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Abstract

The small-angle neutron scattering investigation was carried out on semi-dilute aqueous solutions of block and gradient copolymers
comprising pEOVE and pMOVE, pEOVE;y-block-pMOVE;(, (Block) and p(EOVE-grad-MOVE)g(, (Grad). Here, pPEOVE and pMOVE denote
poly(2-ethoxyethyl vinyl ether) and poly(2-methoxyethyl vinyl ether), respectively, and the numbers indicate the degrees of polymerization. The
monomer composition in the Grad had a gradient along the polymer chain. For 20.0 wt% solutions, a microphase-separated structure and
physical gelation were observed both in Block and in Grad systems. In the case of the Grad system, a gradual microphase separation took place
as a function of temperature via a micellization with a small radius of core, characterized by the “reel-in”* process, i.e., a winding of polymer
chains to the core of a micelle because of the gradient composition. On the other hand, the Block system underwent a stepwise transition with
respect to temperature. The relationship between microphase separation and the rheological behavior is explained from the viewpoint of

microscopic structure.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Block copolymers have been widely investigated because
of their unique chemical structure, i.e., a polymer consisting
of unlike polymer chains chemically bonded to each other
[1—3]. One of the unique features of block copolymer systems
is the capability of microphase separation, i.e., a phase separa-
tion of order of the size of the block copolymer. A variety of
morphologies in microphase-separated structures have been
reported so far. It is needless to mention that the uniqueness
of the physical properties of block copolymers is ascribed to
the chemical bonding that connects the constituent block
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chains at which the chemical composition changes stepwise.
It is naively expected what happens if the change in the com-
position has a gradient. Hashimoto and coworkers prepared
two types of “tapered” block copolymers and investigated
their microdomain structures and mechanical properties.
They reported the presence of two types of mixing depending
on the structure, namely ‘“domain boundary mixing” and
“mixing-in domain” [4]. The former is a mixing of A and B
segments locally at the interface, while in the latter case a
mixing occurs in each domain due to the random sequence
of A and B segments in a chain. However, the chemical
composition gradient could not be well controlled because
of difficulty in anionic polymerization.

Theoretical investigations have been made to elucidate the
nature of two-component polymeric systems having a gradient
composition. Lefebvre et al. predicted that a gradient copoly-
mer is less favorable in phase separation and the size of


mailto:shibayama@issp.u-tokyo.ac.jp
http://www.elsevier.com/locate/polymer

S. Okabe et al. | Polymer 47 (2006) 7572—7579 7573

microphase separation is smaller than the corresponding block
copolymers [5]. They also addressed that such microphase
separation would hardly occur in bulk. On the other hand,
possibility of a novel type microphase separation in gradient
copolymer different from that in block copolymer was theoret-
ically shown by Aksimentiev and Holyst [6].

Recently, Aoshima et al. succeeded in preparing copoly-
mers having a variety of chemical architectures, such as graft,
star copolymers [7]. Since living cationic polymerization is
employed, the molecular weight and its distribution can be
easily controlled. In addition, the living polymerization allows
one to choose the second (or third, ...) monomers to be
attached on. These copolymers commonly carry oxyethylene
groups in the side chain, leading to water-solubility. Among
a large number of applications of this technique, gradient
copolymers have also been prepared [8]. In the previous paper,
we carried out structural investigation of a gradient copolymer
in a dilute aqueous solution, p(EOVE-grad-MOVE ) (Grad)
and pEOVE;gy-block-pMOVE;(, (Block) in water [9]. Here,
pEOVE and pMOVE denote poly(2-ethoxyethyl vinyl ether)
and poly(2-methoxyethyl vinyl ether), respectively, and the
numbers indicate the degrees of polymerization. An interest-
ing micelle formation mechanism, called “reel-in” effect,
was observed, and its structure was extensively investigated.

In the present paper, we report the microdomain structures
and their formation mechanism of the gradient copolymer
aqueous systems on the basis of the small-angle neutron scat-
tering (SANS) data as a function of temperature, 7. It will
be shown that the ‘“‘reel-in” effect plays a key role in micro-
phase separation. The mechanism of microphase separation
in the Grad system will be compared with that of the Block
system.

2. Experimental section
2.1. Samples

p(EOVE—grad—MOVE)(,OO (Grad) and pEOVE3()()-bZOCk-
pMOVE3;(, (Block) were prepared by living cationic polymer-
ization. The details of polymer preparation are described
elsewhere [9]. Fig. 1 schematically shows the chemical struc-
ture of Block and Grad. The number of EOVE and MOVE
monomer units in a polymer chain is about 300 both for Block
and Grad. The observed ‘“‘instantaneous” composition of
MOVE in a Grad polymer is also shown as open circles in
Fig. 1, which is in accord with the theoretical curve (broken
line) [9,10]. On the other hand, the solid line shows the instan-
taneous composition of MOVE in Block.

For SANS experiments, deuterated water (D,O) was used
instead of protonated water as the solvent in order to enhance
the scattering contrast. The 0.3 wt% aqueous solutions
of Block and Grad were coded as Block03 and Grad03, and
20 wt% solutions as Block20 and Grad20, respectively. It
should be noted here that aqueous solutions of pPEOVE homo-
polymer has a precipitation point, i.e., LCST at around 20 °C
[11,12].

1o ' f
3 - - e
s 0.8 - CoH, CoH, P -
e Q e RN
° Et Me . k
2 Block  o-°f
g 0or .’ CH?f?Hém—éCHf(-:H n |m+n=600
= . 9 Q
£ .’ CoH, CoH,
: : ; 0
] 0.4 - o] Et Me
3 S Grad
: .
g .
0.2 -
2 P
] .
=
0 [t T T I I [
0 0.2 0.4 0.6 0.8 1.0

Normalized degree of polymerization

Fig. 1. The chemical schemes of the block (Block) and gradient (Grad) copol-
ymers. The open circles and the broken line show the observed and calculated
instantaneous compositions of MOVE, respectively.

2.2. Rheological measurements

The dynamic viscoelasticity of the polymer solutions was
measured with a stress controlled rheometer (DAR-100,
Reologica) equipped with a cone-and-plate geometry with a
diameter of 40 mm and a cone angle of 4°. The values of the
stress amplitude were monitored to ensure that all dynamic
experiments were performed within the linear viscoelastic
regime, in which the dynamic storage modulus (G’) and
loss modulus (G”) were independent of the applied stress.
The dynamic viscoelastic measurement was conducted at vari-
ous temperatures (10—60 °C) with a frequency of 1.0 Hz.

2.3. Small-angle neutron scattering (SANS)

SANS experiments were carried out at the SANS-U instru-
ment, the Institute for Solid State Physics, the University of
Tokyo, Tokai, Japan [13]. The wavelength of the incident
neutrons was monochromatized with a mechanical velocity
selector to be 0.70 nm with a distribution of ca. 10% in
FWHM. Each sample was loaded in a quartz cell of 1.00 mm
thickness and was irradiated by the neutron beam having the
cross section of 5.0 mm in diameter for 3—120 min depending
on the scattering intensity. The scattered neutrons were counted
with a two-dimensional area detector and the scattering intensity
was circularly averaged and then corrected for transmission and
for the cell scattering. The subsequent absolute scattering inten-
sity calibration was carried out with the incoherent scattering
from a polyethylene of secondary standard [14].

3. Results and discussion
3.1. Rheological measurements
Fig. 2 shows temperature variations of the storage (G') and

loss moduli (G”) of 20 wt% aqueous solutions of (a) Block
(Block20) and (b) Grad (Grad20). In the case of Block20, sharp
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Fig. 2. Temperature variations of storage (G') and loss (G”) moduli (a) in
Block20 and (b) in Grad20.

transitions were observed both for G’ and G” at 20 °C. These
transitions indicate that the system becomes a physical gel above
this temperature as was reported on a similar system [12,15]. On
the other hand, Grad20 underwent a gradual and continuous
transition. It is noteworthy that the temperature range, during
which the system is a physical gel, is narrower than that of
Block?20, and the maximum value of G’ in Grad20 is rather small
by comparing with that in Block20. Interestingly, decreases in
G’ and G" were observed at around 60 °C (indicated with a ver-
tical line). This is due to precipitation as a result of dehydration
of MOVE segments. The mechanism of physical gelation and
the difference of the mechanical behavior in these systems
will be elucidated in the following sections from the viewpoint
of microscopic structures.

3.2. SANS

Fig. 3 shows the temperature dependence of the SANS
intensity functions, I(g)s, for (a) Block20 and (b) Grad20.
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Fig. 3. SANS intensity functions (a) for Block20 and (b) for Grad20.

Here, g denotes the magnitude of the scattering vector. A
detailed discussion on Block03 and Grad03, i.e., a discussion
on single chain behavior, was made in the previous paper [9].
Let us focus here on the cases of Block20 and Grad20. Even
at low T’s (e.g., 15 °C), the microstructures of the two systems
are different depending on the chemical architecture. Block20
has an upturn in I(g) at low-g region, indicating inter-
connected micelles in addition to dispersed micelles, while
Grad20 has a micelle-like independent particle scattering.
By increasing 7, more distinct differences between the
systems became obvious. At 20°C and higher T’s, I(g)
for Block20 had several peaks as shown by arrows. This
means that a microphase separation transition took place in
the temperature range between 15 and 20 °C, and no further



S. Okabe et al. | Polymer 47 (2006) 7572—7579 7575

structural change took place above this temperature. Note
that the five SANS curves for T > 20 °C can be superimposed
on each other (see Fig. 3a). On the other hand, Grad20 exhibits
a gradual change in the SANS curves, indicating a gradual
evolution of microdomain structures with respect to
temperature.

These peaks can be assigned to the individual particle
(thick arrows) and the inter-particle interference (thin arrows)
since the system is apparently microphase-separated with a
cubic lattice structure. It is expected that the interference is
due to a body-centered cubic (bcc) macrolattice because the
relative positions of the first, second, third peaks are 1, \/2,
\/3 which are apparently distinguishable from the peak posi-
tions of 1, 2, 3 for lamella or liquid-like structures. In the
case of Block20, a series of interference peaks (shown by
the thin arrows) are clearly observed although the /2 and
J3 peaks are indistinguishable by instrumental smearing
effect. Different from the case of Block20, I(q) for Grad20
changed continuously with 7. At T =20 °C, a particle scatter-
ing peak (thick arrow) without a significant inter-particle inter-
ference was observed. The particle scattering peak became
broader and the interference peak (thin arrows) became
sharper with increasing 7. Hence, we can deduce that the
structural transition, i.e., a macrolattice formation by way of
an individual micelle formation, does occur in Grad20 though
the transition is more gradual and the resulting structure is
more indistinct than that of Block20.

In order to determine these structures, curve-fitting analyses
were performed by assuming suitable models for the scattering
contrast depending on the polymer concentration. Fig. 4 illus-
trates the scattering contrasts in (a) dilute and (b) semi-dilute
solutions forming spherical micelles. In the case of Fig. 4a,
micelles have a core-shell structure and are isolated by the
solvent. On the other hand, in the case of Fig. 4b, micelles
are densely packed in a macrolattice, resulting in only two
phases, i.e., micelle core and the matrix (=a mixture of
micelle corona and the solvent).

The scattering function for core-shell spheres is described
elsewhere [9]. The scattering function for spherical particles

(b) hard sphere in polymer solution

(a) core-shell sphere

Fig. 4. Schemes of the micelle architecture and effective scattering contrast.

with an inter-particle interference is described by the follow-
ing equations:

Lavicte(q) = nV>Ap* @(qReore)*Z(q) (1)
47tR?
V — core 2
e @
Sin x — X cos X
O(x) =3RS (3)

where 7 is the number of the spheres in a unit volume, R . 1S
the radius of the core, Ap is the scattering length density
difference between the sphere and the matrix, and Z(q) is
the lattice factor representing the interference of micro-
domains. In order to reproduce the scattering functions,
a bece lattice factor with paracrystallinity is introduced as de-
scribed elsewhere [15—17]. Here, the instrumental smearing
effect was also considered by introducing the resolution func-
tion which is related to the finite slit size and the wavelength
distribution of the incident neutrons [15,18].

In addition to the scattering function for a macrolattice of
spherical domains, an Ornstein—Zernike (OZ) function was
introduced to reproduce the ¢ > behavior at high-¢ region
[16,19]. This function represents a homogeneous polymer
solution as the matrix, i.e., the mixture of micelle corona
and solvent:

Imatrix (C] = 0)

1 + g2q2 (4)

] matrix (q) =
where £ is the correlation length. The total scattering function
is thus written as:

I(Q) = particle(q) + [matrix(q) (5)

Note that this assumption neglects the detailed conformation
of polymer chains near the micelle core—corona interface,
which still nicely reproduces the microphase-separated struc-
ture of block copolymer solutions [16,19].

Prior to the curve fitting, the number density, n, was first
determined from the first peak position, ¢m.x, With the follow-
ing equations:
n=> (©)

a3

4 _i 27
V'3 Gmax

where «a is the lattice constant of a bee unit cell. The n values
were evaluated to be 1.9 x 10'> cm ™ for Block20 at 40 °C
and 3.9 x 10"> em ™ for Grad20 at 40 °C, which were fixed
during the curve fitting. Typical results of curve fitting are
shown in Fig. 5. The dashed and thick lines denote the results
without and with the OZ component, respectively. The esti-
mated correlation length in the matrix £ = 1.0 nm is reason-
able and is in good agreement with that reported elsewhere
[16]. The obtained parameters will be discussed below.

(7)
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Fig. 5. Typical results of curve fitting by using the scattering function of hard
spheres in a bce paracrystal with a matrix of semi-dilute polymer solution.

Fig. 6 shows the temperature variations of the paracrystal
parameters. The lattice constant, a, is larger in Block20 than
in Grad20. The difference in these values is almost of the
same order of the diameter of the micelle cores in Block20
and in Grad?20, i.e., 12—20 nm. On the other hand, the Hose-
mann’s distortion factor, g [17], is dependent on T in
Grad20 whereas it is rather constant in Block20. This is
explained by the degree of interpenetration of the micelles
as illustrated in Fig. 7. In the case of Block20, the interface
of micelle core and corona is sharp and the inter-micelle dis-
tance is strictly optimized due to the deep potential [20]. In the
case of Grad20, the micelles can be highly interpenetrated due
to a broad boundary of the core—corona interface, allowing
a larger fluctuation, i.e., larger g value. Hence, the physical
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Fig. 6. Temperature variations of lattice constant, a, and the degree of para-
crystallinity, g.

gel of Grad20 is easier to flow, i.e., the gel region is narrower
with respect to T, and G’ is also smaller than that of Block20
(see Fig. 2b).

Fig. 8a shows the ratio of the scattering intensity from the
particles to that from the matrix, Iparicie(q = 0)/manix(q = 0),
representing the relative contribution of the particle scattering.
As clearly shown, the contribution of particle scattering is
almost constant in Block20, whereas it is an increasing func-
tion of temperature in Grad20 with much smaller value than
in Block20. This means that the microphase separation evolves
in Grad20 with increasing temperature to form well-grown
micelles. The temperature variations of the radii for micelle
core, R...’s, in Block and Grad systems are shown in
Fig. 8b. For comparison, the R values for 0.3 wt% systems,
i.e., Block03 and Grad03 [9], are also plotted in Fig. 8b as well
as those for Block20 and Grad20. There are several interesting
findings in this figure. (1) The value of Ry, for Block20 is
larger than that of Grad20, and independent of 7, while Ry
of Grad20 is an increasing function of 7. (2) The value of R o
for Block?20 is significantly larger than that of Block03. This is
due to the fact that the size of spherical domains is an increas-
ing function of the interaction parameter between polymer
chain and solvent, resulting in the increase in the repulsive
force enlarging the domain size. On the other hand, R’s
for Grad20 and Grad03 are very similar both in the absolute
values and in the T-dependence. The former means that Block
has a larger interaction parameter between the core-chains and
the solvent than that of Grad, and it is T-independent above the
micellization transition temperature, Ty, This fact again sup-
ports the “gradient” chemical architecture of Grad. The latter
suggests that the micelle structures are the same in the two
concentrations for Grad, but not for Block. Since the number
of polymer chains forming a micelle is fixed for Block when
microphase separation transition takes place, the value of R e
is T-independent for T > Ty. On the other hand, that of Grad
increases with 7 due to the ‘“reel-in” effect. This reel-in
phenomenon takes place not only in a dilute solution but
also in a concentrated solution.
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(a) Block20

(b) Grad20

density of black segement

Fig. 7. Schematic illustrations for inter-micelle interaction (a) in Block20 and (b) in Grad20.

3.3. Mechanism of the formation of microphase
separation

Fig. 9 shows the temperature variations of the scattering
contrast, i.e., the scattering length density difference between
the micelle core and matrix, |Ap|, for Block20 and Grad20
evaluated by the curve fitting. As clearly shown, |Ap| in
Block20 (solid squares) is constant with respect to T and is
much larger than that in Grad20 (solid circles), whereas |Ap|
in Grad20 increased continuously with increasing 7. The
observed |Ap| is related to the volume fractions of MOVE in
the core as follows:

|A,0| = ‘pcore - pmatrix'
= | (¢core4EOVEpEOVE + ¢core,MOVEPMOVE + ¢core,D20PD2o)

- (¢malrix,EOVEpEOVE + ¢matrix,MOVEpMOVE + ¢mauix,D20PD20)|

(8)

with

¢core,EOVE + ¢core7MOVE + ¢core,DzO = 1 (9)
d)matrix,EOVE + ¢matrix,MOVE + d)matrix,DzO = l (10)
where  prove =343 x 1077, pmove =4.39 x 1077, and

pp,0 =6.34 X 1076 (10\72) are the scattering length densities
of EOVE, MOVE, and D,0, respectively, ¢.ore; is the volume
fraction of the component i (= EOVE, MOVE or D,0) in the
micelle core, and @paeix j 1S the volume fraction of the compo-
nent j (= EOVE, MOVE or D,0) in the matrix. The dotted line
in Fig. 9 indicates the perfect separation of Block20, i.e., the
scattering length density difference between pure EOVE

(¢core.eove = 1.0) and the mixture of MOVE and D,0, which
is expressed as:

|Ap perfect separation |

=1ppovE — (Pmatrix MOVEPMOVE + Prmatrix D,0PD,0) | (11)

By assuming @core MOVE = Pmarrixeove = 0 and dmawix MOVE =
0.10 (=0.20 x 0.5) in Eq. (8), ¢dcorepove 1s evaluated for
Block20, and thus the evaluated ¢.orepove is plotted with
open squares in Fig. 9. This means that ca. 40% of the volume
in a micelle core is occupied by water molecules in Block20.
The story is rather complicated in the Grad system because
of the mixed nature of local monomer composition in a Grad
polymer Chain’ i~e~’ ¢core,MOVE * 0’ ¢matrix,EOVE + 0’ etc.

Now, let us relate the fraction of dehydrated segments,
¢p.upp, 0 the instantaneous composition in a Grad polymer
chain, ¢, move, shown in Fig. 1, by assuming a linear rela-
tionship between temperature and the relative length of the
hydrophobic segments along a Grad polymer chain during
dehydration process.

¢p,HPB (T) = ¢p,MOVE (N) (12)
T=T,+ (T, - Ts)N (13)
with

T, =15°C, T.=60°C

where T} is the precipitation temperature of the system, and
N(=Nups /Niotal) is the normalized length of the hydrophobic
segments along a Grad polymer chain. Here, Nypg and Ny

are the lengths of the hydrophobic segments and the total
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polymer chain, respectively. The volume fraction of the poly-
mer chain in a micelle core, @eorep(1), can be calculated by:

¢core,p(T) = ¢p,HPB (T)¢p (14)

where ¢, is the volume fraction of Grad polymer chains in the
solution, i.e., ¢, = 0.20 for Grad20. The temperature depen-
dence of the calculated ¢corep(T) is shown by the broken
line in Fig. 9, which is well correlated to that of the observed
|Ap|. This means that the “reel-in” can be described by the
instantaneous composition at polymer preparation, suggesting
the possibility of precise controlling of the micelle structure by
temperature. The present results are not affected by a thermal
history and they are time-independent.

Lefebvre et al. predicted that a gradient in composition
along the chain makes phase separation more difficult than
for a block copolymer [5]. It is of interest to compare the
strength of microphase separation between Block and Grad
systems. Though the resulting structure in the present case is
not lamellar but spherical, the combination of the micelle
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Fig. 9. Temperature variations of the scattering contrast factor, |Ap| (solid
symbols), and a perfect separation line representing |Ap| for pure EOVE
core in a mixture of MOVE and D,O (dotted line). The calculated volume
fractions of the polymer chains in a micelle core, @corecove (for Block20,
open squares) and ¢orep (for Grad20, dashed line) are also plotted.

size and scattering contrast clearly shows the difference in
the strength of microphase separation. That is, the stronger
segregation of Block polymers causes larger micelles with
smaller water content, whereas weaker segregation of Grad
polymers causes smaller micelles with larger water content.
In addition to the micelle architectures, the microphase-
separated structure, i.e., the paracrystal parameters showed
the effect of introducing gradient composition experimentally
as the broadness of transition with respect to 7.

4. Conclusion

The microdomain structures and the mechanism of micro-
phase separation of gradient copolymer in water were investi-
gated in terms of small-angle neutron scattering (SANS).
The copolymers investigated here were p(EOVE,-grad-
MOVEn)er” — 600 (Grad) and pEOVE300-bZOCk-pMOVE3OO
(Block). Both EOVE and MOVE have lower critical solution
temperatures in water at 20 and 65 °C. The chemical structure
along Grad polymer chain varies rather linearly from pure
EOVE to pure MOVE. Comparing with the Block copolymer
consisting of pPEOVE and pMOVE connected by a chemical
bonding, i.e., a stepwise change of the chemical composition
at the chemical bonding of EOVE and MOVE chains, the
Grad copolymer exhibited a gradual structure formation and
transition in addition to a gradual change in mechanical prop-
erties. The SANS investigations disclosed the following facts.
(1) Micelle formation and microphase separation were
observed both in block and gradient copolymer systems. (2)
The microdomain structure of Grad is less ordered than that
of Block due to the gradient chemical composition along the
polymer chain. This may be one of the reasons why the storage
and loss moduli vary gradually with temperature. (3) The
resulting micelle size of Block was constant with respect to
temperature, whereas that of Grad increased gradually with
temperature. The latter is accounted for the ‘“‘reel-in” effect
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in micelle formation and microphase separation. (4) The sizes
of micelle cores are nearly the same both in Grad03 and
Grad20, whereas those in Block systems are significantly dif-
ferent. This difference is interpreted with the temperature-de-
pendent composition of the domains exclusively in the case of
Grad, that is, the radius and the volume fraction of the core are
increasing functions of temperature. (5) The temperature var-
iation of the scattering contrast is satisfactorily explained with
the instantaneous composition along the Grad polymer chain.
It is demonstrated that gradient copolymers have a potential
applications for environment-sensitive materials because of
tunability of their microstructures and physical properties.
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