-HEMA)) on the water surface was
investigated by X-ray reflectivity (XR) measurements. Clear Kiessig fringes were observed
up to the third order in the XR curve, indicatng the smooth-faced monolayer with high uni-
formity of thickness. The thickness of the monolayer increased with increasing surface pres-
sure. Model fitting with the two-layer model revealed that the upper layer is formed by the

melt of the SB chains and lower layer consists of hydrated HEMA chains.



7.1. Introduction

Adsorption of polymers at the interface plays a very important role in the stabiliza-
tion and flocculation of colloidal dispersions.' In the case of block copolymers in solution,
they adsorb at the surface when inscluble segiments favorably interact to the surface. which
is quite different in style from homopolymer adsorption.’

Despite the many reports on the copolymer adsorption to solid-liquid interface.”!
and for the lipid monolayers at the air-water interface,” block copolymers at the air-water
interface have not been studied in detail. This may be due to the complicacy of the polymer
conformation and lack of experimental methods to understand it.

Recently, we constructed a compact air—water interface X-ray reflectivity apparatus
for laboratory use. °® This can be a powerful method to investigate the nano-structure at the
air—water interface, from the point of view that the structure of the monolayer can be ana-
lyzed precisely in situ.

In Chapter 6, micelle formation of poly(l, 1-diethylsilabutane)-block-poly(2-
hydroxyethyl methacrylate) in selective solvent (methanol and toluene) was described by
means of small-angle X-ray scattering,” which showed the spherical micelle formation of the
copolymer in methanol and the micelle-unimer-reversed micelle transition with increasing
toluene content of methanol/toluene mixed solvents. Although the polymer is insoluble in
water, it is expected to form a stable monolayer at the air-water interface. Here, we exam-
ined the spread monolayer of the copolymer on the water surface by X-ray reflectivity (XR)
measurements. This block copolymer forms an uniform-thickness monolayer with a rather

smooth surface.
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7.2. Experimental Section

7.2.1. Sample.

Poly(1, 1-diethylsilabutane)-block-poly(2-hydroxyethyl methacrylate) {poly(SB-b-

HEMA), see Figure 7.1) was synthesized as described in Chapter 5."°

( Figure 7.1. Chemical structure of
OH poly(SB-b-HEMA) block copolymer.

The number-averaged degrees of polymerization of SB (m) and HEMA (n) of the
copolymer were determined by 'H NMR to be 26 and 24, respectively. Polydispersity index
M /M obtained by GPC with CHCI, as an eluent was 1.20, where M and M_ are the
weight- and number-averaged molecular weights, respectively. The copolymer was finally
given as a white precipitate by dialysis with deionized water, which was filtered out, and

lyophilized.

7.2.2. Film Balance Measurement.

Surface pressure (m)-surface area (A) isotherm of a spread monolayer was ob-

tained by an LB trough (length 600 mm x width 150 mm) equipped with a Film Balance

Controller FSD-220 (USI System, Fukuoka, Japan). The copolymer was first dissolved in
chloroform to make a 1.1 mg/ml solution, and then spread on the water surface by a micro-
syringe to prepare a monolayer. The measurement was performed at 29°C. The surface area

was compressed by moving a barrier at the rate of 0.1 MmIm/sec.
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7.2.3. X-ray Reflectivity (XR) Measurement.

The XR measurements were performed by a RINT-TTR-MA (Rigaku Corporation,
Tokyo, Japan) which was constructed by a modification of the RINT-TTR theta-theta rotat-
ing anode X-ray system for reflectivity measurement. The details of the XR apparatus and
data treatment have been fully described previously.” The advantage of this apparatus is
that in situ measurement of the monolayer at the air—water interface is possible since the

sample stage does not move and is kept horizontal during measurement. In addinon, an LB
trough (length 80 mm x width 60 mm) made of Teflon® (US] System, Fukuoka, Japan) is

mounted on the sample stage, which makes possible the XR measurements of a monolayer

while changing the surface pressure as schematically shown in Figure 7.2.
The chloroform solution of the copolymer which was used for n-A measurement
was spread on the water surface to prepare a monolayer. The XR profiles were obtained at

29°C at the surface pressures of 25, 35, and 45 mN/m. During XR measurement, the barmer

position was automatically controlled to keep the constant surface pressure required.

X-ray
Barrier
s o Bame
" Q‘tt;%’h“& a@p\@Av 3@. H@ 0.4- o) :’h :.:‘
lh-- f

! Imn

H lt m 'lili. ‘"‘“In'

- Water subphase

Figure 7.2. Schematic representation of XR measurement of monolayer at
air—water interface. LB trough mounted on the sample stage of XR apparatus
makes possible the XR measurements of monolayer with a change of the surface

pressure.
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7.3. Results and Discussion

The copolymers are insoluble in water since even the polar segment of HEMA itself
is insoluble in water. On the other hand, copolymers that have water-soluble segments and
form micelles in water cannot form a stable monolayer, because the polymer molecules on
the surface easily move into solution under thermodynamic equilibrium. An “appropriate”
affinity of HEMA to water, which is enough to make the molecules homogeneously spread
on the water surface but not enough to be dissolved or form micelles, gives rise to a possi-

bility of the formation of a stable monolayer on a water surface.

ni—A isotherm of the monolayer of the copolymer is shown in Figure 7.3. Indeed,

the monolayer was stable and was not broken down until the surface pressure reached 42
mN/m. From the isotherm, conformational information of the polymer could be extracted: At
low surface pressures (<15 mN/m), a liquid-expanded monolayer is formed. In this low
coverage region, both the SB segment and HEMA segment of the copolymer are adsorbed at
the interface, and the copolymers form a two-dimensional structure (pancake), consisting of
insoluble SB globule and HEMA segments of flattened conformation. At high surface pres-
sures (>25 mN/m), the polymers form a three-dimensional structure (brush), where HEMA
chains are stretched and packed inside the water subphase, tethered at the surface by the SB
block. Between both pancake and brush regime, quasi-brush regime and transition region
from pancake to quasi-brush are considered to exist. At the pancake to quasi-brush transition
region (~15 mN/m), HEMA chains start to move into the water subphase because of the
overlap of the chains at interface. However, this transition could not be clearly observed

compared with the case of poly(styrene)-poly(ethylene oxide) diblock copolymers, which

showed a pseudoplatean regime in the n—A isotherms corresponding to the pancake to quasi-

brush transition.'' At quasi-brush regime, surface pressure gradualy increases with com-

pression, where some type of organization of HEMA chains is considered to take place.
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Figure 7.3. Isotherm of surface pressure versus mean molecular area
for spread monolayer of the copolymer (m : n = 26 : 24). Open circles

indicate the conditions where XR measurements were performed.
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Figure 7.4. XR profiles of spread monolayer of the copolymer (m : n =
26 : 24) at different surface pressures. Solid lines are fitting curves with the
parameters listed in Table 7.1.
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The XR measurements were performed for the copolymer monolayer at the surface
pressures of 25, 35, and 45 mN/m, which corresponds to the surface areas per molecule of
210, 170, 140 A?, respectively. In this measurement region, the copolymers are considered
to have a brush conformation. The XR profiles are shown in Figure 7.4. For clarity, the
curves are shifted down by 2 with respect to each other. Clear Kiessig fringes'® were ob-
served up to third orders, which represents uniform thickness and smooth surface of the
monolayer. With increasing surface pressure, these fringes shifted toward smaller angles,
indicating the increase of the thickness of the monolayer. XR data give the structural infor-
mation normal to the surface, 1.e., we can obtain the electron density profile of the measured
layers by model fitting of XR data. Theoretical function of the reflectivity has been shown
elsewhere.®'*'* We applied the two-layer model in which the upper layer (Ist layer) is com-
posed of SB and the lower layer (2nd layer) consists of hydrated HEMA. The electron den-
sity of the 1st layer was fixed to 0.280 A~ which corresponds to that of SB, and that of the
2nd layer was varied during fitting which must be between 0.396 (HEMA) and 0.334 (H,0).

The thickness of the 1st {(d,) and the 2nd layers (d,), the surface roughness of air-1st layer
(G,), 1st layer-2nd layer (G,,) and 2nd layer—water (0,) interfaces were adjustable parame-

ters, where roughness is introduced as a standard deviation of Gaussian distribution func-
tion to take into account the density smearing at the interface.'* XR profiles were well fitted
as can be seen in Figure 7.4 using the parameters listed in Table 7.1. The electron density
profiles at different surface pressures are shown in Figure 7.5. Both d, and d, increased

with the increase of the surface pressure. From a thermodynamic aspect, the surface rough-

ness should be small to reduce the surface free energy. Indeed, the obtained G, and ¢, were

small enough compared with 4, and d,. In addition, the clear interface between two layers

suggests the high incompatibility between SB and HEMA. On the other hand, o, was rela-

tively larger than G, or G,,, which may indicate that the interface is diffused by the penetra-
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tion of water due to the hydration.

Actually, m—A values of these three conditions did not correspond to m—A isotherm

as shown in Figure 7.3, and n = 45 mN/m could not be achieved in the m—A isotherm. It is

considered that a kind of “rearrangement” of the polymer took place under the constant sur-
face pressure condition, which reduced the surface area and made the monolayer more stable
which did not break down even at 45 mN/m. In the case of lipid monolayer, the surface arca

is reduced while the surface pressure is kept constant which 1s known as “creep”. The inco-

incidence of T—A values could be reflecting viscoelastic character of the monolayer.*'*'

The use of many adjustable parameters during the fitting procedure often causes a
serious problem, that is, different values of the parameters reproduce a similar profile.
However, we obtained good fiting results because the clear fringes in experimental curves
enhance the rehability of the fitting. We used the obtained values for the quantitative evalua-

tion as follows:

In all cases, the product of A x d, was 6810+130 [A’], which was in agreement

with the volume of an SB chain (m vz = 6680, where m and v, denote the volume of re-
peat unit and the degree of polymerization of SB, respectively) within the experimental error.
From this fact, it can be concluded that the Ist layer is formed by the melt of SB chains, and
no density change or transition such as crystallization on increasing surface pressure takes
place. The liquid-like state of the 1st layer is also confirmed from the fact that 4, is much
smaller than the contour length of SB chain (ca. 130 A), indicating that SB chains are not
highly oriented. Another line of evidence was obtained by differential scanning calorimetry
measurement of a poly(SB) homopolymer with the same molecular weight as the SB seg-
ment of the block copolymer, which showed that the poly(SB) was in a melted state at room

temperature, and had no crystallization point in the temperature range from —100 to 100°C.
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: 24) at

Table 7.1. XR Results of Monolayer of the Copolymer (m :n = 26

Air-Water Interface

n[mN/m] A[A] 4, [A] d, [A] o [A]  o.[A] o [A
25 210 33 27 32 4.1 6.0
35 170 42 35 33 4.1 7.5
45 140 47 43 4.0 4.0 8.5
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0.2 u
0.1 m
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0.4 P E AR (PO VIO I R O
0.3 .
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<0.2 |
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Figure 7.5 The electron density profiles of monolayer at different surface

pressures obtained by fitting of XR data.
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As for the 2nd layer, A x d, = 58804260, which was almost independent of sur-

face pressurc, was larger than the volume of a HEMA chain (n v,,,, = 4180, where n and
Viema denote the volume of repeat unit and the degree of polymerization of HEMA, respec-
tively), from which the volume fraction of water in the 2nd layer was calculated to be
29£3%. From the obtained electron density of the 2nd layer by fitting, the volume fraction
of water in the 2nd layer was estimated to be 404£3%. Although there is a small difference in
the volume fraction of water calculated by the two methods, the value calculated from the
volume could be more reliable since the effect of the length is more sensitive on a theoretical
curve than that of the electron density. In the case of micelles formed by the same copolymer
in methanol,” much higher solvation of HEMA (82% of the volume fraction of solvent) was
observed. Thus, it can be concluded that HEMA chains in the monolayer are “appropriately”

hydrated.
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7.4. Conclusions

The monolayer of poly(SB-b6-HEMA) amphiphilic block polymer spread on the
water surface was investigated by the XR technique. The XR curves showed excellent
agreement with theoretical curves obtained by a two-layer model, the upper layer of which is
formed by the melt of SB chains and the lower layer of which consists of hydrated HEMA

chains. The thickness of the monolayer increased with increasing surface pressure. The

product of A X d, was constant and in agreement with the volume of an SB chain. The lower

layer was estimated to contain 29% of water by comparison of A x d, and the velume of the

HEMA chain. This novel amphiphilic copolymers are expected to provide valuable informa-

21

tion for theoretical approaches'’™' in the surface chemistry as an example which showed

various types of self-assembly systems.
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