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ABSTRACT

The formation of spherical micelles in aqueous tsohs of poly(N-methyl-2-vinyl pyridinium iodide)lock
poly(ethylene oxide), P2MVB-PEO and poly(acrylic aciddtockpoly (vinyl alcohol), PAAb-PVOH has been
investigated with light scattering-titrations, dyma and static light scattering, afid 2D Nuclear Overhauser
Effect Spectroscopy. Complex coacervate core neisglillso called PIC micelles, block ionomer compéexand
interpolyelectrolyte complexes, are formed in thedynamic equilibrium under charge neutral cond#igoH 8,
1 mM NaNQ, T =25 °C) through electrostatic interaction betweendbre-forming P2MVP and PAA blocks.
2D 'H NOESY NMR experiments show no cross-correlatiosisveen PEO and PVOH blocks, indicating their
segregation in the micellar corona. Self-consisfiefd calculations support the conclusion thasth€3Ms are
likely to resemble a 'patched micelle'; that isgellies featuring a 'spheres-on-sphere' morphology.

Keywords: Block-copolymers ; Micelles ; Polyion complex nlles ; Complex coacervation ; Self-assembly ;
Polyelectrolyte

1. INTRODUCTION

Electrostatic interaction between two oppositelgrged molecules in aqueous solution leads to ageeapic
associative phase separation, known as complexepasion [1], provided certain requirements such as
proximity to charge neutrality, are met. Naturatlye tendency to phase separate is tuneable wigmeders
influencing the electrostatic interaction betwelea two (macro)molecules, such as ionic strengtkingi
fraction, and pH in case of weak acids and/or badeseover, the associative phase separation caasbécted
to the colloidal domain by attaching a solvophg@ioup to one or both of the molecules, resultinghired
aggregates, such as vesicles [2,3] or micelles3]2As complex coacervation is the governing ppiein the
formation of this type of colloids, we employ tlegrh complex coacervate core micelles (C3Ms) [9-TC2her
equivalent terms in use are polyion complex misdl5], block ionomer complexes [6,7], or
interpolyelectrolyte complexes (IPEC) [8]. C3Ms danformed from virtually any combination of oppeby
charged species, provided at least one of the apeairies one or several solvophilic units thatai@ soluble
upon complexation. By far the most studied are doations including a diblock copolymer to stabilitbe
complex, while combinations with random [14] andfgf15] copolymers are relatively little reported.
Recent examples include C3Ms consisting of a capetyand DNA [15,16], RNA [17], enzymes [5],
homopolymer [10], dendrimer [3], drug [3], surfaut§l4], metal ion [18,19], or coordination polyni20].
Their potential as novel drug carrier systems, psakating for example DNA, RNA, enzymes, and driogs
widely been investigated [21-23].

Recently, we have reported on an entirely diffesgglication of C3Ms: we have found that theseesystare
well suited for the preparation of responsive cormpantalized polymeric micelles. We have shown,thgat
incorporation of two solvophilic entities with andency to avoid each other, it is possible to iasecthe level of
structural hierarchy from a simple radial segrematnto two domains, generally termed core-sheth a core-
shell assembly whereof the shell is additionallgregated laterally into two distinct domains. Thepest
manner to obtain such a structure, for which thetdanus-micelle' is employed, is by mixing twbldck
copolymers, each containing a charged or chargdsddd, and a solvophilic (in this study hydroptijlas all
experiments are performed in aqueous solution)rakblfock. Thus, electrostatic interaction is enygld to
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force the two diblock copolymers to form one mixagyregate, leaving the immiscible but hydrophikeinal
blocks no other choice than to avoid each otheniwithe shell of the aggregate. Clearly, the fdrakance is
delicate: strongly segregating neutral blocks cabecemployed, as they might lead to dissociaticth®
micelles, while on the other hand too compatibldrbphilic blocks will result in a mixed corona. Ehgoncept
has been explored in a series of recent papersd,PU-26] where we observed that a pair of relitivgscible
hydrophilic blocks yielded spherical C3Ms with axetl shell and a pair of relatively immiscible hyplndic
blocks yielded ellipsoidal micelles with a lateyadegregated corona (Janus-micelles). A combinatiquoly(2-
(N,N-dimethylamino)ethyl methacrylat&leck-poly(glyceryl methacrylate), PDMAEMA-b-PGMAy, and
poly(acrylic acid)block-poly(acrylamide), PA4-b-PAAM,;; resulted in spherical micelles with a mixed corona
[11], while the Janus-type segregation was achi@vadjueous mixtures of po{methyl-2-vinyl pyridinium
iodide)-blockpoly(ethylene oxide), P2MVjz2b-PEQys and poly(acrylic acidplockpoly(acrylamide), PA4y-
b-PAAM,;[12,24,25]. Within the corona of these micellés telatively immiscible PAAm and PEO blocks
were approximately of equal size and abundance.

In the present contribution, we study the formaton structure of C3Ms of another pair of doubldrbyphilic
block copolymers with the relatively immiscible bk PVOH and PEO. As discussed above, we previously
investigated a symmetric case; that is, roughlhaégize and abundance of the corona forming bladksv, we
shift our attention to a strongly asymmetric cdbe:PVOH chains constitute less than 14% of theamns in
the micellar corona, while the PVOH/PEO block léngitio (Npyvor/Npeo) is varied between 0.4 and 0.9. We
will show that such conditions can still lead teesgregation of polymer chains within the micellaroma, while
the overall micellar shape remains spherical. Wp@se to relate the structural differences betvikeC3Ms
with the incompatible polymer pairs PVOH/PEO, agl&d in the present contribution, and PAAM/PEO, as
studied previously, to the difference in type ofatal segregation: patchwise segregation versussdgpe
segregation. Finally, we present some preliminasyits of self-consistent field (SCF) calculatiomsbrushes
consisting of two chemically distinct polymers, lwitharacteristics mimicking our experimental system
consisting of PVOH and PEO chains. They were faoroe in good agreement with our interpretatiothef
experimental results: a patchwise segregation ifr@d blocks was found for both longer and shdPie© than
PVOH blocks for a wide range of potential PEO-PVéaridl PVOH-water Flory-Huggins interaction parameters
(that is, parameters characterising the immistybdf the polymer pair and the PVOH solvent quality

2. MATERIALSAND METHODS
2.1. Materials

Three different samples of pol{methyl-2-vinyl pyridinium iodideblock-poly(ethylene oxide), P2MV4g-b-
PEQ,11, P2MVPy,-b-PEQys and P2MVR;-b-PEQys, have been synthesised by sequential anionic
polymerisation (polydispersity index, PDI < 1.0%)H. Schmalz (Bayreuth University) [12,27], follodidy
guaternisation with methyl iodide. [The subscriptsrespond to the degree of polymerisation.] Treragye
degree of quaternisation has been determined byeell analysis and was found to be 89 + 2%. 2z2is-
(4-methoxy-2,4-dimethyl valeronitrile) (V-70) (Wakand cobalt (Il) bis-acetylacetonate (>98%, Mengkye
used as received. Vinyl acetate (VAc) and acrytdei{AN) (Aldrich) were dried over calcium hydride
degassed by several freeze-thawing cycles befang biéstilled under reduced pressure. All polymatiisn
experiments were performed by classical Schlendhrigues under nitrogen. Liquids were transferréd w
syringes and stainless steel capillaries.

2.2. Synthesis of poly(acrylic acid)-block-poly(vinyl alcohol), PAAzs-b-PVOH 144 [28]
2.2.1. Synthesis of polyvinyl acetate )-block-paflonitrile) (PVAGgsb-PAN;gs)

Co(acac) (0.140 g, 5.4410"mol) and V-70 (0.546 g, 1.72.0° mol) were added into a 50 ml flask and
degassed by three vacuum-nitrogen cycles. Vinylae€15.0 ml, 0.162 mol) was then added with énggr
under nitrogen. The purple mixture was stirred hedted at 30 °C until the monomer conversion reh&l086
(~40 h). A sample is withdrawn for SEC analysi§#F (M, (SEC, THF) = 15800 g mdj M,,/M, = 1.22)
which gives a molecular weight very close to thdeoolar weight determined Bid NMR [29,30], before
removal of the unreacted vinyl acetate under vacatimmom temperature. After dissolution of PVAain
degassed anisole/toluene (9/1: viv; 15 ml), mixtdistilled and degassed acrylonitrile (10 ml, @ 1&ol) was
added. The reaction medium was stirred for 30 mB0&’C (~90% conversion). The crude mixture wasth
diluted by DMF and the copolymer was precipitated imethanol/water (20/80) mixture. This purifioatistep
was repeated two times before SEC analydigSEC, DMF) = 117,000 g mdi M,/M,, = 1.44 compared to the
macroinitiator eluted in the same conditiok; (SEC, DMF) = 65,400 g md] M,/M, = 1.14). The
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unreacted PVAc macroinitiator was then removed ftbencopolymer by Soxhlet extraction with methafool
48 h and the pure PVA-PAN copolymer was recoverehi{ (SEC, DMF) = 138,100 g mid] M,/M, = 1.37).
'H NMR analysis of the copolymer in DMSO allows tietermination of the copolymer composition by
integrating the signal characteristic of -€8H(OAc)- of PVAc and -CHCH(CN)- of PAN at 4.85 and 3.35
ppm, respectively (PVAg+b-PANsgs).

2.2.2. Hydrolysis of PVAc-b-PAN into PVQHb-PAAys

PVAc-b-PAN (0.5 g) was added to a 100 ml flask, follovbydl0 ml ethanol and 45 ml of an aqueous KOH
solution (2.0 g KOH in 90 ml of water). The mixtumas stirred at 75 °C for 24 h. The insoluble patymapidly
became red and then yellow when slowly solubilismthe reaction medium. After hydrolysis, the clypaer
was precipitated three times in THF, solubiliseavater, dialysed for 48 h against pure water thhoa@000-
8000 Spectrapore membrane, and finally lyophilisegive a white powdefH NMR analysis of the copolymer
in D,O confirmed the complete hydrolysis of both bloeksassessed by the disappearance of the signal
characteristic of -CHCH(OACc)-of PVAc at 4.85 ppm and the signal charastariof -CH-CH(CN)- of PAN at
3.35 ppm, and the appearance of new signals cleaistict of -CH-CH(OH)- of PVOH at 4.05 ppm and of -
CH,-CH(COOH)- of PAA at 2.15 ppm.

The chemical structure of the diblock copolymersdiim this study is depicted in Fig. 1.

Fig. 1. Chemical structure of the diblock copolymers usetthis study. Left: poly(N-methyl-2-vinyl pyridimn
iodide)-block-poly(ethylene oxide), P2MVPx-b-PE®Qy=38, y = 211, M, = 18088 g motl ; x, = 42, y» =

446, M, = 29366 g mot ; x; = 71, y; = 454, M, = 36428 g mof). Note that x denotes the sum of the number of
guaternised and non-quaternised monomers. RigHht(Rarylic acid)-block-poly(vinyl alcohol), PA#sb-
PVOHg4(M,, = 30085 g mat). The numbers beside the brackets denote the elegolymerisation. The
numbers 1-5 correspond to the chemical shiftsdigteTable 4.
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2.3. Sample preparation

Aqueous solutions of the polymers were preparediggolution of known amounts of polymer into deiseal
water (Milli-Q) to which known amounts of NaN@vere added, followed by a pH-adjustment using NaDH
HNOs. For 2D*H NOESY NMR experiments, 4D (>99% deuterium, Aldrich) was used instead ofafgsed
water. Unless otherwise specified, all experimevese performed at 25.0 + 0.2 °C and 1 mM NaN&dr the
polymer solutions in BD, the measured apparent pH value,gHhas been corrected for isotope effects [31]
using Eq. (1) whereinlps the generalised equivalent of pH including sditopes and is the atom fraction of
deuterium in the solvent.

pl = pH,p, +0.3314n + 0.0766n* 1)

Polymer solutions were filtered at least once @8r45 um Schleicher and Schuell filter prior taimg. This is
necessary as C3Ms have a tendency to adsorb teavafiety of surfaces [9], so that solutions carfgo
filtered after mixing. Table 1 gives an overviewtbé stock solutions.

We define the important experimental parameter mgiXraction, f. as the number of positively chargeable
(2VP) and charged (2MVP) monomers divided by thaltoumber of chargeable and charged monomers (2VP,
2MVP, and AA).

2)
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Table 1: Overview of all polymer stock solutions used is 8tudy.

Solution Cp Solvent pl
gl mol I'*

P2MVPsg-b-PEGs; 10.42 5.58 - 10 H,0 7.81
PAAzq:-b-PVOH, 5/ 0.52 1.72-10° H,0 7.70
P2MVP3e-b-PEO, ;" 11.02 6.09 - 1d D,0O 7.73
P2MVP,-b-PEQy,¢° 11.05 3.76- 10" D,0 7.75
P2MVP;-b-PEQ;s/° 11.09 3.04 - 1d¢ D,0 7.69
PAAzosb-PVOH, g 4.10 1.36-10 D,0 7.73

& Stock solutions used in the mole fraction titmatior P2MVRBg-b-PEQ1; and PAAesb-PVOH.ss. G, corresponds to the concentration in
the burette and in the titration cell respectivelyor to the light scattering-titration.
P Stock solutions used to prepare samples fotl2NMR NOESY, DLS, and SLS measurements.

2.4. Light scattering

Light scattering measurements have been performeth@LV light scattering instrument equipped wat
ALV-5000 digital correlator and a Spectra Physi@8@ 1 W argon ion (dynamic and static light scattgr
DLS/SLS) laser or a 400 mW argon ion laser (ligiatering-titrations, LS-T) operated at a wavelbngtof
514.5 nm. A refractive index matching bath of fitdcis-decalin surrounded the cylindrical scattering,catid
the temperature was controlled at 21.5 + 0.3 °@guaiHaake F3-K thermostat (DLS/SLS) and at 252+°C.
using a Haake F8-C35 thermostat (LS-T).

2.4.1. Light scattering-titrations (LS-T)

LS-Ts were performed at a fixed scattering anglef 90°. A Schott-Geréate computer-controlled tita setup
controlled sequential addition of titrant and aiiring. The pH was measured with a combined A@ZPglass
electrode. The recorded mV values were convert@dpH values after calibration of the electrodehwviive
buffers of known pH (X pH< 7). After every dosage, pH, 90° light scatteringgnsity,lq0-, and the second-
order correlation functiorG,(t) were recorded, the latter two 5 times during aquedf 25 s. Averaged values of
the intensityj°. (see Appendix A), hydrodynamic radili&, o-, and polydisper-sity index, PDug/*, method

of cumulants) are reported as a function ofFor the mole fraction titrations, we introduce tleduced excess
relative intensityi°., to presentqg- as a function of ,fin a manner independent of the experimental design
independent of the light scattering instrumentuwad changes, concentration of titrahteteraSee Appendix

A for more details.

2.4.2. Dynamic light scattering (DLS)

A minimum of five second-order correlation functsdB,(t) were recorded at 24 anglésfrom 30° to 145° in
increments of 5° to evaluate the angular dependefite diffusion coefficient. The diffusion coefient,
extrapolated to zero angle®, has been obtained from the slope in a plot ofitferage frequency; (obtained
from a cumulant or CONTIN analysis of the data)susg?. Via the Stokes-Einstein equatidd’ has been
calculated intdR,’to be compared with the radius of gyration extrapel to zero angl®,” obtained from static
light scattering measurements. Moreover, the CONDINine has been used to analyse the DLS datarimst
of size distributions.

2.4.3. Static light scattering (SLS)

The angular dependence of the excess Rayleigh R{tioC) was recorded at 24 angles from 30° to 145° in
increments of 5°, and has been analysed in terstbfthe Zimm and Guinier approximation. Toluerasw
used as a reference. We refer to Appendix B forendetails.

2.5. THNMR

Nuclear Overhauser Effect Spectroscopy (NOESY)tisadimensional NMR technique probing internuclear
distances by means of the Nuclear Overhauser Effectore detailed introduction on the technique lban
found in a previous publication [1H NMR spectra of the micellar solutions were reear@t 298 K on a
Bruker AMX-500 spectrometer, operating at 500 Mldzated at the Wageningen NMR Centre. For the 2D
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NOESY spectrum 976 experiments of 2048 data p@iete recorded, using standard Bruker software. The
mixing time was 500 ms.

2.6. Size exclusion chromatography (SEC)

SEC of polyvinyl acetate was carried out in THB\{Irate: 1 ml mift) at 40 °C with a Waters 600 liquid
chromatograph equipped with a 410 refractive indiebector and styragel HR columns (four columns HRy®
5pum 16, 1¢f, 1, and 16A). Polystyrene standards were used for calibrafiéte molar mass of PVAc
determined by SEC in these conditions with PS catibn was in good agreement with that determinet-b
NMR whenever the: end group of the initiator (-OGHato = 3.13 ppm) could be observed and compared to
the -CHOCOCH proton av = 4.8 ppm of the monomer unit [29,30]. Size exclusibromatography (SEC)

of poly(vinyl acetates-poly(acrylonitrile) was carried out in dimethylfaamide containing 25 mM LiBr (flow
rate: 1 ml mift) at 55 °C with a Waters 600 liquid chromatograghipped with a 410 refractive index detector
(four columns Waters styragel HR 1 (100-5000), H@@®-30,000), HR 4 (5000-500,000), HR 5 (2000-
4,000,000) (7.8 x 300 mm). Poly(styrene) standamel® used for calibration.

3. RESULTSAND DISCUSSION
3.1. Micelle for mation

Fig. 2 shows the apparent hydrodynamic radiussaaétering angle of 90R,,q0-. the reduced excess relative
intensity,i’, and the polydispersity index, PDI as a functiothe&f mixing fraction, f for a mole fraction light
scattering-titration of an aqueous solution of PZMYb-PEQ,;; (C, = 10.42 g T = 5.58- 10*M, pH 7.81) to an
aqueous solution of PAfsb-PVOH;g, (C, = 0.52 g f=1.7210°M, pH 7.70) at 1 mM NaN@and 25.0 + 0.1
°C. The picture is clearly reminiscent of previgustported light scattering-titrations on aqueaalsitions of
complex coacervate core micelles [10,25,32]. Wedistinguish three regimes. The first regimes . < 0.25,
is characterised by high apparent valueBaf- and PDI, both decreasing with increasingghd low values of
i°e increasing with increasing..fThe second regime, 0.25f, < 0.55, shows a maximum ifj; and minimum
in PDI at f. = 0.4 whileR, - is nearly constant at 17.8 £ 0.4 nm. In the th@gime,i°,, seems fairly constant
while R, g0-and PDI appear to increase slightly. Note thakihetics of complexation has been reported to.be f
dependent, so that full equilibrium may not haverbestablished for all values af [B3]. Moreover, thé, oo-
values reported for this mole fraction titratioe apparent values, i.e., they have not been exaimgoto zero
concentration or angle.

Fig. 2. Ry g0 (circles), fre (squares), and PDI (triangles) as a function ofgr a mole fraction light scattering-
titration of an aqueous solution of P2M-PEQG;;; to PAAsb-PVOHg,at 1 mM NaN@and T=25.0 £0.1
°C. Arrows indicate corresponding axes.
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Rather strikinglyR, o0-andi® do not show the expected dependence,othét is, symmetric around the
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preferred micellar composition, PMC, of ¥ 0.4, as is commonly observed for C3Ms consistifigvo
annealed (co)polymers [10,34]. The present reanétsomewhat different, particularly in the thiegjime, i.e.,
for f,>0.55. For X f,. <0.25, complexes between oppositely charged dibtoglolymers are formed,
evolving (most likely) from large, loose aggregates better defined, smaller and denser structaes
indicated by the increase ithy and decrease in PDI and dz-for increasing f. For 0.25< f, < 0.55, these
aggregates associate into C3Ms and consecutiveiialhadissociate into another type of soluble qdexes,
resulting in a maximum excess scattering and mimrRDI at £ = 0.4, the so-called preferred micellar
composition. Note that the PMC is displaced fromékpected.f= 0.5, which implies not all chargkle PAA
groups are involved in the complexation.

Both the asymmetric dependenceRgfo- andi® 0n f.. and the displacement of the PMC from=f0.5 to f =
0.4 can be related to the degree of quaternisafi®@®2MVP;g-b-PEQ,1; and the large difference betweepaN
andNpoyye It is possible to roughly estimate the degreeuatgrnisation from the peak position in Fig. 2ti#¢
PMC, charge neutrality is met, i.e.of = f_a_. From the position of the PMC, £ 0.4, andx_ = 0.60
(measured for PAA42 in 5 mM NaN@t the same pH [35], being 6.51, i.e., the pH el&ses during the LS-T
due to complexation as PAA units deprotonate aadthution pH is not buffered), we obtain= 0.91, i.e., in
excellent agreement with the value determined bgnehtal analysis (see experimental section). Horyéhie
evident that the degree of PAA dissociation isamdy determined by bulk pH, but also by proximitythe
cationic copolymer (a phenomenon that is generefigrred to as charge regulation), i.e., one shaaidally
determinen_ from a protonation curve in the presence (not ateeof P2MVRg-b-PEQ,;,. Furthermore, partial
compensation of PAA by monovalent counterions extef P2MVP segments could be an alternative
explanation for the displacement of the PMC from élpected .f= 0.5. We would like to refer the interested
reader to Appendix C for more details.

The complexes formed for. £ 0.4 are stabilised by excess positive chargéewimose for f < 0.4 are
stabilised by excess negative charge. Typicallysehsoluble complexes dissociate into their moéecul
constituents at some point far away from chargerakty, resulting in zerd®,[10,34]. Indeed, this dissociation
is observed for the soluble complexes stabilisedxmness negative charge, but not for those stabiliy excess
positive charge; those remain relatively stableffor 0.55. We propose to attribute this differencento t
molecular architecture of the diblock copolymeridiéas PAAys-b-PVOH, g, remains water-soluble in
uncharged state (data not shown), P2VP-PEO forrosli®s in aqueous solutions for pH > 6.1 [8]. Alilgh the
P2MVPsg-b-PEG;y; in this study is about 90% quaternised, the nedsitihydrophobic backbone may enhance
stability of the C3Ms and cationic complexes, aently reported elsewhere [36].

In sharp contrast to traditional polymeric micelessisting of amphiphilic polymers, C3Ms may be in
thermodynamic equilibrium [1,11]. To test whetheistalso applies to the system under investigatienhave
compared micellar sizes for C3Ms of P2My¢éB-PEG;;; and PAAys-b-PVOH, 5,4 at the preferred micellar
composition prepared in a one-step fashion by simpking the polymer solutions and those obtairmrethe
corresponding LS-T experiment, using the same stottkions (Table 1). For the titration method, fimel R, g0
=18.3+0.1 nmG, = 1.87 g T, f.=0.39), while we fincRy,,00- = 18.1 £ 0.3 nmQ, = 1.87 g T, f.= 0.40) for
the one-step procedure. Moreover, for C3Ms of P2MNBFPEQy1; and PAAwsb-PVOH, g, in D,O (Table 2),
we find R, g0-= 18.7 £ 0.2 nm@, = 7.86 g 1, f. = 0.40). Hence, we find no dependence of miceliar en
preparation protocol, suggesting that indeed ti@3¥ds might be equilibrium structures. At the sameet the
data suggest that neither concentration nor a eéhahgolvent from KO to D,O, has considerable effect on
micellar characteristics.

Table 2: Light scattering results for the mixtures of polyrsck solutions in Table 1. Data obtained for T =
21.5 +£0.3 °C. Viscosity of O was calculated to be 1.2062 +0.00954Z this temperature [56]. For all C3Ms,
dn/dc has been estimated at 0.158 gh Radii/nm, /10 cnf s), M,/kg mol*.

Cationic polymer f+ DO Rho C Rho d Mw a Mw b Paqc+ a Paq(_ a Rqo a Rqo b RqO/RhO a RqO/RhO b
P2MVP;e-b-PEQ,;; 0.40 9.9 14.2 18.3 800 794 41 8 26.1 245 1.43 1.34
P2MVP,-b-PEQ, 0.39 8.0 17.4 224 706 701 23 5 262 246 1.17 1.10
P2MVP,;-b-PEQ;s, 0.40 7.4 20.4 24.2 1436 1434 37 13 18.8 18.2 0.78 0.75

3 Obtained by the Zimm approximatidhObtained by the Guinier approximatirObtained from a CONTIN analysfSObtained from a
cumulant analysis.
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3.2. Micellar structure

Figs. 3 and 4 show the angular dependence of dagdéncy/ (Fig. 3), and the excess Rayleigh raiy, C)
(Fig. 4) as a function af>. We observe a linear dependencé @i o (Fig. 3), which is a signature of a
diffusive mode, and an upturn for smgialues in the static light scattering results (Hig.indicative of an
increase in average scattering mass; that is,rsepce of a small fraction of larger aggregatbsseé results
are corroborated by a CON-TIN analysis which cleeglveals the presence of two distinctive modesalfahree
systems (Fig. 5). For the fast mode correspondirsjrigle micelles we again find a linear dependerideon g?
(Fig. 3b). Therefore, we have used the linear dégece of " on ¢ for 30°< 0 < 145° (CONTIN analysis, fast
mode) and the near-linear dependencg(6f C) ong’ for 70°< 6 <145° to obtairD’ andR,’ respectively. We
might speculate that these aggregates originate tine@ rather poor solubility of PVOH [37,38] or fno
interpolymer complexation between PVOH/PEO and RAAins which is known to yield insoluble complexes
under more acidic conditions; that is, pH < 4 [89,&hutoryanskiy et al. [39,41 ] reported on toemhation of
insoluble polycomplexes below pH 2.67 + 0.05 forP@nd PVOH in salt-free solutioy pan = 450 kg mof,
My, pvon = 205 kg mot, [PAA] = [PVOH] = 0.01 M in base-mole units) anar foH 2.88 + 0.05 for PAA and
PEO in salt-free solutionM, pas = 450 kg mot, M, peo= 20 kg mof, [PAA] = [PEO] = 0.01 M in base-mole
units). It has also been reported that water ig anharginal solvent for PVOH [37], and aggregaticas
observed in dilute agueous solutions of PVOH horhapers [38]. Note, however, that the marginallyudadé
vinyl alcohol monomers constitute only a minor gari4%) of the micellar corona.

Fig. 3. (@) Cumulant and (b) CONTIN resulias a function of gfor mixtures of PAfsb-PVOH g, and
P2MVPBsg-b-PEQ,y,, (triangles, G = 7.86 gll, f+ = 0.40), P2MVR,-b-PEQys (diamonds, ¢= 8.489[1, f, =
0.39), and P2MVR-b-PEQ;s, (squares, ¢= 8.01 gl*, f. = 0.40) at 1. mM NaN@and T=21.5+0.3 °C
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Fig. 4. Static light scattering results. &(C) as a function offor the same mixtures as in Fig. 3.
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Fig. 5. CONTIN results. Equal area representation=(90°) for mixtures of PAfsb-PVOHg, and P2MVRg-
b-PEQy; (dotted line, G = 7.86gl", f. = 0.40), P2MVR,-b-PEQ,4 (continuous line, §= 8.48gl", f, = 0.39),
and P2MVR:-b-PEQss,4 (chain dotted line, £= 8.01 gl*, f. = 0.40) at 1 mM NaN@and T= 21.5 +0.3 °C
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To obtain detailed information on the micellar sture, we have obtained quantitative valuesRi§rR,”,

RRY, MW, andP,q, from the static and dynamic light scattering measients. The results are summarised in
Table 2R values obtained through CONTIN analysis of the daa14.2, 17.4, and 20.4 nm for C3Ms of
PAAgogb PVOH;g4 and PZMVBS'b PEG1, P2MVP42'b PEQus and P2MV|?1-b PEQs. reSpeCtlvely They are
considerably smaller than those obtained from thraudant analysis, which is due to the fraction gdregates.
The obtamechO/Rh values agree well with those found in literatwedpherical block copolymer micelles,
where aR,/R, of 0.75 (Guinier approximation)/0.78 (Zimm approzition) for C3Ms consisting of PAgeb-
PVOH;g, and P2MVRBg-b-PEG;;; is close to the theoretical value of a hard spl@r&r5), while aRqoth of

1.34 (Guinier approximation)/ 1.43 (Zimm approxiioa) for C3Ms consisting of PAfsb-PVOH;g, and
P2MVP;;-b-PEQ;s, is close to the values reported for star-like figse MoreoverM,, andP,q, Show the
expected trends, i.e., decrease with increasinghijio block length (compare P2MV{Rb-PEG,;;and
P2MVP,-b-PEQy,e) and increase with increasing core-forming blagth (compare P2MVjRb-PEQysand
P2MVP;;- b-PEQ;,Q R seems to increase with overall degree of polymesisaas observed previously
[34,42], whileR,” shows the opposite trend. Hence, we observe arcexpdecrease iR,/R,” with an increase
in block length of the core-forming block (comp&2MVP,,-b-PEQy6 and P2MVR;-b-PEQ;s,), which may be
attributed to a more compact micellar structure.
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A comparison has been made between our light stajteesults and a simple geometrical model foresigial
micelles that has been introduced in a previougipf®]. The results in Table 3 show that model and
experiment are in rather good quantitative agre¢énk@am the PEO cross-sectiodgeo, and the radii of
gyration for the PEO polymer chains [43] in saéifraqueous solutionB, peq We can estimate the amount of
overlap between PEO chains UsngEoZ/ApEo For C3Ms of PAAysb-PVOH;g,and P2MVRBg-b-PEQ 3,
P2MVP,>-b-PEQus and P2MVB;-b-PEQ;s,, we find values of 0.79, 1.41, and 1.32 respeltjvmplying that
the coronal chains stabilise the micelles suffitieas soon as they start to overlap. Note th#ténabove
calculation, we have not taken the PVOH chains aatwount, which represent <14% of the corona mon®me
(see below).

Table 3: Comparison of model [10] with experiment for C3M$AAyo5b-PVOH g, and P2MVRBg-b-PEG,,
P2MVP,,-b-PEQ,,, and P2MVR;-b-PEQ;s,. Radii/nm, cross-section, A/Am

System Model Experiment

Cationic polymer A Rotal Reorc n. n RL Page © Pag °
P2MVP;g-b-PEQyy4 12.0 17.7 6.9 41 8 18.3 41 8
P2MVP,-b-PEQy4¢ 15.3 21.1 5.8 23 5 22.4 23 5
P2MVP;;-b-PEQys, 16.6 25.3 8.1 37 13 24.2 37 13

Cross-sectiond, micellar radiusRi, cOre radiusR.ore aggregation number of cationic diblock copolynmerand aggregation number of
anionic diblock copolymenmn., were obtained from a simple geometrical modelesribed by Egs. (2)-(6) in a previous publicafitoi.
Input: total volume fraction of polyelectrolyte fine micellar corep = 0.4, density of the polyelectrolyte blocks,= 1.1 kg 1, density of
the neutral blocksy = 1.127 kg 1, PAA charge densityipaa = 0.60, P2(M)VP charge densitysyve = 0.91, total volume fraction of PEO
in the micellar coronaPpeoz1:= 0.03,Ppeoa46= Peeasa= 0.02, total volume fraction of PVOH in the mieelcorona®@eyon = Peco Prectas=
Dreasa< Ppeopnz @S the density of a polymer brush is expectédaase with decreasing block length. For a delaikplanation of the
model and choice of input parameters, we refeinégpublication of Hofs et al. [10].Obtained by the Zimm approximation.

Table 4: Chemical shiftsqin ppm) for C3Ms of P2MV{fb-PEQ, and PAAsb-PVOHg, The numbers 1-5
correspond to protons as indicated in Fig. 1.

Proton PAAzosb-PVOH,g4 P2MVP-b-PEG,
1 1.5-1.85

2 2.15

3 1.5-1.85

4 3.954.1

5 3.68

3.3. Corona structure

Recently, we have shown that in 2B NMR NOESY experiments it is possible to observessrpeaks between
protons of two different polymer blocks in a mieeltorona provided that they are in close proxir.5 nm)
[11]. On the contrary, when polymer chains werally segregated, as was observed in C3Ms of pAA
PAAM,; and P2MVRE,-b-PEQye NO cross-peaks were observed between these ¢hai@d,25]. Similarly, 2D
'H NMR NOESY experiments can provide information oe éixtent of chain mixing/segregation within C3Ms
of PAA30§b'PVOH184 and PZMVBg'b'PEQn, P2MVP42'b-PEQ146, and P2MV91'b‘PEQ154. The corona
forming polymer blocks are rather incompatibleyas the case in the Janus-micelles containingetlatively
immiscible PAAM/PEO pair. In macroscopic systemeniscibility of PEO and PVOH chains was reported fo
binary blends [44,45], while Wanchoo et al. fouhd ternary PEO (565 kgm/PVOH (127 kg mot)/salt-free
water system to satisfy four previously posed detéor miscibility [46]. Apart from the obvious ffierence in
block chemistry between PVOH and PAAm, there islagoimportant difference between the previously
investigated and the current system, namely tlaivel size and abundance of the immiscible cordoekb and
the overall shape of the micelle. While the ellipgabJanus-micelles contained approximately eqoadunts of
approximately equally sized PEO and PAAm chains sipherical C3Ms studied here contain only <14% RAVO
blocks that are at most equally sized as compar#uet PEO blocks that constitute >86% of the mazedbrona.

Fig. 6. 2DH NMR NOESY contour plot of complex coacervate otcelles of (a) PAdsb-PVOHg, and
P2MVPBsg-b-PEG 4, (b) P2MVR,-b-PEQye and (c) P2MVR-b-PEQ;s, for the same mixtures as in Fig. 3.
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Peaks have been assigned (Table 4) on the baslie D spectra. Cross-correlations between PEOt(pr®)
and PVOH blocks (protons 3,4) were not observedevtthere are large NOE's within PAg-b-PVOHg,
(proton 4 and 1 and/or 3; proton 1 and 3).
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Fig. 6 presents contour plots of C3Ms of PAgb-PVOH;g, and (a) P2ZMVEs-b-PEG,;4, (b) P2ZMVR,-b-
PEQue and (c) P2MVR-b-PEQ;s,. The hydroxyl protons of the polyvinyl alcohol @éhsiare not visible in the
1D spectrum due to proton exchange with the sol¢2s®). The relatively sharp peaks correspond to 13C
satellite signals (~3.5 and 3.8 ppm) and trace awisoof solvents used during the synthesis and gua#ion



Published in : Europen Polymer Journal (2009)
Status: Post print (Author’s version)

procedures of P2MV{Fb-PEQ,, as been observed previously [12]: 2.2 ppm (a&tc¢h7, and 3.1 ppm
(presumably DMF). As observed previously [12], pret of P2MVP are not visible (arguably, as a consage
of peak broadening due to chain stiffness), sowlatannot observe cross-peaks between protonswith
P2MVP-b-PEQ,, nor within the micellar core. More importantlyewlo observe large NOE's between
neighbouring protons within PAss-b-PVOHg,4 but no cross-correlations between protons of P\&@#i PEO,
i.e., indicative of segregation of PEO and PVOHimhan the micellar corona.

Hence, whereas previously we observed chain mixirsgpherical micelles and chain segregation ipsdidal
micelles, we now have indications for local segtiegawithin the corona of spherical micelles. Natly, one
starts to wonder whether this is related to a déffiee in the type of local segregation that ocoutle micellar
corona of ellipsoidal PAAM/PEO and spherical PVOEIPmicelles. Indeed, if we take into account that t
corona constitutes &f 14% vinyl alcohol monomers, and the fact that west®nly a marginal solvent for
PVOH and a good solvent for PEOTat 25 °C, we might argue that a Janus-type segoagatto two equally
sized laterally segregated domains is rather ulglikehereas a combined radial and lateral segregatito a
certain number and size of patches - as schemgtasgicted in Fig. 7 - seems much more likely. ISyatchy
micelles' (also known as 'raspberry-like' micellagelles with a 'spheres-on-sphere’ morphology, or
'multicompartment (core) micelles’) have been aadately in a number of micellar systems consistf self-
assembled terpolymers and H-bonded di-block abtbtk copolymers, that were typically asymmetrimttis,
with a large asymmetry in size and/ or abundanéed®n the two incompatible core-forming blocks (kee
example Refs. [47-50]) or corona-forming blockse(far example Refs. [51-53]). Finally, we woulddito
point out that self-consistent field calculatiomstimodal (bidisperse) brushes (polymer brushesisting of
two types of polymers differing only in size; thstidentical in chemical composition) have demaatsd that
patchy brushes can arise merely as a result ddtincli difference in polymer block length [54]; ths, without
any chemical incompatibility as all polymer chaweare of identical chemical composition.

Fig. 7. Schematic representation of C3Ms of P2MYHPEQ, and PAAsb-PVOHg,at 1 mM NaN@and 25
°C (=38, =211, % =42,y =446, % =71, yy = 454). The C3Ms consist of a mixed PAA/P2MVP derp
coacervate core, surrounded by a two-layered sidé PVOH chains form 'patches’ on the core, ey are
less swollen, and less stretched, than the PEOhshas water is a marginal solvent for the vingladdol
segments and a good solvent for the PEO segmeeated;ithe C3Ms could be described as a 'patchext|imi

3.4. Self-consistent field calculations

To investigate whether a difference in chemical position between two polymers within the same bizesh
likewise give rise to a patchy brush structure twvaed to self-consistent field (SCF) modelingparticular, we
investigated brushes of strongly asymmetric contjowsias is the case in the current experimentstiesy - and
varied the relative length of the polymer blocke polymer-solvent interaction parameter (relatethé solvent
quality of one of the polymers), and the polymelypter interaction parameter (related to the miditybi
between the polymers) to study their effect onlthesh structure. Preliminary results are describede
following. We refer to previous work, for exampleflk[55] for a detailed explanation of the the@®gZF
machinery, and for SCF calculations on polymer lhegs We assume that the choice of geometry will not
significantly influence the results and thus optddlat geometry to maximise the computationakshevhereas
in reality of course, the PEO/PVOH brush is of sta¢ geometry. Hence, in the calculations theeyst
consists of two polymers A and B, representing PV@did PEO. The chains are grafted to an impenetrable
surface. Two types of calculations were perfornkécst, only gradients in the volume fraction pre§inormal to
the surface were considered (one-gradient (1Glzlons, i.e., in the z-direction and mean figighximation
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in thex-y plane). Here the chains can not diffuse laterally @an only segregate in the normal direction. 8eco
two gradients, one perpendicular and one paralltie surface, were considered (2G calculatioes,both in
thex- andz-direction and the mean-field approximation in yhdirection). In the latter case the chains can
translate along the surface and the system caegatgrboth in the normal as well as in the parditelction

with respect to the surface. The amount of ethyteade monomers is fixed to 90% and the amountmflv
alcohol monomers to 10%. The PEO-water Flory Hug@iteraction parametefsvon.w, is fixed at 0.4 (i.e.,
good solvent conditions), while boghon.wandy peo-pvonare varied. Moreover, calculations were performed
for systems with both longeNge= 400) and shorter PEQI§0 = 200) than PVOH chain®Eyon= 300).
Results are given in Fig. 8. In panels a and d@Geesults are given. Here the first moment overethd-point
distribution of both the PEO as well as the PVORy/prs,h,, is plotted versug pvon-w. In panels c-f the
volume fraction profiles(x,2) for PEO and PVOH are shown for a special casgy.pvon= 0.4 andy pvon.w =
0.52 potentially resembling the experimental sitrgtas described above, where the solvent quafliBVOH is
marginal, that of PEO is slightly better, and PE@ &VOH are rather incompatible [37,44,45]. Nott the
purposely neglected potential disparities in swgfaffinity etcetera,as they are, to the best of our knowledge,
not known for the system.

Itis clear from the 1G calculations in Fig. 8a dénthat the PEO and PVOH are segregated ia-thigection,
thus avoiding each other, under nearly all condgidn part this is due to the difference in sohaunality, the
difference in the length of the chains, and diffexes in grafting density (the majority componentlisest to
the surface), moreover, the miscibility of PEO 8\dOH segments is naturally of importance. Strikinghe
PVOH chains nearly always reside on the outsidd®brusth, peo< hy pvon(even if they are shorter than the
PEO chains), except for very poor solvent qualtity®VVOH § pvon.w > 0.5)where they collapse onto the
surface. The pyon.w Where the transition occurs is shifted to lowduga for longer PEO chains, and less
repulsion between PEO and PVOH segments (i.e. Jamalues of peo-pvon)- FOr Npeo = 400 andq peo.pvon=
0.4 (Fig. 8b), we observe a hysteresis in the velfnaction profiles proving the segregation traasiis a jump-
like (first-order) transition. In such case theunat question arises whether the transition isugrficed by lateral
mobility. Hence, 2G calculations were performedy(Fic-f). As expected, we observe both lateralradihl
segregation of PEO and PVOH chains)@go.pvon= 0.4 andy pvon.w = 0.52 forNpgo = 400. The swollen PEO
chains surround and enclose these collapsed chiaiasestingly folNpgo = 200, where in the 1G calculations
one homogeneous solution was found, we also obselateral inho-mogeneous layer.

The difference between 1G and 2G results for a dnpaymer brush definitely needs further investigiat To
our opinion, these preliminary SCF results (everuth we did not yet focus on the correct geometd; a
neglected several other complications) supporttimelusion that the C3Ms of PAB-PVOH and PMVPbh-
PEO are likely to resemble a ‘patched micelle'egsatied in Fig. 7. Whether the patches that anesnded by
relatively swollen polymer blocks, consist of PV@HPEO segments depends on PVOH solvent qualiy, th
PEO/PVOH block length ratio, and the extent of PEGDH incompatibility.
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Fig. 8. Results of SCF calculations for a flat brush cosgabof PVOH and PEO polymers, (a, b) Brush height,
hg (in units of lattice sites) of PVOH (lines) and®kdashed) as a function of the PVOH-water Flongbins
interaction paramete;pyon.w for 0 < ypeo-pvon< 0.4 as indicated, for (a) Mo = 200 (1G), (b) Mgc= 400

(1G). (c, d) Two-gradient volume fractiop(x,z) profiles for (c, €) PVOH and (d, f) PEO, for d) Nbgo = 400
and (e, f) Meo = 200. ypeo-pvon= 0.4 andypyon.w= 0.52. Input parametergpgo.w= 0.4, NoyoH= 300. In the

2G calculations, the chains have lateral mobilitythe x-direction. A cubic lattice is used withleefing

boundary conditions in the x-direction. The graftsurface is positioned at z = 0. The lateral inlogy@neity of
the brush follows from the fact that the profilesin the x-direction. We have chosen to placectiilapsed
chain (PVOH) to be around x = 30. In all cases ltihhesh consists of 90% vinyl alcohol monomers arf 10
ethylene oxide monomers and the total amount ghpei equals 3.3 equivalent monolayers.
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4. CONCLUSIONS

Using light scattering measurements, we have fatbthe formation of micelles of poN{methyl-2-vinyl
pyridinium iodide)blockpoly(ethylene oxide), P2MV4g-b-PEG,;; and poly(acrylic acidlplockpoly(vinyl

alcohol), PAAsb-PVOH,g, in aqueous solutions. At the preferred micellanposition, f = 0.40, spherical
micelles are formed of relatively low polydispeys(PDI < 0.2) withR, ¢o-= 18.1 + 0.3 nm (= 1.87 gi* 1mM
NaNQ;, T=25.0 £ 0.1 °C). DLS and SLS experiments on agsaolutions of PA4ys-b-PVOH,5, and
P2MVPsg-b-PEGs1;, P2MVP,-b-PEQy,s or P2MVR,-b-PEQ;s, show a coexistence of these micelles with larger
aggregates. The experimental results were compar@gdimple geometrical model, yielding cross-sergifrom
12-17 nr and coronal volume fractiors0.03, implying that colloidal stabilisation can &ehieved when

coronal chains start to overlap. From a carefuk@®eration of the experimental observations in comtipn

with our self-consistent field (SCF) calculationg infer that the relatively immiscible PEO/ PVOHipdoes
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not yield ellipsoidal Janus-micelles, but rathenesjical patchy micelles as schematically depicteEig. 7.
Whether the patches correspond to PVOH or PEO ¢andersely, the swollen chains to PEO or PVOH)
depends on the PVOH-water and PVOH-PEO interagt@mameters (in other words, the PVOH solvent ggalit
and the PVOH/PEO miscibility) and the PEO/PVOH Bltength ratio. Finally, we would like to remarkath
these dependencies might be investigated quanéhatin for example Cryo-TEM experiments on a sgste
where one of the coronal blocks could be stainéztBeely, which is not the case in the presenteays
Moreover, we suppose that a more symmetric PEO/P¥@item would consist of ellipsoidal Janus-miceléess
was found for the rather symmetric P2My¢B-PEQy,d PAA,-b-PAAM,;; System.
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Appendix A
ALl. Light scattering-titrations (LS-T)
i°eis defined in Egs. (3)-(5) as the Rayleigh ratidhef sample minus the reduced Rayleigh ratiosefitlanks'

(the polymer solutions in the burette and scatteceill), all divided by the total polymer concetia at f. =
0.5, c*.

o Isample - Isolvent - ict - ibt _ Isample - Isolvent - ict - ibt
= =
e € X Jrotuene (Cb,f+:0.5 + Cc,f+:0.5) X ltoluene
Isample - Isolvent - ict - ibt (3)
M,
Cef,=05 (1 + Z*; . ﬁ’z) X Trotuene
. Cet
It = (ICO - Isolvent) X a (4)
o
. Cht
Iyt = (IbO - Isolvent) X a (5)
0

The subscript®' and 'c' denote the polymer in the burette andexiagdf cell respectively, prior to the LS-T. The
subscripts '0'f; = 0.5' and 't' denote before LS-T, during LS-F.at 0.5 and during LS-T at, f£orresponding

to a certain value', respectivelyq, andq. are the number of chargeable groups in polyiremd polymer c,
while My andM;, are their molar masses.

In this manner, the 'blanks' are subtracted acogridi what they would contribute to the scatteanthe actual
f+ if no complexation would occur, andiy, i.e., only excess scattering due to complexation remains.
Furthermore, division by the total polymer concatitm is necessary to be able to compare measutemen
independent of the initial concentration of theckteolutions. For C3M systems, it seems most lddgacdivide
by c*, the total polymer concentration correspondim the preferred micellar composition, PMC[34}te ideal
case, i.e., when the charge neutrality conditiomés at £ = 0.5 (equal amounts chargeablegroups). Whether
the PMC occurs at.f= 0.5, depends on the pH of the polymer stocktgwls in case one or both of the
polymers contain(s) weak polyelectrolyte groups.

Appendix B
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B.1. Static light scattering (SLS)

The excess Rayleigh ratiB(6, C), is given by

_ 2
R(@, C) = Isample Ftven ( L >R(0)reference (6)

2
I reference Meference

In the Zimm approximation, for sufficiently dilute con-
ditions, R(6, C) is given by

K 1 1.,
R(0.0) ™~ M (1 +§qu2> ,and (7)
) 2
k=2 (A ®)
NavJg \dc

whereK is an optical constanly,, is Avogadro's numbei, is the wavelength of the laser (514.5 nm), n is the
solvent refractive index (1.332 for,@, T= 25.0 £0.1 °C; 1.331 ford, T= 21.5 +0.3 °C)dr/dc the specific
refractive index increment, apthe magnitude of the scattering wave vector, glwen

4rn . (0
q= o sin <§> (9)

Alternatively, in the Guinier approximation for $iafently dilute conditionsKC/R(9, C) is given by

KC 1 1
A~ exp <§ q2R§> (10)

Thus, from the intercept and slope in the extrajpmieof KC/R(@, C) to zero angle at a given concentration, one
obtains the apparent molecular weigWj, of the scattering particle and its apparent radflgyration,RgO.

Appendix C

Consider a strict core-shell segregation wher@al\/ PVOH and P2MVP/PEO junctions are locked to the
core/ corona interface, restricting the numberasfgible chain conformations. It is likely that gfeort cationic
blocks are incapable of compensating all chargélseomuch longer anionic blocksg., it would involve a
considerable stretching penalty if at all possibtethat small, monovalent counterions are takebyughe
micellar core to establish charge neutrality. 11 this latter proposition, one should determireeRMC for
C3Ms of P2MVPb-PEO and PAA3-PVOH of which the PAA/P2MVP block length ratioggstematically
varied. Finally, we note that a considerable défere in solubility between the cationic and theaiagi polymer,
could also give rise to a displacement of the PM@nff, = 0.5. However, if we follow this line of reasogin
we should regard the minority component, here #imic copolymer, as the more soluble componehichvis
in contradiction with the presence of residual escecattering at large values @fgf discussed in the main
body of the text.
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