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Nanostructure in block copolymer solutions: Rheology and small-angle neutron scattering
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Triblock copolymers composed of pgthylene oxide(PEO) and polypropylene oxidg (PPO present an
amphiphilic character in aqueous solutions. Since PPO is less hydrophilic than PEO and since their solubilities
decrease when the temperature increases, the copolymers self-assemble spontaneously, forming micelles at
moderate temperatures. For higher temperatures or concentrations, the copolymers or the micelles are ordered
because of repulsive interactions and form lyotropic liquid crystalline phases. These are phases of very great
viscosity with the aspect of gels, and transitions between different crystalline phases can occur at fixed
concentration during an increase of temperature. We studied solutions of three different copolymers. The first
two have a star structure. They are both composed of four braEl@gPO), fixed on an ethylene diamine,
but differ by the values ok andy. Their commercial name is Tetronic 908=114, y=21) and Tetronic
704 (x=16, y=18). The third copolymerEO);APO)s¢(EQ)3; is linear and is known under the name of
Pluronic P105. The measurements of the shear complex elastic modulus according to the temperature is used
to determine the temperatures of the different transitions. Then, small-angle neutron scattering on samples
under flow and true crystallographic arguments make it possible to identify the nature of the crystalline phases.
For the systems studied, we show that the branched copolymers form only one type of liquid crystalline phase,
which is bcc for the T908 and lamellar for the T704. For the linear copolymer, it is possible to identify three
transitions: micellar solution to hexagonal phase, hexagonal phase to body-centered cubic phase, and finally
body-centered cubic phase to lamellar phase.
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I. INTRODUCTION poly(oxyethyleng-poly(oxybutyleng. For solutions in water
or in polar solvents, in the liquid zone of the phase diagram,

Over the last few years, many studies have been pethe micelles consist of a hydrophobic core surrounded by a
formed on solutions of hydrosoluble associative copolymerslayer containing more or less solvent. From small-angle neu-
There are various kinds of associative copolymers, but alfron scattering (SANS) measurements, various models
consist of at least two sequences whose solubilities in watgi1-5,14,18,21,24—-26,28,R9 assuming spherical micelles
become gradually very different—for example, during an in-with two or three layers, can provide precise information
crease in temperature. Because of their amphiphilic chara@bout their structure: radius, volume fraction, aggregation
ter, these polymers in solution form micelles. The most studnumber, etc. With many compounds, zones of very high vis-
ied systems are probably triblock pedghylene oxide cosity, where the sampl_e Iool_<s like a gel, can be found in the
poly(propylene oxidgpoly(ethylene oxide (PEO-PPO- temperature-concentration diagram. In that case, thg co.poly—
PEO in water[1-13, but also in organic solvenfd4-1§ mers or the micelles are orde_red becat_Jse of repulsive inter-
or water/organic solvents mixturdd7—24. Many studies actions and form lyotropic Ilqwd crystalllnge phases. Dep_end-
have also been carried out on the influence of various addf’9 ©n the polymers studied or experimental conditions
tives [21-24. Some researches report the physicochemicall€MPerature, concentratiprvery diverse structures are de-
behavior of PPO-PEO-PPO copolyméB§—27 in aqueous scrlbed. In many cases, the micelles condense according to a
solutions. Other studies are devoted to solutions of branchevcé\]/ljol?'rglill(aé[tﬁc[ellé’szg’lz Q,hg)l(]; tohrfallp olyan(:E; dc(a:m” nat‘jlfic(); aror;rirj
copolymers of PEO-PPO-PE(@8,29 or hydrophobically [21], 9 yb Y

" : . celles[13,20,22, lamellar structure$22], or gyroid phases
modified polyoxyethyleng [30]. Va.rlous d'bIQCk copoly- [33,34. The possibility of transitions between some of these
mers [31,32 have also been widely studied, such as

structures often induces a great deal of confusion in the lit-

erature. The case of Pluronic F12HO,;oPO;(EO; oo Where

EO is ethylene oxide and PO propylene ojideexemplary.
*Author to whom correspondence should be addressedPrud’hommeet al. [11] announced a simple cubisc) or

Electronic address: jean.peyrelasse@univ-pau.fr body-centered-cubigcc) structure, while Wiet al.[12] find
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a face-centered-cubi¢fcc) structure. On the other hand, 6 7
Ivanovaet al. [19] show the possibility of transitions from
spherical micelles in bcc structure to hexagonally packed cy-
lindrical micelles. The purpose of our work is to carry out a
complete study of three PEO-PPO-PEO copolymers in aque-
ous solution. The first two, Tetronic T908 and T704, are
four-branched star copolymers consisting of PEO and PPO
blocks fixed on an ethylene diamine; the last is the Pluronic
P105(EO)3#APO)s¢(EO)57, Which is a linear copolymer. We A
carried out rheological and small-angle neutron scattering e IS
studies on these copolymer solutions. ]
Rheological measurements can be used to determine the
complex modulus of elasticit¢ =G’ +jG” as a function of
angular frequency, strain vy, stresso, and templeraturé' .
.By thermomechanical analys{measureme_nt o6 accord- FIG. 1. Variations ofG” (+) andG’ (A) with temperature for a
ing to temperatunewe determined the various temperatures,o. Tetronic T908 solution.
of transition. Then, small-angle neutron scattering performed
on samples under flow and true crystallographic arguments o -
make it F[))ossible to determine in a rigorousgw;y the ngature ofn the precooled cug5°C), so that the sample was liquid,
the condensed phases. For the T908 solutions there is onfjd &fter introduction of the rotor it was covered by a thin
one transition between the micellar solution and the crystall@yer of low viscosity silicon oil to minimize evaporation of

line phase which is bce. T704 presents a transition between ¥ater- _ . .
micellar solution and a lamellar phase, then at higher tem- SANS experiments were performed at the Léon Brillouin

peratures a symmetrical transition, from lamellar phase td-aooratory, CEA de Saclaffrancg on the PAXY spectrom-

micellar solution. P105 has a more complex behavior since ifter- A wavelength of 6 A was selected. '!'he_ distance be-
presents several transitions: micellar solution to hexagondfV€en the sample %nd detector was 3.2 m; this allowed a
phase, hexagonal phase to bcc crystals, bec crystals to lam&@nge 0f 0.1-1.2 nfit. For the measurements on samples at

lar phase. In this latter case, the transitions from one phase {§St We used quartz cells with 2 mm path length. For the
another appear in a narrow interval of temperature. measurements under shear, we used a thermostatted Couette

cell. The walls of the cell were made of quartz, and the
external cylinder was mobiléb=47.24 mm, while the in-
ternal cylinder(®=43.43 mm was fixed. The height of the
A. Samples inner cylinder was 55 mm. With respect to the cell, the shear
rate y could vary from 0 to 9557. In a neutron scattering

bra-léectrzor?g:sstr?éestfr%%:ukzéaon)cr]((ag o():osvc;:)érrgeéso' g‘ngvg'gha?:mexperiment, the scattered intenditis measured according to
x y ' the scattering angl@ that is related to the scattering wave

respectively, ethylene oxide and propylene oxide. A PO uni ector:
links the four branches to an ethylene diamine. For this study '
we used two Tetronic: T908 for which the numbers of EO g=(4w/N)sin(012), (1)

and PO units per branch are, respectively114 andy=21 .

and T704 for \F/)vhichxz 16 andy= 18p. We al?s;h studi(gj soly- Wherel is the wavelength of the neutron beam. Data collec-
tions of Pluronic P105EO)s(PO)s((EO)s,. The polymers HON IS d(k))ne |rf1 a tvt\;o-dl(;nenstlonaizg) detector thatfcoun;sZD
were obtained from BASF and were used as received withodpet?um er Ott scat erebt r?eudronsd tL;]”ng a g(j|yen 'm‘f' |
further purification. The polymer concentration is expressecfCa ering pattern 1s obtained and the one-dimensi %

in weight percentage. Aqueous solutions were prepared b ata set Is ger)erateq by circular integration of the corre-
stirring at low temperaturéT=5°C) where water is a good >PONding two-dimensional patterns.

solvent for both the PEO and PPO blocks. We used bidis-

tilled water for all rheological experiments and deuterated IIl. RESULTS

water for the small-angle neutron scattering studies.

log;o G' and log, G" (Pa)

0 20 40 60 80
Temperature (°C)

Il. EXPERIMENT

A. Rheological measurements

Figures 1-3 show examples of the variations, according to
the temperature, of the elastic modul@$ and of the loss

We used a strain-imposed rheomet@RES from Rheo- modulusG” of the three copolymer solutions studied. For the
metric Scientifi¢ equipped with a Couette geometgup  30% solution of T908 only one transition is observed. It
diameter 34 mm, gap width 1 mm, inner height 33.4 mm begins at 36°C and resembles a sol-gel transition. It corre-
For all the thermomechanical analysis, the oscillatory angusponds to the transformation of the micellar solution into a
lar frequency was kept constant at 10 rad and the strain crystalline phase. In the case of the 50% solution of T704
was fixed at 1%. The sample was heated at a constant rate nfo transitions are observed: the first, which is sol-gel-like,
2°C min™. In order to avoid any preshear of the sample, theat 26°C and the second, at 53°C, which corresponds to the
following procedure was adopted. The solution was insertedanelting of the “gel.” In this case the gel zone is a peninsula

B. Techniques
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FIG. 2. Variations ofG” (+) andG’ (A) with temperature for a Polymer concentration (wiw %)

50% Tetronic T704 solution.
FIG. 4. Phase diagram of T908 solutions.

in the temperature-concentration phase diagram. For the 30% . N :
solution of P105, very clear transitions are detected at foupolymer 1S not m|cell'|zed the solutions behave as a homog-
temperatures: 20, 47, 54, and 72{t@e beginning of phase enous mixure. For hl_g_her te_mpe_ratl_Jre, a peak appears on the
separation with clouding appears at 81)° The first transi- I(q) spectrfa at the CI"ItIC¢ji|. mlcgll|zat|qn temperathm/IC).
tion, as in the two preceding cases, resembles a sol-gel traﬂ—-h'fs peal§ |s_due to S|gn|f|cant intermicellar c_orrelatlo_ns, and
sition. It should be noted in Figs. 1-3 that in all cases thdts |nten5|ty_ increases with the v_olume fraction of mlcelle_s.
transitions appear in a narrow interval of temperature ofl "€ TMC lines are shown in Figs. 4-6. The goal of this
about 3—4°C. By changing the concentration, we deter- article is not the stl_de of the liquid m|ce[lar solutions. We
mined in the phase diagram the limits of the gel phase®OP0Sed in a previous papgzg] for solutions of T908 a
which are represented in Figs. 4—6. In the case of the solU'0d€l which makes it possible to determine the radius of the
tions of P105, we added in Fig. 6 the temperatures at whicinicelles, their volum_e fractlon_, and thelr ag_g_regatlon _number
the various transitions were observed. It should be noted th&S Well as the fraction of unimers in equilibrium with the
rheology cannot provide any information on the nature of thénicelles. In the gel-like zones, the 2D pattern remains iso-
observed transitions. SANS experiments performed at card[OPIC, but thel(q) curve shows that the principal peak be-
fully selected temperatures in the various temperature rang&@mes thinner. We also note in some cases the existence of
can determine the exact nature of these transitions. secondary Bragg peaks showing a transition to a liquid crys-
tal structure. Figures 7 and 8 give two examples. Figure 7
represents the result obtained with a 30% solution of T908 at
B. SANS measurements 45°C. If q4, 0, and gz are theq values of the successive
peaks, the ratiogs/q; andq,/q, are roughly equal tq'3 and

V2. This shows that the structure is sc or bcc. It cannot be a

For the three systems studied, we carried out SANS megg. structure since in this case one would ha}ééql:@

surements according to the temperature at different concen. _[z
. . . ndqzlql—\ré.
tration. In all cases, at low temperature the scattered intensity For the 30% solution of P105 in zone 2 of Fig. 3, we note

remains weak but, above all, was independert. &/hen the the existence of a small secondary Bragg peaipabut the
exact position of this peak is difficult to determine accurately

1. SANS measurements on samples at rest

61 (Fig. 8). In zone 3, only the main peak is highlighted. In zone
g 4 loe q 100 ~
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227 * oae )
= <
E 0 1 0 2 3 |4 2 60
S g unimers + micellar amellar
< -1 [} .
50 2. 40 solution tructure
2, |eeancanny é
=
20 4
4 ] i . . unimers
0 20 40 60 80 0 T - T T 1
Temperature (°C) 0 10 20 30 40 50
Polymer concentration (w/w %)
FIG. 3. Variations ofG” (¢) andG’ (A) with temperature for a
30% Pluronic P105 solution. FIG. 5. Phase diagram of T704 solutions.
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FIG. 6. Phase diagram of P105 solutions. . . .
FIG. 8. Scattered intensityaccording to the modulug of the

) wave vector. 30% solution of Pluronic P105Tat30° C(zone 2 of
4 the small peak at,=2q, shows that the structure is prob- Fig. 3

ably lamellar. These results are equivalent to those obtained
in a classical x-ray crystal powder experiment and clearlycase of T908 solutions—for instance, the ratiéq; and
indicate, since the 2D pattern is isotropic, that the crystalsqzlql_of the peaks observed at rest are roughly equal3o
exhibit all possible orientations in space. As a conclusion, itand 2 (cubic latticg, and it is the same for the oriented
is obvious that SANS measurements conducted on samplgamples. So the transition was gradually from a powder-like
at rest cannot provide sufficient information about the strucsample to a sample with complete alignment, but the crystal-
ture of these condensed phases. line structure is the same one. Moreover, no distortion of the
crystalline structure is observed. When the sample is com-
pletely aligned one does not observe any further modification
As SANS measurements conducted on samples at regf the diffraction pattern up to the maximum shear rates ac-
cannot characterize the structure of the condensed phases, Wssible with our experimental set(@65 s1). In all cases, it
used SANS measurements on samples under flow as in\gas also noted that, when at rest, a preoriented sample does
previous papef29]. It is now well established that PEO- not present any disorientation process even after a long pe-
PPO-PEO crystalline structures can orient themselves whejpd of time (t> 10 hs. Figures 11-13, show the different
they are subjected to a shear9-17. Analogous behaviors  gitfraction patterns obtained under flow with the 30% solu-
have been reported for other ordered block polymer solutiongon, of P105 for temperatures chosen in zones 2, 3, and 4 of
[31,32,35,36 When they are correctly analyzed, the diffrac- gig. 3,
tion patterns make it possible to determine the structure of The case of the solutions of T704 between 29°C and
the ordered phase and also the type of orientation. 53°C (Fig. 10 and P105 in zone 4Fig. 13 is easy to
When a solution in the gel-like state is subjected 10 &nterpret. The patterns are characteristic of lamellar struc-
shear, spots are observed to appear on the 2D pattern. Thegges. Figure 13 shows that a secondary peak appears clearly
spots become increasingly intense when the shearyae for a value ofg which is equal to twice that of the main peak.
increased. This r.esu'lt |s'general and was observed W|th_ aftor the solution of T704 the secondary peak is not high-
the samples studied in this work. At a low shear rate, the rNGighted, but only because of the experimental limits at high
pattern of the unsheared sample coexists with broad peakg,es ofq.
having a banana shape. When increasing the shear rate, theggr the other cases, Figs. 9, 11, and 12 show that the
peaks become sharper, and the isotropic part of the scattergfraction spots are distributed in vertical and equidistant

intensity disappearsee Figs. 9-18We observed that there |ayers; as well as in concentric circles: they resemble an
is a limit value ofy above which no further significant modi-

fication of the diffraction pattern is noted. It is important to
note that there is no change in the position of the rings in the

2. SANS measurements on samples under flow

2.0 1
".'A '
Yt ®
S ] L
,§° 1.0 o ©
[ ] N
o'.
oo® H H
- T J ! n=4 n=2 n=0 n=2 n=4
-0.9 -0.6 -0.3 0.0
logy q (am™) FIG. 9. 2D experimental pattern of a 30% solution of Tetronic

T908 under flow at 45°C withy=500 s. The crosses show the
FIG. 7. Scattered intensitlyaccording to the modulug of the theoretical spots of a bcc lattice oriented with the rdw1,1] in
wave vector. 30% solution of Tetronic T908 B+45°C. the flow direction, but random position about this direction.
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FIG. 10. 2D experimental pattern of a 50% solution of Tetronic
T704 under flow at 45°C and with=30 s*.

n=§-2 n n§=2

FIG. 12. 2D experimental pattern of a 30% solution of Pluronic
P105 under flow at 60°C and with=450 s (zone 3 of Fig. 3.
) ) ) ) ~ The crosses show the theoretical spots of a bcc lattice oriented with
x-ray diffraction diagram obtained by the crystal rotation the row[1,1,1] in the flow direction, but random position about
method. We will review the known results of this classic this direction.

method.

perpendicular to the incidental beam, the spots from the layer

V. DISCUSSION of ordern satisfy the following equation:

A. Crystal rotation method uh+vk+wl=n. (3)

A monocrystal with an unspecified position related to anThe first layers are equidistant and have a gagiven by
incidental beam does not emit any diffracted rays, since the
Bragg relation is not necessarily satisfied. It will be recalled A= %'
that if 6 is the scattering angle, a reticular plane of Miller L
indices{h,k,I} emit a diffraction ray if the reticular distance
dni satisfies the well-known Bragg relation

(4)

whereD is the distance between the sample and the detector
and L the distance between two consecutive nodes on the
204Sin(6/2) = \. (2) [u,v,w] row. If the rotation row is horizontal, the layers will
. . . .. be vertical and on the same circle of radiusne will find the

In order to obtain a complete pattern of diffraction, it is jitfraction spots due to reticular planes having
necessary to rotate the sample around the dire¢tion,w]  the samed,,, since they will have the same diffraction
of the crystal. During the rotation, each reticular plane haV'angIe[Eq. (2)]. It is easy to check that when the diffraction
ing an angle to the incident beam that satisfies the Bragg
relation makes possible a reflection. The result is a spot dia-
gram. The diffraction spots are distributed on parallel layers
and on concentric circles. If thiar,v,w] axis of rotation is

n=2 n=1 n=0 n=1 n=2

FIG. 11. 2D experimental pattern of a 30% solution of Pluronic
P105 under flow at 40°C and witf=60 s (zone 2 of Fig. 3 The
crosses show the theoretical spots of a hexagonal lattice oriented
with the row[1,0,0] in the flow direction, but random position FIG. 13. 2D experimental pattern of a 30% solution of Pluronic
about this direction. P105 under flow at 75°C and with=10 s* (zone 4 of Fig. 3.
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angles are small, is proportional tog and inversely propor-
tional tody, (tan 6=r/D). It is also possible to calculate the
angular positions of the spots on the 2D diffraction pattern
Let us consider the spot of the reticular pldhek,|} on the
xth layer and on the circle of radius The anglea between

PHYSICAL REVIEW E 70, 061802(2004)

Indeed,d,,, depends on tha/c ratio; it is not possible
for this network to give a list of the reticular planes by order
of decreasing spacing as in the case of the cubic lattices.
However, the reticular distances for the smallest Miller
indices are given b)dloo—a\3/2 di=al2, dzoo—a\3/4

the direction passing by this spot and the center of the diadgg;=C, and dop,=c/2. If the spots ofd;o, type are on a

gram and the vertical direction is given by siFxA/r. As
tan 6=r/D, with the Bragg relation and the expressionfof
given by Eq.(4), since the angles are small, we obtain

d
sina=x—4
L

5

Knowing the row around which rotation is carried out, it is
possible theoretically to build the diffraction pattern of vari-
ous crystalline structures. We will limit our comments to

circle of radiusr;, the spotsl, ;o will be on a circle of radius
ro= r1\3 the spotgd,g on the circle of radiug;=2r;. The
spotsdm and dgg, will be, respectively, on the circles of
radii (v3/2)(a/c)r, and \3(a/c)rl It will be observed that
when c>a, these reticular planes do not give any visible
diffraction spots.

We assume that rotation of the monocrystal is carried out
around the row{1,0,0] and thatc>a. On the equatorial
layer (n=0), the spot{0,1,0 will be located on the circle
of radiusr;. On the second laye(n=1), the spot{1,0,G

some particular cases that will be useful for the continuationyj|| pe located on the circle of radius and the spofl,1,0

of the discussion.

1. bcc lattice

on the circle of radius,. On the layem=2, the spo{2, 1,0}
will be on the circle of radius, sinced,y=d;;o The spot
{2,0,0 will be on the same layer but on the circle of

Let us first consider a bcc monocrystal whose rotation isadiusr .

carried out around thgl, 1, 1] row. For the cubic lattices of
cell parameter, dy=a/(Vh?+k?+12), and for the bcc lat-
tice, the sumh+k+|l must be even. The first circle of radius

One can define the angular positions of the spots on the
diffraction diagram using Eq¢5). For the hexagonal net-
work, the periodicity along the royd., 0,0 is equal toa. For

r, will present the spots due to the reflections by reticulartthe spo{1,0,0, x=1, dyg0=av3/2, one obtaing=60°. For

planes of{1,1,0 type and the following concentric circles
(radius r,,rs,...) will show reflections by the planes
{2,0,0,{2,1,1,. The ratios of the radius r3/r1
=d;10/d211 andrzlrl—dlloldzoo are, respectively, equal &3
andy2. o

The layern=0 (h+k+1=0) will contain the spot1,1,0}
on the circle of radius; and the spofl,1,2 on the circle
rs. The layern=2 (h+k+1=2) will contain successively the

spots{1,1,0, {2,0,03, and{2,1,1} on the three circles. On
the layem=4 (h+k+1=4), the spo{2,1, 1} will be found on
the circle of radius . It is possible to continue the reasoning
for higher values oh, but this is not useful for the continu-
ation of our discussion.

It is then possible to predict the angular positions of the
different spots with Eq(5). For the spo{1,1,0, x=1, dyq
=a/\2. The periodicityL along the row[1,1,1], which is
the dlagonal of the cube, is equal #93/2, which leads to
sin a=2/\6—that is to sayw=54.7°. The six spots of the
first circle are thus separated by four angles of 54.7° and tw

angles of 70.5°. In the same way it is possible to calculate
the angular positions of the spots of the second and thlrga|

circles.

2. Hexagonal lattice

The hexagonal lattice is built on two equal vectarand
b forming an angle of 120° and on a vecwperpendicular
to the plane o andb. This network has a symmetry axis of
order 6. The reticular distances are given by

o

Ohi = (6)

2.2
+k2+hk)+|—a

the spof{1,1,0, x=1, d;;p=a/2—that is to sayp=30°. For
the spot{2, 1, 0}, x=2, dy;g=a/2, which leads tax=90°.

B. Interpretation of the results

We have constructed in Fig. 9 the theoretical diffraction
pattern for a rotating crystal experiment when the crystal is
bce and when the axis of rotation is a horizonta)1, 1] row.

The radius of the circler,;, was simply adjusted in order to
obtain the same scale as the experimental one. It is easy to
check that for the solutions of T908, the theoretical diffrac-
tion pattern for the bcc network is exactly superposable with
the experimental one. All theoretically predicted spots are
highlighted up to diffraction{2,1,1}. The experimental re-
sult obtained without any rotation of the sample is identical
€o that using a monocrystal rotated around[thel , 1] direc-

tion. This is the proof that the bcc polycrystals, which exhib-
ited all possible orientations in space in an experiment at rest
(the diffraction patterns are powder-likenow orient with
shearing, with thé1,1, 1] direction along the flow direction
But with random orientation about this direction.

Knowing now that the network is bcc, it is possible to
culate the cell parameter With the Bragg relation and
the definition ofq, if one designates by, the value ofq
corresponding to the spotg1,1,3, one obtains a
=2m2/9,=180 A. If it is assumed that the spherical mi-
celles are in compact packing along the diagonal of the cube,
one obtains a radius of 78 A at a temperature of 38°C. For
the same solutions in the liquid zone at 30°C, we calculated
[28] a micelle radius of 66 A. This shows that the micelles
are not in compact packing along the dense direction of the
network.

With regard to the P105, in zone 3 of Fig. 3, the diffrac-
tion pattern revealed only one series of spots distributed on
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the same circle. Figure 12 shows that the micelles are omf rotation around th¢l,1, 1] direction. For some angles of
dered in a bcc lattice. However, contrary to the case of T908otation, the figure obtained is poor, but by superposition of
solutions, the diffraction$2,0,0 and{2,1,1 are not high-  the different patterns, it is easy to verify that an exact match
lighted. It does not seem that it is because of a poor orientayith Fig. 9 is obtained. Unlike our system for which the
tion of the crystals, since the peaks are as intense and wedtystals can present all orientations around the principal di-
defined as in the case of T908. A possible explanation coulgaction[1,1, 1], Hamleyet al. obtained a near perfect single-
be that the size of the crystals is smaller. crystal alignment. The rotation arourid,1,1] brings the

For the solution of P105, in zone 2, the theoretical diffrac- ;
tion pattern obtained for a hexagonal network is exactly su% ?Si:]\;eg{rla{ 1’%ifirib?ihq,c{c?r;;i’ti]ghgnl(\j/lgr;Zéﬁtrr\ifrlgcﬁfvnesex-
perposable with the experimental o¢fég. 11). This makes 99 9 : y

it possible to conclude that the system is composed of Cyplaingd their diffraction figures by considering the existence
lindrical micelles of lengthc>a. The crystals are oriented ©f twinned structures. In the case of the diblock polymer
with the row[1,0, 0] in the flow direction. However, crystals Solutions of polystyrene/polyisoprene in decane, McConnell
having all the orientations around.,0,0] are present in et.al._ [35] show that th_e bcc crystal is twinned with the
the sample. The cell parameter is given by 4m/g\3 twinning plane perpendicular to tHd 1 G planes and the
whereg, is theq position of the{1,0, spots. This leads to twins are oriented at 35.3° with respect to the shear direction.
a=140 A, and its variation with the temperature is low. If we Similar explanations have been suggested by Harateyl.
assume that the cylinders are in compact packing in thé36] for aqueous solutions of pdigxyethyleng-
{0,0,1 plane, we can estimate their radius at 70 A. poly(oxybutyleng, Ex B In the case of the solutions that
Eiseret al. [7] obtained with Pluronic F108 solutions, at We studied, true crystallographic arguments allow an inter-
rest and for small shear rates, a small-angle x-ray scatteringretation of the diffraction pattern without any allusion to
(SAXS) pattern that is powder-like, with three rings of radius twinned structures. It is also possible to find examples in
ry, o, andrs. Thers/r, andr,/r, ratios are very close to 1.7 which the hypothesis of a more favorable direction allows an
and 2 as predicted for the hexagonal structure. Moreover, fdnterpretation of all the observed spots. However, some spots
high shear rates, they obtained a diffraction pattern that igredicted by the laws of crystallography remain absent. This
very close to the one represented in Fig. 11. All these resultidicates that all crystals have a common direction but some
seem to suggest a hexagonal structure instead of fcc as a@rentations around this common direction are not present in
nounced by the authors. In the same way, the diffractiorihe sample. This is probably the case of the F68 solutions
pattern of solutions under flow of F127 allotted by studied by Eiseret al. for which the spots{1,1,0} and
Mortensen[10] to a body-centered network is probably that 21,1} of the bec lattice are not detectg@l. It can be noted

of a hexagonal structure, smceothe spots of the first two ring at this phenomenon is often observed for laminated metals.
are separated by angles of 60° as in Fig. 11.

The 50% solution of T704 between 29°C and 53°C and
Fh.at Qf P.105 in zone 3 form lamellar structures. The period- V. CONCLUSIONS
icity is given bye=2w/q,. For the T704 solutions, a small
linear increase o€ is observed with increasing temperature  Block copolymers in aqueous solutions are likely to
sincee=73 A at 29°C and 82 A at 53°C. The periodicity present condensed phases which are liquid crystals. In this
for the lamellas formed by the P105 is much larger: article we showed that transitions between various nano-
=145 A structures can occur at fixed concentration, during a tempera-

Our study shows that the copolymer solutions studiedure sweep. This explains the apparent contradiction that one
form polycrystals which exhibited, at rest, all possible orien-can find in the literature if the studies are carried out at
tations in space since the 2D pattern is isotropic. The polydifferent temperatures and concentrations. It is possible to
crystals orient with shearing, with a particular direction determine these transition temperatures by rheological analy-
along the flow direction but with random orientation aboutsis. SANS performed on samples under flow provide charac-
this direction. Our results are not in contradiction with thoseteristic diffraction patterns and true crystallographic analysis
of other groups, but show that the type of alignment undemakes it possible to identify the various nanostructures. We
shear depends on the system studied. The work of Haatley show that the polycrystals, which exhibited all possible ori-
al. [32] for EggB1q is characteristic. After orientation of the entations in space in an experiment at rest, orient with shear-
sample by large-amplitude shearing at high frequency, thes@g, with a particular direction along the flow direction but
authors determine the diffraction pattern for different anglesvith random orientation about this direction.
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