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Restricted Swelling and Its Orientation Effect on Copolymer Micellar
Solutions of Hexagonal-Packed Cylinders under Steady Shear Flow
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We investigate the structure of polystyrelpoly(acrylic acid, sodium salt) copolymer in aqueous solutions. We
offer detailed characterization of the micellar solutions by scattering techniques and show that they form hexagonal-
packed cylinders. The micelles follow the swelling law expected for cylinders, upon addition of water, down to a
concentration threshold below which the distance cylirastinder remains constant. The results suggest that the
cylinders are aggregated. It is proposed that this micellar association is the cause of the unusual orientation of the
cylinders in a steady shear flow field, where the cylinder axis is found to be parallel to the velocity gradient.

Introduction

The need for engineered soft materials is increasing consider-

Stacked lamellae and hexagonal-packed cylinders (HPC) are
two common phases of block copolymer anisometric micelles
and are classified as liquid crystalline pha¥&$hese ordered

ably as a consequence of the demand for novel combinations ofyhases are induced by long-range orientation correlations between

properties by the emerging technologtds.this respect, block

the micellesi! They are characterized by a director orientation

copolymers have proven to be very suitable and versatile materialsiy addition to the positional order. However, the samples are

in nanoscience and nanotechnoldgyThey have the ability to

usually not aligned to the macroscopic length scale level, and

self-assemble atthe mesoscopic length scale (tens of nanometerg)olydomain structures are present which yield textures recogniz-

either in melt, in solution of selective solvents, or in blends with
a homopolymer that interacts specifically with one constitutive
block3~5 Self-assembly yields the formation of a variety of
ordered phases. Amphiphilic diblock copolymers exhibit char-
acteristic equilibrium morphologies as a result of the balance

able from polarizing optical microscopy studi€sThe textures
are a feature of the mesophase structure and do not depend on
the molecular detail, since the restricted alignment of a broad
variety of anisotropic species yields similar textures.

When block copolymers are subjected to shear, structural

between the enthalpic penalty originating from contacts between changes are commonly induc&d3 Similar structure changes
the two dissimilar blocks and the entropic constraintimposed by occur in a large number of systems such as liquid crystalline

the covalent linkage between thénThese morphologies are
spherical, rodlike, or lamellar micelles, and their formation is
governed by both the length of each block and the interblock
repulsion strength.In blends and in solution, the composition
of the blocks and their interaction with the dispersing phase
further force the phase morpholog$Comprehensive theoretical

solutions of stiff molecules, thermotropic liquid crystals, mi-
croemulsions, and colloidal suspensions as well as in block
copolymer melts and solutior$In particular, structures under
shear of agueous solutions of amphiphilic block copolymers that
form anisotropic morphologies are of special intef&stheir
liquid crystal structure can be strongly disrupted by the application

and experimental studies were reported on the nanostructuralf @ flow field. Often, complex flow properties are observed
organization of block copolymers, and the effects of other relevant €V€n though in most cases these anisotropic species tend to align

parameters, such as volume fraction and temperature, wer
carefully studied. Consequently, it is now easy to fully control
the phase morphology by adjusting these paraméters.
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with the longest axis parallel to the shear direction,This
arrangement minimizes drag resistance and yields two typical
orientational configurations for lamellae, with their normal either
parallel to the velocity gradient directioRy, or to the neutral

or vorticity direction z'61"These two configurations are referred
to as parallel or perpendicular orientations. In particular, it was
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shown that these two configurations represent a common behaviotthe micellar solutions as a function of polymer concentration by
of lamellae of diblock copolymers subjected to large amplitude monitoring the shift of the main peak position in the scattering
oscillations or steady shear flow. For these copolymers, the effectintensity measured by small-angle X-ray and neutron scattering
of chain entanglement is negligible and so are the resulting techniques (SAXS and SANS, respectively). These structural
topological constraints. For lamellar morphologies of high investigations showed that the swelling of the micellar solutions
molecular weight diblock copolymers, it was shown that was restricted to concentrated samples. The results were clear
entanglement between neighboring lamellae affects the alignmentevidence for the existence of physical association between
and promotes the transverse configuration where the normal toneighboring diblock copolymer cylinders. As a consequence,
the lamellae is found toward the velocity directi similar the organization of such connected cylinders under steady shear
orientation was also observed in a concentrated temperatureflow displayed an unusual orientation, with the long axis of the
induced lamellar phase of alow molecular weight diblock polymer cylinders being oriented parallel to the gradient direction. The
at low shear rafé and was later hypothesized to be a data are discussed in the context of the swelling behavior and

nonequilibrium state probably due to sample loadig.

The condition of minimal drag resistance confines the block
copolymer cylinders, subjected to a flow field, in the shear plane
(shear and vorticity plane) pointing toward the shear &is.

Furthermore, for HPC, the densely packed layers of cylinders,
the planes (10) of the hexagonal unit cell, are often found to be

parallel to the shear plarf€.This configuration is known as

interpreted as evidence for the existence of association between
the cylinders such as entanglement of the micellar brushes or
chemical links that may result from postpolymerization side
reactions in view of the chemical structure of the diblock
copolymer chains.

Materials and Methods

parallel orientation as against perpendicular orientation where  The polystyrends-poly(ethyl acrylate), PS-PEA, precursor diblock

the cylinders still point toward the shear direction with the densely

copolymer was synthesized by controlled radical polymerization in

packed layers of cylinders perpendicular to the shear plane. Itaqueous emulsion by the Rhodia Synthesis and Development
was shown that this last configuration is favored when the shearedLaboratory located in Cranbury, NJ. The sequential synthesis process

HPC phase is close to the ordetisorder transition temperatufk.

All alternative configurations, where the cylinders are not pointing
toward the shear direction, were never observed in a steady she
flow in the bulk. Cylinders initially prepared orthogonal to shear
rotated toward the shear directi&hThese induced changes in

block copolymer melts and solutions with hexagonal structures

have been studied in great detail by many gro¥gdsually,
different techniques are combined to obtain useful information

at different length scales because shear flow can affect both the
texture and the interparticle correlations. The experimental

involved the polymerization of styrene followed by the polymerization
of ethyl acrylate by usingS(1-methoxycarbonyl)ethy®-ethyl

a>';anthate as the reversible chain transfer agent for this two-step

polymerization. This synthesis method was identified as macro-
molecular design via the interchange of xanthates (MAD¥X).
The precursor chain had the following chemical structure:

S

S)k O- CH, - CH;

157

— CH,—CH CHZ—C|H

C=0

techniques used to probe the structure under shear of such

materials include optical microscopy, scattering of radiations,
and NMR spectroscop??.
The objective of this study was to investigate the influence

of shear on the structure of the lyotropic hexagonal phases of

an amphiphilic diblock copolymer. We used polystyrdnpely-

- CH, - CH,

where the xanthate transfer agent group was localized at the chain
end. The number average molecular weight and polydispersity of
the PS first block, which was isolated prior to the addition of ethyl

acrylate, and of the entire PS-PEA copolymer were determined by

(acrylic acid, sodium salt), PS-PANa, aqueous solutions in the gel permeation chromatography (GPC, Phenogel columns calibrated
intermediate concentration regime. Different phase morphologiesby using standard PS) in tetrahydrofuran (THF) at 1 mL/min. The

of PS-PANa have been obtained by varying the ratio of the
hydrophobic polystyrene block length to the hydrophilic poly-
(acrylic acid) block lengti*25> The samples chosen for this
investigation had block lengths that favored out of equilibrium
rodlike micellar morphologie¥ The locked-in cylindrical
morphology was specifically achieved by the fine-tuning of the
copolymer micellar brush conformation through the control of
the pH, thus leading to ionization of the polyelectrolyte poly-
(acrylic acid) block. We investigated the structure at rest of the

number average molecular weight and polydispersity were found to
be 4700 g/mol and 2.3, respectively, for the styrene block,
corresponding to 45 styrene monomers, and 15 700 g/mol and 2.2,
respectively, for the ethyl acrylate blocks, corresponding to 157
ethyl acrylate monomers. This led to a PS weight fraction of 0.23.
This value was further confirmed by NMR spectroscopy (Oxford
AS400 MHz), performed on deuterated pyridine copolymer solution,
which returned a PS weight fraction of 0.25. NMR data were obtained
from the integration of peaks of the PS aromatic ring protons and
the PEA methylene protons (chemical shifts located around 7.2 and

copolymer aqueous solutions to get insight into the micelle shape4.2 ppm, respectively?

and size, in the most diluted regime, and into their structural

Subsequent to the synthesis and chemical characterization, the

organization. Furthermore, we studied the swelling behavior of copolymer was hydrolyzed to yield the hydrophobic-hydrophilic
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diblock copolymer polystyrenb-poly(acrylic acid, sodium salt),
PS-PANa. This postpolymerization reaction consisted of adding
dropwise, during 1 ja 2 Maqueous solution of NaOH to an aqueous
solution of PS-PEA at a concentration of 50 g/L at a temperature
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of 90 °C and under vigorous stirring. The reaction was continued 0.0035 and 0.3 AL The spectra were collected at room temperature
for an additional 23 h at 960C. The resulting copolymer product, for samplesin quartz cells with a path length of 1 or 2 mm, depending
PS-PANa, was precipitated in an excess HCI solution to convert the on the concentration.f® was used to quantify the solvent scattering,
PANa block to the pure, neutral poly(acrylic acid) block, PAA. and this was subtracted from the data. The spectra, which were also
Subsequently, the precipitated PS-PAA copolymer was isolated andcorrected for incoherent scattering estimated from the signal at high
dispersed in a mixture of #0 and THF solution. We dialyzed this g, were subsequently obtained in absolute scale;, ftn$Samples
copolymer solution in regenerated cellulose membranes with a for SANS under shear were studied at CEA LaboratoiferLe
molecular weight cutoff of 60068000 (SpectraPor) against a Brillouin, LLB, located in Saclay, France, on the PAXY beamline
reservoir of HCI aqueous solution at pH 2.5 for one week, and at separated periods. The incident wavelength, selected between 6
against deionized D for another week. The solutioninthe reservoir  and 14 A, and the two sample-to-2D-detector distances, chosen
was changed several times a day until the conductivity of the reservoirbetween 1 ath 2 m (short distance) and between 4d&m (long
was stable and equal to that of a deionize®Heference solution. distance), permitted us to cover scattering veatdistween 0.005
This purified precipitated copolymer in @ was finally freeze- and 0.2 A1 We used two shear cells transparent to neutrons to
dried and stored in a desiccator under reduced pressure prior to useinvestigate the structure changes under shear at room temperature.
The efficiency of the hydrolysis reaction was controlled by proton The first shear cell was a couette type cell and consisted of an inner
NMR spectroscopy for the PS-PAA copolymer dissolved in cylindrical stator of 22.5 mm radius and an outer cylindrical rotor
deuterated pyridine. The extent of hydrolysis was found to be 0.98 of 23.5 mm radius. The samples were loaded in the shear cell and
4 0.03, in agreement with previously reported results on hydrolysis allowed to rest for a duration of 2 h. Data were collected for both
of PS-PEA copolymers by NaOHWe also titrated this copolymer  radial and tangential configurations, with the neutron beam scattering
with NaOH solution to check the molecular weight of the hydrolyzed the sample on the center and then on the edge of the couette cell,
PAA block. The final product, PS-PAA diblock copolymer, had a respectively, for each shear rate, starting from zero and going up to
number average molecular weight of 47001 300 g/mol, while the the highest value desired. The radial and tangential configurations
neutralized product, PS-PANa diblock copolymer, had a molecular corresponded to wavevectors along the velocity gradient and the
weight of 4700-14 760 g/mol. velocity directions, and thus, the probed planes were the vetecity
The freeze-dried copolymer in its acidic form, PS-PAA, was vorticity and velocity gradientvorticity planes, respectively. The
dissolved in THF to a concentration of 150 g/L. This solution was second shear cell was equivalentto a plate/plate geometry. It consisted
poured in poly(tetrafluoroethylene) (PTFE) molds and left to dry of a thin hollow ring that holds the sample. The second part of the
under room conditions for-34 days to cast copolymer films with ~ cell was a second rotating ring that closes the geometry. The
slightly less than 0.5 mm thickness. The films were additionally characteristic dimensions of the cell (ga&d mm, width of the two
dried at room temperature under vacuum for 24 h and then®€ 60 rings= 3.5 mm) and its horizontal orientation with respect to the
for 1 h to completely remove the organic solvent, and they were neutron beam, which crossed the lateral faces between the immobile
finally reduced to a fine powder. and rotating rings, corresponded to the neutron beam along the
The powdered copolymer PS-PAA was directly dispersed to the vorticity axis and thus to the observation of the veloeigyadient
desired concentration in sodium hydroxidg-solutions for rheology plane. Details on this shear cell are given elsewRévge studied
and SAXS studies or in sodium hydroxidg@solutions for SANS samples in the shear cells at rest (immobile cells) and at reliable
investigations. The fixed amounts of NaOH were chosen to precisely shear rates between 1 and 50 with the couette cell and between
even out the number of acrylic acid monomers for each concentration0.1 and 50 st with the plate/plate cell. The scattering data collected
so that the poly(acrylic acid) block was entirely converted to poly- at LLB were corrected for background and incoherent signals and
(acrylic acid, sodium salt). The samples were then stirred and left obtained in absolute scale.
to rest for at least 1 week prior to any measurement.
Rheology measurements were performed with a strain controlled Results and Discussion
rheometer (ARES Rheometrics) by using a cone and plate shear o ) . . .
geometry at a constant temperature of@0The elastic and viscous Th_e b|re_fr|nger_10e of cast films was |nve_st|gated by using a
moduli were measured as a function of frequency between 0.001 Polarized-light microscope. The study confirmed the existence
and 100 rad/s at a fixed applied strain chosen in the linear regime.Of strong birefringence in agreement with previous studies
The flow behavior of the samples was studied by recording the performed on these diblock copolymers with comparable
variation of stress with time as a function of the applied shear rate. molecular weights. These previous studies showed that the method
Data were obtained in the form of steady shear stress as a functiorof preparation described above yields long rodlike micelles where
of the shear rate chosen between 0.01 and 1080 s the PS block formed the core of the micelles and the PAA block
The copolymer in KO for concentrations in the range 30C was the shell structurs:28

= 100 wt % was studied by small-angle X-ray scattering in ;4 neytralization of the PAA block by addition of NaOH
transmission at the Laboratory for Research on the Structure of S .
and upon dilution, the copolymer agueous solutions appeared

Matter, University of Pennsylvania, Philadelphia, PA. The setup . . :
consisted of a high brightness rotating anode that generated 1.54 ASlightly turbid. Samples at concentratioBs> 1 wt % formed

X-radiations which scattered the samples contained either in ©N€ macroscopic phase and were stable over a long period of
cylindrical quartz cells or in rectangular cells sealed with mylar time (more than 2 years). More diluted samples underwent phase
windows and held at room temperature. The scattered intensity wasseparation that occurred within a few hours after preparation.
recorded by a multiwire area detector positioned at two different The lower phase was slightly viscous and turbid, while the upper
distances from the sample to yield wavevectpostween 0.005and  phase was a colorless nonviscous solution. Investigation of the
0.1A turbid samples by cross-polarized optical microscopy confirmed

The suspensions in A were studied by small-angle neutron  he existence of typical liquid crystal textures reminiscent of
scattering at the NIST Center for Neutron Research, located in strong birefringent polydomairfd

Gaithersburg, MD, on the NG3 beamline for concentrations in the S . . .

range 0.8< C < 50 wt %. The incident beam wavelength was 6 The upper curve in Figure 1 §hows typical SAXS intensity for
A, and the area detector was positioned at two distances from the@ PS-PAA powdered sample in the melt stae= 100 wt %.
sample, 13.1 and 1.33 m, to cover scattering vectpbetween The results are presented in the farass a function ofj which

does not highlight structural features in the scattering intensity
(29) Bhatia, S. R.; Crichton, M.; Mourchid, A.; Prud’homme, R. K.;Lal, J.  |. The data were integrated over the azimuthal angle, because

Polym. Prepr 2001, 42, 326-327. We performed a thorough study on partially i i i i i

hydrolyzed PEA blocks; however, we did not find noticeable changes in the data the 2D scattering pattern was isotropic. Such a scattering picture
as a function of residual EA monomer fraction between 0 and 0.36. The results
were shown in reference 28. (30) Noirez, L.; Lapp, APhys. Re. Lett 1997 78, 70-73.
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Figure 1. SAXS (upper curve) and SANS (lower curves) data on  rigyre 2. Correlation distance as a function of PS volume fraction
samples a€ = 100, 20, 5, and 2 wt %, respectively, with error bars - joer axis) and the corresponding concentration in wt % (upper
on SANS data. Downward arrows pointdovalues in the ratio of —  5yiq) ‘Solid line: theoretical power law for swelling of solutions of
1:v/3:/4:/7 characteristic of hexagonal order. The curves were hexagonal-packed cylinders of 95 A radius. Dashed oblique: least-

vertically shifted for clarity. square fit of the swelling law for & C < 50 wt %. Horizontal
. . ) ) dashed line: asymptotic value for correlation distance (860 A).
is typical of polydomain structures. Neutralized copolymer |nset: SANS data on a sample at 2 wt % with error bars. Solid line:
samples in RO were studied by SANS. Samples wiEh< 1 wt fit to the form factor for polydisperse cylinders with a mean radius
% that underwent a phase separation were centrifuged, and bottef 95 A and a polydispersity of 20%.
the upper and lower phases were separately investigated by SANS.
The corresponding data for representative PS-PANa copolymerthe micelles and more precisely into the PS micellar core
samples aC = 20, 5, and 2 wt % are shown in Figure 1. We characteristics. This is because, on the one hand, at sufficiently
observed that the swollen PS-PANa copolymer solutions, similar high values of momentum transfer the scattering intensity
to the melt PS-PAA copolymer, showed well-ordered polydomain follows the variations of the form factor, since the structure factor
structures, with successive correlation peaks locatgdalues reduces to unity and the scattering intensity approaches the product
in the ratio of 13/3:v/4:4/7 and shown by downward-pointing  of the contrast factor by the form factor in tijsange3 On the
arrows in Figure 1, although the second and third peaks appearether hand, the contribution of the PANa block of this copolymer
asalarge single bump probably due to a non-negligible copolymerto the scattering intensity is always small because the contrast
polydispersity index. This sequence of peak positions was between this block and4D is weak compared to the PS te@
observed in the one-phase samples and in the lower phase focontrast* Therefore, we chose to utilize the infinitely long
samples aC < 1 wt %. The scattering intensity of the upper polydisperse cylinder form factor to model scattering intensity
phase of the two-phase solutions was very weak and suggeste¢h the g domain above the peak positionB(g,R.). The
thatthe upper colorless nonviscous phase was water. The observegolydisperse form factor accounts for the average PS core radius,
sequence of peak position confirmed that the samples were orderedR., of the cylinders and its distribution assuming a lognormal
arrays of hexagonal-packed cylinders. The second peak in thesize distribution. It is given by the product of convolution of the
SAXS pattern, at a ratig/3 of the first peak, was weak because distribution of radii and the form factor of infinitely long rigid
it was positioned very close to the first minimum of the form cylinders given byP(g,Rc) ~ [2J1(R)/qR:]¥q, wherel; is the
factor of cylinders for the melt copolymétlt is worth adding first order Bessel functio?f:36The data for a representative sample
that the scattering data were in agreement with cross-polarized(C = 2 wt %) is shown in the inset of Figure 2 in the form of
light microscopy results which showed liquid crystal textures, I(q) versusq. It is worth adding that the so-called Porod
and thus confirmed that the macroscopic samples were notpresentatio#f highlights even more the contribution of the form
uniformly aligned and that a polydomain structure was pre¥ent.  factor to I(q). The used bare-core model along with the
The similarities between the SAXS and SANS scattering curves approximation of infinitely long cylinders was shown to provide
at varying amounts of added water strongly suggested that thea good model for the form factor of these PS-PANa rodlike
morphology of the micelles was cylindrical and was not altered micelles3” Furthermore, the approximation of long rigid cylinders
upon neutralization of the poly(acrylic acid) block. The data also has been validated by atomic force microscopy and transmission
suggested that long-range structural order was preserved. Theselectron microscopy observations of the PS-PANa micelles which
results were in agreement with previous studies which showed demonstrated that the length of the cylinders was in the micrometer
that PS-PAA block copolymers formed frozen-in micellar length scale at the lea&tThe polydisperse model matched well
morphologies whose shape and size were affected neither bythe oscillations of the form factor in the scattered intensity. The
ionization of the PAA block by NaOH nor by dilution in water  resulting fit validated the approximation we have used which
as long as the samples were not annealed at a temperature abovgeglected the contribution of the PANa coroni(ty). The result

the PS glass transition temperatufg,?® The Ty of PS is far in the inset of Figure 2 led to an estimate for the PS core radius,
above the room temperature atwhich these samples were prepareg,, of 95 A and a polydispersity of 20%.
and studied? The position of the first peakgo, is associated with the

Eventhough the scattering intensity of the most diluted samples correlation lengthgdy = 27/qo, which represents the distance
studied was strongly impacted by the structure factor, which

meant that the interactions between the micelles were not (33) Groenewegen, W,; Egelhaaf, S. U.; Lapp, A.; van der Maarel, J. R. C.
acromolecule200Q 33, 3283-3293.

negligible, it was possible to get insight into the form factor of M (34) Grandjean, J.: Mourchid, Ahys. Re. E 2005 72, 041503.
(35) Hamley, I. W.; Castelletto, VProg. Polym. Sci2004 29, 909-948.
(31) Honeker, C. C.; Thomas, E. L.; Albalak, R. J.; Hajduk, D. A.; Gruner, (36) Higgins, J. S.; BerigiH. C.Polymers and Neutron Scatterir@larendon
S. M.; Capel, M. CMacromolecule00Q 33, 9395-9406. Press: Oxford, 1994.
(32) Santangelo, P. G.; Roland, C. Macromolecule4998 31, 4581-4585. (37) Svaneborg, C.; Pedersen, JMacromolecule002 35, 1028-1037.
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between adjacent (10) planes for a structure of HPC or the most 10" e 16
densely packed layers of cylinders. The distance between the E
first neighboring cylinders can be calculateddas. = 2do/+/3.
The results of SANS intensity shown in Figure 1 confirmed that
the peak positiomy shifts to lowq values as the concentration
decreases down 0 = 8 wt %. However, a careful inspection
of the SANS data suggested tlggtdid not show a noticeable
shift when the concentration was between 1 and 8 wt %. To
verify this inclination, we plotted the correlation length, as
a function of the PS block volume fractiopes for all the one- e e (U
phase samples investigated. The choice&fas the varying 100 10 100 10 10
parameter in solutions of coreshell copolymer morphologies Shear rate (")
was justified, since the core size was independent of concentra-Figure 3. Evolution of steady shear stresd)(and viscosity @)
tion.38The PS volume fraction was calculated from the copolymer Vversus shear rate & = 5 wt %. Downward arrows indicate the
concentration and the molar volume of each constituen®,D investigated shear rates in the plate/plate neutron cell.
polystyrene, and poly(acrylic acid, sodium salt) which was 33.8
g/mol2® The copolymer swelling relation, which gives the b ¢
evolution of the distance.—c with ¢psis de—o/d. = (p/¢pe) ~1/P.40
This relation is satisfied for homogeneous solutions of swelling
cylinders. In this relationd, is the distance between cylinders
at close packingpc is the volume fraction at close packing, and
D corresponds to the number of directions for the swellDg.
= 2 and corresponds to the two radial directions of swelldg.
is the diameter of the cylinders, apgequalst/2+/3 for an HPC
structure. Thus, the swelling relation reduces exactlyggte=
(JT\/3/2)1/2RC¢P§1/2-

The data of the swelling behavior are presented in Figure 2.
The variation of the correlation length wiips > 0.016, which

o :
corresponded_tﬁ: > 6.5 wt %, was remarkably descrlbeq by a Figure 4. SANS patterns on a sample@t 6.3 wt % in the couette
power law with an accurate exponent for the swelling of o) ") Radial configuration at shear rates of 0, 1, and 50 s
hexagonal-packed cylinders, although the theoretical equationrespectively, and (d and e) tangential configuration at shear rates of
overestimated the correlation length by nearly 40%. More 1 and 50 si, respectively. The observation planes are veleeity
significantly, a sharp departure from the swelling power law was vorticity plane (a-c) and gradientvorticity plane (d and e)
depicted in the experimental data for copolymer concentrations (horizontal and vertical directions, respectively). Beamline config-

C < 6.5 wt %. In this concentration regime, the swelling of the uration: wavelength= 6 A and sampledetector distance=

structure reached a saturation plateau and the correlation Iengthﬁ'790 m-

leveled off to 860 A with the addition of more water, which thinning, and the instabilities were located at very low and

corresponded to an upper limit of 1000 A for the cylinder . . 1 .
cylinder distance. Since the PS micellar core was frozen, the !ntermedlate shear rates(.05 and 1 %, respectively). These

swelling of the samples by water f&> 6.5 wt % was directly instabilities are distinguishable in Figure 3 and correspond to
linked to the swelling of the polyelectrolyte brushes of PANa. ;econdary maxima of the stress curve and sharp decreases in the
Below the limit of swelling of 6.5 wt %, the data suggested that viscosity curve. . - ) )

addition of more water did not promote further cylindeylinder The presence of these instabilities raised the question of whether
separation because the brushes were connected and held thg!® @ssociation of the cylinders, as suggested from the swelling
micellar cylinders physically associated. It was thus likely that Investigation, impacted the flow behavior of the solutions. For

a microscopic phase separation took place. Pockets of watertiS Purpose, SANS experiments under shear were carried out
should have been presentin the interstices between microdomaingt Shear rates chosen in the increasing parts of the shear stress
of the hexagonal phase. This hypothesis has been verified byCurve above the observed instabilities. We studied micellar
optical microscopy which showed that, indeed, the samples weresolutions in the concentration range between 3 and 8 wt % in

Shear stress (Pa)
=
~
(seq) AnsoosIA

e

not homogeneous at the microscopic scale WDen6.5 wt %28 the restficted swelling domain and immediately above the limit
The effect of shear on these associated HPC solutions was®f swelling.

investigated by SANS for samples at concentratiGrietween The resulting 2D SANS patterns are shown in Figure 4. These

3 and 6.3 wt %. It is worth noting that these samples formed Measurements were obtained on a samile=a6.3 wt % loaded

strong viscoelastic solids, with an elastic modul@s, at least in a couette, and the neutron beam was incident on the sample

1 order of magnitude higher than the viscous modu@ls, in either in the center or at the edge of the couette cell and

the entire frequency range investigated by rheometry. Both ~ corresponded to radial and tangential configurations, respectively.
andG" did not vary significantly in this frequency range. Flow The 2D SANS patterns, in the radial configuration, yielded a
characterization of the micellar solutions showed that two SYMMeLric scattering ring for the three shear rates investigated:
instabilities appeared in their rheogram (shear stress versus shed?: 1, and 50 s* as presented in Figure 4&, respectively. We

rate Curve) as presented in Figure 3. The samp|es were Sheaﬂid nOt observe .noticeable ChangeS. in the orientational or
positional correlations between the cylinders as a consequence

(38) Castelletto, V.; Fisher, J.; Hamley, . W.; YangGalloids Surf., 2002 of shear rate. This observation was unusual for HPC solutions
legg—ﬁs- o K- Yok 1. Polvin. Sei. Part B: Porvm. Phvios subjected to shear where the cylinders commonly orient parallel
g o) Hiracka, K.; Yokoyama, TJ. Polym. Sci., Part B: Polym. Phys98§ to the velocity directior®12:20.25ych common orientation would

(40) Hyde, S. TColloids Surf., A1995 103 227—247. have yielded a strong Bragg peak along the vorticity direction
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Figure 6. Variation of the SANS intensity at the correlation peak
versus azimuthal angle at shear rates®f@.1 and &) 30 s for

the sample a€ = 5 wt % investigated in the plate/plate cell. 280
corresponds to the horizontal axis or velocity direction. Data were

Figure 5. SANS patterns on a sample@t= 5 wt % in the plate/ ~ Vertically shifted for clarity.
plate cell at shear rates of (a) 0, (b) 0.1, (c) 10, and (d) 30 s
Observation plane: velocity (horizontayradient (vertical). Beam-  induced orientation can be rationalized if one considers the
line configuration: wavelengt 14 Aand sampledetectordistance  consequence of physical links that connect the micellar brushes.
= 4.054 m. Indeed, the study of the structure showed that the neighboring
(the vertical axis on the patterns). Further insight into the effect cylinders remained bound together as the system was diluted
of shear on these HPC solutions was obtained through theandthe cylinders did notseparate beyond 1000 A. This observation
tangential configuration studies that probed the vortiegyadient ~ suggests thatthe corshell cylinders were physically associated,
plane. The resulting 2D scattering patterns were indeed highly POssibly owing to entanglement of the brushes or to chemical
affected by shear, and the scattering intensity was anisotropic ad?onds between neighboring cylinders that might be formed during
shown in Figure 4d and e for shear rates of 1 and 59 s the preparation of the solutions. It is then reasonable to assume
respectively. Once more, the results are unusual for HPC solutionsthat they cannot be oriented as isolated cylinders in the flow
under shear for which one would have expected an isotropic field. We expect entanglement or chemical bonds between the
correlation peak in this observation plane. Instead, the Bragg hydrophilic brushes to prevent rotation of individual rodlike
peak was preferentially highly intense in the neutral direction. micelles along the neutral axis. Moreover, the condition of
These results strongly suggested that the rodlike micelles wereminimal drag resistance that confines the core of the block
aligned along the gradient direction. Similar SANS results were copolymer cylinders in the shear plane pointing toward the shear
found with sheared samples investigated in the couett=at axis must be balanced by the constraint on the micellar brushes
3 and 5 wt %. which tends to align them along the flow streamlines, at least
We extended the study of the structure under shear of theseat high shear rates, to minimize drag resistance on them. This
HPC solutions by using a plate/plate shear cell to probe the second constraintfavors a perpendicular orientation of the cylinder
velocity—gradient plane. Figure 5 shows 2D scattering patterns axis with respect to shear direction.
at rest and at low and moderate shear rates (0, 0.1, 10, and 30 Onthe other hand, there should be a substantial shear resistance
s71, shown in patterns-ad, respectively) for a sample &= on aggregates formed by bounded cylinders as a whole. The
5wt %. These measurements showed that the SANS pattern wasesulting shear forces should significantly prevail over the drag
isotropic at rest and became anisotropic under shear with theresistance on the micellar core because they act on large sized
intense Bragg peak being observable in the velocity direction aggregates, unless the shear forces are strong enough to break
and signaling a preferential orientation along the gradient upthe aggregated micellar cylinders. However, we did not notice
direction. The results were in agreement with the data of the any shiftin the peak position for samples prepared on the plateau
SANS investigation of cylinders under shear in the couette cell. region of the swelling curve as a function of applied shear rate.
Moreover, the patterns of Figure 5 noticeably showed that the Thus, we conclude that the applied shear rates do not break up
Bragg peaks of the sheared samples made a finite angle, of abouthe aggregates. Furthermore, the behavior of the solutions in the
15°, with respect to the horizontal or velocity direction. This diluted regime strongly suggests that the energy of association
resultis further enhanced in Figure 6, which displays the scatteringbetween the micellar cylinders is high enough to promote phase
intensity,|, at the peak positiony, as a function of the azimuthal ~ separation. Since the aggregation of the micellar cylinders is due
angle,y, for shear rates of 0.1 and 30'sIt suggested thatthe  to the association of the brushes as deduced from the swelling
sheared cylinders were tilted with respect to the direction of investigation and the measured distance of separation of
flow. Similar SANS results were also found on sheared micellar neighboring cylinders, the formed aggregates are envisioned to
solutions, prepared & = 3 and 8 wt %, studied in the plate/ extend in the radial direction, in relation to the cylinder axis.
plate shear cell. Such networked micellar structures should consist of nearly 2D
Close inspection of the experimental data of the structure underaggregated cylinders. Accordingly, these aggregates are expected
shear reveals that the micellar cylinders in solution adopted theto align akin to lamellar morphologies in the flow streamlines
most unfavorable orientation, thatis, along the gradient direction. to minimize drag resistance. The resulting orientation is then
These results contradict previous investigations of the structureassumed to resemble the parallel configuration for lamellae.
under shear of anisotropic micellar copolymer solutions. However, Indeed, a schematic representation of one envisioned aggregate
in the light of the swelling behavior of the solutions, the shear isshownin Figure 7, where we represent one layer of the cylinders
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The formation of such sulfhydryl terminated copolymer chains
does not influence the formation of cershell micellar mor-
phologies. In addition, we do not expect these functional end
groups to induce attractive interactions between the micelles,
such as H bondings. This is becausets bonds are not
appreciably polarized, due to the small difference in electrone-
gativity between S and H. However, one important side reaction
that might significantly affect the copolymer chain structure is
Figure 7. Schematic representation of the behavior of networked & possible oxidation of the thiol end groups that would lead to
micellar cylinders subjected to shear and oriented parallel to gradientthe formation of disulfide bonds between two copolymer chains
direction Vu. to give a PS-PANa-PS-like triblock copolymer whose structure

is
packed together in close contact to take into consideration the
implication of the limited swelling result, and oriented parallel — cu,—cH € cH—cH s,
to the velocity gradient axis such as to fulfill the state of orientation
deduced from the investigation of the structure under shear. T

C
+ I +

A comparable observation was reported for entangled lamellar 0 Na 0 Na
diblock copolymers subjected to large amplitude dynamic strains o )
where it was shown that the lamellae adopted the unexpected Thus, to what extent can the oxidation of the copolymer chains
transverse orientation under shé&Fhe results were examined ~ be facilitated under the conditions of synthesis, preparation, or
by presuming that the orientation of entangled brush chains alongStorage of these diblock copolymers is an important issue to
the shear direction overwhelms the penalty for the lamellar main understand. This question requires one to examine the organo-
core to stand the drag resistance by being perpendicular to thisSulfur chemistry, a key mechanism of the reaction of biomac-
direction. Albeit the number average molecular weight of the romolecules. Autoxidation of thiols to disulfides under alkaline
polyelectrolyte brushes, thatis, 14 760 g/mol, is not large enough conditions was shown to take place with some thiol cpmpoéhdg.
to encourage chain entanglement, the synthesis method, whichThe conditions of_ the_ reactions in this study, albeit in organic
is characterized by a polydispersity index around 2, inherently Solvents, were quite S|m|lgr to ourown experlmentgl cqndltloqs.
leads to the existence of a rather high weight average molecular'twas demonstrated that disulfide bridges were feasible inalkaline
weight, that is, around 32 500 g/mol, for the PANa or 346 Solutions. A more recent study in the field has investigated the
monomers. Entanglement of these significantly long copolymer conditions of interconversion of thiols and disulfides under
chains should promote aggregation of neighboring cylinders. moleculazhydrogen_ and oxygen atmospheres using organometal
Indeed, our data show that the distance between two neighboringcatalysts'® In probing the reactivity of many organothiol
cylinders saturates td._c = 1000 A. This gives an average compounds, these authors have shown that the presence of a
length of the brush, = de_o/2 — R. = 405 A and corresponds ~ Metal catalyst is a necessary condition to achieve the oxidation
to the length of 152 acrylic acid monomers. Thus, the large ©f thiol end groups with molecular oxygen. The major finding
copolymer chains belonging to neighboring cylinders inevitably Was thatno oxidation took place in the absence of the organometal
overlap. Overlapping of long brush chains is a consequence Ofgatalyst. This observation suggests t_hat disulfide bridges are not
the full stretching of the polyelectrolyte block atthe ionic strength Kely between these PS-PANa diblock copolymers, more
where the samples were prepared, 0.0001 M, which is far below €SPecially as the condition of manipulation and storage of the
the critical concentration of Na counterions confined within the COPOlymerwere carried outsuch asto avoid unnecessary exposure

brushes. This critical concentration denotes the separation betweefi© @r and no catalyst was present. Likewise, repetitive GPC
the low ionic strength osmotic regime where the brushes are @1@lyses on the PS-PEA precursor copolymer did not return
stretched and the salted regime where the brushes are comY&"ing values of the molecular mass. This only indicates that

pressed®4land it was estimated to be 0.38 M for this syst&m. significant end group oxidation did not occur: the molecular
On the other hand, one should question the chemical weight distributions of these copolymers are large enough that

characteristics of the copolymers synthesized by controlled radicadGPC is not sensitive to small formations of bridged triblock
L poly ynine y cor copolymers chains with molecular weights two times larger than
polymerization. The reaction scheme involves dlthlocarbamatest at of the original diblock copolymer chains. It is worth adding
astransfer agents, and these functional molecules areincorporated;at our extensive study of the structure and swelling behavior
at the chain ends into the copolymer structure as shown in theof PS-PANa spherical micelles synthesized by MADIX never

?(ar]eimrlgac!ffg'rtwlg?a?t)fa%ztgssf51Ae .f;ebQ;.Jtrs?g ﬁog%}l’mgr' Sr?e showed restricted swelling behavior, in contrast to the present
u Ithi : I ability ydrolyze using study of cylindrical micelled>3445

either amines or inorganic bases such as Ndbbhder such
alkaline con_ditior!s,the dithiocarbamate moiety is reduc_ed to the  (41) Pincus, PMacromolecules1991 24, 2912-2919. Borisov, O. V..
corresponding thioH S—H) end group. The postpolymerization  Birshtein, T. M.; Zhulina, E. BJ. Phys. 111991, 1, 521-526.

reaction that we employed to convert poly(ethyl acrylate) to , (#2) SChill, C.; Lanzendorfer, M. G.; Muller, A. H. acromoleculeg002
poly(acrylic acid, sodium salt) uses a highly alkaline medium — (43) wallace, T. J.; Schriesheim, A.; Bartok, \3.. Org. Chem1963 28,
and high temperature, which should easily favor hydrolysis from 1315121,4- ML Sugata. C.o Y hi. Metrahedron Lett2005 46
dithiocarbamate to sulfhydryl end groups, thus leading to the gy s snnsawa. M- Sugata, C.; Yamaguchi, Wetrahedron Lett2005 46

following chain chemical structure: (45) Grandjean, J.; Mourchid, Aurophys. Lett2004 65, 712-718.
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Conclusion Entanglement of the large hydrophilic chains of this polydisperse

In the present study, we investigated the assembly of diblock popolymercould also be the cause of such behavior. Entanglement
copolymers in which the chemical parameters, as well as the 'S I|I'<ely because the data of the .structure show thgt the Igrge
method of preparation, yield out-of-equilibrium rodlike micelles, chains unambiguously overlap in the concentration regime
organized as hexagonal-packed cylinders in aqueous solutionsStudied. These data are in agreement with those of a previous
The data on the structures show that the micellar cylinders areinvestigation of entangled copolymer lamellae which showed
formed from a frozen-in polystyrene core surrounded by that the shear promoted an unusual orientation instead of the
polyelectrolyte poly(acrylic acid, sodium salt) brushes. The commonly observed orientation of isolated objects under shear,
investigation of the SANS intensity of the diluted and concentrated but which were rationalized by considering the effect of
solutions suggests that, in the high and intermediate concentratiorfopological constraints on the lamellae.
regimes, the swelling of the micelles follows the power law
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