Controlling the self-assembly of binary copolymer
mixtures in solution through molecular architecture

Martin J. GreenaII,Jr Peter Schuetz,*'jf' Steve Furzeland,i Derek Atkins,'“t D. Martin
A. Buzza,§ Michael E Butler,i and Tom C. B. McLeish'

Institut Charles Sadron, 23, rue du Loess, 67034 Strasbourg, France, Unilever R& D Colworth,
Colworth Park, Sharnbrook, MK44 1LQ, UK, Department of Physics, The University of Hull,
Cottingham Road, Hull HU6 7RX, UK, and Department of Physics, Durham University, South
Road, Durham DH1 3LE, UK

E-mail: peter.schuetz@unilever.com

Abstract

We present a combined experimental and theoretical studhemnole of copolymer ar-
chitecture in the self-assembly of binary PEO-PCL mixturesvater-THF, and show that
altering the chain geometry and composition of the copobgnoan control the form of the
self-assembled structures and lead to the formation oflrrmgregates. First, using transmis-
sion electron microscopy and turbidity measurements, waysa mixture of sphere-forming
and lamella-forming PEO-PCL copolymers, and show thaeiasing the molecular weight of
the lamella-former at a constant ratio of its hydrophilid drydrophobic components leads to
the formation of highly-curved structures even at low spHermer concentrations. This re-

sult is explained using a simple argument based on the effaailumes of the two sections of
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the diblock and is reproduced in a coarse-grained meanf#fieldel: self-consistent field the-
ory (SCFT). Using further SCFT calculations, we study tharitiution of the two copolymer
species within the individual aggregates and discuss himaffects the self-assembled struc-
tures. We also investigate a binary mixture of lamella-fersnof different molecular weights,
and find that this system forms vesicles with a wall thicknessrmediate to those of the vesi-
cles formed by the two copolymers individually. This redsalalso reproduced using SCFT.
Finally, a mixture of sphere-former and a copolymer withrgéshydrophobic block is shown

to form a range of structures, including novel elongatedcles

Introduction

Amphiphiles such as block copolymers and lipids can sedéable into many different structures
when dissolved in solutioh? The case of block copolymers has proved especially iniagest
researchers in recent years, for a variety of reasofisst, the study of block copolymers is a
promising route to a fundamental model of the self-asseroblgmphiphiles in solution, since
the theoretical understanding of the constituent polymelenules is on a firm footing. Well-
established methods such as self-consistent field the@# {86 have provided considerable
insight into the self-assembly of polymers, especially ilts)’-8 whilst using simple models of
the individual polymer molecules. Second, vesicles forfteth block copolymers show more
promise as vehicles for drug delivérthan similar structures formed from lipids, as the thiclenes
and low solubility of their membranes means that they cambgdr-lived and less permeabiel?
For solutions of a single type of diblock copolymer, it isesftrelatively straightforward to
understand why a given type of aggregate forms in a giversysthe main factor that determines
the shape of the structures is the architecture of the capatythat is, the size of its hydrophilic and
hydrophobic block¥? (although other factors, such as the overall size of the lyaper, may also
play a rolé®). If the hydrophilic component is large compared to the byptobic component, then
curved aggregates such as spherical or cylindrical meétlen. Conversely, if the hydrophobic

component is large, lamellar structures such as vesictsstaerved? Recently, we demonstrated
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this behavior in a study of PCh-PEO block-copolymers with various volume fractions of the
hydrophobic block (PCL}#* Here, large volume fraction$zo of the hydrophilic block (PEO)
resulted in micellesfeo > 0.3), lower fgo favored wormlike micelles (@5 < fgo < 0.3) and still
lower fractions §go < 0.25) led to the formation of vesicles.

We can gain increased control over the self-assembly bynmitvo types of amphiphile that
individually form aggregates of different curvatures. Buaxtures are well known in cell biology,
where different lipids can be sorted by segregation to regiaf high and low curvatur&-6and
have also been studied in the context of lipid-detergentunes 1”18 More recently, they have been
investigated in block copolymer systems. For example, daihBate$ have studied mixtures of
polyethylene oxide-polybutadiene (PEO-PB), and have daimat blending ratio can be used to
control self-assembly, and furthermore that novel stmgstisuch as undulating cylinders form.
They also found that different aggregates form dependingtwther the two polymer species are
mixed before or after their individual self-assemBly.

In a recent study of a mixture of sphere-forming and lamftaaing polycaprolactone-co-
polyethylene oxide in water-THF mixed solveriswe have built on this work by controlling
the quantities of water and THF to mix sphere- and lameliadfiog copolymers not only before
and after but also during their individual self-assemblyno3e copolymers mixed before self-
assembly (pre-mixed) formed a sequence of aggregatesresiog curvature as the amount of
sphere-former was increased, forming vesicles, then aumn@stof vesicles, rings and worms, and
finally spherical micelles. This series of shape transgtiloas also been observed in lipid-detergent
mixturesl’18and has been studied theoretically using self-consistdttfieory**-?*and models
of chain packing? and membrane curvatufé When mixed after self-assembly (post-mixed), the
two species remained locally in the equilibrium states efplre components, and a mixture of
vesicles and spherical micelles was observed. The stegfound when the two species were
allowed partially to self-assemble before mixing (intedia¢e mixing) were more unusual, and
included metastable paddle- and horseshoe-shaped atggeyaing self-consistent field theory,

we reproduced the transitions between morphologies obdernvthe pre-mixed system and also
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details of the aggregates such as the bulbous ends of thé%atls also gained insight into the
complex metastable structures seen at intermediate miginghowing in SCFT calculations that
the segregation of the two types of copolymer can stabiggeons of different curvature within a
single aggregate.

In the current paper, we extend this study by varying theitactures of the copolymer species.
We consider three specific cases: varying the length of thella-former in a blend of sphere- and
lamella-formers, blending two lamella-formers of diffetéengths, and blending sphere-former
with a polymer that has such a large hydrophobic block thatgcipitates in solution if not mixed
with more hydrophilic molecules. In all cases, we obsereeghantitative and qualitative changes
in the self-assembly as the copolymer architectures anegeith As in our previous work? we
perform self-consistent field theory calculations in tandeith our experiments and discuss how
the distribution of the two copolymer species within thef-salsembled structures leads to the
formation of the structures seen in the experiments.

The article is organised as follows. In the following sextiwve give details of our experimental
and theoretical methods. The Results section is dividexthree subsections, one for each of the

mixtures introduced above. We then present our conclusions

Methods

Materials

The PEO-PCL block copolymers were purchased from Advanodéghter Materials Inc., Mon-
treal and used as received. GPC analysis was also providadanced Polymer Materials Inc.
and was referenced against PEO standards. Degrees of pagtioa for the PCL block were
calculated by'H NMR in CDClz by comparison to the PEO block (the degrees of polymeriza-
tion for the monomethoxypoly(ethylene oxides) used in ¢heslymerizations are known). The
molecular weight and molecular weight distributions areegiin Table 1. All other reagents with

the exception of NMR solvents were purchased from SigmaiéttddCompany Ltd., Gillingham.
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Standard solvents were of spectrophotometric grade anlitoihfree. Deuterated NMR solvents
were purchased from Euriso-top S.A., Saint-Aubin. All swits were filtered before use through
Pall Acrodisc PSF GHP 200 nm filters. For all experimentgjltid and de-ionized Millipore wa-
ter (resistivity = 18 MQ.cm) was additionally filtered through Sartorius Minista@0zZim filters

directly before use.

Table 1: Polymers used in this study, with their properties from light scattering. Notes: (a)
total molecular weight from GPC (PEO standards) (b) voluraetion of the EO block calculated
from the melt densities of the two blocks (c) morphology deieed by light scattering and cryo-
TEM (S=spherical micelles, C = worm-like micelle, V = vesiclP = precipitate; in the cases
of mixed morphologies the majority component is writtentfirgd) hydrodynamic radius from
dynamic light scattering (DLS) after dialysis.

Commercial sample code Sample formula | My? | My/My | feo® | Morphology® | R, (nm)®
PCL1okPEOx PEQy; — b—PClyo; | 17300 1.36 | 0.15 \Y 220
PCLskPEOLk PEOG3—b—PClyy | 7100 1.15 | 0.17 \Y 170
PCLskPEOx PEQ;s — b—PClys | 7800 1.16 0.3 C,S 30
PCLsxPEOsso PEO,,—b—PClsg | 6380 | 1.15 | 0.08 P n/a

Preparation of Solutions

Aqueous dispersions of block-copolymer aggregates waregped by dissolving the polymer in
THF to a concentration of 10mg mi. These solutions were then mixed in the volume ratio noted
for the experiments. All the mixing ratios are thus ratiosh@f masses of the respective polymers
as opposed to molar ratios. Due to the close molecular wei@lable 1) of the two copolymers
PCLskPEOk and PClskPEGy these ratios are not very different in this case, while fer dkher
combinations the conversion is easily calculated. Millgowater was added either manually or
by an Eppendorf EDOS 5222 Electronic Dispensing System.alig&ots of 2Qul of water were

added in one minute intervals.

Turbidity Measurements

We performed turbidity measurements during the preparatiothe samples using an adapted

Perkin Elmer UV/Vis Lambda 40 Spectrometer. A wavelengt®@dnm was used with a slit
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width of 2nm. Stirring was performed using a standard magséitrer/hotplate placed under the
spectrometer. The polymer was dissolved in THF (1mL, 10mgHland a zero reading was
taken (transmittancd, = 100%). Millipore water was then added either ind@liquots every

30s using an Eppendorf EDOS 5222 Electronic DispensingeBysind a turbidity reading was

taken after each addition.

Cryo-TEM

Samples for thin-film cryo-TEM were loaded onto plasmatedd30 seconds) holey-carbon grids
and prepared using a GATAN cryo-plunge into liquid ethane tien transferred using a GATAN
626 cryo-transfer system. Samples were examined using & 2E@ TEM operating at 200kV.
Images were obtained using a Bioscan or a GATAN Ultrascarafikeca and analyzed by GATAN
Digital Micrograph version 1.71.38. During our previouséstigations* we observed that imag-
ing of the self-assembled structures (especially vegidageatly improved in samples containing
ca. 30% THF compared to samples in pure aqueous solutionilaBstructures were observed
in both solvent conditions, which indicates that at THF fi@ts of 30% and below, the mobility
of the block-copolymers is too restricted to allow for fuetlgrowth of the aggregates. However,
we found that, over a timescale of a few months, internaraegements occurred that evened out
local variations in surface curvature transforming the encomplex metastable aggregates into
vesicles or nested onion-like structures. In order to famushe initial metastable structures that
are formed (prior to any slow internal rearrangement preeglsand to obtain as high quality imag-
ing as possible, we prepared the solutions for cryo-TEM ureaqis solutions containing 28% THF

and imaged these samples within a maximum time of two weeks.

Self-consistent field theory

To further our understanding of the role of polymer archiiee on self-assembly, we performed
self-consistent field theory (SCFT) calculatibren a model system of two species of AB diblock

copolymers (lamella- and sphere-forming respectivelgntded with A homopolymer ‘solvent’.
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SCFT is a coarse-grained mean-field theory in which the iddal polymer molecules are mod-
eled by random walks and composition fluctuations are negdecFor sufficiently long poly-
mers24 these approximations prove extremely effective and thdigtiens of the theory are very
accurate for a wide range of systefh8Ve use a simple implementation of the theory where the
interactions of the polymers are included by imposing inpagssibility and introducing a contact
potential between the A and B monomé&rghe fine details of the polymer molecules are not taken
into account, so that monomers of all species are taken ®thassame lengthand volume 1pp.

From a technical point of view, a self-consistent field tlyecalculation consists of solving
a series of differential (diffusion) equations to calcal#éte density profiles of the various poly-
mer species. An initial guess for the profiles is made, whiab the approximate form of the
structure that we wish to study. The density profiles are tkealculated until a set of equations
reflecting the physical properties of the system (such dedtsmpressibility$2°is satisfied. The
SCFT differential equations are solved using a finite-diffee methotf with a spatial step size
of 0.04aN¥2, whereN is the number of monomers in the sphere-forming speciesreftetting
boundary conditions are imposed at the origin and edgesedbdix. Full technical details of our
calculation can be found in a recent publicatfdn.

In the current paper, we use SCFT calculations in two shghtferent ways. First, we perform
effectively one-dimensional calculations on sphericateties and infinite cylinders and bilayers
to calculate simple phase diagrams as a function of sploeneet volume fraction and reproduce
the basic phenomenology observed in the experiments. Tagmdations proceed as follovf$:28
To begin, we calculate the free-energy density of a box @ointg a single spherical, cylindrical
or planar aggregate surrounded by solvent. The shape dbdkiss set by the symmetry of the
aggregate; for example, a spherical micelle is formed atémer of a spherical box. The cal-
culation is therefore effectively one-dimensional. ThéuneeV of this simulation box is then
varied, keeping the volume fraction of copolymer constantjl the box size with the minimum
free-energy density is found. Provided the system is dikae¢hat each aggregate is surrounded by

a large volume of solvent and the aggregates do not intetifiteach other, this provides a simple
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model of a larger system (of fixed volume and fixed copolyméume fraction) containing many
aggregates. The reason for this is that such a system misritgzfree energy by varying the num-
ber of aggregates and hence the volume (‘box size’) occupiexhch. Although computationally
inexpensive, this approach yields accurate informatiomarelle shape transitions and its results
agree well with experimert®

We also carry out more detailed calculations on the rod amglstructures seen in the exper-
iment. We have two aims here. First, we wish to show that these complex structures can
be reproduced in detail in our calculations. Second, we stiltly the distribution of the sphere-
forming and lamella-forming copolymers within the aggrega Since both rods and rings have
cylindrical symmetry, we will perform our (effectively twdimensional) calculations in a cylin-
drical box. We note that it is not possible to include infotioa on the distribution of the sphere-
and lamella-formers within the micelles in the initial gadsr the SCFT calculations. Any segre-
gation of the two species will therefore arise naturallyrirthe theory and need not be artificially
introduced?*

Although this model is relatively simple, we found in our yis work on the self-assembly
of binary PEO-PCL mixture'$ that it contains enough detail to yield information on theistures
formed in such systems and on the distribution of the twopelyspecies within these aggregates.
In this earlier paper, we focused on a mixture of lamellariog PCLsyPEOx and sphere-forming
PCLskPEOQx. We modeled the lamella-former by a symmetric AB diblockhatjual numbers of
monomersNa andNg in its hydrophilic (A) and hydrophobic (B) sections. For giigity, the ho-
mopolymer was taken to have the same length as the lameitgefoln line with the experiments,
the sphere-former contained the same number of hydrophatmomers as the lamella-former but
a larger number of hydrophilic monomers, so tNat= 3Ng. The x parameter setting the strength
of the interaction between the A and B species was sgt+030/N, whereN is the total num-
ber of monomers in the sphere-forming species. Our aim hasenwt to match the experimental
polymer parameters exactly, but to reproduce the basicgrhenology of the system (sphere- and

lamella-forming species, matched hydrophobic blocks)imply as possible. We take a similar
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approach in the current paper. To study the effect of larfetlamer length on the blend of sphere-
and lamella-former, and to observe the result of blending different lamella-formers, we in-
troduce the larger lamella-forming copolymer PGIPEGyx. We model this new molecule by an
SCFT polymer with 8/4 monomers, while keepinga = Ng. The number of monomerd\34

is chosen since increasing the size of the symmetric copaiyoo much will lead to its form-
ing micelles rather than bilayef$:13 For the sake of clarity, we summarize the SCFT polymer

parameters introduced above in Table 2.

Table 2: Parameters of the polymers used in SCFT calculations.For each SCFT polymer,
we list the corresponding polymer in the experiments, thalmer of (SCFT) monomers and the
volume ratio of the hydrophilic and hydrophobic blocks.

Polymer Sample code| SCFT monomers SCFTNa /Ng
lamella-former (long)| PCL1okPEOxk 3N/4 1
lamella-former (short) PCLsxPEOk N/2 1

sphere-former PCLsPEOy N 3

solvent n/a N/2 n/a

Results

Blends of lamella- and sphere-formers

To begin, we consider the structures formed when variousanations of the sphere-forming
copolymer PCEPEOy are added to the long lamella-former PGIPEQG,. These molecules
are chosen to isolate the effect of molecular weight on tla@stiransitions: they contain more
monomers than the PGLPEO,k copolymers studied previously, but have the same ratio ef hy
drophobic to hydrophilic blocks. We first turn our attentkorthe turbidity traces of this system.
The features in a turbidity trace can be directly linked t® ploints where the transitions between
spherical micelles, wormlike micelles and vesicles odéupecifically, in clear solutions spher-
ical micelles or short worms dominate and no or very few Jesiare present. Conversely, high
turbidity of the solution at high water content indicates firesence of larger aggregates such as

vesicles! From these measurements (Figure 1) it can be seen that aedftli0% PClgPEOy
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with 90% PCLyokPEOGy does not behave very differently from a system of pure laarieimer,
since the traces for the two systems are very similar. Howevsharp change in the optical
transmission is seen on addition of 20% R{REQy. Here, although the concentration of sphere-
former is still relatively low, the trace resembles that of@pPClsxPEOGyx much more closely than
that of the pure lamella-former PG§PEO) and does not show the strong turbidity in the water-
rich area linked with the presence of larger aggreg#tédle note in passing that the sharp dip in
the optical transmission between 20 and 30% water is mosiapig due to a miscibility gap in

the PEO-THF-water phase spaté®°and is not associated with a transition in the shape of the

aggregates.
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Figure 1: Turbidity traces for the self-assembly of blockalymer mixtures of PCLoyPEOGy and
PCLskPEQyx. The optical transmission (in %) at 600nm is plotted agaimstvater concentration
in the solvent.

These results are in contrast to those obtained for mixafle€LsPEOx and PClggPEGy in

10



Martin J. Greenall et al. Controlling the self-assembly iofdoy . . .

our previous publicatiod?® There, vesicles were formed up to approximately 30% spfwerger,
whereas in the current system the transition from vesidasitelles occurs between 10% and
20% PCIlskPEOQy. Increasing the length of the lamella-forming copolymethisrefore seen to
favor the formation of more curved structures.

To gain more detailed insights into the system, we now cansid/o-TEM images taken at a
range of sphere-former concentrations. In mixes with 90 % BEFPEOGyK and 10% PCEPEOy,
this technique reveals the presence of a large varietywdtstres, as can be seen in Figure 2. First,
we note that a significant number of vesicles is still presactounting for the high turbidity of
this mixture seen in Figure 1. In addition, wormlike micslbnd rings (end-to-end joined worms)
can be seen in the left image. The wormlike micelles herendtiem branched network structures
showing multiple three-way connections. The individuarahes of the network also tend to
be rather short, terminating in enlarged end-caps. Theagésiclosely resemble some of those
shown by Jain and Batégor PEOb-PB block-copolymer mixtures as well as those of Cleen
al.31 for PSbh-PAA. In different regions of the same TEM grid, very unusuasicles could also
be seen that on drying deformed to create a space-fillingltatsd pattern (Figure 2, right image).
The majority of these structures clearly show the dark aungrof the vesicle wall confirming that
they are indeed closed vesicles. However, on the top rigihtethre some structures that do not
have this pronounced darker rim and may therefore be unwdhpjayer sheets. Such structures
have been proposed as intermediate stages in the selflalgssesicles32-33

At a mixing ratio of 80% PCLoPEQy and 20% PCEPEQOy (Figure 3), the TEM shows a
mix of spherical micelles, short worms and toroidal ringsievesicles and sheet-like structures
shown in Figure 2 no longer appear at this concentrations Ehin line with the turbidity trace
results: this solution is clear at high water concentratjaonsistent with the presence of small
micelles such as rings and short rdds.

We now present our self-consistent field theory calculation our simple model of our ex-
perimental systems. For each set of calculations, we firssider the PCEPEO,-PCLskPEOx

mixture studied in our previous papEtmodeled, as described in the methods section, by a poly-
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Figure 2. Cryo-TEM of a mixture of 90% PGPEOQy and 10% PCEPEQ self-assembled by
solvent exchange from THF. The images were taken in an agusaution with 28% THF; the
scalebars are 500 nm.

Figure 3: Cryo-TEM of a mixture of 80% PGLPEOy and 20% PCEPEQOy self-assembled by
solvent exchange from THF. The images were taken in an agusaution with 28% THF; the
scalebars are 500 nm.

12
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mer blend including relatively short symmetric lamellarfeers containingN/2 monomers and
sphere-formers containing monomers. Next, we move on to our model of the RPGREOx-
PCLskPEQy system of the current paper, in which the SCFT lamella-fosnaee still symmetric
but now contain BI/4 monomers, and look at how the self-assembly is altered dygllange in
polymer architecture.

To begin, we calculate the free-energy densities of iddagsgs, infinite cylinders and infinite
bilayers using the method of variable subsystem size dextrbove, and determine how these
vary as the volume fraction of sphere-former is increasedensure that the system is relatively
dilute and that aggregates are surrounded by a large volfis@vent, we fix the overall volume
fraction of copolymer to 8%. All free energy densitiegV are plotted with respect to that of
the homogeneous solution with the same composigtV; that is, we plot the quantity =
F/V —R/V. Since the free-energy densiti§sof the three shapes of aggregate are quite close
together, they are plotted normalized with respect to thgnitade of the free-energy densitig|
of the cylindrical micelle to show the shape transitionsadie The cylinder free-energy density
then appears as a horizontal linefat —1, and is approached from above and below by the sphere
and lamella free-energy densities as the sphere-formeeobration increases.

Figure 4 shows the free-energy densities of sphericahdsital and planar aggregates plotted
againsty’ /@, where¢' is the volume fraction of sphere-former agds the total volume fraction
of copolymer (sphere formers plus lamella-formers). Panshows the results for the system
with the shorter lamella-former dfi/2 monomers? In this system, the lamella-former has the
lowest free energy at lower sphere-former volume fractigktsaround¢’ /@ = 35%, the lamellar
and cylindrical free energies cross, and the cylinder hasatvest free energy untiy/ / @ ~ 40%,
when the spherical micelle finally becomes most energéti¢alorable. This reproduces the
series of transitions from vesicles to cylindrical micsl{gvorms and rings) to spherical micelles
seen in our experiments, although the values af/ / ¢ at which the transitions occur are slightly
shifted, as would be expected in view of the simplicity of muodel. In these TEM image's,

vesicles were seen at 5% and 25% sphere-forming copolyntes@merical micelles are seen at
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75% sphere-former, in line with our calculations. Howeaamixture of worms, rings and vesicles
is seen at 50%, where our calculations predict sphericatlies: It is interesting to note that both
our calculations and experiments demonstrate that a blesghere-forming and lamella-forming

amphiphiles can form cylindrical micelles, even thougls 8tructure is favored by neither of these

molecules individually?!
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Figure 4: Free-energy densities as a function of mixingorédr (a) a short symmetric lamella-
former withN /2 monomers blended withid-monomer sphere-former and (b) a longer symmetric
lamella-former with 8l/4 monomers blended withld-monomer sphere-former. The free-energy
densities for spherical micelles, cylindrical micellesldlat bilayers are plotted with stars, circles

and squares respectively. The transitions between therelift micelle morphologies are indicated
by vertical dashed lines.

60

In panel b of Figure 4, we plot the corresponding free-endegysities for the same system but

with the degree of polymerization of the symmetric lametlianier increased toN8/4 monomers: a

14
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simple representation of the longer PGLPEOGy molecules of the current system. Again, we find
the same sequence of morphologies as the sphere-formesrtositon is increased. However, as
in the experiments, the vesicle-cylinder and cylinderespliransitions are shifted to lower sphere-
former volume fractions with respect to the previous syst@@pecifically, the former transition
now occurs at approximatelyf / ¢ = 28%, whilst the latter is moved to aroupd/ ¢ = 35%. Again,
due to the simplicity of our theoretical approach, theseditéons are not perfectly aligned with
those in the experimental system. For example, the TEM isméaeen at a mixing ratio of 20%
(Figure 3) show a mixture of rings, short rods and spherideélies, whereas our theory predicts
that this mixture will form vesicles, or, equivalently, thhe region of coexistence of morphologies
would be expected at a mixing ratio closer to 30%.

We believe that the shift in the shape transitions to lowéesg- former volume fractions for
increasing chain length of the lamella-former is primadlye to the greater shape asymmetry of
the lamella former when its length is increased whilst kegghe ratio of the hydrophilic and
hydrophobic blocks constant. This can be seen from thevimtig heuristic model of the shape
asymmetry of diblock copolymers. We assume that the hydiiofthock A of the lamella-former

is swollen by solvent and so has an end-to-end distfnoERa ~ N§/5 and effective volume

Vp ~ Ri ~ Nf\/s. In contrast, the hydrophobic B-blocks are taken to be inlagsed, brush-like
state®® and so have effective volumé ~ Ng. Since we keep the ratio of the hydrophilic and
hydrophobic blocks constant, we can also wxite~ Nt%/f’ andVg ~ Niot, WhereNiot = Na + N

is the total length of the lamella-former. Defining the shaggmmetry of the lamella-former
to bee =Va/VB, we havee ~ Ntf)/tS. Therefore, as we incread,; at constant hydrophilic to
hydrophobic ratiog will also increase and the lamella-former will become ma@gnametric. In
conseguence, we expect it to have an greater tendency tactorrad structures, with the swollen
A-blocks on the outside of the curved surface. This shiftamg more curved aggregates as the
overall copolymer length is increased has indeed been sesxperiments on symmetric diblock
copolymers in solutior?

In the above calculations, we have studied only infinitercéirs. However, the cylindrical
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micelles seen in the experiments have the form of rings ortshalbous-ended rods. We now
use effectively 2d SCFT calculations in cylindrical polaoedinate$®21to study these structures
in more detail. First, in Figure 5, we demonstrate that trstsectures can indeed be reproduced
within our model’'s parameter space. We focus on a systenmadlla former with 3l /4 monomers
mixed with sphere-former in a ratio of 2 to 1: a blending ratioere cylindrical micelles have the
lowest free energy in our calculations (Figure 4). To shosvfttim of the structures, the sum of the
hydrophilic block densities of the two species is plottedn& a of Figure 5 shows the bulbous end
of a rod 26 preceded by a thinner neck region of negative curvat(ti€We find also that ring-like
structures exist as local solutions to SCFT, and plot a esestion through one of these aggregates
in panel b.

We now turn our attention to the distribution of the two copoér species within the rod

structures. To this end, we introduce enancement factor 1°21 i (r), which we define as

_ @B2(r) [
n(r) - ([B(r) 552 (1)

Here, @s(r) is the local volume fraction of lamella-former hydrophobiocks andgs,(r) is the
corresponding quantity for the sphere-former hydrophditdcks. The mean volume fractions
of the two species are denoted by and @g,. The enhancement factor tells us how much the
concentration of sphere-former is enhanced with respettiabof the lamella-former at a given
point in the system. We defing(r) such that it is normalized with respect to the mean volume
fractions of the two core species, so that values greater éha represent enhancement of the
sphere-former concentration and values less than oneseqirdepletion. The enhancement factor
is plotted only within the core of the micelle, defined as tbgion where the total density of the
hydrophobic specieg@s(r) + @2(r) is greater than that of the hydrophilic speciggr) + @ax(r).

To locate this region accurately, we apply simple bilinggelipolation to our SCFT data to make
the grid finer before plotting (r). In Figure 6 (a), we show the enhancement factor for the bdénd

sphere-former and shorter lamella-formii/2 monomers)® In this system, the sphere-formers
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4 2 0
r/ aN'?

Figure 5: Bulbous-ended rod (a) and ring (b) structures ysgesn with a long symmetric lamella-
former with 3N /4 monomers blended withld-monomer sphere-former in a ratio of 2 to 1. The
total density of the hydrophilic A-blocks is plotted in aytirical polar coordinates
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segregate to the end of the ré8which is the most strongly curved part of the aggregate and, i
fact, closely resembles a spherical micelle. Since thedplurbic blocks of the two species are
matched and so can both reach the center of the micelle, tibeofahe concentrations of the two
species varies rather little in the main cylindrical bodytlué aggregate away from the endcaps.
This is in contrast to the system shown in panel b of Figure Bere& a longer lamella-former
of 3N/4 monomers is used. Here, the sphere-formers have shodesghobic blocks than the
lamella-formers, and no longer reach the central axis otyia@drical micelle. This means that
the sphere-former concentration is enhanced on the sufabe body of the cylinder as well as
in the endcap, and is strongly depleted in the center of the Vde note also that this mismatch
between the hydrophobic blocks means that segregationtisrager effect than in the previous
system, with the range of values takenrplyr ) significantly increased.

To study the distribution of the sphere- and lamella-fosmweithin the micelles in more detail,
we now plot cuts through the density profiles of the variowscggs both along and perpendicular
to the axis of the cylinder for the two systems shown in FigaireThe plot for the system with
shorter lamella-formers (Figure 7) confirms two points mabeve. First, it can be seen from
the cut along the rod axis shown in the main panel of Figurea¥ttte segregation of the sphere-
formers to the endcap is relatively weak and that the peaklerg-former concentration here is
quite small. Furthermore, from the inset to Figure 7, whikbvgs a cut perpendicular to the rod
axis at the center of the micelle, we see that there is no gatioa of the two polymer species in
the main body of the aggregate. In corresponding plots ®sttstem with longer lamella-formers
(Figure 8), we see strong segregation of the sphere-fortoeosth the endcaps and surface of
the cylinder. In addition, plotting the data in this way algwws us that, despite the new effect
of the enhancement of sphere-former concentration on ttfacguof the cylinder, the strongest
segregation is still to the most highly-curved region: thd@ps. To see this, note that the peak
in sphere-former concentration at the end of the rod (maiebaf Figure 8) is higher and more
pronounced than that at the surface of the cylindrical seaif the rod (inset to Figure 8). We note

also that the sphere-formers have a dip in concentratidi@fere the peak at the cylinder endcap.
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Figure 6: Enhancement factgr(r) plotted within the cores of micelles formed from (a) a 2:1
blend of 3 /4-monomer lamella-former and-monomer sphere-former and (b) a 2:1 blend of
N/2-monomer lamella-former ald-monomer sphere-former. Dark areas show regions where the
concentration of the sphere-former is enhanced with redpete lamella-former, lighter areas
show regions where it is depleted.
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This feature corresponds to the negatively-curved neckefricelle®® visible in Figure 6. Since

the sphere-formers naturally prefer positive curvaturey imigrate away from this region.
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Figure 7: Cuts through the density profiles of the rod stmgctn a 2:1 blend oN/2-monomer
lamella-former andN-monomer sphere-former. The hydrophobic and hydrophlbcldensity
profiles are shown with full and dashed lines respectivelg, the sphere-formers are plotted with
thicker lines. The solvent is plotted with a dotted line. Thain panel shows a cut along the main
axis of the rod and the inset shows a cut perpendicular t@ttssat the center of the rod.

We believe that the stronger segregation of the sphereeii@in the mixture with the longer
lamella-former is due to the entropic elasticity of the cbtecks. Specifically, if the sphere-
formers were homogeneously mixed with the longer lameltaakrs, the hydrophobic cores would
have to be strongly stretched, restricting the number ofigorations they can access and so
leading to a loss of entropy. In consequence, the sphemeefsrmove to the endcaps, leading to

the formation of short cylinders or network structures withny bulbous endcaps such as those

20



Martin J. Greenall et al. Controlling the self-assembly iofdoy . . .

Figure 8: Cuts through the density profiles of the rod stmectn a 2:1 blend of B /4-monomer
lamella-former andN-monomer sphere-former. The hydrophobic and hydrophlbclbdensity
profiles are shown with full and dashed lines respectivelg, the sphere-formers are plotted with
thicker lines. The solvent is plotted with a dotted line. Thain panel shows a cut along the main
axis of the rod and the inset shows a cut perpendicular t@#issat the center of the rod.
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seen in Figure 2.

The larger number of Y-junctiod$ in the PClyoWPEQy system compared to the previous
PCLsPEOy systent® may be explained in a similar wayin the system containing the shorter
lamella-former PCExPEQy, the relatively short core blocks can adopt a smaller nurabeon-
formations and so are less able to pack into a more complegtste such as a Y-junction. The
increased number of branched structures at higher molkagalghts is in agreement with the work

of several other groups’4%41on single-component systems.

Blends of two lamella-formers

Having studied the effect of blending two copolymers thaividually form different structures,
we now investigate a system where the two species are |afoetteers but of different lengths.
The two copolymers considered are the shorter RBEO;1° and the longer PClgxPEQy
molecule introduced above. As in our previous publicafidmye mixed the two polymers both
before and after their individual self-assembly.

Figure 9 shows representative cryo-TEM images of the vesformed by PCPEOk (panel
a) and PCLokPEQ (panel b) on their own. In the second row of the figure the Vesiare shown
that result when the two block-copolymers are mixed bef@asembly (in pure THF solution)
(panel ¢) and after assembly i.e. after dilution to 28% TH#&ngd d). This latter case corresponds
to mixing the solutions shown in panels a and b of Figure 9. esdhain lengths of the two
copolymers differ by a factor of two, the resulting vesidiase different wall thickness (16 nm and
25nm respectively). In the image d of the sample mixed pssembly, the wall thicknesses of the
individual vesicles remain unchanged and two differentytajons can be clearly distinguished,
while in the sample mixed pre-assembly an intermediate thadkness of ca. 20nm is found.
This result indicates that, as befof®the exchange of material between the different structsres i
suppressed at THF concentrations below 28%.

We now wish to see whether the result of the blending of twesypf lamella-former lead-

ing to the formation of vesicles of intermediate wall thielss can be reproduced in our simple
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Figure 9: Cryo-TEM images of the vesicles in 28 % THF in walkamels a and b show the vesicles
obtained from the self-assembly of PEEPEOx and PClyokPEQy, respectively. Panel ¢ shows
the structures obtained when solutions of BEREOkx and PCLokPEQx in pure THF are mixed

in equal parts prior to self-assembly. Panel d shows the sam@osition when the two solutions
are mixed after self-assembly at a THF content of 28%. Thgaweas taken 1 week after mixing.
Two distinct populations of vesicles with different wali¢kness can be seen. All images are at
the same magnification. The scalebars in a and d are 200 nnD@mufrilin panels b and c.
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Figure 10: Density profiles of an infinite lamellar structune(a) anN/2-monomer lamella-
former, (b) a 1:1 blend ofI8/4-monomer lamella-former arld/2-monomer lamella-former and
(c) a AN/4-monomer lamella-former. The hydrophobic and hydropHiliock density profiles
are shown with full and dashed lines respectively, and thgd3damella-formers are plotted with
thicker lines. The solvent is plotted with a dotted line, tb&al density of copolymers is plotted
with a dot-dashed line, and the point at which these two diessare equal is marked with a thick

vertical dashed line.
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SCFT model. In panel a of Figure 10, we plot the density prefitthe hydrophobic B-blocks,
hydrophilic A blocks and solvent of a bilayer formed of relaty short lamella-formers o /2
monomers calculated, as above, from the method of variallisystem size. We also show the
total density profile of the copolymers (A blocks plus B blsrknd the bilayer thickness, defined
as the distance from the origin at which the densities of oper and solvent are equal). Panel ¢
shows the corresponding profiles for the longer lamella &rwith 3N /4 monomers. As expected
from the respective lengths of the molecules, this lattéymer forms thicker bilayers than those
shown in panel a. In the central panel b, we show the densitfyigs for a bilayer formed of an
equal-parts mixture of the two species. In excellent agesgwith the experiments, this mixed
bilayer has a thickness approximately halfway betweenetlodshe pure bilayers. By comparing
the density profiles in panels a and b we see that the additithedonger species (in panel b)
causes the core blocks of the shorter species to stretctamigvrom their equilibrium state in a

homogeneously-composed structure (panel a).

Strongly hydrophobic copolymer mixed with micelle former

Finally, we investigate an extreme case of two strongly naisimed copolymers. The first of these,
PCLskPEGs5(, is so hydrophobic that, in isolation, it fails to assemble ivesicles and precipitates
instead. This polymer was mixed with the micelle-former sidered above, PGKPEQ,,. The
two species were mixed before their individual self-asdgnma mass ratio of 60% PGKPEQ;50

to 40% PCIlskPEOGx. When self-assembly was triggered by the addition of waker,solution
became turbid, indicating the presence of large aggregdibs was confirmed by cryo-TEM
(Figure 11), which revealed the presence of a large fractimesicles with smaller populations of
wormlike and spherical micelles. Remarkably, many of thessicles are not spherical but have
a novel elongated shape, which could be due to segregatithre dtvo copolymer species within
the individual aggregates. This is likely to be an espegistiong effect in the current system,
as the solubilities of the two copolymer species are verfeifit and the PG PEG;50 chains

start to aggregate at much lower water fractions than theerhgdrophilic PClsxPEQy. This
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Figure 11: Cryo-TEM of the self-assembled structures olethfor a mixture of PC§PEG;50 and
PCL5kKPEOZ2k at a mass-based mixing ratio of 3 to 2 parts. Tlagénwas taken from a solution
containing 28% THF and the scalebar is 500 nm.
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produces a phenomenon analogous to the intermediate nulisngssed in our earlier work the
strongly hydrophobic chains are partially self-assemlalethe time they encounter the sphere-
formers. In consequence, the two species mix less effigieamid regions of different curvature
can coexist within the same aggreg&télhe negative curvature regions around the centers of the
elongated vesicles are likely to contain higher conceiomatof the strongly hydrophobic copoly-
mer, whereas the curved ends of these structures will ptpbahtain more of the micelle-former.
Due to the small difference in curvature between the differegions of the aggregate, testing this

hypothesis is unfortunately beyond the scope of our cuB&KT methods.

Conclusion

In this paper, we have used a combination of experiment aewtytto show that varying the chain
geometry of binary copolymer mixtures in solution can gigepuecise control over the form of
the self-assembled aggregates and lead to the formatioevobtructures. We investigated three
distinct situations. First, we studied a mixture of sphiemering and lamella-forming copoly-
mers, and found in both electron microscopy experimentscaagse-grained mean-field theory
that increasing the chain length of the lamella-former sthieeping the ratio of its hydrophilic
and hydrophobic components constant leads to the formafibighly-curved structures at lower
sphere-former volume fractions. We presented an explamafithis behavior in terms of the vol-
ume asymmetry of the two sections of the diblock. Using maited SCFT calculations, we
found the rings and bulbous-ended rods seen in the expasnerd observed a strong segregation
of the sphere-forming copolymers to the curved ends of thediycal micelles. We explained this
effect by suggesting that sphere-forming copolymers wpalga large free energy penalty if they
were dispersed evenly through the aggregates, as theivedyashort core blocks would need to
be strongly stretched to fit in with those of the lamella-fernin consequence, the sphere-formers
tend to de-mix from the lamella-formers, leading to the fation of cylinders with highly-curved

endcaps. This segregation between species may be aceehbyaither effects such as enthalpy of
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crystallization. We also studied a mixture of two lamelbsrhing copolymers of different molec-

ular weights. In both experiment and theory, we found thatiifayers formed in this system have
a wall thickness that is in between those observed in systemtaining only one of the two types

of lamella-former. Finally, a mixture of sphere-formingpadymer and a strongly hydrophobic
copolymer that precipitates in isolation was shown to formarage of structures, including novel
elongated vesicles.

The results presented above demonstrate the power of a wedhexperimental and theoreti-
cal approach to the investigation and design of self-asbegiblock copolymers. Self-consistent
field theory can map out the broad phase diagram of block gapei mixtures and suggest exper-
imental parameter spaces to search for new morphologiethdfmore, it yields insights into the
aggregates observed in the experiments, reproducingsletdahe structures and the distribution
of the different polymer species within these. The wealtimofphologies observed in our work
highlights the fine balance of forces governing the seléaddy behavior of block-copolymer
systems. Further investigation of the different factorsld@mpen up a new zoo of self-assembled
aggregates with the distribution and magnitude of locavature differences as additional design
parameters, and several avenues for extension of this wgdest themselves. In particular, the
precise role of the sphere-former architecture could bestigated, with the aim of producing
structures of a specified curvature. The various comporends also be mixed at different stages
in their self-assembly? to access further new aggregates and to gain insight intmtélenediate
steps in micelle and vesicle formation. On the theoretich,our SCFT calculations could be ex-
tended to investigate the favorability of the more complexctures, particularly the Y-junctions,

in different copolymer mixtures.
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