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ABSTRACT: The formation of multicompartment micelles featuring a “spheres on sphere” core morphology in
acetone as a selective solvent is presented. The polymers investigated are ABC triblock terpolymers, polybutadiene-
b-poly(2-vinyl pyridine)-b-poly(tert-butyl methacrylate) (BVT), which were synthesized via living sequential
anionic polymerization in THF. Two polymers with different block lengths of the methacrylate moiety were
studied with respect to the formation of multicompartmental aggregates. The micelles were analyzed by static
and dynamic light scattering as well as by transmission electron microscopy. Cross-linking of the polybutadiene
compartment could be accomplished via two different methods, “cold vulcanization” and with photopolymerization
after the addition of a multifunctional acrylate. In both cases, the multicompartmental character of the micellar
core is fully preserved, and the micelles could be transformed into core-stabilized nanoparticles. The successful
cross-linking of the polybutadiene core is indicated by 'H NMR and by the transfer of the aggregates into

nonselective solvents such as THF or dioxane.

Introduction

Multicompartment micelles can combine several properties
or functionalities in close proximity and are therefore promising
candidates for a new class of nanomaterials. Different research
groups have worked to develop diverse strategies for the
preparation of such micelles in aqueous media. The term
“multicompartment micelles”, or more precisely, “multicom-
partment core micelles”, stands for self-assembled aggregates
of block copolymers with cores that are further subdivided. The
principal concept was introduced by Ringsdorf' around 10 years
ago, and a recent review reports on the progress within this
field of research.” Those structures are of great interest when it
comes to the simulation or understanding of biological systems
where different functionalities in close proximity are necessary
to perform distinct biological functions.> Multicompartment
micelles are very promising candidates for drug-delivery ap-
plications, especially for entrapment or release of hydrophobic
species in different media. Different groups investigated the
selective solubilization in multicompartmental micellar cores.*”’
Hillmyer et al. demonstrated the possibility of storing two
different dyes in two segregated compartments of such a
multicompartmental structure in various aqueous micellar solu-
tions.®

Complex structures have been prepared from ABC triblock
terpolymers in solution.’”'' In contrast with the large number
of reports on micellar aggregates from diblock copolymers or
the structures of ABC triblock terpolymers in the bulk, the
number of contributions on triblock terpolymer micelles in
selective solvents is still limited.'*'® In particular, the formation
and the control of the stability of such systems are not yet very
well studied and understood. Most of the current approaches
toward multicompartmental architectures are based on the
mutual incompatibility of fluorocarbon and hydrocarbon seg-
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ments of self-assembled systems in aqueous media.>®'”'® One
very recent example employs an ABCBA pentablock terpolymer
of poly(ethylene oxide) (PEO), poly(y-benzyl-L-glutamate)
(PBLG), and poly(perfluoroether) (PFPE) in aqueous solution.'’
Complex polymer architectures may also lead to the formation
of multicompartmental structures. Lodge et al. reported on ABC
miktoarm star terpolymers, poly(ethyl ethylene)-b-poly(ethylene
oxide)-b-poly(perfluoropropylene oxide).”*' The star architec-
ture can suppress the formation of concentric microphase
domains. This has also been demonstrated by Hillmyer et al.
for polyester-containing ABC miktoarm star polymers with arms
of PEO, poly(ethyl ethylene), and poly(y-methyl-e-caprolac-
tone).>* Additionally, charged polymer segments may induce a
further compartmentalization of either core or corona as well,
as shown by Yan et al.?* Theoretical aspects of the micelle
formation from ABC terpolymers as model systems depending
on block sequence, architecture, and molecular weight have been
addressed®* %7 and have broadened the scope and interest of
multicompartment architectures.

In this article, we present the formation of multicompartment
core micelles in acetone solution from polybutadiene-b-poly-
(2-vinyl pyridine)-b-poly(tert-butyl methacrylate) (BVT) triblock
terpolymers and their stabilization by cross-linking. The poly-
mers were synthesized via sequential anionic polymerization
and exhibit a very narrow molecular weight distribution (PDI
< 1.04). The formed aggregates have been investigated by
transmission electron microscopy (TEM), cryogenic transmis-
sion electron microscopy (cryo-TEM), and light scattering
methods. The micelles are stable with respect to the cross-linking
of the double bonds of the polybutadiene compartment. Cross-
linking was carried out via either “cold vulcanization” with S,Cl,
or through UV-photopolymerization in the presence of a tetra-
functional acrylate. The effect of the amount of cross-linking
agent, the reaction time, or both on the size and the shape of
the generated nanostructures was also studied. After the cross-
linking reactions were performed in solution, the micelles were
again subjected to electron microscopy and light scattering
analysis. The success of the cross-linking was proven by the

U 2009 American Chemical Society

Published on Web 04/10/2009



Macromolecules, Vol. 42, No. 10, 2009

transfer of the micellar aggregates into THF, a nonselective
solvent for all three blocks. In contrast with other works within
this field, the employed building blocks here are rather simple
and consist of standard, easy-to-handle monomers. It is note-
worthy that in all cases, only one single population of aggregates
was found, and the micellar solutions are stable over several
months, both before and after the cross-linking steps.

Experimental Part

Materials. sec-Butyllithium, S,Cl,, and pentaerythrol tetraacry-
late (Aldrich) were used without further purification. Butadiene
(Messer-Griesheim) was passed through columns filled with mo-
lecular sieves (4 A) and basic aluminum oxide. Afterwards, it was
condensed into a glass reactor and stored over dibutylmagnesium.
2-Vinyl pyridine (Fluka) was degassed and stirred with CaH,
overnight. The monomer was condensed on a high vacuum line
into a round-bottomed flask containing 2 mL of triethylaluminum
(solution in hexane, Aldrich) per 10 mL of 2-vinyl pyridine. The
resulting yellow solution was stirred for 2 h. Subsequently, the
calculated amount of monomer was condensed into a previously
weighed glass ampule and stored in liquid nitrogen until use. tert-
Butyl methacrylate (BASF) was first degassed by three freeze—thaw
cycles on a high vacuum line. Then, trioctylaluminum (solution in
hexane, Aldrich) was added until a slight yellow color of the
resulting mixture persisted. The solution was stirred for 1 h, and
the calculated amount of monomer was condensed into a previously
weighed glass ampule and stored in liquid nitrogen until use. THF
(Fluka) was distilled from CaH, and Na/K alloy. 1,1-Diphenyleth-
ylene was distilled from sec-butyllithium under reduced pressure.
The solvents for the preparation of the micellar solutions were
purchased in p.a. grade and were used as delivered.

Synthesis. Sequential Living Anionic Polymerization in THF.
The linear BVT triblock terpolymers were synthesized via sequential
living anionic polymerization in THF at low temperatures using
sec-butyllithium as initiator. Under these conditions, mainly 1,2-
polybutadiene (86%, confirmed by 'H NMR measurements) is
generated. After the polymerization of the P2VP block, 1,1-
diphenylethylene was added to end-cap the living ends of the anions.
In this way, crossover steps and transfer reactions due to too high
nucleophilicity upon the addition of the third monomer could be
suppressed.”®?° During the polymerization of the PAIBMA block,
samples were taken from the reactor after different polymerization
times and were precipitated into degassed methanol. The number-
average molecular weight of the polybutadiene precursor and the
molecular weight distributions of the triblock terpolymers were
determined by gel permeation chromatography. In the case of the
polybutadiene precursor, MALDI-ToF mass spectrometry was
employed to receive the absolute molecular weight. All of the
polymers exhibit narrow molecular weight distributions character-
ized by a polydispersity index between 1.02 and 1.03. Additionally,
'H NMR spectra were recorded, and the molecular weights of the
P2VP and PrBMA blocks were calculated using the triblock
terpolymer composition determined by NMR and GPC. The GPC
curves for BggoV190T380, BsooV190Ts50, and the corresponding precur-
sors are shown in Figure 1, and the molecular characteristics are
shown in Table 1. Both polymers mentioned showed a lamellar
(1) morphology in the bulk state with characteristic long periods
of 78 (BgooV190T380) and 85 nm (BgooV 190T550).

Cross-Linking via Cold Vulcanization with S,Cl,. To a micellar
solution of 1 mg/mL BgyyV99Ts50 in acetone was added 1, 2, or 5
equiv (functional groups of cross-linking agent with respect to the
amount of remaining double bonds from the first block of the
terpolymer) of S,Cl,. Afterwards, the dispersion was stirred for
around 2 h. The unreacted S,Cl, was removed through dialysis
against acetone (dialysis tube, MWCO = 10 000 g/mol).

Cross-Linking with Pentaerythrol Tetraacrylate. To a micellar
solution of 1 mg/mL BgyyV199Tss0 in acetone was added 0.5, 1, or
2 equiv (functional groups of cross-linking agent with respect to
the amount of remaining double bonds from the first block of the
terpolymer) of multifunctional acrylate. Afterward, the dispersion
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Figure 1. SEC elution traces of Bgg (-0-), BggoV190 (-O-), and the two
triblock terpolymers BgooV[gnggo (-A-) and BgooV]goTsso (_)

Table 1. Molecular Characteristics of the BVT Block
Terpolymers Employed

composition” composition” 1073M¢ polydispersity?
B37Vi7Ty6' BsooVi90T3s0 117 1.03
B3V 14Ts6™! BsooVi90Tss50 141 1.02

“ Subscripts are weight fractions; the superscript is the overall molecular
weight in kg/mol. ® Subscripts are degrees of polymerization.  Determined
by combination of MALDI-TOF MS and '"H NMR. ¢ Determined via THF-
SEC calibrated with 1,4-polybutadiene standards.

was stirred for around 2 h to equilibrate. Cross-linking was
performed through irradiation of the dispersion with a UV lamp
(Hoenle VG-UVAHAND 250 GS equipped with a glass filter, cutoff
at 300 nm wavelength to avoid depolymerizing the methacrylic
compartment). The unreacted cross-linking agent was removed
through dialysis against acetone (dialysis tube, MWCO = 10 000
g/mol).

Characterization. Gel permeation chromatography measure-
ments were performed on a set of 30 cm SDV-gel columns of 5
mm particle size having a pore size of 105, 10%, 10%, and 102 A
with refractive index and UV (1 = 254 nm) detection. GPC was
measured at an elution rate of 1 mL/min with THF as eluent.

'H NMR spectra were recorded on a Bruker 250 AC spectrometer
using either CDCl; or THF as solvent and tetramethylsilane (TMS)
as internal standard.

Dynamic light scattering (DLS) measurements were performed
in sealed cylindrical scattering cells (d = 10 mm) at five scattering
angles of 30, 60, 90, 120, and 150° on ALV DLS/SLS-SP 5022F
equipment consisting of an ALV-SP 125 laser goniometer with an
ALV 5000/E correlator and a He—Ne laser with the wavelength 4
= 632.8 nm. The CONTIN algorithm was applied to analyze the
obtained correlation functions. Apparent hydrodynamic radii were
calculated according to the Stokes—Einstein equation. Prior to the
light scattering measurements, the sample dispersions were filtered
using Millipore PTFE filters with a pore size of 1 um. The
polydispersities were determined from unimodal peaks via the
cumulant analysis.

Static Light Scattering. Micellar solutions of the polymers were
prepared in the concentration range between 0.1 and 1 g/L. Static
light scattering measurements were carried out on a Sofica
goniometer with a He—Ne laser (A = 632.8 nm) at RT. Prior to
the measurements, sample dispersions were filtered through Mil-
lipore PTFE filters of pore size 1 um. A Zimm plot was used to
evaluate the data. A diffraction refractometer DnDC2010/620 (PSS)
was used to measure refractive index increment, dn/dc (0.166 L/mol
for BgooV190T380 and 0.148 for Bgoo V190 Ts50), of the polymer micellar
solution at A = 620 nm.

Transmission Electron Microscopy. TEM images were taken with
a Zeiss CEM902 EFTEM electron microscope operated at 80 kV
or a Zeiss EM922 OMEGA EFTEM electron microscope operated
at 200 kV. Both machines are equipped with an in-column energy
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Figure 2. (A) CONTIN plots (intensity weighted) for BgyV199T3s0 (gray line, <R,>, = 43 nm) and BgyoV199Tsso (black line, <R,>. = 44 nm) at 6

= 90° in acetone (c = 1 g/L). (B) T versus ¢* for BgyoV190Ts50-

filter. Samples were prepared through deposition of a drop of
micellar solution (concentration always 0.1 g/L) on the TEM grid
(gold, 400 mesh). Afterwards, the remaining solvent was removed
with a filter paper.

Cryogenic Transmission Electron Microscopy. A drop of the
sample solution (c & 0.5 wt %, solvent being either THF or dioxane)
was placed on a lacey carbon-coated copper TEM grid (200 mesh,
Science Services, Miinchen, Germany) where most of the liquid
was removed with blotting paper, leaving a thin film stretched over
the grid holes. The specimens were shock vitrified by rapid
immersion into liquid nitrogen in a temperature-controlled freezing
unit (Zeiss Cryobox, Zeiss NTS GmbH, Oberkochen, Germany)
and cooled to approximately 90 K. The temperature was monitored
and kept constant in the chamber during all of the preparation steps.
After freezing the specimens, they were inserted into a cryo-transfer
holder (CT3500, Gatan, Miinchen, Germany) and transferred to a
Zeiss EM922 OMEGA EFTEM instrument. Examinations were
carried out at temperatures around 90 K. The transmission electron
microscope was operated at an acceleration voltage of 200 kV. Zero-
loss filtered images (AE = 0 eV) were taken under reduced dose
conditions (100—1000 e/nm?). All images were registered digitally
by a bottom-mounted CCD camera system (Ultrascan 1000, Gatan),
combined, and processed with a digital imaging processing system
(Gatan Digital Micrograph 3.9 for GMS 1.4).

Matrix-Assisted Laser Desorption lonization Time-of-Flight
Mass Spectrometry. MALDI-ToF MS analysis was performed on
a Bruker Reflex III apparatus equipped with a 337 nm Nj laser in
the linear mode and 20 kV acceleration voltage. Sodium trifluo-
roacetate (NaTFA, Fluka, 99.5%) was used as salt to induce ion
formation. We prepared samples from THF solution by mixing
matrix (20 g/L) and the sample (1 mg) in a ratio of 10:1. The
number-average molecular weight, M,, of the sample was deter-
mined in the linear mode.

Results and Discussion

Synthesis of BVT Block Terpolymers. The two polymers
shown in Table 1, BggyV199T330 and BgooV 190550, were used for
the investigations in this work. The indices denote the degree
of polymerization of the corresponding block. These are just
two out of a series of several polymers with constant length
ratio of first to second block and increasing poly(tert-butyl
methacrylate) (PP BMA) content. They both display a very low
polydispersity. The overall molecular weight was determined
by a combination of MALDI-ToF mass spectra of the polyb-
utadiene (PB) precursor and 'H NMR spectra of the block
copolymer. First, the molecular weight of the polybutadiene
precursor was determined via MALDI-ToF mass spectrometry;
then, the integrals of characteristic signals in the NMR spectra
of the two other blocks were used for the calculation of the
corresponding block lengths. The SEC elution traces in THF for

Table 2. Solution Characteristics of the BVT Terpolymers in

Acetone
Ry (hnm)*  PDI” R, (nm)* R/R; Nage” 10°A, (mol mL/g?)*¢
43 0.022 34 0.76 203 + 3¢ —5.13
44 0.016 36 082 174 +3¢ —4.82

“ Determined by DLS at ¢ = 1 g/L. ” Deviation determined by cumulant
analysis at 90°. © Determined by SLS. ¢ Determined via a linear fit of the
extrapolated values for ¢ — 0 and ® — 0 in Figure 3. ¢ Second virial
coefficient, determined via SLS.

the PB precursor, the PB-b-P2VP precursor, and the two BVT
triblock terpolymers are shown in Figure 1.

To induce micelle formation, the polymers need to be
dissolved in a selective solvent. Acetone is known to be a
nonsolvent for polybutadiene.*® The micelle formation was
investigated in a concentration regime from 0.05 to 5 g/L.. When
dispersed in acetone at room temperature, the BVT triblock
terpolymers immediately form aggregates, indicated by a turbid
dispersion. This process is quite fast; the polymers are com-
pletely dissolved after 5 min. The so-formed micelles were
expected to consist of a B core and a corona consisting of V
and T.

Dynamic Light Scattering. DLS was used to assess the
average hydrodynamic sizes of the formed aggregates. The
CONTIN plots for Bgyy V199330 and BgggV199Tss0 in acetone at
1 g/L and ® = 90° are shown in Figure 2A, and plots of the
decay rate, T, versus the square of the scattering vector, ¢°, are
shown in Figure 2B.

The micelles are very uniform, as shown by the unimodal
CONTIN plots in Figure 2A. These aggregates can be consid-
ered to be almost monodisperse (PDI ~ 0.02). The hydrody-
namic radii, Ry, of both polymers (from the diffusion coeffi-
cients, slope of Figure 2B) and the corresponding polydispersities
calculated via cumulant analysis at 90° measurement angle are
shown in Table 2. Note that no significant change in the R,
was obtained for concentrations from 0.05 up to 5 g/L. The
linearity of the decay rate plots, I' versus g7, and the lack of an
intercept in Figure 2B indicates pure translational diffusion,
which is typical of spherical particles.

Static Light Scattering. SLS experiments were performed
in acetone (0.1 < ¢ < 1 g/L) and analyzed using a Zimm plot.”'
The results are shown in Table 2. A representative Zimm plot
is shown in Figure 3 for BgyV199T3s0 at four different concentra-
tions.

The molecular weights of both micellar aggregates are
comparable (M,, = 2.38 x 107 g/mol for BgyyV 199 T30 and 1.17
x 107 g/mol for BggoV190Ts50), resulting in a higher aggregation
number of the BVT terpolymer with lower PIBMA molecular
weight. This corresponds to theoretical expectations and results
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Figure 3. Zimm plOt of B300V190T330 in acetone.

of diblock copolymer micelles, where it was derived that N,g,
A Np2Np~%8, where Ny and N correspond to the degrees
of polymerization of the core- and corona-forming block of
strongly segregating systems, respectively.’> The degrees of
aggregation, N, were calculated using the known molecular
weights of the precursors and are given in Table 2. A further
elucidation of the structure can be achieved by evaluating the
characteristic ratio, Ry/Ry. This ratio provides an indication about
the shape of the scattering particle.>® For hard spheres, the ratio
is expected to be 0.775, whereas a ratio of 1.1 is expected for
polymeric stars with a high arm number. In this particular case,
the value for BgooV190T3g0 fits the hard spheres model, whereas
the slightly higher value for the polymer with the longer
methacrylate block might indicate a tendency toward a more
starlike solution structure. In both cases, low negative values
for the virial coefficient, A,, are obtained, indicating that acetone
is not a good solvent for the micelle. This is a known
phenomenon of micellar solutions. The high aggregation
numbers around 200 lead to a high segment density close to
the micellar core, and hence few solvent molecules are present
in between the single corona chains.**

To recapitulate, dynamic as well as static light scattering
revealed that BVT terpolymers form almost monodisperse
spherical micelles in acetone as a nonsolvent for polybutadiene.

Transmission Electron Microscopy. Typically, the speci-
mens for TEM measurements were prepared through drop-
coating from micellar solutions of approximately 0.1 g/L on
carbon-coated gold grids. This concentration is above the critical
aggregation concentration (cac), as indicated by DLS measure-
ments. If not mentioned, the samples were not stained, and the
contrast originates only from the different polymeric micro-
compartments. Although TEM is an elegant way to visualize
the shape and the size of particles in the nanometer range, one
has to be aware that the shape of particles may be affected by
the drying procedure on the TEM grids. To confirm the obtained
results, specimens were also prepared through freeze drying and
spray coating from acetone for two examples. Unfortunately,
we have been unable to perform cryo-TEM in acetone.
Therefore, freeze drying is supposed to have the smallest
influence on the micellar structure obtained on the TEM
specimen. The obtained micelles are very uniform in size. No
larger aggregates are present, as shown in Figure 4A,B for
BsooV190Tss0 employing two different preparation methods.

Only a single micellar population is present. The image
reveals uniformly dispersed objects with an average diameter
of 40—50 nm, corresponding to the micellar core, which is
subdivided into segregated domains. The central element (PB,
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gray) bears several black objects (P2VP, black), spherical in
shape with an average diameter of 10—15 nm. For the polymers
investigated in this work, numbers of three to six PVP spheres
were found. The rather strong contrast originates from the
difference in electron density between PB and P2VP. The
multicompartmental character of the aggregates is unveiled in
the enlargement in Figure 4C, whereas part D shows the
proposed solution structure of the micellar aggregates. This type
of micellar core is referred to as “spheres on sphere” or
“raspberry-like”.'® The PrBMA corona is not visible because
of its immediate degradation upon irradiation with the electron
beam.

It remains puzzling that P2VP seems to be insoluble in
acetone for our system. According to literature and our own
experiments, P2VP homopolymer is soluble in acetone.*® If
homopolymers of comparable molecular weight are dissolved
in acetone at a comparable concentration, then no aggregation
is observed. For the BVT polymers, however, the formation of
spherical, collapsed domains situated on the soft PB core seems
to be more favorable. One tentative explanation may be the
strong incompatibility between the first and the second block
(xsv = 0.325).%° The strong driving force for minimization of
the interface between PB and P2VP could hamper the formation
of a continuous shell around the micellar core and therefore
result in a further compartmentalization of the P2VP phase. A
similar morphology was first described by Stadler et al. for the
bulk morphology of polystyrene-b-polybutadiene-b-poly(methyl
methacrylate) (SBM) triblock terpolymers with a certain com-
position.’” Later, nanostructured aggregates like this SBM
terpolymer were dispersed in a polymerizable matrix and were
stabilized in that way for further examination.*®* Comparable
micellar morphologies have been observed for mixtures of PS-
b-P2VP-b-PEO block terpolymers with PAA in DMF.*® Re-
cently, Laschewsky et al. also reported on a linear poly(4-
methyl-4-(4-vinylbenzyl)morpholin-4-ium  chloride)-b-poly-
styrene-b-poly(pentafluorophenyl 4-vinylbenzyl ether) (PVBM-
b-PS-b-PVBFP) triblock terpolymer which self-assembled into
micelles with a similarly compartmentalized core in aqueous
solution.'® In their case, the two hydrophobic and insoluble
blocks, one of them fluorinated, built the two different core
domains.

In conclusion, TEM measurements show the formation of
micelles with a very low polydispersity. Furthermore, first hints
of a multicompartmental character of the micellar core are
observed.

Cross-Linking. There is a significant interest in the stabiliza-
tion of polymer micelles. In that way, their dynamic structure
can be altered to facilitate the transfer of such aggregates into
nonselective solvents or to stabilize them even below the critical
micellar concentration.*' Cross-linking of the core of the
presented multicompartment micelles in acetone was performed
via two different methods: “cold vulcanization” with S,Cl,,
generating sulfur—sulfur bonds between neighboring double
bonds of the polybutadiene compartment, or by applying a
multifunctional acrylate (pentaerythrol tetraacrylate, PETA) as
cross-linking agent and subsequent UV irradiation. The advan-
tage of the latter is that the so-formed junctions between different
polymer chains are almost irreversible and not, as for the cold
vulcanization, prone to hydrolysis in acidic media. Both methods
preferentially cross-link the 1,2-part of the polybutadiene
segment. The content of 1,2-microstructure was measured via
'"H NMR to be around 86% for the BVT terpolymers, thus
facilitating the cross-linking.*? The pathway for the cross-linking
procedure is depicted in Scheme 1.

Cross-Linking with Szclz. In the case of Bx()()Vlt)()T55(), Cross-
linking was carried out with 1 equiv of S,Cl, relative to the
number of double bonds. The hydrodynamic radii of the initial
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Figure 4. TEM images of multicompartment micelles from BggyV99Ts50 (A) drop-coated and (B) freeze dried from 0.1 g/L acetone onto carbon-
coated gold TEM grids. (C) Single micelle at high magnification. (D) Proposed solution structure of the micelles.

Scheme 1. Cross-Linking Procedure for the PB Core of the Multicompartment Micelles via Two Different Methods: Cold Vulcanization
with S,Cl, and a Pentaerythrol Tetraacrylate

/

S,Cl,

Acetone, 2h

Cl

w

Cl )

micelles in acetone (¢ = 1 g/L), the cross-linked micelles in
acetone, and finally, after exchange of the solvent to THF are
shown in Figure 5A.

After cross-linking, the hydrodynamic radii in acetone
increase from 44 to about 49 nm. The CONTIN analysis still
reveals only one size of micellar aggregates. Furthermore, cross-
linking seemed to take place only within the micelles, and no
intermicellar cross-linking occurs. Cumulant analysis at @ =
90° results in a PDI of 0.031. It remains unclear why a
significantly higher PDI is obtained after the cross-linking
procedure. The increase in the hydrodynamic radius after cross-
linking in acetone is due to the incorporation of the voluminous

Acetone, 2h
30 min UV

1-4

cross-linking agent, S,Cl,, into the micellar core. After transfer
of the micellar solution into THF by dialysis, the size of the
aggregates further increases to values of about 64 nm (PDI =
0.038). This indicates that the polybutadiene part of the core is
still able to swell in THF, which is a nonselective solvent for
all three blocks. However, the presence of only one population
of aggregates, even in THF solution, is clear proof of the
successfully performed cross-linking. The block terpolymer itself
is molecularly soluble in THF.

To probe the effect of the amount of cross-linking agent and
the reaction time on the size of the aggregates, BgooV190T350 Was
cross-linked with 1 and 5 equiv of S,Cl, for 2 h and with 1
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Figure 5. DLS CONTIN plots (6 = 90°; ¢ = 1 g/L, intensity-weighted) of micellar solutions: (A) BgooV190Tss0 in acetone (-0-, <R,>, = 44 nm),
after cross-linking of the polybutadiene core with 1 equiv of S,Cl, (-O-,<Ry>. = 49 nm), and after transfer of the cross-linked micellar aggregates
to THF through dialysis (-A-,<R,>, = 64 nm); (B) BgooVi90T3s0 in acetone after cross-linking with 1 equiv (-0-,<Ry>, = 48 nm) and 5 equiv
(-O-,<Ry>, = 53 nm) of S,Cl, for 2 h and 1 equiv (-A-,<R;>, = 64 nm) for 96 h.

Table 3. Cross-Linking Efficiency of S,Cl, for Bgy)V199T3g9 in

Acetone
equiv S,CL,* reaction time (h) insoluble material (%)”
1 2 9
2 2 42
5 2 65
1 96 46

“ Relative to the amount of double bonds in PB. ? Determined by 'H
NMR in THF-dg.

equiv for 96 h. The results are shown in Figure 5B. The
hydrodynamic radius before cross-linking is around 43 nm. For
1 equiv of cross-linking agent, the size of the micellar aggregates
increases slightly to about 48 nm (PDI = 0.053). For 5 equiv
of S,Cl,, the value for Ry increases to 53 nm (PDI = 0.064).
With increasing concentration of S,Cl,, more incorporation takes
place within the same reaction time. This indicates that the cross-
linking is not completed after 2 h. If the reaction time is
increased to 96 h, then the micelles show Ry, = 64 nm afterward
(PDI = 0.065). The cross-linking reaction proceeds very
controlled because only one micellar population was obtained,
and no larger aggregates could be detected via the CONTIN
analysis. Also, here the PDI increases after the treatment with
S,Cl,. To determine the actual amount of cross-linking, we
removed the solvent and dissolved the residue in deuterated THF
to perform 'H NMR measurements. The ratio of the integral of
the protons of the fert-butyl group (0 = 1.4) was compared
with the diminished 1,2-polybutadiene signals (0 = 4.8) to
determine the extent of cross-linking. The obtained results were
cross-checked through Soxhlett extraction with THF for 48 h
and are summarized in Table 3.

With increasing amount of cross-linking agent, the extent of
cross-linking also increases. For 5 equiv of S,Cl,, the cross-
linked polymer could not be dissolved in THF after evaporation
of the acetone. Therefore, the acetone dispersion was mixed
with deuterated N-methyl pyrrolidone (NMP), and acetone was
evaporated. Table 3 also demonstrates that for a lower amount
of S,Cl,, a longer reaction time is required to reach the same
cross-linking efficiency.

Cross-Linking with Pentaerythrol Tetraacrylate. Poly(tert-
butyl methacrylate) can be easily transformed into poly(methacrylic
acid) by acidic treatment. With regard to the micellar aggregates
presented here, this will generate an amphiphilic structure. To
facilitate stable micellar solutions in aqueous media at different
pH values, another method for the cross-linking of the core had to
be found to avoid the hydrolysis of the sulfur—sulfur bonds in
acidic media. Contrary to the above-discussed cold vulcanization
technique, this multifunctional acrylate provides an efficient and
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Figure 6. Ry, of BgyoV190Tss0 after cross-linking with 1 equiv of PETA
in acetone (-00-,<R,>, = 46 nm) and after transfer to dioxane (-A-,<R,>,
=67 nm) (c =1 g/L).

convenient way of pH-robust cross-linking junctions. Acetone
micellar solutions of BgyVi90Tss50 (¢ = 1 g/L) were mixed with
defined solutions of PETA. The actual amount of cross-linking
agent is given in equivalents of functional groups cross-linking
agent with respect to the amount of reactive double bonds on the
polymer chains in solution. After equilibration (24 h), the disper-
sions were exposed to UV light (300—400 nm) for 60 min.
Subsequently, unreacted cross-linking agent was removed through
dialysis. The hydrodynamic radii, Ry, of BggoV190Tss0 cross-linked
with 1 equiv PETA and after subsequent transfer to dioxane are
shown in Figure 6.

Initial Ry, values for BgyyV 199’550 in acetone were 44 nm. After
cross-linking with 1 equiv of PETA, basically the same values
were obtained with 46 nm (PDI = 0.024). Surprisingly, in this
case, the micellar core does not seem to increase significantly
upon cross-linking. The amount of insoluble material was
determined, as described for the cold vulcanization technique,
and was 63% for 0.5 equiv and 67% for 1 equiv of cross-linking
agent. Transfer to dioxane resulted again in larger aggregates
with <R,>, = 67 nm (PDI = 0.025), proving the successful
cross-linking. According to the literature, PETA forms an
interpenetrating network upon photopolymerization.**** We
suppose that this network forms junctions with the PB core
(cf. Scheme 1). Without added PETA, UV irradiation of BVT
block terpolymer micelles in acetone did not lead to cross-linked
aggregates.

In summary, the presented multicompartment micelles ex-
hibited single micellar populations in all cases demonstrated
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Figure 7. TEM images of micelles drop-coated from 0.1 g/L dispersion
in (A,B) acetone and (C,D) THF. (A) BgyV190Tss0 after cross-linking
with S;Cly; (B) BsooVieoTsso after cross-linking with PETA; (C)
BsooV190Ts50 dispersion of part C after dialysis to THF; (D) BgooV190T's50
dispersion of part A after staining with iodine.

here. To assess structure and shape of the micelles after the
various treatments, the micellar solutions were drop-coated onto
carbon-coated TEM grids. TEM images of different dispersions
are shown in Figure 7.

Figure 7A shows BgyVig0Tsso multicompartment micelles
after cross-linking with 1 equiv of S,Cl, from acetone. The
compartmentalization of the core is still present, the contrast
just decreased slightly. This could be explained by the incor-
poration of sulfur and chlorine into the polybutadiene compart-
ment and therefore the convergence of the electron density for
the two core-forming compartments. As already indicated by
the DLS measurements in Figure 5A, the size of the aggregates
slightly increases. In Figure B, micelles from BgyyV90Tss0 after
cross-linking of the core with 1 equiv PETA are presented.
Again, size and shape seem to be conserved. Figure 6C
represents micelles from BgyyV199Tss0 after cross-linking with
1 equiv of S,ClI, and subsequent transfer of the aggregates into
THF as a nonselective solvent, which is then able to swell the
partially cross-linked core, as already shown by means of DLS
in Figure SA. Figure D exhibits BggyV99Ts50 multicompartment
micelles after cross-linking with S,Cl, and subsequent staining
with iodine. I, preferentially enhances electron density in the
poly(2-vinyl pyridine) compartment. This treatment makes the
two compartments of the micellar core even more distinguish-
able from each other. A sharp borderline can be clearly seen
between the gray polybutadiene and the black poly(2-vinyl
pyridine). Staining with OsO,, which reacts with the 1,4-
polybutadiene units,* has also been carried out. Unfortunately,
this treatment did not give any further insight.

In conclusion, the multicompartmental character of the
micellar aggregates is fully preserved after cross-linking with
either S,Cl, or PETA. The cross-linking success is proven
through the successful transfer of the micelles into THF or
dioxane. Iodine staining was successfully employed to enhance
the phase contrast between the two core-forming departments
in TEM measurements.

Cryogenic Transmission Electron Microscopy. Cryo-TEM
can be employed to explore the micellar structure in situ without
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Figure 8. Cryo-TEM images of BgyV199Tss0 in THF after cross-linking
of the polybutadiene core with 1 equiv of S,Cl, in acetone and
subsequent transfer of the aggregates into THF through dialysis: (A)
overview and (B) enlargement; ¢ = 0.5 g/L.

any drying effects.*® Most of the work on cryo-TEM reported
in the literature has been performed in water. In this work, either
THF or dioxane was taken as solvent. We have recently shown
that cryo-TEM in THF can successfully be used to explore
complex aggregation patterns.*’” The concentration of the
samples investigated varied from 0.1 to 0.7 g/L.. A general effect
across all samples investigated is that instead of single micelles,
continuous structures could be observed. This is shown in Figure
8 for S,Cl, core-cross-linked micelles of BgyyV199Ts50.

Figure 8A,B shows an overview over an area with the
continuous structure and an enlargement, respectively. Both
images were taken from vitrified THF solutions at a concentra-
tion of 0.5 g/L. Similar results could be obtained in the
concentration range from 0.1 to 0.7 g/L. Basically, the multi-
compartmental character can be confirmed. Grey elongated
structures bearing black dots are visible. Clearly, the black parts
consist of poly(2-vinyl pyridine), which is the material with the
highest electron density. The grayish compartments resemble
the cross-linked polybutadiene, and the light parts in between
are poly(tert-butyl methacrylate), which is well-soluble and
swollen with THF. In this particular case, electron density in
the polybutadiene compartment is enhanced through the cross-
linking step and therefore the incorporation of sulfur and
chlorine atoms. The observed vermicular structures could again
be formed because of the strong incompatibility between
polybutadiene and poly(2-vinyl pyridine).*® The foremost
random distribution of length and orientation of the elongated
structures could be the result of interface minimization. Along-
side the vermicular objects, the poly(2-vinyl pyridine) compart-
ments are always situated in a “zigzag” manner and are never
directly opposite. The formation of continuous structures could
be explained through the evaporation of some solvent during
the sample preparation and hence an increase in the sample
concentration. It is noteworthy that the structures appear to be
somewhat larger in cryogenic TEM measurements, again leading
to the conclusion that the partially cross-linked micellar cores
are still able to swell in THF to a certain extent.

Figure 9 shows an image taken from a vitrified micellar
solution of BggoV190Ts50 micelles after “cold-vulcanization” and
transfer into dioxane at a concentration of 0.1 g/L. For this
specimen, similar aggregates were found but are not depicted
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Figure 9. Cryo-TEM images of BgyVi90Tss0 in dioxane after cross-
linking of the polybutadiene core with 1 equiv of S,Cl, in acetone and
subsequent transfer of the aggregates into dioxane (¢ = 0.2 g/L).

here. Instead, Figure 9 presents single micellar aggregates.
Coexistence of both structures was found over the whole
specimen. Although the contrast is worse than that in Figure 8,
the further compartmentalized core of the micelles can be
visualized. The size shows an increase to about 60—70 nm per
micellar core. That again can be explained through swelling of
the partially cross-linked polybutadiene in the solvent. Some
of the assemblies seem to merge, especially in the upper right
corner of Figure 9. In that way, this cryo-TEM image may
resemble the transition from single multicompartment micelles
to the previously discussed continuous structures.

In conclusion, the cryo-TEM investigations show that the
multicompartment micelles exist as single aggregates in dioxane
and that the solvent is able to swell the partially cross-linked core.

Conclusions

This work shows for the first time that multicompartment
micelles from ABC triblock terpolymers, BgooVi90T3s0 and
BgooV190Ts50, can be easily prepared when they are dissolved
in acetone. In contrast with other works within this field,
neither complex polymer architecture nor extraordinary
monomers had to be employed for the formation of a further
compartmentalized micellar core; all three monomers are
common, cheap, and available in large amounts. The
convenient synthesis pathway allows the preparation of
the triblock terpolymers on a large scale. The structure of
the aggregates could be assessed via TEM and cryo-TEM
measurements. The uniformity of the formed aggregates was
proven with several dynamic and static light scattering
experiments. The cross-linking of the polybutadiene compart-
ment with two inherently different methods was not shown
to alter the structure of the micelles. In the case of the cold
vulcanization pathway, the effect of the amount of cross-
linking agent and reaction time has been investigated. For
the cross-linking with a multifunctional acrylate, two main
differences could be observed: first, the micellar core does
not seem to increase through the incorporation of the
pentaerythrol tetraacrylate, which definitely happened for
S,Cl,, and second, the newly formed junctions between
polymer chains are supposed to be stable with respect to the
hydrolysis of the ester moiety of the poly(tert-butyl meth-
acrylate) compartment and the transfer of the micelles into
aqueous media at different pH values. The latter will be the
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subject of further research. Cross-linking was proven to be
successful through the transfer of the aggregates into
nonselective solvents, THF, and dioxane.
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