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Abstract

The poly(styreneplock-poly(2-vinylpyridine)block-poly(ethylene oxide) triblock copolymer, Rgb-P2VP 4
b-PEQq Where the subscripts refer to the average degrfgaslymerisation of the constitutive blocks, feeen
dissolved in water/toluene mixtures with a largegeof composition, i.e. in (i) toluene added vetbmall
amount of water, (ii) water-in-toluene emulsionrfdng mixtures, (iii) toluene-in-water emulsion farrg
mixtures, and (iv) water added with a small amafribluene. These solutions have been cast onbaar
coated copper grid, and the morphology of the demablymer deposition has been observed by trassmis
electron microscopy. Rod-like aggregates with &egrell-corona micellar structure are formed iresg$) and
(iv). Nevertheless, PEO is the core and PS isdhena in case (i), whereas the reverse situatiengils in case
(iv). When an emulsion is the precursor of thedidepolymer aggregates, either onion-like strustifcase ii)
or vesicles mixed with more complex aggregatedaraed (case iii). These structures are thoughtfiect the
self-organization of the B&b-P2VP,,+b-PEQ, copolymer at the water/toluene interface of théewn-
toluene and toluene-in-water emulsions, respegtivel
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1. Introduction

Micelles with tailored shape and size are receianmgpidly growing attention as templates for thedpiction of
well-defined nanoobjects.

Eisenberg and coworkers have pioneered the caritrolcellar morphologies, which basically dependgioree
key parameters, i.e. (i) stretching of the corerioig chains, (ii) core-corona interfacial energ &iii)

repulsion between the coronal chains. These paeasietve a direct impact on the Gibbs free enefglyeo
micelles, as exemplified by the morphological tiioss displayed by the so-called crew-cut miceftesned by
highly asymmetric block copolymers that containaganinsoluble core-forming block [1]. Indeed, Hiberg
and coauthors were able to trigger these morphcdbgiansitions not only by changing the copolymer
composition [2] but also by adding salts [3] or remtective cosolvents [4]. Although diblock copolyrs are the
most popular promoters of micelles, ABC tribloclpotymers deserve interest because of the higheplesity
of the generated nanostructures [5,6]. A typicalnegle may be found in formation of spherical cdrelis
corona (CSC) micelles by poly(styrer@dpckpoly(2-vinylpyridine)blockpoly(ethylene oxide) (P8-P2VPb-
PEO) triblock copolymers in water [7,8]. These ri@econsist of a PS core, a pH-responsive shelllaREO
corona. Although the range of the structural charéstic features of these micelles can be incetage
changing the length and composition of thelPB2VPb-PEO copolymers, a more direct strategy can rely on
the use of cosolvents, as assessed by a sphavd-tnarphological transition triggered by the additof a small
amount of toluene to water [9]. This transitiorthie answer of the micelles to the selective swgltihthe core-
forming PS chains by toluene. Indeed, an increasiesi volume fraction of the core-forming blocksspherical
micelles results in an entropy penalty, such thahorphological sphere-to-rod transition is obse beyond a
critical volume fraction [1,2]. Until now, the rdike micelles have been collected and studied itenafter

1 on leave from the Department of Applied Chemidtigpning University of Petroleum and Chemical Teglogy, Fushun, People's
Republic of China.

Present address: Unité de Chimie des Matérimaxganiques et Organiques (CMAT), Départemen€Ctiémie, Université catholique
de Louvain.



Published in: Polymer (2006), vol. 47, iss. 8, [@723-2727
Status: Postprint (Author’s version)

dialysis of toluene [9]. This study aims at prepgriPSb-P2VPH-PEO micelles in water/toluene mixtures of
various toluene contents and at investigatingitiygaict of the swelling of the PS core on the micella
morphology.

2. Experimental part
2.1. Micelles preparation

The PSorb-P2VP,b-PEQq, triblock copolymer (the numbers in subscript beting average degree of
polymerisation of each block) was synthesized ingdj anionic polymerization with a polydispersitydex of
1.1, as reported elsewhere [7]. It was dissolve@ itoluene containing a small amount of watdy, Wiater-in-
toluene emulsion forming mixtures, (iii) toluenevirmter emulsion forming mixtures and (iv) water @oning a
small amount of toluene, respectively. In casel({),L g of Pgyb-P2VP,,rb-PEQywas dissolved into 10 ml
of dried toluene@ = 1 g/L). Then, various amounts of water were @igp added under vigorous stirring that
was maintained for 48 h. When the water contenéeded 0.10 vol%, a milky solution was formed agoictl
water-in-toluene emulsion (case ii). At water comteigher than 60 vol%, the inverse emulsion waseoked
(case iii). MicellesC = 1 g/L) in case (iv) were prepared as reporteevetere [7]. Reverse micelles formed in
toluene-rich mixture (less than 0.1 vol% water) eveross-linked by reaction of the P2VP chains Witk
diiodobutane, molar ratio = 1/2) under stirring@m temperature for 72 h. The cross-linked misellere
insoluble in THF at room temperature (milky soladian contrast to the uncross-linked material foatned a
clear solution under the same conditions.

2.2. Transmission electron microscopy (TEM)

TEM images were recorded with a Philips CM100 nscape equipped with a Gatan 673 CCD camera, and
transferred to a computer equipped with the KonK&100 system. Samples were prepared by castinopacd
the micellar solution onto a carbon-coated TEM gmd contrasted with RyQapor. Samples were also stained
by a phosphotungstic acid aqueous solution. Indhs®, a drop of 0.1 wt% phosphotungstic acid aggieo
solution was deposited onto the surface of the t&topded grid. Three minutes later, the solutircess was
removed with a filter paper, and the sample washedsvith water and dried in air. The standard deiaor

the characteristic sizes measured by TEM was 3anralfthe pictures.

3. Results and discussion

A previous paper has shown that the addition alecsive solvent for the PS block of the,R®-P2VP,,¢b-
PEQycopolymer was able to trigger a morphological spterrod transition in the micelles formed in water
[9]. Fig. 1 is a typical TEM picture of the accandly formed rod-like micelles. The PS core is aasil
discriminated from the P2VP shell by the proper afsgelective staining agents. Indeed, Re€ectively stains
both the PS core and the P2VP shell, whereas pbuspdstic acid is a selective staining agent ferR2VP
shell. As a result, the characteristic diametehefPS core plus the P2VP shBl}s, the diameter of the PS core,
D¢, and the thickness of the P2VP shkl, can be directly determined from the TEM pictureshef dried
micelles. All these data are reported in TableHe thickness of the coronde,, was also determined from a
TEM picture, whose the background was negativelinetl and the PS and P2VP phases were contrasted by
RuQ, [9]. These rod-like micelles can be observed itewdoluene mixture containing less than 0.1 vol?o
toluene (case iv).

Whenever the Pgrb-P2VP,h-PEQ, copolymer is dissolved in pure toluene, no migatiion occurs as
assessed by the solution analysis by dynamic $ighttering. Consistently, no micelle is observeémtne
solution is cast on a carbon-coated TEM grid, nagh#im is formed with a typical lamellar morphglp
Nevertheless micellization occurs as soon as ~¥04 of water is added to a 1 g/L copolymer solatin
toluene. Actually, this critical amount of watenisry close to the limit of solubility of water tnluene at room
temperature [10], which might indicate that micadtion is driven by the formation of water micropés and
the migration of the triblock copolymer towards tbkiene/water interface in order to minimize theeifacial
tension. It must, however, be noted that the capetysolution in toluene remains optically cleariluhe water
content in toluene is ~ 0.10vol%. Interestingly egio, this water content is increased up to 0.1%wvhen the
copolymer concentration in water is two times higfeeg/L). These observations give credit to thpdihesis
that the primary role of water is to solvate theOPiocks by hydrogen-bonding interactions. A rough
calculation indicates that there is approximatelg avater molecule per PEO unit when the 1 g/L smiubf
PSogb-P2VP 45b-PEQy, copolymer is added with 0.03 vol% water. No waécrophase would thus be
formed at this stage. Rather, the hydrated PECkblaould have a strong tendency to self-assemtiguene,
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with formation of micelles consisting of a hydrateHO core, a P2VP shell and a PS corona. At ad% v

water in the 1 g/L copolymer solution, all the hygen-bonding sites of the PEO blocks appear tahgated

by water, that phase separates and makes theosolutbid. Because the swollen PEO blocks are thi@m
component (higher volume fraction) in the triblookicelles should be non-spherical. This expectaton
confirmed by TEM observation of rod-like micellesthe dried state (Fig. 2). These rods which agelesly
branched, actually consist of a P2VP shell, as exssighd by the selective staining by phosphotungsiit (Fig.
2(a)). In Fig. 2(b), both the PS and P2VP blockseHzeen stained by RyQwhich accounts for a thicker shaded
layer compared to Fig. 2(a). Comparison of Figb) afd 2(b) shows the reversed structures fordtidike
micelles which are formed in water-rich (case il @n toluene-rich (case i) toluene/water mixtures,
respectively. The central PS core of the rodsaimetl by RuQin the water-rich system, whereas the PEO core
is not contrasted by this agent in the toluene-oicl. Because micelles have been observed by TV af
drying, it is essential to know whether the micelteorphology resists drying or not. Therefore, reeamicelles
have been cross-linked by reaction of the P2VPnshaith 1,4-diiodobutane (cf. Section 2). Althouggiuble in
THF at room temperature (clear solution), the trifsll copolymer formed a milky solution under the sam
conditions, as result of effective cross-linking Blgnificant change in shape and size of the heisés

observed upon cross-linking, which strongly suggésat the morphologies herein reported are reptatee of
the situation in solution. This experiment has beamducted with reverse micelles, because, theeobof

water may be lower than 0.1 vol%, which is a praigite for the cross-linking reaction to be sucégss

The stretching of the PS blocksg was estimated as the ratbHc, (i) or the core radius (ii) to the unperturbed
end-to-end distance of the PS chains.

Fig. 1. Rod-like aggregates of R#®-e-P2VPjo-e-PE)590 formed in water-rich toluene/water mixtures and
stained by phosphotungstic acid (a, selective fWP) or Ru@ vapor (b, selective for both PS and P2VP). A
scheme of these structures is shown in (c).
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Table 1 : Morphological characteristic features of rod-4ikCSC micelles prepared either in toluene-richror i
water-rich mixtures

Toluene/water Micellar structure Dcs? Dc? HS Heo? S
mixtures
Toluene-rich Core (PEO)-shell 32 14 9 9 0.96
(P2VP)-corona
(PS)
Water-rich Core (PS)-shell 58 28 15 20 15
(P2VP)-corona
(PEO)

% Des (shell diameter)D¢ (core diameter)s (shell thickness) anHc,(corona thickness) as determined from TEM pict(nes).
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Fig. 2. Rod-like aggregates of Rgb-P2VR4s+b-PEQG, formed in toluene-rich toluene/water mixtures and
stained by phosphotungstic acid (a) selective #vIP) or RuQ vapor (b) selective for both PS and P2VP). A
scheme of these structures is shown in (c).
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The characteristic sizes of the constitutive cortmpants of the two types of rod-like micelles haeeib
determined from the TEM pictures and compared ipld 4. It must be kept in mind that these dimersiare
characteristic of dried samples and do not refleetactual situation in solution. Neverthelessgsalpertinent
conclusions can be drawn. The thickness of thenagkdy,, is smaller in the toluene-rich system, in agreement
with the shorter PS block (DP = 200) compared éoREO block (DP = 590) that forms the corona inviager-
rich system. Surprisingly enough, the thicknesthefP2VP shellHs, is smaller (9 nm) for the toluene-rich
system than for the water-rich one (15 nm). A samilbservation has, however, been reported forriaihe
micelles formed by Pgrb-P2VP,4,-b-PEQ, [7,8]. Indeed, the conformation of the P2VP chamthe shell
changes from a random-coil conformatigfy= 7.5nm) in a non-solvent for PEO to a stretched conédiom in
case of PEO hydratiofiis= 15 nm). By analogy, the P2VP chains in the shellldide rather in a random coil
conformation in the toluene-rich system and in xemded one in the water-rich solvent mixture. Befo
proposing a tentative explanation of this morphialgcharacteristic feature, it must be noted thatdiameter
of the coreDc, is smaller in case of the toluene-rich system aigfiiothe degree of polymerization of the core-
forming PEO block (590) is much larger than thesp&re in the water-rich system. These amazing
observations can find their origin in a differerceéhe organization of the core-forming chains.ded, the PS
chains are stretched in the core of the micelléhénwvater-rich system, as confirmed by the degfetretching
(Sr9 estimated as the ratio of the actual slte,br Dc) to the unperturbed end-to-end distance of the R#ish
(Table 1). A regular packing of the stretched P&this a reasonable organization which is scheethin Fig.
3(a) and results in the stretching of the adjaBP@uP segments. When the micellization free enesgy i
concerned, the entropy loss associated to thelsingt of both the PS and the P2VP blocks would be
counterbalanced by the exothermicity of the hydmslgending of the PEO coronal chains and water nubésc
The situation is completely different when hydralRt€iO cores are formed in the toluene-rich system. T
micellization free energy is then dominated byehthalpic contribution of the hydrogen-bonds betwe
PEO core and water, so preventing the PEO chains lireing regularly aligned in a stretched conforomatThe
adjacent P2VP chains would accordingly adopt agemdoil conformation, as schematically shown in. Bigp),
so accounting for B¢ value smaller in the toluene-rich system compaoettie¢ water-rich one.

Whenever more than 0.10 vol% of water are addéldetd g/L copolymer solution in toluene, a milkywdsion-
like mixture is formed and stabilized by the prefaral location of the ABC copolymer at the watauene
interface. The PEO blocks should point to the wpterse and the PS and P2VP blocks should be extémde
the toluene phase. This simplified picture is astgartly confirmed by the large single-walled amdlti-walled
(onions) vesicular structures observed by TEM (B)gSimilar vesicular structures are observealnene with
a water content in the 0.10-50 vol% range.

At water content higher than 50 vol%, the morphgloganges completely upon drying the water/toluene
mixtures on a TEM grid (Fig. 5(a) and (b)). Thisnmiology, referred to as 'coral snake' aggregasnever
been observed until now for micellar systems adtlemthe best of our knowledge, although it wasjgrusly
reported in the bulk [11-13]. It consists of a Hda core surrounded by regularly spaced rings.aBse this
morphology is observed in water-rich solvent miggjrthe central rod would contain the PS blockdlewdy
toluene and would be wrapped by rings of P2VP sthlty RuQ PEO cannot be identified when Rui® the
staining agent. Vesicles are commonly observedeagktremities of the ‘coral snake' structureshasvn in Fig.
5(a) and (b). It thus appears that the 'coral smakephology is a transient structure than canrdéygped when
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core-shell-corona micelles go through a rog@dsicle transition. Actually, vesicles coexisthwihe 'coral
shake' aggregates as shown in Fig. 5(c) and (d).

Fig. 3. Schematic chain conformation in each compartmétiti@rod-like aggregates in water-rich (a) and in
toluene-rich (b) water/toluene mixtures, respedyive
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Fig. 4. TEM image of onion-like vesicles formed in watetéluene emulsions (staining by R)O

Fig. 5. TEM images of 'coral snake' aggregates (a andnol)\zesicles (c and d) formed in toluene-in-water
emulsions (staining by RypD
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4. Conclusions

Quite interestingly, a single Bab-P2VP,,5b-PEQgtriblock copolymer can form aggregates with diffare
morphologies in water/toluene mixtures of varioampositions. The sequence of micellar structurezked
in this study can be tentatively rationalized by tbluene content of the solvent mixtures. In puater,
spherical CSC micelles are formed [7]. At low contef toluene, the shape of the micelles changsems fr
spherical to cylindrical while maintaining a PSe&oa continuous P2VP shell and a PEO corona [Yidtter
toluene content, the shorter P2VP chains are famialglem in wrapping homogeneously the swollen &% r
which results in discontinuous rings of P2VP chaeastic of the so-called 'coral snake' aggregaissoon as
the PS core cannot accommodate anymore higher darobtatuene, droplets of toluene are dispersedater,
and the copolymer organizes itself at the wataréoé interface, so leading to vesicular structures.

In order to establish the actual relationships leetwthese structures and the solvent mixture catigpgshe
micelles and/or their aggregates should be stakiilizy cross-linking before deposition and dryinglteen TEM
grids. This strategy was successfully used in fpleeific case of reverse micelles. However, craskitig
reaction effective in water-rich micellar solutiomsist be searched for. If not successful, cryo-Traight be a
valuable alternative.
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