Part 11

Structure and Dynamics in Block
Copolymer Solutions
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Chapter 3

Heat-induced Self-assembling of
Thermosensitive Block Copolymer

/ SANS Study

3.1 Introduction

The microphase separation is governed by the molecular weights, composition, the
interaction parameter of the constituent blocks, and polymer concentration if the
block copolymer is in a solvent.! Two types of transitions, i.e., lattice ordering
and order-disorder transition, were reported in a series of works on polystyrene-
block-polybutadiene (PS-b-PB) in a selective solvent.?? The former is a melting
of macro-lattice (or disordering of microphase separated structure) to micelles, and
the other is dissolution of the micelles. These transitions were found to be thermo-
and concentration-reversible, which are due to strong selectivity of the solvent. The
solvent used was n-tetradecane (C14), which is a selective solvent for polybutadiene
(PB) and a non-solvent for polystyrene (PS). By increasing temperature, PS becomes
soluble to C14, which leads to lattice disordering followed by order-disorder transition.
Recently, studies on ordering and/or morphological transitions of block copolymers in
a selective solvent have been extensively carried out.>® These transitions are ascribed
to the temperature and/or concentration dependence of the van der Waals interaction
between the polymer chain and solvent.

An amphiphilic block copolymer consisting of hydrophilic and hydrophobic block
copolymer chains is expected to undergo micellization in water, where hydrophobic
interaction plays a major role in controlling the morphology.”!® Aoshima et al. pre-

pared a series of stimuli-responsive block copolymers with polyalcohol branches'' and
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Figure 3.1: Chemical architecture of EOVE-b-HOVE.

vinyl ether segments in the side group.'? ' Because of a narrow molecular weight
distribution, a sharp transition in turbidity as well as in viscosity with respect to
temperature was observed.  Among a variety of combinations, poly(2-ethoxyethyl
vinyl ether)-block-poly(2-hydroxyethyl vinyl ether) (Figure 3.1; hereafter we abbrevi-
ate it as EOVE-b)-HOVE) aqueous solutions were chosen in this study because they
undergo fluidity transition without accompanying serious turbidity. In order to elu-
cidate the origin of this sharp transition, SANS investigation was carried out on a

aqueous solutions of EOVE-b-HOVE.

3.2 Experimental Section
3.2.1 Sample

The synthesis of poly(2-ethoxyethyl vinyl ether)-block-poly(2-hydroxyethyl vinyl ether),
EOVE-b-HOVE;, involves (i) the preparation of precursor block copolymers by living
cationic polymerization of 2-ethoxyethyl vinyl ether (EOVE) and 2-(t-butyldimethyl-
silyloxy)ethyl vinyl ether (BMSiVE), and (ii) the subsequent conversion of poly-
(BMSIVE) segments in the precursor block copolymers to polyHOVE segments by
acid-promoted hydrolysis.'' The monomer BMSiVE was prepared by the reaction
of 1-(t-butyldimethylsilyl)imidazole with 2-hydroxyethyl vinyl ether (Maruzen Petro-
chemical) in dimethylformamide at room temperature. The living cationic polymer-
ization was carried out in the presence of ethyl acetate as an added base to stabilize the
propagating species.'® At first, EOVE was polymerized with CH3;CH(OQiBu)OCOCH; /-

6

Et sAICL 5 in toluene at 0 'C under a dry nitrogen atmosphere.'® The second

monomer, BMSIiVE (neat), was then fed into the polymerization mixture. After a
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certain period, the polymerization was quenched with 0.1 wt% ammoniacal methanol.
The quenched reaction mixture was diluted with dichloromethane, and then washed
with water to remove the initiator residues. The product polymer was recovered
from the organic layer by evaporation of the solvents under reduced pressure and
vacuum dried overnight. Formation of the desired block copolymers was confirmed
by size exclusion chromatography. The composition ratio determined by 1H NMR
spectroscopy (JEOL JNM-EX 270) was in agreement with the monomer feed ratio of
EOVE and BMSIVE (1/2). Desilylation from EOVE-b-BMSiVE was carried out with
the addition of 3.0 N aqueous HCI-EtOH to a purified polymer in THF at 0 C, fol-
lowed by stirring for 6 h at 0 "C. The mixtures were neutralized, filtered, and isolated
by dialysis against Mill-Q water (18 MQ c¢m) using a cellulose tube. The EOVE-b-
HOVE was recovered by evaporation of water under reduced pressure and vacuum
dried overnight. Thus, EOVE-b-HOVE with M, = 5.84 x 104, M, /ﬁ?fn = 1.07 was
obtained, in which the degrees of polymerizations of EOVE and HOVE are 200 and

400, respectively.

3.2.2 Rheological measurement

The dynamic viscoelastic measurement was carried out with a stress-controlled rheome-
ter (Carri-Med CSL2 100, TA-Instruments) with angular frequency of 6:283 rad/s
(1Hz). A cone plate with a diameter of 4 cm and an angle of 2~ was employed. The

temperature was controlled within 0.1 ‘C by a Peltier element.

3.2.3 SANS

Since aqueous solutions of EOVE-b-HOVE lose fluidity above 20 C, dry EOVE-b-
HOVE was dissolved in cold deuterated water at ca. 0 'C and was kept in a refrigerator
until use. The concentrations of EOVE-b-HOVE were 2, 5, 10, and 17 wt%. The
SANS experiment was carried out at the SANS-U. Cold neutrons from the JRR-3M
research reactor of Japan Atomic Energy Research Institute, Tokai, Ibaraki, Japan,
were monochromatized to a 0.70 nm beam with a neutron velocity selector. The
wavelength distribution was 10 %. The sample to detector distance was either 4
or 8 m. The temperature of the sample was regulated with a water circulating bath

(NESLAB RTE-111M). Samples in quartz cells of 1 mm or 4 mm thick were irradiated
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by the neutron beam for 30 or 60 min depending on the scattering power. The
scattered intensity functions were corrected for transmission, and air scattering, and
then circularly averaged. The subsequent absolute intensity calibration was carried

out with the incoherent scattering from a Lupolen secondary standard sample.'”

3.2.4 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) measurement was carried out on a 17 wt%
EOVE-b-HOVE aqueous solution at room temperature (ca. 25 C) with a SAXS
instrument (Nano Viewer, Rigaku, Co. Ltd., Japan) equipped with an imaging plate.
The X-ray beam was obtained by an X generator (Rigaku Ultrax 18). The operating
condition was 45 kV 60 mA and the beam size was 0.3x0.3 mm?. Monochromatization
and intensification was attained with a confocal multi-layered mirror optic (Confocal
Max-Flux Optic). A focused Cu Ka line (wavelength being 1.54 A) was used for the

SAXS measurement.

3.2.5 Differential thermal calorimetry

A high-sensitivity differential scanning calorimeter, DSC8230 (Rigaku, Co. Ltd.,
Japan), was used to study the endothermic enthalpy. About 26 mg of polymer sample
was placed in a stainless pan (resistance to pressure at 50 atm, 3 x5 mm® for the vessel
size) and then carefully sealed. Thermograms were obtained at rates of 1 'C/min in

heating scans between -10 and 80 'C, with water in a stainless pan as a reference.

3.3 Results and discussion
3.3.1 Rbheological transition

Figure 3.2 shows a temperature scan of the storage (G’) and loss moduli (G”) for a
20 wt% EOVE-b-HOVE aqueous solution. This shows a sharp transition in both G’
and G" around 20 C. It is surprising that the change in G’ is more than four orders
of magnitude and the temperature window of the transition is less than a degree
of centigrade. A similar transition was also observed for a 10 wt% EOVE-b-HOVE

aqueous solution at almost the same temperature.
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Figure 3.2: Temperature dependence of the storage (G') and loss moduli (G") for
EOVE-b-HOVE block copolymer aqueous solutions at w = 20 wt% (1Hz).

3.3.2 SANS analysis

Figure 3.3 shows SANS intensity functions, /(g), of EOVE-b-HOVI aqueous solutions
at polymer concentrations of (a) w = 2, (b) 5, (¢) 10, and (d) 17 wt%. Here, ¢ is
the momentum transfer. For all concentrations, I(q) was a monotonically decreasing
function at low temperatures, i.e., for T < 20 C (w =2 wt%), T' < 19 C (w =5
wt%), T < 17 C (w = 10 wt%), and T' < 16 C (w = 17 wt%). By increasing
temperature, however, the forward scattering increased significantly and scattering
peaks appeared. In addition, the peaks shifted toward higher ¢ with increasing 7'
In the case of w = 17 wt%, a scattering peak appeared at 17 'C and [(q) grew
with further increasing temperature. It should be noted here that additional distinct
peaks (denoted by arrows) appear at the lower ¢ region for T > 20 'C. It is easily
deduced that the I(q)s with these scattering maxima correspond to the form factor
for spherical particles as will be discussed later. In the following, the SANS intensity
functions are analyzed in the three regimes, i.e., (i) scattering from polymer solutions,

(ii) micelle scattering, and (iii) macrolattice scattering.
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Figure 3.3: SANS scattering intensity curves of EOVE-b-HOVE aqueous solutions at
(a) w = 2.0, (b) 5.0, (¢) 10, and (d) 17 wt%. The arrows indicate the interference
peaks due to formation of macrolattice.
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Scattering functions from homogeneous polymer solutions
In the semi-dilute regime, the so-called correlation length € can be evaluated with
the following Ornstein-Zernike equation,

I(0
o) =14 Jgiqg

The values of the correlation length are about 6.0 nm for 2 wt%, 4.0 nm for 5 and,

(3.1)

3.5 nm for 10 wt% irrespective of T. This indicates that € is a decreasing function of

polymer concentration, w. The details will be reported elsewhere.

Curve fitting with the spherical-particle function

First, let us focus on the particle scattering from spherical domains. The scattering
function of spherical particles is given by the following.

_ 3[sin(gR) — gRcos(¢R)] _

(qR)? V2 (qR)¥?

where R is the radius of the sphere and ®(z) is related to the Bessel Function of the

(3.2)

order of 3/2, i.e., J3/2(z). The SANS intensity function for an assembly of dispersed
spheres is given by

1(q) = nV Ap*®? (¢R) (3.3)
where n is the number of spheres in the unit volume (e.g., cm®), V is the volume of
the sphere, and Ap is the scattering-length density difference between the sphere and
the matrix. The curve fitting of the observed intensity functions was carried out by
considering several facts; (1) size distribution of spheres, (2) wavelength distribution
of the incident neutron beam, and (3) the instrumental smearing due to a finite size
of incident beam.

The size distribution, Wgr(R), was assumed to be a Gaussian function given by

Wr(R) ~ exp [_L&:(R))z]

(3.4)
202,

where (R) is the average radius of the sphere. Hence eq. 3.3 has to be rewritten to'®

Ap? JW(R)V*(R)®?*(¢R)dR

Here, (n) is the average number of spheres in a unit volume and is given by
, 7(R)d
w  [W(R)R (3.6)

n) = d,(V) ~ [W(R)VdR
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The wavelength distribution of the SANS-U is estimated to be FWHM = 10 % around
(Ay = 0.70 nm. Again, a Gaussian distribution was assumed for the wavelength
distribution, Wy(X), with

(A = (\)? FWHM
Wi(A) ~exp | ————"—| ,0) = ——— 3.7
R e e D

and the corrected intensity, I, x(q), is given in the following form,

Cw Wr(R)W(MV2(R)®?(¢R)dRAA
oy [ TWr(R)Wx(\)V (R)dRdX

The effect of instrumental smearing was also taken into account by convoluting

aplt

Iria(q) (3.8)

I(q) with the incident beam profile function at the detector plane. The width of the

' It was found that the dominant

incident beam was evaluated to be £1.35x 10* nm~
smearing effect is not due to the wavelength distribution but to the finite size of the
incident bean.

Figure 3.4 shows the results of curve fitting for w = 17 wt% at various tempera-
tures. Except for T = 20 and 21 "C, the curve fitting seems to be satisfactory. The
same analysis was applied to the other samples having different concentrations.

Figure 3.5 shows the concentration and temperature dependence of (a) the average
radius of the core (R) and (b) its distribution AR/{R). In the case of w = 17 wt%,
(R) is a decreasing function of T, but (R) reaches a plateau value of ca. 18.0 nm.
Although the values of (R) for w < 10 wt% are somewhat scattered, the values are
rather invariant with respect to both temperature for 7> 20 'C and concentration,
and are again 18.0 - 20.0 nm. Interestingly, the distribution AR/{R) does not change
with w or T, either. This indicates that the domain size and its distribution are
not determined by the environmental variables, such as polymer concentration and
temperature (as long as T' > 20 'C), but by the molecular parameters, i.e., the length
of polyEOVE and the block composition. It is noteworthy that this is quite different
from the case of polystyrene-block-polybutadiene in a selective solvent, where the
domain size is a strong function of polymer concentration and temperature due to
partial solvation by the selective solvent.® However, in the case of EOVE-b-HOVE,
the hydrophobicity of polyEOVE is very strong above 20 “C, resulting in strong
exclusion of water from the polyEOVE domain and formation of a spherical domain
with a rather unique size. It should also be noted here that the domain size (R) is

considerably larger than the radius of gyration of the polymer chain, R, .. This means
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Figure 3.4: Results of curve fit of the SANS scattering intensity functions with eq.
3.8 for EOVE-b-HOVE at w = 17 wt%.
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Figure 3.5: Temperature dependence of (a) the average radius of the EOVE domains,
R, and its distribution, AR/R, for EOVE-b-HOVE aqueous solutions at various
concentrations.
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Figure 3.6: Temperature dependence of (a) the zero-q intensity, I(q = 0), and (b) the
scattering-length density, Ap. The dashed line indicates the calculated value for the
perfect separation of polyEOVE from a mixture of polyHOVE and D,0.

that the polyEOVE chains in the spherical domains are not in the unperturbed but
are highly stretched in the radial direction. The driving force of this chain stretching
may be the lowering tendency of the total surface area by increasing the radius due
to the strong hydrophobic interaction between polyEOVE and the solvent.

Figure 3.6a shows I(0) vs. T for EOVE-b-HOVE at various w’s. I(0) increases
with 7. This indicates that the micelle formation proceeds and the difference in the
scattering length density increases with increasing 7. Regarding w dependence, 1(0)
can be normalized with concentration and the volume of the sphere, i.e., wV, since w
is proportional to (n). Note that the number density of the spherical domains remains

unchanged irrespective of temperature. By normalizing (0) with wV/, one obtains the
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variation of the contrast factor, i.e., the scattering-length density difference between
the sphere and the matrix, . In Figure 3.6b, Ap is plotted as a function of T,
which increases with T. The dashed line indicates the theoretical value for perfect
separation of polyEOVE from a mixture of polyHOVE and D,O (Apy = 4.9 x 10'°
cm~?). Therefore, this plot shows that phase separation between micelle and matrix
proceeds with increasing temperature. Figure 3.7 shows a master curve for the Ap
vs T'+ AT. A horizontal shift was necessary to construct the master curve because
the transition temperature is concentration dependent. The shift factor AT is shown
in the inset of Figure 3.7a. This indicates that the interaction parameter between
polyEOVE and water is a function of polyEOVE concentration as well as temperature
and the transition temperature for micellization increases rather linearly with 7. The
dependence of polyEOVE concentration is consistent with our preliminary results by
using of homopolymers having the similar structure.'¢

The partition coefficient, i.e., the difference in the fraction of the EOVE segments

in the core and the matrix, can be estimated via Ap, with the following equation.'?

Ap AG
hpeywur == | o | = 1 — exy s 3.9
AQJLOVL (ﬁ/)()) exp ( kBT> ( )
AG AH AS
= —In{l < A¢povg] = — — == 3.10
T n| Provi] T En (3.10)

where ky is the Boltzman constant and AG(> 0) is the free energy difference to
place an EOVE block chain in the domain and in the matrix, and AH and AS are
the corresponding enthalpy and entropy, respectively. AG was evaluated by linear

regression of eq. 3.10,

AG 7.50 x 10°
V ( — 955 — f..uimfmgw, T > 294 K (for w = 2wt%) (3.11)
AfHT 1
and
T = Tuoaun + AT, AT = 0.29w (3.12)

Figure 3.7b shows the plot of AG/kgT as a function of 1/T. The enthalpy of
partition, AH, is negative (= —15.0 kcal/mol) and is quite large, resulting in the
strong temperature dependence of the phase behavior. The negative sign means that
the system has a lower critical solution temperature (LCST), above which a phase

separation takes place. The concentration dependence of AT is obtained from the
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Figure 3.7: (a) Master curve of the scattering-length density, Ap, reduced by the
polymer concentration and with a temperature-shift factor, AT. The inset shows the
concentration dependence of AT . (b) Inverse temperature dependence of the energy
of partition of to place EOVE segments in the core, AFE.
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Figure 3.8: Unit cell of the body-centered-cubic lattice and the definition of the
principal axes.

inset of Fig. 3.7a,
AT = 0.29w[wt%], 0 < w < 17wt% (3.13)

Hence, the partition coeflicient is proportional to the polymer concentration in this

regime.
Paracrystal Analysis

In this section, we discuss the scattering peaks appeared in EOVE-b-HOVE (w = 17
wt%). These peaks indicate formation of macrolattice in the system. The paracrystal
theory developed by Hosemann and Bagchi is suitable to describe the structure of
macrolattice.?’ The theory introduces the lattice factor, Z;, (k =1, 2, and 3), which

is given by

L= ()
Zi(q) = ; 3.14
MO TR st - @) + Q)P (40
where F'(¢) is the factor relating the degree of distortion,
. 1 Aa? ‘ , ;
POl = e |35 (et et @ea?)] @9

Here, a and Aa are the unit cell distance and its standard deviation, respectively.
The ratio, g = Aa/a, is often called the Hosemann’s g-factor, which determines the
order of paracrystallinity. In the case of body centered cubic (bee) structure, the unit
veetors of the principal axes a;, a,, and ag are defined as shown in Figure 3.8 and
the scalar products are given by?!

1 , _
a;-q = §nq(sin 0 cos ¢ + sinfsin ¢ + cosd)
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Figure 3.9: Result of curve fitting of the scattering intensity function for EOVE-b-
HOVE (17 wt%, 26 'C) with the Hosemann-Baguchi’s paracrystal theory. Observed
SANS function (open circles), the lattice factor Z(¢) with g = 0.05 (dotted line) and
g = 0.10 (dashed line), the smeared calculated-SANS function (solid line), and SAXS
intensity.

1 , , .y
az-q = «éaq(w sin @ cos ¢ — sinfsin ¢ + cos 0) (3.16)
1 , .-
az-q = ;jaq(—a sin 0 cos ¢ + sin 0 sin ¢ — cos )

Since the macrolattice is randomly oriented in the space, one needs an orientational

average as given by,
2(0) = 1 / / Z0(4,0,8) Z2(q, 0. §) Zs(q, 0, &) sin 0d0dep (3.17)
o Jo

Figure 3.9 shows the result of curve fitting with the paracrystal theory as well as the
calculated lattice factor, Z(q), for bee lattice. The open circles denote the SANS data
obtained with an extended camera length of 8 m for EOVE-b-HOVE at w = 17 wt%
at 26 ‘C. The dot-and-dash line denote the lattice factors, Z(q), with a = 97.0 nm for
g = 0.05 and 0.1, respectively. The solid line denoted the curve-fitted result of the

case with ¢ = 0.1 by taking account of the smearing of the incident beam width and
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the wavelength distribution. Note that a curve fitting with the face-centered-cubic
(fce) lattice model did not work at all. In order to confirm this result, a supplemental
study was carried out with small-angle X-ray scattering. The SAXS result is shown
with crosses, which is in good agreement with the SANS result. Note that the incident
beam width (FWHM) of the SAXS was £2.04 x 107? nm™!, which is about twice
as large as that of the SANS. Therefore, the missing of the second peak of the bee
lattice is due not to the incident beam smearing but to the ill-developed macrolattice
of the EOVE-b-HOVE, i.e., g (= 0.1) as was evaluated by curve fitting. According to
McConnell et al.,>% block copolymer systems in a selective solvent can take either fec
or bee packing depending on the length scale of the corona chain length relative to
the core dimension. When the corona length is larger than the core size, the system
prefers a bee packing, which is the case in this study.

Evaluation of the volume fraction of the core and the occupied area on
the surface by a single chain

By knowing the Bragg spacing, L, and the radius of the sphere, R, the volume fraction

of domain can be estimated by the following relationship,

471' R\? .
== b .
L = \/m \/ D()*(; 3 J ((L) (3 18)

where Dy is the nearest neighbor distance, and j is the factor depending on the
packing, i.e., j = 1 (s¢), 2 (bee), and 4 (fec). Since we know the EOVE-b-HOVE forms
a bee lattice structure, we put j = 2 and by substituting ape. = 97.0 nm and R = 18.0
nm on the basis of the data at w = 17 wt%, one gets ¢pe. = 0.054. This value is in
good agreement with the value (¢ = 0.056) evaluated by stoichiometry by assuming
perfect exclusion of polyEOVE from others. On the other hand, substitution of
R =20.0 nm at w < 10 wt% leads to an estimation of water content in the spherical
domain. It is deduced that about 23 % of the volume of the sphere is occupied by
water. In this case, the scattering length density difference, Ap, can be reevaluated
by using the value obtained here. The reevaluated value is 3.6 x 10'° em~2, which is
also in good agreement with the observed one, 3.3 x 10!° em=2 (Fig. 3.6). It is of
interest to consider the area partitioned to a single chain on the surface of a core of
a micelle. The number of block chains in a micelle, NV, is estimated to
Vv

N = oo =633 3.19
1 ZrOVEVEOVE ( )
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where Zgove and vgove are the degree of polymerization and monomer volume of
EOVE, respectively. Since the surface area of a corona is simply obtained by S =
47(R)?, one obtains (S/N)'? to be
G\ 12
(R—») = 2.5 nm (3.20)
Therefore, roughly speaking, an area of 2.52 nm? is partitioned to each block chain.
Interestingly, this value is very close to the surface area occupied by a block polymer
chain consisting of PS-PB block copolymer with polystyrene volume fraction being
0.26 in a selective solvent ((S/N)'/? ~ 2.4 nm).®> In the case of lamellar domain
structure in a good solvent, the scaling relation is obtained,
S\ .
(ﬁ) ~ 1 (3.21)
Unlike to the above case, the (S/N)'/? for EOVE-b-HOVE does not depend on the
volume fraction of the polymer at least in the concentration range of 2 < w < 17

wt%. This may be due to a strong segregation at the surface of core.

3.3.3 Sharp Structural transitions with respect to tempera-
ture

Figure 3.10 shows the phase diagram of EOVE-)-HOVE in aqueous solutions deter-
mined by SANS. It consists of three regimes, namely the regimes of (i) molecular
mixture, (ii) micelles, and (iii) macrolattice. The solid lines dividing the individual
regimes were drawn for the eye. As shown in this phase diagram, the disorder-to-order
transition, i.e., from molecular mixture to micelles or macrolattice, is very sharp with
respect to temperature and is in the order of sub-degrees of centigrade. In addition,
the phase-dividing line seems to be well represented by a monotonically decreasing
function with concentration, indicating that the interaction parameter is a linear
function of polymer concentration. This fact is in good agreement of the result of
the analysis of 1(0) in which the contrast factor, Ap, is reduced to a master curve by
employing a shift factor varying linearly with temperature (See Fig. 3.7).

Figure 3.11 shows the model of the assembly of EOVE-b-HOVE block copolymers
in water. At low temperatures, the polymer chains are molecularly dispersed in the
solvent. However, by increasing temperature, a micelle formation takes place and

polyEOVE chains aggregate themselves in a core. The polyHOVE chains remain as
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Figure 3.10: Phase diagram of EOVE-b-HOVE aqueous solutions, consisting of three
phases; molecular mixture, micelles, macrolattice.
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Figure 3.11: Schematic representation of showing two transitions from the molecu-
lar mixture (left) to the crystallike structure with macrolattice (right) by way of a
micellar structure (middle).
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Figure 3.12: DSC thermogram of EOVE-b)-HOVE aqueous solution with w = 20
wt%.

brushes and play as emulsifier or surfactant. However, when the polymer concentra-
tion is high enough, morphological transition may take place directly from a molecular
mixture to a macrolattice structure. This type of transition is commonly observed
in various types of polyampholytes, such as polystyrene-block-polyisoprene (PS-b-
PI) block copolymer® and poly(ethylene oxide)-block-poly(propylene oxide) (PEO-
b-PPO).19 In the case of latter, a lyotropic morphological transition was observed.
However, it should be emphasized that the transition of EOVE-)-HOVE seems to be

much sharper than that of these systems.

3.3.4 Origin of the sharp transition

In order to elucidate the sharp disorder-order transition of EOVE-b-HOVE in aqueous
solutions, a thermal analysis was carried out. Figure 3.12 shows the DSC thermogram
of EOVE-b-HOVE aqueous solutions with w = 20 wt%. As shown in the figure, a
sharp endothermic peak was observed around T" = 20 'C. The enthalpy for hydropho-
bic dissociation was observed to be —5.85 J for 27.3 mg for the solution, which is
converted to AH = —2.05 kcal /mol-EOVE. This value is about twice as large as that
for poly(N-isopropylacrylamide) gel in water, i.e., AHyipa = —0.946 kcal/mol-NIPA
(3.95 kJ /mol-NIPA).?3 Note that the value of AHyipa itself is in good agreement with
those by Otake et al. (—3.3 ~ —4.5 kJ/mol-NIPA).28 It should be noted here that
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AHyypa for PNIPA gels is significantly smaller than that for PNIPA linear polymer
solutions, e.g., 6.3 kJ/mol (Schild)?* and —4.8 ~ —6.1 kJ/mol (Otake et al.).* which
may be ascribed to a lowering of " the degree of hydrophobic hydration™ in the gels by
introducing the cross-linked structure. Shild assigned this enthalpy change to hydro-
gen bond interaction.?” However, as discussed by Shibayama et al.,*® it seems more
reasonable to assign this endotherm as the dissociation enthalpy of the hydrophobic
interaction.

The presence of this sharp endotherm around 20 'C clearly indicates that an
iceberg melting takes place at this temperature. This causes a drastic change in the
intermolecular interaction between EOVE segments and water molecules, resulting
in a sharp morphological transition. This transition could be even sharper than
a volume phase transition of NIPA gels because a larger endotherm is involved in
the EOVE-water system. In the case of van der Waals interacting systems, the
interaction parameter is a monotonic function of temperature and thermodynamic
transition takes place as a result of the change of a delicate balance of enthalpic
and entropic parts of free energy. On the other hand, the disorder-order transition
of the EOVE-b-HOVE aqueous systems is governed by the enthalpy change due to
melting of the iceberg structure, which is the first order transition by the definition
of thermodynamics. This is why the transition takes place with in a limited range of

temperature irrespective of polymer concentration.

3.4 Conclusion

Nano-order structure formation of block copolymers (EOVE-b-HOVE) in aqueous
systems has been studied by SANS as well as by rheological and thermal analyses.
The following facts were disclosed: (1) There exists disorder-order transitions, from a
molecular mixture to micelles or a molecular mixture to macrolattice. The latter cor-
responds to a drastic change in macroscopic flow behavior, such as gelation. A phase
diagram was constructed on the basis of the SANS results. (2) At low temperatures,
the EOVE-0-HOVE block copolymer homogeneously dissolves in water, in which the
correlation length € is evaluated to be 4.0 to 3.5 nm for 5 and 10 wt%, respectively,
at the temperature range studied here. (3) In the micelle regime, the size of core

is 18.0 — 20.0 nm and is hardly dependent on either temperature or polymer con-
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centration. (4) At higher temperatures and at higher polymer concentrations, a bee
macrolattice structure is formed with a unit cell of 97.0 nm and radius of 18.0 nm (for
w =17 wt%). (5) A master relationship is obtained for the scattering-length density
difference, Ap, with a reasonable temperature shift factor, AT. This suggests that
the scattered intensity is proportional to the polymer concentration. In other words,
the micelle structures are rather identical to each other in the micelle phase, irrespec-
tive of polymer concentration. The temperature shift factor AT is a linear function
of concentration, i.e., AT = 0.29w, indicating that the polymer-solvent interaction
parameter, X, is also proportional to polymer concentration. (6) A significant amount
of water could be associated in an EOVE core up to 23 wt% in the micelle phase. This
water content agrees with the result of scattering-length density difference between
the core and the matrix. (7) The surface area partitioned to a single block chain
is about 2.5 nm, which is again in good agreement with another block copolymer
systems consisting of PS-PB in a selective solvent. (8) The sharp structural transi-
tion was explained as a drastic endothermic change of miscibility between EOVE and

water by iceberg melting with 2.05 kcal per mole of EOVE monomeric unit.
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Chapter 4

Heat-induced Self-assembling of
Thermosensitive Block Copolymer
/ DLS Study

4.1 Introduction

In the previous chapter, we studied structural transitions of poly(2-ethoxyethyl vinyl
ether)-block-poly(2-hydroxyethyl vinyl ether) (EOVE-b-HOVE) in aqueous solutions.
One of the fascinating phenomena was a thermoreversible sol-gel transition around
20 'C observed in a 17 wt% EOVE-0-HOVE aqueous solution. The viscosity of the
solution changed more than four orders of magnitude within a few degree of Celsius.
It was found by a series of SANS experiments that this rheological transition is due to
morphological transition from a molecular dispersion to a macrolattice structure with
a body-centered-cubic structure. Though the SANS study also indicated presence of
an intermediate state with micellar structure, it was not decisive because of the
limitation of the spatial resolution of SANS.

In this chapter, the dynamics and rheological properties of EOVE-b-HOVE aque-
ous solutions as a function of temperature and concentration are reported. And the
models of morphological transitions proposed in the previous chapter will be con-

firmed.

4.2 Theoretical Background

The dynamics of polymer solutions can be analyzed by dynamic light scattering

(DLS). Let us first define the normalized first order correlation function for the scat-
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tered electric field ¢tV (q, t) from the sample, where q, t are the scattering vector and

time, respectively. g"(q, ) is given as follows,'

o Bl )E a4 ) _ (E(@,0)E"(a.7)
9@ (E(@)P) 1E(@0)P)

where E(q,t) is the scattering field and E*(q,t) is the complex conjugate of E(q,t).

(4.1)

In a DLS measurement, we obtain the second-order correlation function, ¢'¥(q, ),

which is the intensity-intensity-time correlation function defined by

(I(q,0)I(a,7)) _ (E(q,0)E*(q,0)E(q, 7)E"(q, 7))
(I(a,0)}*) (IE(q,7)?)

Here, I(q,t) is the scattered intensity at g and at time ¢. The two correlation func-

g9 (q, ) =

(4.2)

tions are linked via Siegert relation,?? i.e.,
9@ g, m) =1+ 19" (g, 7)) (4.3)

In general, there are many relaxation processes, and g(V)(q, 7) is given with the decay-

rate distribution function, G/(I'), where I' is the decay rate,
. e
g (g, 1) = / G(T)exp(—Ir)dl’ (4.4)
Jo

For example, if the scattering medium has two relaxation modes with monodisperse

distributions, ¢(" (¢, 7) is simply given as a sum of two exponential functions, i.e.,
g (g, 1) = Aexp(=T7) + (1 — A) exp(=T7) (two exponentials) (4.5)

I; (i = 1, 2) is the characteristic decay rate related to the diffusion coeflicient, D;, as
follows

Fi = quz (46)

Rigorously speaking, eq. 4.6 is valid only at infinite dilution. In reality, motion of

diluent, i.e., the solvent has to be taken into account as follows,*3
['= (1 - ¢)?Dg (4.7)

The values of the hydrodynamic radius related to the i-th mode, Ry ;, can be evalu-
ated with the relation below.

kT KTq?

R i = f
" 6D 6l

(4.8)
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Here, k is Boltzinann constant and 7, is the solvent viscosity at temperature 7.

The above discussion is valid for ergodic medium, where time average is equal to
ensemble average. Most of polymeric systems can be regarded as ergodic medium.
However, polymer gels have nonergodicity due to immobilization of polymer chains
introduced by cross-linking as extensively discussed in the literature.® 2 In the case
of a nonergodic medium, the scattered intensity, I(g), varies with sample position
because of the lack of ergodicity. Hence, two types of averaging have to be defined to
describe the system, i.e., the time average, (I(¢))r, and ensemble average, (I(q))s.
The intensity distribution, P((I(q))r) , obeys the following relationship,”

(@) — In(q) ¢
T~ n»(q)] (49)

where Iy (¢) is the dynamic component in the scattered intensity, (I(q))r, and H(x)

P ((I(@))r) = H [{I{a))r — Te(q)]exp [

is the Heaviside function, i.e., H(xz) =0 for x < 0 and H(z) = 1 for 2 > 1.

4.3 Experimental Section

4.3.1 Sample

The procedure for synthesis of EOVE-)-HOVE was described in the previous chapter.
In addition, the corresponding homopolymers, i.e., polyEOVE and polyHOVLI, were
also prepared for comparison. The details of synthesis were reported elsewhere, 'O
Prescribed amount of EOVE-b-HOVE was dissolved in deuterated water (D;0). It
should be noted that there exists a significant isotope effect in phase behavior in
polymer blends'>'® as well as in polymer gels.!" Therefore DyO was chosen as a
solvent instead of HyO even for dynamic light scattering measurement (DLS). The

sample solutions were filtered with 0.20 pm milipore filter.

4.3.2 DLS

Dynamic light scattering (DLS) experiments were carried out on a static/dynamic
compact goniometer (SLS/DLS-5000), ALV, Langen, Germany. A He-Ne laser with
22 mW was used as the incident beam. Non-ergodic DLS measurements were con-
ducted with a rotation attachment, ALV, at a fixed angle of 90 ". Typical measuring
time was 30 s. The temperature of the sample was regulated within an error of +0.1

C.



4.3.3 Rheological measurements

A stress-control-type rheometer (Carri-Med CSL2 100, TA-Instruments) was used to
measure the flow properties and dynamic viscoelasticity of the polymer solutions. A
cone-plate with a diameter of 4 cm and an angle of 2 * was employed. In the case
of flow property measurements, after stress was given to the sample within 3 min,
and reduced within 3 min, the flow curve was obtained. The shear storage modulus
G' and loss modulus G” were measured as a function of frequency, f. Depending on
the viscoelastic properties, a suitable shear amplitude, 7, was chosen to ensure the
lincarity of dynamic viscoelasticity. The temperature of the samples was controlled

within 0.1 'C by means of a Peltier element.

4.4 Results and discussion

4.4.1 Rbheological behavior

Figure 4.1 shows dynamic mechanical behavior of EOVE-b-HOVE aqueous solutions
at polymer concentrations of 20 wt%. As shown in the figure, both the storage,

G, and loss moduli, G”

, increased rapidly at 20 “C. This is due to micellization of
polyEOVE due to its strong hydrophobicity, followed by a macrolattice formation
as evidenced in the previous chater.'® The polyHOVE chains anchored to different
micelles interpenctrating to cach other, resulting in a drastic increase in viscosity of
the system.  Figure 4.2 shows flow curves of EOVE-b-HOVE aqueous solutions of 15
wt% at 15.0, 20.5, and 21.0 "C. Surprisingly enough, the change in viscoelasticity is
remarkably sharp with respect to temperature. The flow behavior changes within a
very limited temperature range, ie., 19 < T < 20 'C, from Newtonian flow (T < 19
("), to non-Newtonian (T =~ 20.5 C), and plastic flow behavior (T > 21 'C). In the
Newtonian flow region, the shear stress, o, is proportional to the shear rate, dvy/dt,

as follows,

o= 1— (4.10)

and the viscosity n = 0.0544 Pa-s. This means that the system is a homogeneous
polymer solution. In the non-Newtonian region (T = 20.5 'C), on the other hand, the
flow behavior suggests that there exists a heterogeneous structure, such as micelles

with long hair chains interpenetrating to each other. On the other hand, the rheolog-
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Figure 4.1: Dynamic mechanical behavior of EOVE-b-HOVE block copolymer solu-
tion at 20 wt% (frequency = 1Hz). G’; storage and G”; loss moduli, and tand ; loss
tangent

ical behavior in the plastic flow region indicates the presence of a solid-like structure
responsible for a yield stress. The flow behavior was given in the following form,
o= oy + ﬂaﬁz (4.11)
dt
with the yield stress oy = 45.0 Pa and the apparent viscosity 7, = 0.140 Pas in
this particular case. Another interesting feature is absence of significant hysteresis
even in the region of the plastic flow. Similar rheological transitions were observed in
polystyrene-block-polybutadiene in a selective solvent (e.g., n-tetradecane; C14).1%16
It should be noted here, however, the transition of EOVE-b-HOVE aqueous solutions
is much sharper than that of polystyrene-block-polybutadiene in C14.

Figure 4.3 shows the frequency, f, dependence of G’ and G’ of EOVE-b-HOVE
aqueous solutions at various temperatures. At 7' = 19.5 'C, G’ and G” exhibit typical
behavior for viscoelastic (Maxwellian) fluids. That is, G’ scales with f? and G” does
f1. At the sol-gel transition threshold, it is known that G’ and G” becomes collinear
with f.'"1® As a matter of fact, the dynamic mechanical behavior shows G’ and

G' ~ fYfor f >1Hzat T = 21.0 C. It is interesting that the G’ and G” functions
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crossover at f =~ 1 Hz. This indicates that this system becomes a viscoelastic fluid
with a long relaxation time at this frequency. At a higher frequency than this critical
frequency, i.e., f. =~ 1 Hz, the system behaves as a gel. However, for f < f., it is a
viscous solution and flows. At a temperature above the sol-gel transition, both G” and
G" become frequency independent as a typical elastic matter does. In addition, G' is
more than one order of magnitude larger than G” in this frequency region, indicating
that the loss tangent, tand, is less than 0.1. All of these results on rheological
properties support structural transition from a non-structured polymer solution to a

macrolattice structure by way of sol-gel transition.

4.4.2 DLS results

Homopolymers

Figure 4.4 shows (a) correlation functions (CFs), ¢®(7) — 1, and (b) cluster distri-
bution functions (CDs), G(I'), of polyHOVE in aqueous solution at various temper-
atures. The polymer concentration was 1.0 wt%. The CF shows existence of single
relaxation corresponding to the translational diffusion of polyHOVE chains. The
characteristic decay time, I’ shifted toward shorter relaxation time. However, this
does not mean a contraction of polyHOVE chains but this is due to a decrease in the
solvent viscosity with increasing temperature. The variation of Ry with temperature
will be discussed in conjunction with that of polyEOVE.

Figure 4.5 shows (a) CFs and (b) CDs, of polyEOVE in aqueous solution at
various temperatures. Because the scattered intensity was very weak, the concen-
tration was increased to 2.0 wt% instead of 1.0 wt%. In contrast to the case of
polyHOVE, CFs scem to be strongly temperature dependent. Note that there are

W (= T30

two peaks in the CDs, ie., the first, Tl (= T'7"), and slow modes, T3},

With increasing temperature, U shifts toward shorter relaxation time and its peak
height decreased. On the other hand, I‘Sj;w moved toward longer relaxation time
and the height increased. These correspond to the translational diffusion of individ-
ual polyEOVE chains and clustered polyEOVE chains, respectively. The cluster of
polyEOVE chains is deduced to be stable enough to keep their size while individual
chains have freedom to attach to or detatch from the cluster. Hence, a dynamic

equilibrium of the cluster size distribution exists. This is because the clusters are still
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Figure 4.4: (a) CFs and (b) CDs of polyHOVE in aqueous solution at various tem-
peratures.
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soluble in water.

Figure 4.6 shows the variations of (a) Ry of polyHOVE, Rynove, (b) Rus of
polyEOVE, i.e., Ry pove fase and Ru govesiow. Here, the value of Ry novie was evalu-
ated with two methods, i.e., from the CONTIN'" 2 analysis (filled circles) and from
the cumulant method (open circles). Both results were in good agreement as shown
in the figure. This was the case where only single relaxation mode appeared. How-
ever, in the following analysis, the CONTIN analysis (i.c., with eq. 4.4) exclusively
employed because of the presence of multiple relaxation modes which interfered the
cumulant analysis. Ry yove was rather temperature independent and was about 6.0
nm. In the case of polyEOVE, on the other hand, Ry rovi fast decreased with 77,
while Ry povisiow Was a strong function of 7', particularly for T' > 17 "C. These data
indicate that (1) polyHOVE chains are molecularly dispersed in aqueous solutions
at 1 wt% irrespective of temperature and (2) polyEOVE chains are in two states,
i.e., in molecular dispersion with Ry pove fast = 3.6 nm and in clustered state. The
size of the clusters, Ry govEsiow, increased with increasing temperature, particularly
for T > 18 “C. This is due to the fact that the lower critical solution temperature
(LCST) of polyEOVE in water is located at T' &~ 20 °C. The invariance of R 10vis fast
of polyEOVE indicates that contraction does not take place except for the tempera-
ture region near LCST, i.e., T > 18 C.

Figure 4.7 shows the variations of scattered intensity, 1(6 = 90°), for (a) 1.0 wt%-
polyHOVE and (b) 2.0 wt%- polyEOVE solutions, where @ is the scattering angle.
As shown in the figure, I(# = 90°) of polyHOVE was temperature independent,
while that of polyEOVE dramatically increased for 7' > 17 ‘C. These temperature
dependence of 1(6 = 90°) also indicates that partial clustering takes place exclusively
for polyEOVE above 17 C.

EOVE-b-HOVE

Figure 4.8 shows (a) CFs and (b) CDs of 1.0 wt% EOVE-b-HOVE in aqueous solution
during a heating process. The temperature was increased stepwise after 30 second
measurement and was paused at least 30 min before next measurement. Though more
than 30 CFs were obtained as a function of temperature, only several representative
curves are shown in the figure. Similarly to the case of polyEOVE, there exists two

relaxations, one around 'y, ~ 0.1 ms and the other at 1 <T';!, <6 msat T = 12.6

fast
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‘C. The peak position and height at I';;l decreases with increasing 7', while the
|

position, I'y,, of the slow mode was rather strange. At first, ;) moves toward
-1

slow

T > 21 C). Note that for T > 21 'C, the fast mode disappears and the only slow

longer relaxation time. However, I';;, becomes smaller by further increasing 7' (for

mode survives.

Figure 4.9 shows (a) the variation of Ry g and Rygee and (b) 1(60 = 90°) of
1.0 wt%- EOVE-b-HOVE with 7. This indicates that micellization took place by
anchoring polyEOVE chains to a micelle core. As a result, RH fast decreased and
disappeared by increasing T, while Ry g, increased up to T' = 21.0 ‘C and then
decreased. The decrease of Ry gow is ascribed to formation of stable micelles of ca.
80 nm large in radius including polyHOVE corona. In our previous chapter with
SANS;, the core radius was evaluated to be ca. 20 nm. Hence, this size seems to be
consistent with the SANS result.'® The increase in Ry giow 10 the temperature region
of 18 < T < 21 C is deduced to be a transition region from molecular dispersion
to micelles, e.g., interconnected chain like structure as will be discussed later. The
variation of I(€ = 90°) also indicates such transition with 7. That is, the larger the

scattering objects, the larger the scattered intensity. Figure 4.9b also shows that this
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Figure 4.8: (a) CFs and (b) CDs of 1.0 wt% EOVE-b-HOVE in aqueous solution.
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structure transition is thermo-reversible without significant hysteresis.

Figure 4.10 shows (a) CFs and (b) CDs of 17 wt% EOVE-b-HOVE in aqueous
solution during a heating process. The scattering angle was 90 . Different from the
case of 1 wt%- EOVE-b-HOVE, the CFs exhibits only a slow mode at I'™! =~ 10 ms
for T < 17 'C. Around 19 'C, CD splits to two peaks, i.e., fast and slow modes. The
slower mode is seen at T'™' &~ 10% ms, while the fast mode is I'"!' = 10! ms or less.
Another interesting feature observed in Figure 4.10 is the suppression of the initial
amplitude of CFs, i.e., g®(r = 0) — 1, for T > 20.0 "C. This is an indication of sol-gel

transition.®

Figure 4.11 shows the peak shift of the CDs shown in Figure 4.10b. This figure
clearly indicates that the appearance of the fast mode. With increasing temperature,
[ " decreased gradually. However, at T = 19.0 ‘C, the peak splits to two, as assigned
to be the fast and slow modes. The fast mode kept decreasing to the time range of
I ' =~ 1 ms or less, which is of the same order of the so-called ” gel-mode” 2! Hence,
it is deduced that the drastic change of the dynamical property corresponds to the
sol-gel transition of the system. As a matter of fact, the 17 wt% EOVE-b-HOVE
aqueous solution exhibited a characteristic flow behavior with a finite value of vield
stress, oy, at temperatures for T > 21 C as shown in Figure 4.2, In other words, a

concentrated EOVE-b-HOVE solution has a plastic behavior at high temperatures.

In order to categorize the fast and slow modes, CFs were obtained by varying the
scattering angle. Figure 4.12 shows G(I'1) vs I'"1¢? plots of 17 wt% EOVE-b-HOVE
aqueous solution at (a) 15.0 'C, (b) 20.2 'C, and (¢) 21.0 'C. At T = 15.0 'C, a single
peak appears and it shifts toward a lower value of I'"'¢? by increasing g. On the other
hand, at 20.2 'C, which corresponds to the micelle region, there appear two peaks
and they are superimposed to each other irrespective of . At 21.0 “C, the peak shift
even lower value of I '¢2, but the peaks are again superimposed irrespective of q.
Note that the appearance of many peaks is ascribed to the low dynamic correlation
by entering a gel phase. This is related to the nonergodic nature of gel phase as will

discussed in the next section.
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4.4.3 Nonergodic light scattering results

Figure 4.13 shows the light scattered intensity from the 17 wt% EOVE-b-HOVE
aqueons solution. 100 sampling positions of a test tube were randomly chosen and a
series of DLS measurements were carried out at various temperatures. At 15 'C, the
intensity does not have noticeable position dependence. Therefore, one can call that
this system is ergodic and (I)y = (I}, where (I); was obtained by averaging (I)r
over 100 data points and is shown with the horizontal solid line. With increasing T,
(I (= (Iyr) increased and reached a maximum at 19 'C. At 21.0 'C, there appeared
strong position dependence in (1), indicating that the system became nonergodic.
Figure 4.14 shows the temperature dependence of (a) (I)g and (b) the initial am-
plitude of the CFs, g®?(r = 0) — 1, for 17wt% EOVE-b-HOVE aqueous solution. At
low T's, the scattered intensity was weak. implying that the system is a homogeneous
polymer solution. With increasing temperature, on the other hand, the scattered in-
tensity suddenly became strong at about 17 "C, which is identical to the temperature
of the micelle formation determined by SANS experiment.!” By further increasing
temperature, the intensity slightly decreased and finally leveled off for T > 20 C.

Figure 4.14(b) shows that an ergodic-to-nonergodic transition took place at 20 C. It
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is worth noting that this temperature is not the same as the temperature at which
(I started to increase or reached a maximum. The ergodic-to-nonergodic transition
corresponds to sol-gel transition, while the latter does to micelle formation. Hence,
it can be concluded that DLS measurements are sensitive enough to discriminate the
sol-gel transition from the micelle formation transition. Furthermore, these transi-
tions have one-to-one correspondence to the rheological transitions. That is, micelle
formation leads to Newtonian-to-non-Newtonian transition and sol-to-gel transition
corresponds to non-Newtonian-to-plastic flow transition. Another interesting aspect
which should be addressed here is that these transitions take place within a very
narrow temperature window, i.e., 2 to 3 'C, which has not been observed in block
copolymer-organic solvent systems.?? Note that PEO-b-PPO-b-PEO (EOQ97-PO39-
EO97) aqueous solutions requires about 20 ‘C temperature range (15 to 36.5 C for
this particular case) for these transitions, where the numbers indicate the numbers
of monomeric unit in a block chain.?* PS-b-PB block copolymers were also reported
to have a wide temperature range of about 20 to 30 ‘C for these transitions.!® 16,24
The sharp structure transitions found in EOVE-b-HOVE is ascribed to strong tem-
perature dependence of the interaction parameter of polyEOVE with water, of which

origin has to been elucidated in more detail.

4.5 Structural transition of EOVE-b-HOVE in aque-
ous solutions

As discussed in the previous sections, EOVE-b-HOVE undergoes two transitions by
mereasing temperature. One is molecular dispersion-to-micelle transition and the
other sol-to-gel transition. The latter transition was confirmed to be micelle-to-
macrolattice transition by SANS. These transitions are schematically depicted in
Figure 4.15(a to ¢). However, this is the case of concentrated solutions. In a di-
lute EOVE-b-HOVE solutions (e.g., 1 or 2 wt%) (Figure 4.15d), on the other hand,
only polyEOVE chains coagulate and form a micellar structure (Figure 4.15f) with
imcereasing temperature. Note here that this micelle formation proceeds via an inter-
mediate state with extremely slow relaxation time. Though a direct observation on
this intermediate state has not been carried out. an inter-connected chain cluster, de-

picted as Figure 4.15¢e, may be formed and this structure is responsible for a very slow
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relaxation observed for 1.0 wt% EOVE-b-HOVE aquecus solutions at 20 < T < 22
C.

4.6 Conclusion

DLS and rheological studies have been carried out on aqueous solutions of EOVE-b-
HOVE, where polyEOVE is thermo-sensitive polymer and polyHOVE is hydrophilic
polymer. DLS measurements for the corresponding homopolymer solutions suggested
that the hydrodynamic radius of polyHOVE, Ry yove is around 6 nm and is tempera-
ture independent. On the other hand, a strong clustering was observed for polyEOVE
with increasing temperature. At low temperatures, the cluster size distribution func-
tion CDs showed two distinct peaks, corresponding to the fast (individual molecule)
and slow modes (clusters). The value of Ry g was initially 3.7 nm at 12.6 'C, but due
to clustering the relaxation mode corresponding to the individual molecules disap-
peared for T > 17 "C and gigantic clusters of the order of 200 nm are formed around
LCST of polyEOVE, which finally precipitate. The DLS results for EOVE-b-HOVE
aqueous solutions were similar to those of polyEOVE and exhibited a strong tem-
perature dependence. Two-step structural transitions were observed, which are (I)
molecular dispersion-to-micelles and (IT) micelles-to-macrolattice transition. These
behaviors are well correlated to the drastic changes in the rheological properties, i.e.,
Newtonian, non-Newtonian, and plastic How. DLS measurements were successfully
cmployed to diseriminate these transitions as (1) a drastic increase in the scattered
intensity and change in the hydrodynamic radius and (IT) appearance of speckle pat-
tern and suppression of the initial value of correlation functions. The temperature
window required for these transitions were only a few degrees of Celsius, which is
much narrower than those for block copolymers in organic solvent. This is one of
the characteristic features of aqueous systems containing polyampholytes because of

strong temperature dependence of hydrophobic interaction.
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Chapter 5

‘Water-induced Self-assembling of
Solvent-sensitive Block Copolymer

5.1 Introduction

Among various combinations of block chains, it was found that poly(2-phenoxyethyl
vinyl ether)-block-poly(2-methoxyethyl vinyl ether) (PhOVE-6-MOVE) is very sensi-
tive to the choice of solvents.! The chemical structure of PhOVE-6-MOVE is shown
in Figure 5.1. This is due to the difference in solubility of the constituent homopoly-
mers, polyPhOVE and polyMOVE;, to solvents as shown in Table 8.1. The circles and
crosses in Table 8.1 respectively mean that the polymers are soluble and insoluble to
the solvents at room temperature. polyPhOVE is soluble to non-polar solvents while
polyMOVE to polar solvents, indicating that they have hydrophobic and hydrophilic
nature, respectively. As a result, PhOVE-b-MOVE behaves as a polyampholyte, like
a "polymer soap”.

In this chapter, acetone and water were chosen as a common and a selective sol-

——écﬁzw(gﬂ — cnz——cgza‘};;
J)

5 &

Figure 5.1: Chemical structure of PhOVE-5-MOVE.
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Table 5.1: Solubility characteristics of polyPhOVE and polyMOVE at room temper-
ature. o: soluble, x: insoluble.

solvent | polyPhOVE | polyMOVE
water X o
methanol X o
eth\anol ; X o
n-hexane X X
heptane X X
cyclohexane X o
toluene o o
acetone o} o
14 H T T T 1 T
W . o
a 12F L -
=9 ’*’
= 10 % A
% 8 B 1/ -1
g ‘
= of e -
‘E /
R ) -
g /
= 21 1, 7]
ﬁ 7
Ol i i i

1 13
0 20 40 60 &0 100
water / %

Figure 5.2: Apparent viscosity (shear rate = 10 s7') of PhOVE-b-MOVE gels with
different solvent compositions (acetone/water).
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Polymer concentration C

Figure 5.3: Triangle phase diagram for PhOVE-b-MOVE/acetone/water at 30 C.
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vent, respectively. Interestingly enough, it was revealed that the viscosity of PhROVE-
h-MOVE acetone solutions increased abruptly but continuously by adding water (Fig-
ure 5.2). In addition, the system underwent a sol-gel transition by addition of water,
where the gel phase was determined by tilting-a-tube method. Figure 5.3 shows a
triangle phase diagram of the PhOVE-b-MOVE /acetone/water solutions at 30 C.
The horizontal axis is the polymer concentration, C, and the other axis is the solvent
composition, f,. Here we define the value C' and f,, as the weight percentage of
the polymer in solution and the weight fraction of water in the mixed acetone/water
solvent, respectively. The phase diagram is divided to two regions, i.e., solution and
gel. In this chapter, SANS investigations are carried out on the microphase structures
of PhOVE-b-MOVE solutions and gels in various solvent compositions and polymer

concentrations.

5.2 Experimental Section
5.2.1 Samples

PhOVE-6-MOVE with a narrow molecular weight distribution (M, = 73.7 x 10?,
My /M, = 1.18) was synthesized by living cationic polymerization consisting of 200
and 400 monomer units for polyPhOVE and polyMOVE, respectively.! The number
average molecular weights, M, of polyPhOVE and polyMOVE are 32.8 x 10% and
40.9 x 10*, respectively. Hence, the molecular weight ratio of polyPhOVE to the
total block copolymer is 0.445. The corresponding homopolymer polyPhOVE was
polymerized in toluene at 0 'C in the presence of ethyl acetate with Et, 5AlCI, 5
under dried nitrogen atmosphere. Without an induction phase, the polymerization
proceeded smoothly to reach 100 % conversion and a monotonous increase in number
average molecular weight with monomer conversion was observed, indicating living
polymerization. After finishing the polymerization of PhOVE (20.5 hr), the second
monomer, MOVE in neat, was added into the system. The sequential living cationic
copolymerization, after sufficient conversion time, namely 3.0 hr (total 23.5 hr), was
quenched with methanol containing a small amount of aqueous ammonia solution
(0.3 wt%) and washed with 0.6-N hydrochloric acid to remove the initiator residues
and to neutralize the system. The synthesized PhOVE-b-MOVE was collected by

evaporation of the solvents under reduced pressure.
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Gel and solution samples of PhOVE-5-MOVE were prepared by first dissolving
the polymer into acetone and then adding water to make series of samples with
the same polymer concentration but with different water contents. Before and after
adding water, all the samples were shaken for 30 minutes for complete dissolution.
For C = 12 wt% samples, the samples were heated with a water bath at 45 “C after
adding water to avoid non-uniform solvation. For all the SANS experiments except
for the contrast variation experiment, deuterated acetone (99.9 % deuteration) and
deuterium oxide (99.9 % deuteration) were used as the solvents in order to obtain

enough scattering contrast between the polymer and the solvents.

5.2.2 SANS

All the SANS data in this chapter were acquired using SANS-U. The incident neutron
wavelength was 0.70 nm with a 10 % distribution. The temperature of the samples
was controlled with a water-circulating bath (NESLAB RTE-111M) with the precision
of £0.1 'C. Samples in quartz cells of 2 or 4 mm thickness were measured for sufficient
period of time depending on the transmission and the scattering power of the samples
to gain enough statistics, namely 10 to 120 minutes. The sample-to-detector distances
were 2 and 8 m. The scattering intensities were circularly averaged and corrected for
transmission, cell scattering, and incoherent backgrounds, and then were combined
to a master scattering function to cover a wide range of the scattering vector, ¢, i.c.,
0.06 < ¢ < 1.5 nm~'. Thus corrected scattering intensity was scaled to the absolute
scattering intensity, I(q), with the incoherent scattering intensity from a Lupolen

secondary standard sample.

5.3 Results and Discussion

5.3.1 Acetone solutions

In acetone solutions, the scattering intensity functions, I(g)s, were relatively low and
t decreasing function with ¢. According to the following equation,?
was a monotonous decreasing function with ¢. According to the following equation,

the correlation length, £, was evaluated.

I =0
loz(q) = ﬁlﬁ“‘ﬁ?‘)‘ (5.1)

Figure 5.4 shows Ornstein-Zernike (OZ) plots (I7'(q) vs ¢?) of the PhOVE-b-MOVE
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Figure 5.4: Ornstein-Zernike plots of PhOVE-b-MOVE in d-acetone solutions ob-
served at 20 C.

[0 [ —— . e —
ok J
1 3 4
7 J
6} -N ;
sp '““‘.—mu ]
a} Tl 1
o{ﬁ ‘\\
~ 3 ]
o B
LN
2k N j
.
3 O T | N i 5 " SRR |
EO-’« 5 6 78 0 2 3 4 5678 |
10 10
C/wt%
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in deuterated acetone (d-acetone) solutions in the concentration regimes of C' = 0.5
wt% to 12 wt%. The SANS data seem to be well fitted to OZ functions. Figure 5.5
shows the variation of £ with C'. The dashed line is guide for the eye. For C > 7 wt%,
the following relation was obtained & ~ C~%% Hence, it is deduced that the PhOVE-
b-MOVE polymer chains are somewhat in expanded state as in a good solvent and

chain overlapping takes place for at least C' > 7 wt%.

5.3.2 Microphase separation accompanying sol-gel transition

In Figure 5.6 is shown the scattering intensity profiles, I(q)s, for PhOVE--MOVE
solutions at (a) C' = 7 wt% and (b) C' = 12 wt%, with different solvent compositions,
fws. In the case of acetone solution, i.e., f,, = 0, I(q) is well described by eq. 5.1
as discussed above. However, by addition of small amount of water, e.g., f,, = 0.05,
a broad peak appeared at ¢ = 0.12 nm™! for C = 7 wt% and at ¢ ~ 0.15 nm™!
for C = 12 wt%. The peaks evolved with increasing water content and then new
peaks appeared at a lower ¢ region as shown by the thick arrows. As a result, I(q)
increased dramatically by hundred times in the intensity with distinet peaks in the
lower ¢ region. All of these peaks are more clearly seen in the samples of € = 12
wt%, where multiple peaks at low ¢’s indicate the presence of well-ordered structure

as will be discussed later.

These peaks in Figure 5.6 suggest emergence of a nano-order assembled structure
in the polymer solution. The peaks of I(q)s at higher ¢ values (¢ > 0.3 nm ') shown
by the thin arrows indicate the existence of spherical domains. On the other hand,
the peaks at lower ¢ value (¢ < 0.3 nm™') shown by thick arrows indicate a highly
ordered arrangement of the domains. From the relative positions of the 1st, 2nd, and
3rd peaks of C' = 12 wt%, i.e., 1,2, /3, we can assign this ordered structure to be a
body-centered cubic (bee). It should be also noted here that the appearance of these
peaks is very different from the case of heat-induced microphase separation shown
in Chapter 3,> where the peaks related to spherical micelles appear first followed by
‘emergence of interference peaks. In the next section, fitting analyses are carried out

for these profiles.
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Figure 5.6: Scattering intensity functions, 1(q)s, for (a) 7 and (b) 12 wt% PhOVE-
b-MOVE in acetone/water with different water weight fractions, fus.
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5.3.3 Quantitative analysis of the microphase separated struc-
ture

In order to quantify the structure, curve fitting was performed for the SANS profiles
using the three dimensional paracrystal theory as was introduced in Chapter 3. The
scattering function consists of two parts, namely the form factor for non-interfering
spherical particles, P(g), and the lattice factor, Z(q). However the profiles did not
follow Porod’s rule in higher ¢ region (¢ > 0.5 nm™!'), and I(¢) decreased with a
power of -2 instead of -4. This ¢-dependence of I(g) indicates that the spherical
domains are embedded in a semi-dilute polymer solution. The fitting function is then
reconstructed by considering the contribution from scattering of the matrix and it is

expressed as:

I(q) = Lariae(q) + Toz(q) (5.2)
[particle(Q) = P(Q)Z(Q) (53)

where the first and second terms of the RHS represent the scattered intensities for
spherical domains with the particle factor P(q) and lattice factor Z(q) and for semi-
dilute solutions, i.e., the OZ function (eq. 5.1), respectively. Note that this assump-
tion neglects the detailed conformation of polymer chains near the micelle core-corona
interface, which still nicely reproduces the microphase separated structure of block
copolymer solutions.!

In Figure 5.7 is shown an example of the results of curve fitting for f, = 0.1
The fitted curve designated by the solid line reproduced the observed scattering
function quite well. The two-dot-chain line indicates the contribution of Fuix(q),
from which the correlation length, &, was evaluated to be 1.9 nm. This value is in
good agreement with that observed in 12 wt% acetone solution of PhOVE-b-MOVE.
Hence, the model, spherical domains embedded in a polymer solution, seems to be
valid. From the fitting for ¢ < 0.5 nm™!, the structure parameters, i.e., the size of the
microdomains and the lattice spacing, R and a, their relative deviations, AR/R and
Aa/a, were obtained. The same fitting was carried out for the other profiles showing
distinct peaks. The variations of these structure parameters with fw are shown in
Figure 5.8. As shown in the figure, the radius of the spherical domains, R, seems
to be an increasing function of f,,, while that of C' = 7 wt% is somewhat scattered.

The larger in C, the larger in R. This is due to an increase in the Flory interaction
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Figure 5.8: Variations of the structure parameters, (a) R, (b) a, (¢) AR/R, and (d)
Aa/a, evaluated by curve fitting.

parameter, x, by increasing C or f,,. The radius of spherical micro-domains in a good
solvent is an increasing function of y as discussed elsewhere.” The lattice size, a, also
tends to increase with increase in f,, and a = 79.0 and 65.0 nm in average for C = 7
wt% and 12 wt%, respectively. Thermodynamically, the value of a is determined
by minimizing density fluctuations of the solution/gels in the presence of dispersing
domains. As C increases, R increases and a decreases as in the case of other block
copolymers in selective solvents.® The variations of (¢) AR/R and (d) Aa/a were also
evaluated owing to the curve fitting. The value of AR/R is, in general, decreasing
functions with increase in f,, and C, suggesting more uniform spherical domain due
to stronger segregation of the two constituting chains. Likewise, the value of Aa/a
decreased with increasing C.

We can attribute this variation to the variation of the number of formed domains
per unit volume, n. As a bce lattice consists of two spheres in one unit cell, n, is

given from a by using the following relationship,

n = - (5.4)
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@ = VBT (5.5)

Qﬂ’l aX

Here, guax is the first peak position of the SANS profile, which comes from the (110)
reflection of the bee lattice. Thus obtained value of n is plotted in Figure 5.9(a) as a
function of f,. Interestingly, n is rather invariant irrespective of f,,. This means that
the number of domains is pre-determined when the polymer concentration is fixed.
The association number, i.e., the number of polymer chains per spherical domain,

Nassoe can be evaluated via the following equation,

f v Vo . d .
polyl’hOVbX domain@domain s
Nasscwc = NA (56)

Molyprove
where Viomain, Mpolyphove, and dgomain are the volume fraction of polyPhOVE, the

volume of the spherical domain, the molecular weight of polyPhOVE and the mass
density of the spherical domain, respectively, and N, is the Avogadro’s number.
Here, let us assume dgomain = 1.0 g/cm? for simplicity. The symbol, Jpolyphove, is the

polyPhOVE volume fraction in the spherical domain given by

I(O)Czbsag
(P = Psotv) fpolyMovE = | =55
’ P \ 21‘/;1%)ymain

(5.7)

f polyPhOVE = ——
PpolyPhOVE — Psoly

Figure 5.9(b) and (c) show the variations of Nygee and fooypnovis with fy for the
cases of 7 and 12 wt%. Nywec increases with fi, because fioypnovis inereases with f,,
as shown in Fig. 5.9c. The increase of fiaypnovi with fi, is due to the fact that the
initial polymer concentrationin acetone, Cy, was different. The higher the f,, the
higher Cy, resulting in an association with a larger number of polymer chains after
water addition. Then, the solvent in the polyPhOVE domains is squeezed out by
increasing f,, by keeping N, determined at the onset of phase separation.

As mentioned above, it was shown that the polymer chains are assembled into
spherical microdomains packed in a bee style after addition of moderate amount of
water. This formation of microphase-separated structure is the origin of the phe-
nomenological sol-gel transition shown in Figure 5.3. In the next section, let us

examine the architecture of the microphase separation.

5.3.4 Architecture of the microphase separation in gel state

Let us first propose two models for the spatial variations in scattering length den-

sity as shown in Figure 5.10. The model (a) is a spherical domain structure with
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Figure 5.10: Models and the scattering-length density profiles of a PhOVE-b-MOVE
spherical domain.



polyPhOVE, and the model (b) is vice verse with polyMOVE. In the case of model
(a). added water molecules are dispersed into acetone matrix and the solvent becomes
poorer. This results in formation of hydrophobic polyPhOVE domain by excluding
polyMOVE chains and the solvent. In the model (b), on the other hand, the added
water molecules are trapped into the domain with rather hydrophilic polyMOVE
chains to prevent the unfavorable water-polyPhOVE interaction. These two models
were examined by using a contrast variation method. As is given by eqgs. 5.3 and
3.3, I(q) is proportional to the square of the scattering length densities between the

particles and the matrix:
[(Q>Obs ~ Ap2 = (Pmatrix - [}core)z (58)

In this experiment, H,O was employed instead of D, as an adding solvent to change
the contrast of p between the matrix and the domain to trace the water molecules
after the addition. As the value of p for HyO is negative and those of the others
are all positive, HyO acts to lower the p value of its surroundings. The ratio of the

scattering intensities between the H and D systems is given by

Ha)u _ ([(Ppotymove = Psotv) fooiymoves = (Ppolyrhovis — Paoty.1) JpotyProvis])” (5.9)

Hg)p  ([(PpolyMOVE = Psolv.D) froiyMovE = (PpolyPhovE = Psotv,d) fpolyProvis))’
where p; and f; are the scattering length density and the volume fraction of i (=
polyPhOVE or polyMOVE) in the respective domain/matrix. The calculated p values
of polymer chains and mixed D/H-solvents of f, = 0.1 are as follows: ppoymove =
0.439 x 10", ppoiyprove = 1.217 x 10'0, ey = 4.86 x 10™, and pygiy,p = 5.54 x 10"
em™2. In the case of C = 7 wt%, the values of fraymove = 0.036 and fioyphove =
0.42 and the ratio of I(g)s was evaluated to be 0.7. In Figure 5.11 is shown the result
of the experiment in the sample of C' = 7 wt% with f,, = 0.1. The calculated I(q)
was almost superimposed only by multiplying /(g) with the ratio calculated with eq.
5.9, showing a good agreement with the experimental result. As shown in the figure,
a similar shape profile with a decrease in the scattering intensity was obtained. This
means that the shapes of the formed microphase structures are the same and only the
difference in pmatrix and peore has been changed by H/D substitution. Considering the
decrease in the intensity, we can conclude that the domains are formed by polyPhOVE

chains as shown in Figure 5.10(a).
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Figure 5.11: SANS results of the contrast variation experiment for PhOVE-b-MOVE
acetone/water solution with €' = 7 wt% and f,, = 0.1.

5.3.5 Comparison of the heat-induced and the water-induced
microphase separation

In chapter 3, we discussed a heat-induced phase separation in poly(2-ethoxyethyl
vinyl ether)-block-poly(2-hydroxyethyl vinyl ether) (EOVE-b-HOVE) aqueous solu-
tions. In the case of EOVE-0-HOVE, a micelle formation undergoes first, followed
by rearrangement to a bee packed structure. For comparison, the phase separation
behavior of poly(2-ethoxyethyl vinyl ether)-block-poly(2-methoxyethyl vinyl ether)
(EOVE-b-MOVE) aqueous solutions was studied and it was found that this system
also undergoes a heat-induced phase separation. In both cases, polyEOVE becomes
non-soluble to water above 20 ‘C. The difference between the water-induced phase
separation studied here in PhROVE-b-MOVE/acetone/water and the heat-induced
phase separation observed in EOVE-b-MOVE and EOVE-b-HOVE are due to the
nature of environmental-sensitivity of the polyPhOVE (non-soluble group to water)
and polyEOVE (temperature-sensitive). Interestingly enough, it was found that the
evolutions of microphase separation are different between the two systems.

In Figure 5.12 is shown series of SANS profiles for (a) 20 wt% EOVE-b-MOVE aq.
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Figure 5.12: Variations of I(g)s for (a) 20 wt% EOVE-b-MOVE aqueous solution
(heat-induced microphase-separated structure) with 7" and (b) 12 wt% PhOVE-b-
MOVE/acetone/water solution (water-induced microphase-separated structure) with
the fraction of water added to the solution, f,.

solution with increasing T' and (b) 12 wt% PhOVE-b-MOVE/acetone/water varying
fw. The thin and thick allows indicate the scattering peaks from the spherical do-
mains and from the ordering of the domains, respectively. As shown in the figure,
these two solutions show different responses to the external stimuli, i.e., (a) tem-
perature increase (heat-induced transition) and (b) water addition (solvent-induced
transition). The EOVE-b-MOVE system first forms micelles (indicated with the
thick arrows) followed by packing of the micelles on increasing temperature (thin
arrows). On the other hand, the PhOVE-b-MOVE keeps spatial ordering irrespec-
tive of f,, (thick arrows) before polyPhOVE domain formation (thin arrows). These
differences may be ascribed to the differences in the nature of molecular interactions
associated in the microphase separation, i.e., hydrophobic interaction (heat-induced
transition) and van der Waals interaction (solvent-induced transition). In the case of
the former, the interaction parameter, y, changes step-wise change near the transition
temperature. Poly(N-isopropyl acrylamide) in water is a typical system, in which y,
changes discretely as was reported by Hirotsu.” In this case, the lower critical so-

lution temperature (LCST) of polyEOVE in water is about 20 ‘C. By approaching
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Figure 5.13: Schematic representations showing the difference in the growth of
microphase-separated structure for (a) heat-induced and (b) water-induced phase
separations.

this temperature, micelles (i.e., microdomains) consisting of polyEOVE chains are
formed, which is followed by packing to a bee by further increase in temperature.
On the other hand, in the case of solvent-induced microphase separation, x increases
monotonously with f,, resulting in amplification of the concentration fluctuations to
form microphase separated structure.

Figure 5.13 illustrates the difference in the evolution processes of the structures
by (a) heat-induced and (b) water-induced microphase separations. In the case of (a),
micelles with polyEOVE chains are formed, followed by rearranging to a bee packing
as was reported in Chapter 3.% This results in a physical gelation. On the other hand,
in the case of (b), an amplification of concentration fluctuations takes place due to
an increase in y. Hence, the long spacing of the microdomain structure is fixed in
advance to the formation of domains. This type of evolution process in concentration
fluctuations is analogous to the spinodal decomposition. Further analyses along this

aspect is 1n progress.

5.4 Conclusion

The microphase separated structure of the PhOVE-b-MOVE/acetone/water was in-
vestigated by SANS. The following facts were revealed: (1) By adding water, mi-

crophase separated structures consisting of spherical domains aligned in a bee style
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is formed. (2) The structure parameters are around R = 13.0 nm with a = 79.0 nm
and R = 14.0 nm with @ = 65.0 nm respectively for C' = 7 and 12 wt%. (3) By
the contrast changing experiment, it is confirmed that the spherical domains are con-
structed with polyPhOVE chains. (4) The mechanism of microphase separations is
different between the heat-induced and water-induced microphase separations. The
former is initiated by micelle formation followed by rearrangement to a bee pack-
ing, and the latter is an amplification process similar to spinodal decomposition by
keeping the long period correlation. Finally, it should be noted that these sharp
environmental-sensitive microphase separation could be achieved with a tailor-made
block copolymer carrying environment-sensitive functional groups, i.c., ether moiety

in this case, in addition to a narrow molecular weight distribution.
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