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Liquid-solid transition in a model hard sphere system of block copolymer micelles
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The transition between micellar liquid and face-centered-cubic crystalline solid in a solution of an am-
phiphilic diblock copolymer is investigated by small-angle x-ray scattering and rheology. The system is well
described by the hard sphere model and there is no evidence for percolation driven by attractive interactions,
in contrast to previous reports. Instead, a coexistence region separates liquid and crystal phases.
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The fluid-solid transition in soft materials has attracted Here we investigate the phase diagram and flow behavior
immense interest due to its importance in technological apef a solution of block copolymer micelles. A soft solid phase
plications and because it can be studied in model systems identified between micellar liquid and solittrysta)
experimentally and theoretically. The “zeroth order” model phases. The structure of this soft solid phase has been the
for this transition is that for the crystallization of hard subject of recent controversy—it has been suggested that soft
spheres, which interact through a purely repulsive potentialsolids observed in block copolymer solutions result from
Over thirty years ago, computer simulations located the volaggregation of spherical micelles via percolation into fractal
ume fractions at which crystallization and melting ocfl; ~ Structures [12—14, or that they correspond to highly
Later experimental observations on sterically stabilized coldefective solids[16]. Here, we show that the structure of
loidal sols confirmed these predictiof]. the soft solid phase formed by a p(xyethyleng-

Spherical micelles formed by a block copolymer in a se-Poly(oxybutyleng diblock copolymer in water can be de-
lective solvent can be viewed as model colloidal particlesScribed by the hard sphere model. Modeling of small-angle
The effective interaction potential between the micelles car( "y ScatteringSAXS) curves suggests that gelation does

be varied by changing the composition and/or moleculai©t occur through a percolation transition in this system. This

weight of the copolymer and thus the size of a micelle and® supported by deence from rheology experiments. In-
the relative size of the micellar core and corona. If the voI-Stead’ the soft solid corresponds to the region where micellar

ume fraction of micelles is sufficiently high, crystallization liquid and crystalline gel phases coexist.

. ) We study aqueous solutions of the diblock copolymer
can occur when the micelles pack into a regular af8y6|. EsBis, whgre CI]E denotes hydrophilic p(ﬁl;xyethyleng, g

This cor:esponds”to the formation o_f a soft solid,_sc_)met_ime%enotes hydrophobic paigxybutyleng, and the subscripts
termed “hard gel”(based on the existence of a finite yield 5o the number of repeats. The copolymer was synthesized
stress, and a dynamic elastic moduss>10" Pa[7]). Dif- 5 sequential oxyanionic polymerization. The synthesis and
ferences in the effective intermicellar potential lead to the;pharacterization of the copolymer are described elsewhere
possibility of ordering in body-centered cublioco) or face-  [17]. Rheology experiments were performed using a Bohlin
centered-cubi¢fcc) structureg5,8]. Micelles that act as hard  CVvO constant stress rheometer. Care was taken to perform
spheres pack into face-centered cubic arrays whereas soft@feasurements in the linear viscoelastic regime, defined in
interaction potentials favor a bcc structure. These structurestress sweeps. The structure of the soft solids was probed
can both be obtained for a purely repulsive poteriaill.  using small-angle x-ray scattering at the Synchrotron Radia-
Attractive interactions will also influence the liquid-solid tion Source, Daresbury Lab, UK on beamline 2.1. Samples
transition. It has been suggested that when strong attractivgere heated in sealed brass cells with mica windows. Further
interactions are present this transition occurs via percolatiorgetails are provided elsewhefé7]. The background and
i.e., aggregation of copolymer micelles into an increasinglytransmission corrected intensity is denote€).
ramified fractal structurgl2—-14. It should be noted that we Solids have a finite yield stress and do not flow under
do not favor the terminology “gel” used in the literature for their own weighf12]. Thus the solid region can be mapped
these structures. A polymer gel is a network, however, asut by mobility experiments. Figure 1 shows the phase
used in the context of block copolymer solutions there doe®oundary determined in this way, i.e., by inverting a test tube
not have to be any interpenetration of chains on micellescontaining the soft solid. This procedure has previously been
The gel is simply a solid structure that results from the packshown to give boundaries in good agreement with more pre-
ing of micelles. Thus, in the following we refer to “solid” cise rheological measurements of the temperature depen-
and “soft solid” rather than “hard” and “soft” gel[15]. dence of the isochronal dynamic shear mod@li, and G”
[12,18. This was also confirmed for soft solids Bf;B1g.
Rheology was also used to locate the soft solid region
* Author to whom correspondence should be addressed. shown in Fig. 1. The transition was apparent from disconti-
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70 geeeeesesessses e —0—— 00— exhibit scalingsG’ ~ w? andG”~ w' with the frequencyw,
gecccccseccscce o0 o o ¢ © characteristic of the terminal response of liquids. However,
60 govecaeccsscsee oo A S ° at 10°C,G’ and G” obey approximately parallel scaling
poccesccccscsss oo ¢ 0 " laws as a function of frequency, as observed for a wide va-
50 :::::::::::::::: XS0 0 : : : riety of polymer gels[19]. In previous work on a
40 beescessesseecs . = . poly(oxyethyleng-poly(oxyproyleng-poly(oxyethyleng tri-
g | SO . . = . block (E;3Ps0E13) in water, Lobryet al. [13] also observed
e 3311131 H - - that G’ and G” have identical frequency dependenci€’ (
} $ 3444444459 4 H H HE- H ~G"~ ™) close to the transition to a solid. In their case the
20 $ecccesee o83 un & gSolidg 1§ H exponent,A, obtained for a soft solid with a concentration
§occccscfooiiad um u ® m ®m H c=10 wt % was consistent with that calcula{@®—22 for a
10 EEEEEE ggzogiii EE E E E E E percolating systemA=0.72). However, a lower value was
$esssscoooomunn un & u = = 0 obtained for a higher concentration soft solid, which they
0 ¢ - a4 a suggested was related to an increase in the distribution of

N
w
N
>
N
[5,]
-
=3

7 8 9 10 11 12 relaxation times as the packing fraction of micelles increased
c (Wt%) to approach a glasslike stdt€3,23. Although precise mea-
surements of the modulus or viscosity are required to locate
Ythe transition between soft solid and micellar liquid or solid
phases, remarkably it proved possible to estimate the bound-

for a soft solid, andM) for a solid. The rheometry experiments aries of the soft gel just from mobility experiments and these

(temperature rampprovided solid to soft solid transition tempera- are als_o ;hown in Fig. 1. Upon inV(_arting a_tub_e containing a
tures (+) and soft solid to liquid transitionx). The lines are SOft solid it was observed that the viscous liquid began to run

guides to the eye. over a time scale of seconds. This is consistent with the very
small, but finite yield stress measured for the soft solid phase

nuities in the temperature dependenceGdfand G” in ex- (_e.lgo.,%)ield stressoy=8 Pa for a 9 wt%solution atT

periments performed at a constant stress and shear frequency: ; . . .
In addition, frequency sweeps were performed at selected Having established the soft solid phase diagram from rhe-

temperaturegand at a constant strégs probe the viscoelas- ©/09Y and tube inversion experiments, SAXS was used to
tic state of the solution. Data for 9 wt% solutions qfE;g probe changes in the gel structure as a function of concen-

are shown in Fig. 2. AfT=22.5°C, the dynamic moduli tration and temperature. The small angle x-ray scattering in-
tensityl (q) of an isotropic solution of polydisperse spherical

particles can be written, in the local monodisperse approxi-

FIG. 1. Phase boundaries for aqueous solutions of block copol
mer Eg;B,g determined either by tube inversigaymbols or rhe-
ometry (crosses The data points are denoté®) for liquid, (<)

10° mation[24], as
10" .
5 1 (@-k| PORISORAIRIGR, @
5 10-1 L
B 102 wherek is a normalization constant proportional to the num-
10 ber density of particlesRg is the micellar core radius, and
Rei is the effective radius of interaction between the mi-
10 celles. P(q,R,) is the monodisperse micellar form factor,
10 I S(q,Rer) is the monodisperse intermicellar structure factor,
! andf(Rg) is the radius distribution function.
10 To fit the SAXS data we used an expressionFgg, R;)
101 based on a homogeneous micellar core with attached Gauss-
. ian chains[25]. The six parameters related to the micellar
s 10 structure are the association numbkithe radius of gyration
g 107 of the E chains,Ry, the displacement of thE chains from
& 107 the core surfacegq, the excess electron densitigg of a
3 block in the core x=s) or in the corona X=c), and the
0% width of the Gaussian distribution used to describe the poly-
107 dispersity in micellar size. Fixed values=0.4, 8.=0.025,
105 — - - , and 8= —0.012 were found to give good fits._ _
10 10 10 10 10 For the structure factor, we used the analytical expression

-1
@ (rad s) for hard sphere§26] that is expressed as a function of the

FIG. 2. Frequency dependence of storage modGius®) and  hard sphere volume fraction of micellgsand the effective
loss modulusG” (O) for 9.0 wt % aqueous solution of block co- Sphere radiusRe;. The only parameter i6(q, Re) varied is
polymer Eg-B,g at (@) T=22.5°C and(b) T=10°C, with shear ¢, since the hard sphere micellar radius was fixedRtg
stresso=0.5 Pa. The lines indicate scaling laws fat andG". =Rs+2Ry and therefore calculated from the fitté{q,Rs).
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FIG. 4. SAXS data in the soft solid regidi®) and summed
profiles from fractional addition of SAXS profiles in solid and lig-
uid phasegsolid line) for Eg/;B1g. (&) At 47 °C for 11 wt %Eg;B,g
) o . the solid line corresponds to 10% and 90% contributions from

FIG. 3. Representative SAXS data with fits to models usinggaxg profiles at 25 and 52 °C, respectivelfs) at 52 °C for 12
structure factors for the hard sphere model. Profiles are shown fqy, o4, Eg/B15 the solid line corresponds to 50% and 50% contribu-
(@ 8 wt% gel, T=25°C; (b) 8 wt% gel, T=70°C; () 11 Wt% 5 from SAXS profiles at 36 and 62 °C, respectively.
gel, T=25°C(the arrows indicate the positions of reflections asso-
ciated with partial crystalline ordgr(d) 11 wt % gel, T=70°C; (e) sum of that from liquid and solid phases as illustrated in Fig.
12 wt % gel, T=25 °C (the arrows indicate the positions of reflec- 4.
tions for a face-centered-cubic structyréf) 12 wt% gel, T
=70°C.
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On heating an 11 wt % solution, a transition to the liquid
phase occurs near 40°C. The SAXS profile in Figd)3
shows that interparticle interactions in the liquid at 70 °C are

Typical fits to SAXS intensity profiles using the hard very weak. SAXS patterns obtained from a 12 wt % sample
sphere model are shown in Fig. 3. The corresponding paran@e€ shown in Fig. @) and Fig. f). The low-temperature
eters are listed in Table I. For the 8 wt% sample a weal0lid is characterized by a SAXS pattern from a face-
structure factor maximum ag* =0.028 A1 evident at centered-cubic crystdthe arrows in Fig. &) indicate the
25 °C[Fig. 3(a)] disappears on heating to 70 °C. The scatter{ositions of allowed reflections for tffem3m space group
ing profile [Fig. 3b)] then resembles that obtained for a di- At 70 °C, the profile in Fig. &) is consistent with a liquid
lute solution(2 wt%) where structure factor effects are ab- Structure in which intermolecular interactions are still present
sent. Figure 3 also shows the high-quality nature of the fits t&S Shown by the presence of a structure factor peak.
the data using our model based on the hard sphere structure Figure 5 shows the volume fractions determined from the
factor. structure factor using the hard sphere model, superposed on

At higher polymer concentrations, the soft solid phase cath® phase diagram determined from rheoldgig. 1). The
be accessed. Figure(c3 shows the scattering profile from volume fractions in the liquid _phase are below those for
this structure, which suggests partial crystalline oftiegher ~ Melting (¢m,=0.545) or freezing ¢;=0.494) of hard
splitting of the second peak, nor the first maximum and overlower thane and crystalline at volume fractions higher than
all shape of the scattering profile can be described by the

liquid state model. In fact, the SAXS data in the soft solid 70 ¢=327 332, &33‘ ({42
region can be ascribed to a coexistence of liquid and solid
o ) ! - A A A
phases, the profile in the soft solid being represented as : 60 [ $=023 0.28, 0.29,
o A A
TABLE |. Micellar dimensions from SAXS data. Included are i
the radius of gyration of th& block, Ry, and the radius of the Gao L
hydrophobic coreRg (both obtained from the form factor f’j [
30 |
¢ (Wt %) T (°0) Ry (R) Rs (A) [
20
8 25 34.0 40.5 [
70 20.0 42.8 10 [
10 25 32.0 41.0 :
70 21.1 42.9 0
7 8 9 10 11 12 13 14 15 16
11 36 30.5 43.0 ¢ (Wi%)
70 19.8 451
12 52 26.6 43.3 FIG. 5. Volume fractions determined from the hard sphere struc-
70 20.0 44.0 ture factor superposed on the gel diagram obtained from rheology

(Fig. 1).
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¢m, with the two phases coexisting between these valuess enhanced. It thus appears that the aggregation of micelles
Interestingly, the hard sphere structure factor model could bepon increasing polymer concentration is nonuniversal, and
applied even in the soft solid region: values for volume frac-depending on the copolymer compositi¢and molecular
tions obtaineddata not shownfall between these two vol- weight the soft gel may either be a percolated micellar net-
ume fractions, again consistent with coexistence. Thus th@ork or coexisting liquid and crystalline phases.

soft solid in BB, appears not to be associated with a per- N summary, we have shown that the soft solid formed by
colated network of micelles. These results differ from those? diblock copolymer in a selective solvent contains coexist-
obtained from small-angle neutron scattering/rheology studnd liquid micellar and crystaliine solid phases. In contrast to
ies of aqueous solutions of triblock soE,5 [13,14) where previous reports fo_r a relateq.ampmphlllc triblock copolymer
the percolation line was crossed for solutions containin 13,14, a perc_olatl'on transition Is not observed._ The hqrd
5-509% polymef14]. A major difference in the phase dia- phere approximation describes the intermicellar interactions

. : well over the range of temperatures and concentrations ac-
gram of this copolymer compared tgB;5 is the presence

f a clouding t it ¢ hiah 1 : in the f cessed. It is hoped that our work on block copolymer mi-
of a clouding transition at nigh temperatures in the Tormerqq| a5 stimulates further studies into aggregation and crystal-

This is consistent with the higher hydrophobic block contentj;4tion phenomena in these model hard sphere systems.
(48 wt% for E4P30E 3 versus 25 wt% for EBig). This

enhances the tendency for phase separation as the solventThis work was supported by EPSRC, UlGrant Nos.
quality for poly(oxyethyleng declines at high temperature. GR/M51994 and GR/N22052C.C. was supported by the
Phase separation results from a decrease in polymer-solveBt)-TMR network “Complex Architectures in Diblock
contacts at the expense of polymer-polymer contacts, itCopolymer-Based Polymer Systems.” We thank Professor
other words there is an effective attraction between the codJan Skov Pedersen and Professor Wilson Poon for helpful
polymer chains. For more hydrophobic blocks, this attractiordiscussions.
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