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ABSTRACT We present the design and synthesis of a linear ABC
triblock terpolymer for the bottom-up synthesis of anisotropic
organic/inorganic hybrid materials: polyethylene-block-poly(2-(4-
(tert-butoxycarbonyl)amino)butyl-2-oxazoline)-block-poly(2-iso-
propyl-2-oxazoline) (PE-b-PBocAmOx-b-PiPrOx). The synthesis was
realized via the covalent linkage of azide-functionalized poly-
ethylene and alkyne functionalized poly(2-alkyl-2-oxazoline) (POx)-
based diblock copolymers exploiting copper-catalyzed azide—alkyne
cycloaddition (CuAAC) chemistry. After purification of the resulting
triblock terpolymer, the middle block was deprotected, resulting in a

primary amine in the side chain. In the next step, solution self-

assembly into core—shell-corona micelles in aqueous solution was investigated by dynamic light scattering (DLS) and transmission electron microscopy
(TEM). Subsequent directional crystallization of the corona-forming block, poly(2-iso-propyl-2-oxazoline), led to the formation of anisotropic
superstructures as demonstrated by electron microscopy (SEM and TEM). We present hypotheses concerning the aggregation mechanism as well as

first promising results regarding the selective loading of individual domains within such anisotropic nanostructures with metal nanoparticles (Au, Fe;0,).
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lock copolymers are an intriguing
B class of materials as they offer direct
access to nanostructures of various
morphologies and, depending on the
choice of monomers, the individual blocks
can be selectively functionalized. Owing to
the covalent linkage between the constitut-
ing segments and the fact that most poly-
mers are not miscible, phase separation oc-
cursinthe bulk orin selective solvents.' *In
both cases, size, shape, and spatial arrange-
ment of the involved segments can be
precisely controlled by the monomer se-
quence and the corresponding weight
fractions.
If possible, block copolymers are typically
synthesized via sequential polymerization
of the respective monomers; however, for
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certain monomer combinations, this is not
possible and alternative strategies have to
be established. One elegant way is to intro-
duce reactive end groups and use such
macromolecular building blocks in suitable
conjugation reactions to form block copoly-
mers of linear or other architectures. One
frequently reported example is the combi-
nation of alkyne- and azide-functionalities
in copper-catalyzed azide—alkyne cycload-
dition (CuAAC) reactions.’~'? Further, the
CuAAC approach has also been used for
“polymerization” strategies,’® the introduc-
tion of functional end groups,'* the synthesis
of block copolymers,'>'® or the formation of
different macromolecular architectures.'” '
As mentioned above, block copolymers form
micelles of different morphology depending
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on their composition, for example, spherical or cylin-
drical micelles. This can be induced by the introduction
of selective solvents or the selective crystallization of
one segment in solution.>** The introduction of a crys-
tallizable segment in block copolymers allows using
directional crystallization as driving force for the
formation of anisotropic nanostructures. This has
been shown for ferrocenyl- and polyethylene-based
materials in selective solvents.>>% In case of poly-
(ferrocenyldimethylsilane)s (PFDMS), concepts for
control over micellar architecture, size, and corona
compartmentalization were established by Manners
and co-workers for a variety of block copolymers.
Moreover, micellar size could be tuned by ultrasonica-
tion, and sequential epitaxial growth of diblock co-
polymer unimers as a model system for living supra-
molecular polymerization could be achieved. Beside
cylindrical micelles, recently multidimensional super-
structures of amphiphilic PFDMS-based block copoly-
mers have been described.2® This concept has also been
extended to polyethylene containing triblock terpoly-
mers by Schmalz and co-workers.®® In this context,
another interesting semicrystalline polymer is poly-
(2-iso-propyl-2-oxazoline) (PiPrOx), which shows direc-
tional growth into fiber-like structures upon heating
above the LCST in aqueous media.? 2 With the use of
cationic ring-opening polymerization (CROP), PiPrOx
can easily be combined with functional end-groups or
blocks enabling various functionalization strategies.>
The incorporation of amine containing oxazolines can
be used to increase the affinity toward incorporation of
metal ions like described for other amine-functionalized
polymers 3433

Complexation of metals in polymer nanostructures
leads to the formation of new hybrid materials, which
often combine the physical properties of the polymer
and inorganic materials.3®~38 Beside the direct incor-
poration of metal ions into monomers like in case of
PFDMS-based materials, certain polymers have the
ability to attract or stabilize metal nanoparticles. 3%
Typically, polyelectrolytes such as poly(ethylenimine)
(PEN,*" poly(acrylic acid) (PAA),** or nonionic materials
featuring nitrogen or oxygen atoms along the polymer
chains are used.*® The combination of both ap-
proaches, i.e., the formation of anisotropic superstruc-
tures by directed crystallization and the access to
organic/inorganic hybrid materials via complexation
of metal nanoparticles within block copolymer nano-
structures, is particularly attractive. In that way, the
synthesis of anisotropic hybrid materials with feature
sizes typically not accessible by top-down approaches
can be realized and prospective applications in nano-
electronics or as biochemical and optical sensors can
be envisioned.**~*

Herein, we demonstrate the synthesis of polyethy-
lene-block-poly(2-(4-(tert-butoxycarbonyl)-amino)butyl-
2-oxazoline)-block-poly(2-iso-propyl-2-oxazoline) (PE-b-
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PBocAmOx-b-iPrOx) using a combination of catalytic
olefin polymerization, cationic ring-opening polymer-
ization (CROP), and copper-catalyzed azide—alkyne
cycloaddition (CUAAC). The middle block, PBocAmOX,
can be selectively deprotected, introducing a primary
amine in the side chain (PAmMOX). In the next step, we
investigated the solution self-assembly in selective
solvents and demonstrate the formation of core—
shell—corona micelles by dynamic light scattering
(DLS) and transmission electron microscopy (TEM).
Subsequently, directional crystallization of the corona-
forming block, poly(2-iso-propyl-2-oxazoline), can be
used to form anisotropic superstructures of the initial
spherical building blocks. Depending on whether
PBocAmOx or PAmOx forms the middle segments,
differences in the self-assembly mechanism or the re-
sulting morphologies are highlighted. Further, selective
introduction of gold and iron oxide nanoparticles into
the PAmOx domain shows the potential of the herein
demonstrated approach for the formation of extended
hybrid nanowires.

RESULTS AND DISCUSSION

To create anisotropic nanostructures, which can
then be selectively loaded using metal ions or metal
nanoparticles, a two-step approach for the solution
self-assembly of triblock terpolymers was utilized. For
this, we designed a polyethylene-block-poly(2-(4-(tert-
butoxycarbonyl)amino)butyl-2-oxazoline)-block-poly-
(2-iso-propyl-2-oxazoline) (PE-b-PBocAmOx-b-PiPrOx) tri-
block terpolymer (Scheme 1).In a first step, self-assembly
in water as selective solvent leads to the formation of
core—shell—corona micelles with a PE core, a PBocAmOx
shell and a PiPrOx corona. Subsequent heating above the
LCST of PiPrOx is then supposed to induce directional
crystallization and the formation of anisotropic super-
structures. Such directional crystallization processes
might serve as key technique for the formation of com-
partmentalized hybrid structures or the precise design of
polymer—polymer or polymer—metal interfaces. The
middle block, PBocAmOx, can be transformed into poly-
(2-(4-amino)butyl-2-oxazoline) (PAMOXx) and used for the
complexation of metal ions afterward. For the synthesis
of PE-b-PBocAmOx-b-PiPrOx, we used an azide-functio-
nalized PE in combination with alkyne-functionalized
PBocAmOx-block-PiPrOx diblock copolymers in copper-
catalyzed azide—alkyne cycloaddition (CuUAAC) reactions.

Synthesis of Azide Functionalized Polyethylene (PE—N;). Azide-
functionalized polyethylene (PEss—N3, the subscript
denotes the degree of polymerization) was synthe-
sized via a catalyzed polyethylene chain growth on
magnesium leading to n-dipolyethylenylmagnesium
compounds that are deactivated by iodine. The re-
sulting iodo end-functionalized polyethylene chains
(PE—I) are transformed into an azide end-functiona-
lized PE (PE—Nj3) using sodium azide (Scheme §1) 4648
PEss—Ns; was characterized by nuclear magnetic
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Scheme 1. lllustration of the designed PE-b-PBocAmOXx-b-PiPrOx triblock terpolymer and a brief description of the purpose of

each block.

resonance spectroscopy (NMR), high temperature
size exclusion chromatography (HT-SEC), and FT-IR
(Figures S1—S3). The degree of functionalization for
PE—Nj3 is in the range of 87%, while the molar mass
(M,,) was determined via NMR to be 1060 g mol ™’
(Figure S2). The latter was determined by comparing
the integrals of the terminal methyl group and the
backbone. The remaining 13% PE can be assumed to
consist of fully aliphatic and vinyl-terminated PE. The
characteristic azide peak at 2094 cm ™', as well as CH,
vibrations between 3000—2800 cm ™', were found by
FT-IR (Figure S3).

Synthesis of an Alkyne-Functionalized TB-PBocAmOx-b-PiPrOx
Diblock Copolymer. The synthesis of the alkyne-functiona-
lized poly(2-alkyl-2-oxazoline) counterpart was realized
via sequential CROP of 2-(4-(tert-butoxycarbonyl)amino)-
butyl-2-oxazoline (BocAmOx)*® and 2-iso-propyl-2-oxa-
zoline (iPrOx) using established microwave-assisted tech-
niques. For the introduction of an alkyne functionality,
propargyl p-toluenesulfonate (TB-Ts) was used as initia-
tor in acetonitrile (CH;CN) at 140 °C. BocAmOx was
polymerized at a concentration of 1 mol L' and a
monomer to initiator ratio ([M]/[l]) of 15 (Scheme S2).
Afterward, an iPrOx stock solution (in CHsCN, [M]/[l] =
150) was added to the polymerization mixture (1 mol L™"),
and again placed in the microwave synthesizer at 140 °C.
The polymerization was stopped by the addition of
water, followed by precipitation in diethyl ether. The
obtained materials were characterized via NMR, SEC, and
FT-IR (Figure 1; Figures S4—S6). The degree of polymeri-
zation (DP) of the precursor (TB-PBocAmOx) was deter-
mined via NMR by integration of the aromatic signals of
the tosylate and the signals corresponding to the repeat-
ing unit, confirming a DP of 15. For the block extension,
SEC shows a shift of the elution trace, without any signs of
remaining homopolymer (Figure S4). The composition of
the block copolymer was determined in comparison to
the characteristic BocAmOXx signals in NMR, leading to
TB-PBocAmOXx;5-b-PiPrOx 45 (TB refers to the introduced
triple bond as starting group). The degree of polymeri-
zation for the second block is slightly lower compared to
the [M]/[I] ratio of 150, which is attributed to incomplete
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Figure 1. '"H NMR spectrum for TB-PBocAmOX;s-b-
PiPrOx,45 and peak assignment (300 MHz; CDCl3).

monomer conversion as observed via NMR (Figure S5).
Further, the block copolymer was investigated via FT-IR,
showing signals for the amide at 3300 cm™', for the
carbonyl of the protective group at 1705 cm ™, for the
amide at 1516 cm™~', and an increase in the region of
methyl groups (1365 cm™'; Figure S6).

CuBAC Reaction Between PE;;—N; and TB-PBocAmOx;s-b-
PiPrOxq45. For the copper-catalyzed azide—alkyne cyclo-
addition (CuAAC) reaction between PE3s—Ns and
TB-PBocAmOx;5-b-PiPrOx,45, both components were
dissolved in THF at 120 °C in a sealed pressure vial
(Figure 2A). PE3g—N3 was added in a 3-fold excess to
ensure full conversion of the alkyne functionalities. The
solution was degassed with argon, and N,N.N' N’ N"-
pentamethyldiethylenetriamine (PMDETA; 2 equiv)
and copper bromide (CuBr; 2 equiv) were added under
argon flux. The sealed vial was heated for 1 h at 120 °C
as we suppose that at this temperature PE is molten to
a great extent (Figure S7), and a clear green solution
was observed. Afterward, the reaction was allowed to
cool to room temperature (RT), diluted with dichloro-
methane (CH,Cl,) and mixed with water. The aqueous
solution turned blue due to the presence of Cu?*, while
the organic phase was clear. The organic phase was
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Figure 2. (A) CuAAC cycloaddition reaction between PE3s—N3 and TB-PBocAmOX, 5-b-PiPrOx, 45 toward PE3s-b-PBocAmOX; 5-
b-PiPrOx45; sequential deprotection of the Boc group under acidic conditions; (B) comparison of SEC traces for
TB-PBocAmOXx;5-b-PiPrOx 45 (cyan curve), TB-PAmMOX;5-b-PiPrOx;45 (blue curve), PE;s-b-PBocAmOX;5-b-PiPrOx 45 (red
curve), and PE;¢-b-PAMOX; 5-b-PiPrOx 45 (black curve); (C) comparison of "H NMR spectra for TB-PBocAmOX, 5-b-PiPrOx, s
(cyan curve), TB-PAmOX,5-b-PiPrOx,45 (blue curve), PE3s-b-PBocAmOX,5-b-PiPrOx,45 (red curve), and PEz¢-b-PAMOX;5-b-

PiPrOx, 45 (black curve).

removed, filtered twice using syringe filters (PTFE,
0.45 um), and precipitated into diethyl ether. The
excess of PE—N3; forms large aggregates and was
removed by filtration, while the generated triblock
terpolymer is well soluble due to the high poly(2-
alkyl-2-oxazoline) (POx) content. The resulting triblock
terpolymer was investigated via FT-IR, NMR and SEC.
With the use of FT-IR, the disappearance of the azide
peak (2094 cm™") was observed and new signals at
2916 and 2846 cm ' corresponding to PE appear
(Figures S8 and S9). With the use of "HNMR, the triblock
terpolymer shows a new signal at 1.25 ppm, again
corresponding to the methylene protons of the main
PE chain, whereas the comparison with signals for the
POx backbone (around 3.6 ppm) indicates an equi-
molar incorporation of PE (Figure S10). This was used
for the determination of the composition, yielding the
triblock terpolymer PE3g-b-PBocAmOX;s-b-PiPrOx; 45
(Figure 2C; Figure S11). Due to interactions of
PBocAmOx and the column material of the HT-SEC
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used, it was not possible to study these materials by this
technique. SEC of PEzg-b-PBocAmMOX; 5-b-PiPrOx; 45 was
performed using either dimethylacetamide (DMAC) or
chloroform (CHCIs) as eluent. In both cases, the SEC
traces show comparable molar masses as observed
for TB-PBocAmOXx,5-b-PiPrOx,,45 (Table 1; Figure 2B).
Nevertheless, we assume this to result from the rather
low DP of the PE3;s—Ns; segment. No characteristic
trapezoid aggregates as reported for the crystallization
of PE were found in TEM studies (see also Figure S12).
We therefore assume that contamination of the samples
with unreacted PE3¢-N; is negligible.>°

In the next step, the deprotection of TB-PBocAmMOX; 5-
b-PiPrOx,45 and PE3zg-b-PBocAmOX,5-b-PiPrOx,45 was
performed using trifluoroacetic acid (TFA, Figure 2A).
After purification using an Amberlyst resin, the result-
ing materials revealed no differences by SEC for
PAMOX;5-b-PiPrOx, 45, while in case of PEzg-b-PAMOX; 5-
b-PiPrOx,45, a shift to higher elution volume in com-
parison to PEzs-b-PBocAmOX;5-b-PiPrOxq45 was found
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TABLE 1. Characterization of the Herein Used Homopolymers, Diblock Copolymers, and Triblock Terpolymers

polymer M, [g mol ' M, [g mol "1’
PEss—N; 1060 12907
TB-PBocAmOx;5-b-PiPrOx145 20000 23500
TB-PAMOX;5-b-PiPrOXy45 18500 £
PEs¢-b-PBOCAMOK,5-b-PiPrOX 15 21000 24000
PEsg-b-PAMOX;5-b-PiPrOXy 45 19500 @

b

1.167
1.08
(e

1.09
_(e)

M, [g mol ' b ratio hydrohilic/hydrophobic [wt %/wt %]
- —/100
28000 1.09 82/18
29000 1.07 100/—
27000 1.1 78/22
25000 1.06 95/5

% Calculated from NMR. ® SEC (CHCy/i-PrOH/TEA) (PS-calibration). ¢ SEC (DMAC/LiCl) (PS-calibration). ¢ HT-SEC (TCB at 150 °C) (PE-calibration). © Not determined due to

interactions with the column material.

(Figure 2B). Both NMR and FT-IR confirmed the suc-
cessful deprotection through disappearance of the
characteristic signals for the Boc-group (Figure 2GC;
Figures S13—S516). FT-IR measurements indicated the
presence of small amounts of residual TFA after depro-
tection due to signals in the range of 1700—1800cm ™.
Additional signals corresponding to the free amine
can be observed in the fingerprint region (Figures S15
and S16). All important characteristics for PEsg-b-
PAMOX; 5-b-PiPrOx 45, PE3g-b-PBocAMOX; 5-b-PiPrOX 45,
TB-PBocAmOX;5-b-PiPrOx; 45 and PAMOX; 5-b-PiPrOx; 45,
including the respective hydrophilic to hydrophobic
ratio, are summarized in Table 1.

Solution Behavior in Water As Selective Solvent. We were
now interested in the solution behavior of the materi-
als in aqueous solution. Therefore, the materials were
dissolved in a nonselective solvent, dimethylform-
amide (DMF), and heated for 10 min at 120 °C at a
concentration of 1 mg mL™"; under these conditions,
we assume the triblock terpolymers exist as unimers as
the PE block is within its melting range (Figure S7).
After the samples had cooled to room temperature, the
solutions were investigated via DLS, already indicating
the formation of micelles with a hydrodynamic radius
of (Rn)napp = 8 nm (in DMF; Figure S17), and after-
ward were dialyzed against water for 2 days (RC MWCO
1000 Da) to remove any remaining DMF. We now
anticipate the formation of core—shell-corona micelles
featuring a PE core, a PBocAmOx or PAmOx shell, and a
PiPrOx corona (Figure 3A). Both corresponding diblock
copolymers could be directly dissolved in water,
although micelles are formed immediately in case of
TB-PBocAmOx,5-b-PiPrOxq4s. The resulting solutions
were investigated via dynamic light scattering (DLS),
transmission electron microscopy (TEM) and zeta-
potential measurements. The hydrodynamic radius (Ry,)
according to DLS varies, depending on the terpolymer
composition. Micelles with hydrodynamic radii of 17 nm
(PE3g-b-PBocAMOX;5-b-PiPrOx;45) and 14 nm (PEsg-b-
PAMOX; 5-b-PiPrOx,45) were found (Figure 3B). While
PAmMOX;5-b-PiPrOx;45 can be regarded as double hy-
drophilic and unimers with a R, of 2 nm are found,
TB-PBocAmOXx;5-b-PiPrOx;45 forms core—corona mi-
celles with a R;, of 13 nm, where the core is formed
by PBocAmOx and the corona consists of PiPrOx. TEM
confirms the spherical shape of the core—shell-corona

RUDOLPH ET AL.

micelles in aqueous solution (Figure 3C). With zeta-
potential measurements, a value of —0.5 mV was found
for PEzg-b-PBocAmOx,5-b-PiPrOx,4s, while a slightly
positive value of +8.5 mV was obtained for PEz4-b-
PAMOX;5-b-PiPrOx,45 micelles (at pH 7), indicating
the presence of protonated primary amine groups.
Directional Crystallization of PiPrOx. The crystallization
of PiPrOx from aqueous solution upon heating above
the cloud point temperature at 65 °C has been re-
ported by Schlaad and co-workers. They proposed a
combination of nonspecific hydrophobic interactions
and oriented dipolar interactions as main driving
force.?® Also, recent efforts by Dworak et al. have
shown that PiPrOx crystallization can be achieved in
organic media such as acetonitrile or dimethyl sulf-
oxide as well.>" Qur aim was to use the previously
described core—shell—corona micelles with a PiPrOx
corona as building blocks during directional crys-
tallization,®~3'°? as also recently conceptually de-
monstrated for double crystalline block copolymers,
PFDMS-b-PiPrOx.>* Initial investigations at concentra-
tions of up to 20 mg mL™" resulted in rather rapid
formation of a macroscopic precipitate, and we there-
fore decreased the concentration to values between
0.33 and 0.1 mg mL™" for all following investigations.
The aqueous copolymer solutions were heated for 24 h
at 65 °C, and the scattering intensity of the micellar
solutions was monitored by DLS (Figure 4). In all cases,
the overall scattering intensity strongly increased with-
in 1 min, as 65 °C exceeds the cloud point temperature
(Tcp) of PiPrOx. Afterward, a further slight increase can
be observed, followed by a sharp drop after 10—12 hin
case of PEz¢-b-PAMOX; 5-b-PiPrOXx, 45, while only a slight
decrease can be seen for PEss-b-PBocAmOX;s-b-
PiPrOx 45 (Figure 4). The corresponding hydrodynamic
radii for PEsg-b-PAMOX;5-b-PiPrOx,45 constantly in-
crease until the respective correlation function shows
more than one mode, leading to the assumption that
two different aggregate populations coexist (Figure S18).
Presumably, the PiPrOx chains initially collapse and
form larger aggregates, which then start to crystallize
until precipitation occurs. One possible explanation is
that the rather low degree of polymerization of PAmOx
in combination with steric constraints due to chain
folding decreases the stabilization of these structures.
This observation has also been reported for linear
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Figure 3. (A) lllustration of micelle formation of PE3-b-PAMOX;5-b-PiPrOx;45 or PEzs-b-PBocAmOX;s-b-PiPrOx, 45 after
heating and cooling in DMF; (B) comparison of DLS size distributions for TB-PBocAmOx;5-b-PiPrOx4s (blue curve; (Ry,) =
2 nm), TB-PAmMOX;5-b-PiPrOxq4s (cyan curve; (R,) = 13 nm), PE34-b-PBocAmOX;5-b-PiPrOx 45 (red curve; (R,) = 17 nm), and
PE36-b-PAmMOX; 5-b-PiPrOx, 45 (black curve; (R,) = 14 nm); (C) TEM micrograph for PEz-b-PAmOX; 5-b-PiPrOx, 45 micelles in

water (0.33 mg mL™"); the inset shows a higher magnification.
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Figure 4. Normalized scattering intensity (black) and (Ry)s,app (blue) over time, while the micellar solution was annealed at
65 °C (0.1 mg mL™") for PE3-b-PAMOX, 5-b-PiPrOxX45 (A) and PE3¢-b-PBocAmOX;5-b-PiPrOx 45 (B).

PiPrOx upon crystallization within 10—12 h, while
afterward the crystallization seems to “stop”.2?~3'52
On the other hand, for PEss-b-PBocAmOXx,s-b-
PiPrOx,4s, the aggregate size increases within 2 h up
to a plateau of ~320 nm and no precipitation is
observed. We assume partial crystallization of PiPrOx
to be responsible for this phenomenon but are aware
that a thorough variation of the corona length in such
aggregates would be necessary to understand this

behavior in detail. Similar behavior was observed
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for TB-PAMOX;5-b-PiPrOx45, while in case of TB-
PBocAmOXx; 5-b-PiPrOx, 45, precipitation occurred with-
in 10 h (Figure S19).

From DLS results, a clear difference between the
aggregates formed via crystallization of PiPrOx for the
two investigated triblock terpolymers can be de-
duced. Therefore, samples annealed for 24 h at 65 °C
in water were investigated via transmission electron
microscopy (TEM). Depending on the colloidal stability
of the solution, TEM samples were prepared by direct

A \ 72n
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Figure 5. (A) lllustration of the aggregation mechanism of PE3¢-b-PBocAmOX,5-b-PiPrOx, 45 after directional crystallization of
PiPrOx; (B and C) TEM micrographs of PEzs-b-PBocAmOX, s-b-PiPrOx, 45 from aqueous solution after heating to 65 °C for 24 h;
(D) SEM micrograph of PE3¢-b-PBocAmOX, 5-b-PiPrOx 45 from aqueous solution after heating to 65 °C for 24 h; (E) histogram of
width distribution determined for cylindrical micelles as determined by grayscale analysis from TEM micrographs.

drop-casting from solution (PEsg-b-PBocAmMOX;s-b-
PiPrOx, 45 and TB-PAMOX; s-b-PiPrOx 45) or by redispers-
ing the precipitate (for PE3g-b-PAMOX; 5-b-PiPrOx; 45 and
TB-PBocAmOx,5-b-PiPrOx;45) and subsequent drop-
casting. In both cases, plasma treated carbon coated
TEM grids were used.

For PEsg-b-PBocAmOXx,5-b-PiPrOxq45 the material
featuring the highest hydrophobic weight fraction,
cylindrical micelles of several hundred nanometer
length, also emanating from larger agglomerates
(Figure 5B,C) were found by TEM and scanning electron
microscopy (SEM; Figure 5D). The average width of
the aggregates was determined by grayscale analysis
of 100 individual cylinders, leading to 27 + 4 nm
(Figure 5E). Therefore, we assume a fusion of initially
spherical micelles (R, = 17 nm, diameter ~34 nm) upon
heating. The annealing temperature of 65 °C is at the
same time above the glass transition temperature
(Tg) of PBocAmOx (=40 °C)* and at the beginning of

RUDOLPH ET AL.

the melting range for PE (=60 °C; observed via
DSC Figure S7), thereby increasing chain mobility for
both hydrophobic blocks. Crystallization of the PiPrOx
corona then leads to unidirectional growth of the
aggregates (Figure 5A).

While for PEsg-b-PBocAmOX;5-b-PiPrOx, 45 the cy-
linder length of the micelles was rather short (50 nm
—1000 nm) and mostly individual assemblies were
found, PEsg-b-PAMOX, 5-b-PiPrOx 45 formed long crystal-
line fibers of several micrometers in length (Figure 6B,C).
Beside the fiber-like structures, “wool” like aggregates
(darker areas observed by TEM; Figures S20 and S21)
with diameters of 0.5—4 um were found.>* These
structures were investigated by TEM and SEM and
were found to match the aggregates described by
Schlaad and co-workers. The formation is supposed
to occur through secondary crystallization at the crystal
interface (Figure 6D). These aggregates can be ob-
served in all samples (PEsg-b-PAMOX;5-b-PiPrOx,4s,
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Figure 6. (A) lllustration of the proposed aggregation mechanism of PE;¢-b-PAmOX,5-b-PiPrOx, 5 after directional crystal-
lization of PiPrOx; (B and C) TEM micrographs of PE;¢-b-PAMOX,5-b-PiPrOx,45 from aqueous solution after heating to
65 °C for 24 h; (D) SEM micrograph of PEzs-b-PAmOX;5-b-PiPrOx, 45 from aqueous solution after heating to 65 °C for 24 h;
(E) histogram of width distribution determined for cylindrical micelles determined by grayscale analysis from TEM

micrographs.

TB-PBocAmMOX;5-b-PiPrOx;45, PAMOX;5-b-PiPrOx4s)
and the overall quantity depends on the concentration.*
Again, grayscale analysis was used to determine the
width distribution for the cylinders, which was found to
be 71 £ 15 nm and shows also greater variation along a
single cylindrical aggregate (Figure 6D). Due to the
differences observed in DLS and TEM, we assume a
different mechanism for the crystallization of PiPrOx in
this case. First, PE3g-b-PAMOX;5-b-PiPrOx;,45 features
a lower hydrophobic weight fraction (5 wt %) in com-
parison to PEzg-b-PBocAMOX;5-b-PiPrOx;45 (22 wt %)
and second, the positively charged PAMOx segment
might lead to an inversion of the core—shell—corona
micelle at higher temperatures. The predicted corre-
sponding pK, value of the 4-aminobutyl moiety is
around ~ 10, and therefore, this segment is expected
to be charged to a certain extent at pH 7.*>° In this case,

RUDOLPH ET AL.

upon heating above the LCST, PiPrOx forms the micellar
core, partially incorporating the PE segment. PAMOx
forms the corona, presumably as short loops (Figure 6A).
Further heating then leads to crystallization of PiPrOx
and the formation of cylindrical superstructures with a
cationically charged outer layer.

To probe whether the pH value plays a significant
role for the aggregation mechanism, PEz4-b-
PAMOX,5-b-PiPrOx,45 was heated to 65 °C for 24 h
at pH 12 resulting in aggregates with comparable size
and shape as shown earlier at pH 7 (Figure S22). The
width remains almost constant with 68 + 19 nm
(Figure S23). It seems that the increased hydrophilicity
of the PAmOx block is sufficient to influence the
aggregation mechanism even at pH-values where
the amino group is not supposed to be significantly
protonated.
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Figure 7. (A) Proposed aggregation mechanism of PBocAmOXx,s-b-PiPrOx,,s after directional crystallization of PiPrOx;
(B) proposed aggregation mechanism of PAmOX; 5-b-PiPrOx; 45 after directional crystallization of PiPrOx; (C) TEM micrograph
of TB-PBocAmOXx, 5-b-PiPrOx,45s from aqueous solution after heating to 65 °C for 24 h; (D) TEM micrograph of PAMOXx,s-b-
PiPrOx; 45 from aqueous solution after heating to 65 °C for 24 h; (E and F) histograms of width distribution determined
for cylindrical micelles determined by grayscale analysis from TEM micrographs for PBocAmOXx;5-b-PiPrOx,45 (E) and

PBocAmOX, 5-b-PiPrOx,4s (F).

For comparison, we also investigated the direc-
tional crystallization for both corresponding diblock
copolymers, TB-PBocAmOX;5-b-PiPrOx;45 and TB-
PAmMOXx; 5-b-PiPrOx, 45, under the same conditions. Whereas
TB-PBocAmOXx,5-b-PiPrOx; 45 represents an amphiphi-
lic material and a comparable aggregation mechanism
can be assumed as discussed for PEsg-b-PAMOX;5-b-
PiPrOx45 earlier, in case of TB-PAMOX;5-b-PiPrOx,4s5,
block copolymer unimers are initially present. In the
latter case, directional crystallization of PiPrOx results
in the formation of core—corona fibers with a poly-
cationic outer layer (Figure 7A,B). The TEM micrographs
show similar length and size distributions for the
aggregates formed from TB-PBocAmOX;5-b-PiPrOx; 45
and TB-PAMOX,5-b-PiPrOx,45. Grayscale analysis re-
vealed diameters of 64 &+ 13 and 52 + 12 nm, respec-
tively (Figure 7C—F; Table 2).

These observations, in our opinion, support the
assumption of different crystallization mechanisms
and highlight the importance of the PE block for the
initial formation of well-defined core—shell—corona
micelles building blocks.

RUDOLPH ET AL.

|
TABLE 2. Characteristics for the Aggregates from Diblock
Copolymers and Triblock Terpolymers Obtained by DLS
before and TEM after Directional Crystallization of PiPrOx

hydrophilic part  (Ry)papp  Crystal width

polymer [wt %]” [nm]? [nm]
TB-PAMOX15-b-PiPrOxy45 100 2 52+ 12
PE36'b‘PAm0X15‘b'PfPr0X145 95 14 71+£15
TB-PBocAmOx;5-b-PiPr0xq45 82 13 64 + 13
PEgg-b-PBOCAm0X15'b-PiPr0X145 78 17 27+ 4

? Calculated according to the block copolymer composition. ® DLS, CONTIN plot;
25 °C before heating. < Average width size determined from TEM micrographs
by grayscale analysis at 100 different positions after directional crystallization
of PiPrOx.

To prove both the functionality of the presented
materials and the existence of a partially cationic
corona for primary amine containing superstructures,
the incorporation of metal nanoparticles within the
PAmMOXx part of the above-described anisotropic super-
structures was investigated. For this purpose, we
added either as-synthesized Fe;04-nanocrystals with
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Figure 8. (A) Anisotropic hybrid cylinders of PE3¢-b-PAmOX, 5-b-PiPrOx; 45 and metal nanoparticles; (B) comparison of UV—vis
spectra for PEsg-b-PAMOX;s5-b-PiPrOx,,s (black trace) and PEss-b-PAMOX;5""-b-PiPrOx,4s (red trace); (C and D) TEM
micrographs of PEz¢-click-PAmOX;5-b-PiPrOx,4s fibers with (C) Au ions (reduced in situ by NaBH,), (D) TEM micrograph of
PE36-b-PAMOX; 5-b-PiPrOx, 45 fiber-like micelles after the addition of Fes0, NPs (arrows indicate NP positions).

a diameter of 6 nm (obtained by an adopted literature
protocol by pyrolyzing tris(acetylacetonato)iron(lll)
(Fe(acac)s) in N-vinyl-2-pyrrolidone at 200 °C in the
microwave, Figure 525)°° or HAuCl, to micellar solu-
tions of PE3g-b-PAMOX;5-b-PiPrOx 45 in water. After
stirring for 12 h (in the dark in case of HAuCl,), the
solutions were dialyzed against water for 2 days. In case
of HAuCl,, 0.1 and 10 equiv of precursor/AmOx ratios
(Au/AmOXx) were tested. Afterward, heating for 24 h at
65 °C led to the formation of a precipitate as already
discussed above. In case of HAuCl,, subsequent reduc-
tion using sodium borohydride (NaBH,) after the heat-
ing procedure resulted in the formation of Au NP. The
hybrid structures from the coagulate were investigated
by redispersing and drop-casting the solution onto
TEM grids. As can be seen, anisotropic cylindrical
superstructures were found in both cases. At higher
magnification, increased attachment of the respective
Au or Fe304 NPs to the fiber surface is visible. In case of
Au NP, dark spots with a size of several nanometers can
be found (Figure 8C; arrows indicate dark spots along
the fiber; Figure S24). With the use of UV—vis spectros-
copy, a slight absorption between 500 and 800 nm
(absorbance maximum ~ 555 nm) indicates the pre-
sence of Au NP (Figure 8B).*"*’ Similar results were
observed if HAuCl, was reduced before or after the
directional crystallization of PiPrOx. For the Fe30,
nanocrystals, again preferential location within the
outer layer of the anisotropic superstructures can be

RUDOLPH ET AL.

observed in TEM (Figure 8D; arrows guide the eye to NP
positions; Figure S25).

In a further step, HAuCl, was also added to micellar
solutions of PE3g-b-PBocAmOX;5-b-PiPrOx45. After di-
alysis and directional crystallization, a weak signal
could be detected in UV—vis, indicating the presence
of Au NPs (Figure S27). However, these Au NPs accord-
ing to TEM were randomly distributed (Figure S28),
presumably due to the bulky protective groups shield-
ing the amine moiety.

The position of either Au or Fe304 NPs confirms our
hypothesis regarding the assembly mechanism of
PE3g-b-PAMOX; 5-b-PiPrOx, 45 upon directional crystal-
lization of PiPrOx. Both HAuCl, and the negatively
charged Fe;0, nanocrystals are attracted by a posi-
tively charged outer PAMOX layer.

CONCLUSION

We introduced a bottom-up strategy for the forma-
tion of anisotropic organic/inorganic hybrid fibers by
directional crystallization of the poly(2-iso-propyl-2-
oxazoline) (PiPrOx) corona of spherical core—shell—
corona micelles in aqueous solution. For this purpose,
we established the synthesis of a triblock terpolymer,
polyethylene-block-poly(2-(4-(tert-butoxycarbonyl)-
amino)butyl-2-oxazoline)-block-poly(2-iso-propyl-2-
oxazoline) (PEzg-b-PBocAmOXx,5-b-PiPrOxq45), by a
combination of sequential polymerization and sub-
sequent linkage by copper-catalyzed azide—alkyne
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cycloaddition (CUAAC). Upon deprotection of the mid-
dle block to PAMmOXx primary, amine functionalities
were generated. Due to the block sequence, the for-
mation of spherical core—shell—corona micelles in
solution was observed in both cases by DLS and TEM.
In the next step, the directional crystallization of PiPrOx
in water was investigated by heating the solution for
24 h to 65 °C. The crystallization was monitored in situ
by DLS, while the resulting structures were investi-
gated in detail by electron microscopy (TEM and SEM).
Two different assembly mechanisms were identified
for PEzg-b-PBocAmMOX;5-b-PiPrOxq45 and PEsg-b-
PAMOX;5-b-PiPrOx, 45, presumably owing to differ-
ences in the hydrophobic weight fraction of 22 and
5 wt %, respectively. For PE3g-b-PBocAmMOX; 5-b-PiPrOx 45
(22 wt % hydrophobic), defined cylindrical micelles
with a diameter of 27 nm were observed, while for

EXPERIMENTAL SECTION

Instruments. NMR. Proton nuclear magnetic resonance
(*H NMR) spectra were recorded in CDCl; on a Bruker AC
300 MHz spectrometer at 298 K. Chemical shifts are given in
parts per million (ppm, o scale) relative to the residual signal of
the deuterated solvent.

For PE samples, NMR spectroscopy was carried out with a
Bruker DRX 400 spectrometer operating at 400 MHz. Spectra
were recorded at 363 K using a 5 mm QNP probe for "H NMR.
Polymer samples were examined as 5—15% (w/v) solutions.
A mixture of tetrachloroethylene (TCE) and deuterated benzene
(CeDs) (2/1 v/v) was used as solvent. Chemical shift values are
given in units of ppm, relative to an internal reference of
tetramethylsilane for 'H.

SEC. Size exclusion chromatography was measured on a
Shimadzu system equipped with a SCL-10A system controller,
a LC-10AD pump, a RID-10A refractive index detector, and both
a PSS Gram30 and a PSS Gram1000 column in series, whereby N,
N-dimethylacetamide (DMAC) with 5 mmol of LiCl was used as
an eluent at 1 mL min~" flow rate and the column oven was set to
60 °C. The system was calibrated with PS (100 to 1000 000 g mol~")
standards. Furthermore, a Shimadzu system equipped with
an SCL-10A system controller, an LC-10AD pump, and an
RID-10A refractive index detector using a solvent mixture
containing chloroform (CHCIs), triethylamine (TEA), and iso-
propyl alcohol (i-PrOH) (94:4:2) at a flow rate of 1 mLmin~" ona
PSS SDV linear M 5 um column at 40 °C was used. The system
was calibrated using polystyrene (100 to 100 000 g mol~")
standards.

High Temperature SEC. High temperature size exclusion
chromatography (HT-SEC) analyses were performed using a
Viscotek system (from Malvern Instruments) equipped with
three columns (PLgel Olexis 300 mm x 7 mm i.d. from Agilent
Technologies). A volume of 200 uL of sample solutions with
concentration of 5 mg mL~" was eluted in 1,2,4-trichloroben-
zene (TCB) using a flow rate of T mL min~" at 150 °C. The mobile
phase was stabilized with 2,6-di(tert-butyl)-4-methylphenol
(200 mg L™"). The OmniSEC software was used for data acquisi-
tion and data analysis. The molar mass distributions were
calculated with a calibration curve based on narrow polyeth-
ylene standards (M: 170, 395, 750, 1110, 2155, 25 000, 77 500,
126 000 g mol~") from Polymer Standard Service (Mainz).

FT-IR Infrared Spectroscopy. Dry powders of the materials
were directly placed on the crystal of the ATR-FTIR (Affinity-1
FTIR, Shimadzu) for measurements in the range of 4000 to
600 cm™".

Microwave-Assisted Polymerizations. These were carried out
utilizing an Initiator Sixty single-mode microwave synthesizer

RUDOLPH ET AL.

the more hydrophilic PEzs-b-PAMOX;5-b-PiPrOx; 45
(5 wt %), fiber-like structures of several micrometers
in length and 60 nm width were formed. For PEs4-b-
PBocAmOx;5-b-PiPrOx 45, we assume a fusion of initi-
ally spherical micelles into cylindrical superstructures,
while in the case of PEzg-b-PAMOX;5-b-PiPrOxi4s,
PiPrOx, fibers with a positively charged PAMOx corona
are formed. This was confirmed by the selective in-
corporation of Au and Fes04 nanoparticles within the
AmOx corona. These first results toward the formation
of anisotropic hybrid materials by linear triblock ter-
polymers with two crystalline segments demonstrate
the potential of such materials for the controlled and
stepwise directional assembly in solution into 2D or 3D
structures. Optimization of corona length, loading
efficiency, and length control for these systems will
be the subject of further investigations.

from Biotage, equipped with a noninvasive IR sensor (accuracy:
2%). Microwave vials (conical, 0.5—2 mL) were heated at 110 °C
overnight and allowed to cool to room temperature under
nitrogen atmosphere. All polymerizations were carried out
using temperature control.

DLS. Dynamic light scattering was performed at a scatter-
ing angle of 90° on an ALV CGS-3 instrument equipped with a
He—Ne laser operating at a wavelength of 633 nm at 25 °C.
Micelle solutions were filtered before measurement (Nylon;
0.45 um). The CONTIN algorithm was applied to analyze the
obtained correlation functions. For temperature control, the
DLS is equipped with a Lauda thermostat. Apparent hydrody-
namic radii were calculated according to the Stokes—Einstein
equation.

Transmission Electron Microscopy. The formed aggregates
were analyzed using a TEM (Zeiss-CEM 902A, Oberkochen,
Germany) operated at 80 kV. Images were recorded using a
1k TVIPS FastScan CCD camera or on a FEl Tecnai G2 20 (200 kV,
operated at 120 kV) equipped with a 4k x 4k Eagle HS CCD and
a 1k x 1k Olympus MegaView camera for overview images. TEM
samples were prepared by applying a drop of an aqueous sample
solution onto the surface of a plasma-treated carbon coated
copper grid (Quantifoil Micro-Tools GmbH, Jena, Germany).

Scanning Electron microscopy. Zeiss SIGMA VP Field Emis-
sion SEM equipped with the GEMINI column (Carl-Zeiss AG,
Germany) operating at 3—7 kV using the InLens or SE2 detector.

Materials. Propargyl p-toluenesulfonate and 2-iso-propyl-2-
oxazoline (iPrOx) were distilled over barium oxide under vac-
uum and stored under nitrogen atmosphere in a glovebox.
2-(4-(tert-Butoxycarbonyl)amino)butyl-2-oxazoline (BocAmOx) was
synthesized according to literature reports*® and distilled prior
to usage and stored in a glovebox. Tetrahydrofuran (THF),
acetonitrile (CH3CN), and dichloromethane (CH,Cl,) were pur-
ified using a Solvent Purification System (SPS, Innovative Tech-
nology, PM-400-3-MD) equipped with two activated alumina
columns. Copper bromide (CuBr) and N,NN,N’N’-penta-
methyldiethylenetriamine (PMDETA) were purchased from Al-
drich and used as received. If not mentioned otherwise, the
educts were used as received. For ethylene polymerization:
catalyst (CsMes),NdCl,Li(OEt,), synthesis was carried out under
an argon atmosphere using standard Schlenk techniques,
according to a literature procedure.”® Polymerization was car-
ried out in a glass reactor under anoxic, aprotic conditions, with
ethylene (N35, Air Liquide) supplied via a 2.13 L ballast chamber
to monitor consumption. Toluene and tetrahydrofuran were
degassed by argon passage and purified with an SPS800
MBraun solvent purification system. All other chemicals were
used as supplied: cocatalyst butyloctylmagnesium solution in
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heptane (0.88 M, Chemtura), iodine (ACS reagent, = 99.8%,
solid, Sigma-Aldrich), sodium azide (=99%, solid, Sigma-
Aldrich), N,N-dimethylformamide (HLPC grade, Biosolve).

Synthesis. Synthesis of lodo End-Functionalized Polyethylene
(PE—I). The polymerization was carried out in a glass reactor
under anoxic, aprotic conditions, with ethylene supplied via
a 2.13 L ballast chamber to monitor consumption. A solution of
n-butyloctylmagnesium in heptane (0.88 mol L™") was diluted
with toluene (400 mL). The resulting solution was transferred to
a reactor under an argon atmosphere. An antechamber was
then charged with a suspension of (CsMes),NdCl,Li(OEt,),
(IMgl/INd] = 150) in toluene (10 mL). The reactor was heated
to 75 °C and then charged with an ethylene atmosphere at a
pressure of 3 bar. The precatalyst suspension was then added to
the reactor and the consumption of ethylene monitored. When
the desired amount of ethylene was consumed, the ethylene
atmosphere was replaced with argon. The reactor contents
were cooled to 10 °C and a solution of iodine ([Il/[Mg] = 4) in
THF (50 mL) was added and the suspension stirred for 1 h. The
reactor contents was precipitated into methanol (200 mL) and
the suspension was filtered. The solid recovered was washed
three times with methanol (3 x 100 mL) and dried.

SEC (TCB/150 °C): M, = 1260 g mol~'; P =1.17.NMR (400 MHz;
TCE/CeDeg): 2.94 (t, —CH,l), 1.66 (q, CH,CH,), 1.24 (b, CH,CH,),,
0.83 (t, —CH,CHs). Functionalization: 87% (calculated from
"H NMR).

Synthesis of Azide End-Functionalized Polyethylene (PE—N3)
from PE—I. Asolution of 5 g of PE—Iin a mixture of toluene/DMF
(2/1) containing 1.2 equiv of sodium azide was degassed under
argon and then heated to 120 °C. After 2 h, the reaction mixture
was slowly cooled to room temperature and was poured in
methanol. The solid recovered was filtered off, washed three
times with methanol (3 x 100 mL), and dried under vacuum.

SEC (TCB/150 °C): M, = 1290 g mol~'; P = 1.16.NMR (400 MHz;
TCE/CgDeg): 2.99—2.96 (—CH,Nj3), 1.42—1.37 (—CH,CH,Ns), 1.24
(b, CH,CH,),, 0.83 (t, —CH,CHs). Functionalization: 87%
(calculated from "H NMR).

Synthesis of Alkyne-Modified Poly(2-(4-(tert-butoxycarbonyl)-
amino)butyl-2-oxazoline)-block-Poly( 2-iso-propyl-2-oxazoline) Block
Copolymer (PBocAmOx;5-b-PiPrOx;45). Propargyl p-toluenesul-
fonate and 2-(4-(tert-butoxycarbonyl)-amino)butyl-2-oxazoline
(BocAmOx) were dissolved in acetonitrile (CH3;CN), a monomer to
initiator ratios of 15 and a monomer concentration of 1 mol L™".
The capped vial was placed in a microwave synthesizer at
140 °C. After the polymerization, the vial was transferred into
a glovebox. A stock solution of 2-iso-propyl-2-oxazoline and
CH3CN (1 mol L™") were added to the polymer solution. The
capped vial was and placed in the microwave synthesizer at
140 °C again to form the block copolymer. A small amount of
the first block was kept under inert atmosphere at room
temperature and was investigated together with the other
polymers via SEC and NMR. The block copolymers were termi-
nated via the addition of water, and removing the solvent under
reduced pressure.

SEC (CHCI5/TEA/i-PrOH): M, = 23 500 g mol~'; = 1.08. SEC
(DMAC/LICl): M, = 28000 g mol™"; P = 1.09. NMR (300 MHz;
CDCl3): 5.5—4.8 (—NH), 3.9—-3.1 (backbone), 3.1-3.0 (—CH>-
Boc), 3.0-25 (—CO—CH,"™), 2.5-22 (—CO—CH,-B°Am),
1.75—15 (—CH,—CH,—BoAmO%) 1 42 (—CH;BAmOY) 1207
(—=CH5™™™ ppm. FT-IR: 3300 (—NH), 1705 (C=0%), 1630
(C=0"9), 1516 (amide), 1365 (—CH3**9) cm™".

Synthesis of Triblock Terpolymers via CuAAC between the
Azide-Modified PE3s—N3 and Diblock Copolymers (PEss-b-
PBocAmOXx;5-b-PiPrOx;45). A total of 100 mg (6 umol) of the
diblock copolymer was dissolved together with 20 mg of
PE3s—Ns (16.4 umol; 2.73 equiv) and copper bromide (CuBr;
2 equiv) in tetrahydrofuran (THF) at 120 °Ciin a sealed pressure
vial. Obtaining a clear solution, N,N,N',N”,N"-pentamethyl-
diethylenetriamine (PMDETA; 2 equiv) was added under
stirring. The solution was stirred at 120 °C for 1 h and subse-
quently cooled to room temperature and diluted with water.
The turbid solution was filtered and washed with acetone. The
aqueous solution was vigorously stirred with dichloromethane
(CH,Cl,). The clear organic phase was filtered with a syringe filter
(PTFE; 0.45 um), twice, and dried under vacuum. The obtained
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polymer was precipitated in cold diethyl ether, filtered, and dried
under vacuum.

SEC (CHCI5/TEA/i-PrOH): M, = 24 000 g mol ~'; P = 1.09. SEC
(DMAC/LICl): M, = 27 000 g mol™"; = 1.11. "H NMR (300 MHz;
CDCl3): 5.5—4.8 (—NH), 3.9—-3.1 (backbone), 3.2—3.0 (—CH,-
Boc), 3.0—2.5 (—CO—CH,—""%), 2.5-2.2 (—CO—CH,—BoAm),
1.75—1.5 (—CHy—CH,—Bo°AmO%) "1 42 (—CH,B°AmO%) 125 (PE
backbone), 13—0.7 (—CH5;"™) ppm. FT-R: 3070—2785
(—CH,—), 1701 (C=0%%9), 1630 (C=0"%), 1514 (amide), 1365
(—CH:*9 em ™.

Deprotection of Triblock Terpolymers PEsz4-b-PBocAmOx; s-b-
PiPrOx;4s. The triblock terpolymer PEs¢-click-PBocAmOXx;5-b-
PiPrOxq45 (80 mg; 4 umol) was dissolved in trifluoroacetic acid
(TFA, 2 mL, 26 mmol), stirred for 1 h at 60 °C and for 20 h at room
temperature. The solution was diluted with methanol (2 mL)
and precipitated in cold diethyl ether (150 mL, —80 °C).
The polymer was filtered off and dissolved in a mixture of
methanol and chloroform (1/1, 200 mL), and subsequently
stirred with Amberlyst A21 for 3 days. After filtration, the
solvents were evaporated and the product was dried under
high vacuum.

SEC (DMAC/LICl): M,, = 25000 g mol~"; P = 1.06. NMR
(300 MHz,  CDCl;):  3.9-3.1 (backbone), 3.0-2.5
(—CO—CH,—"®), 20-15 (~CH,~CH,~A™), 125 (PE
backbone), 12—0.7 (—CH5;"™) ppm. FT-IR: 3070—2785
(—CH,—), 1630 (C=0") 1162, 824, 800, 717 (amine) cm".

Synthesis of Alkyne-Modified ~ Poly(2-(4-(amino)butyl)-2-
oxazoline)-block-Poly(2-iso-propyl-2-oxazoline) Block Copolymer
(TB-PAMOX;5-b-PiPrOx;45). The  diblock  copolymer  TB-
PBocAmOx;5-b-PiPrOxq45 (80 mg; 4 umol) was dissolved in
trifluoroacetic acid (TFA, 2 mL, 26 mmol), stirred for 1 h at
60 °C and for 20 h at room temperature. The solution was
diluted with methanol (2 mL) and precipitated in cold diethyl
ether (150 mL, —80 °C). The polymer was filtered off and dis-
solved in a mixture of methanol and chloroform (1/1, 200 mL),
and subsequently stirred with Amberlyst A21 for 3 days. After
filtration, the solvents were evaporated and the product was
dried under high vacuum.

SEC (DMAC/LICl): M,, = 29000 g mol~"; P = 1.07. NMR
300 MHz  CDCl3):  3.9-3.1 (backbone), 3.0—2.5
—CO—CH,—P™),  20-15 (~CH,—CH,~A"), 1.2-0.7
—CH5™) ppm. FT-IR: 3070—2785 (—CH,—), 1630 (C=0"%)
150, 824, 800, 717 (amine) cm ™.

Synthesis of Fe;0, Nanocrystals®®. For the preparation of
Fe30, nanocrystals, tris(acetylacetonato)iron(lll) ((Fe(acac)s);
283 mg, 0.8 mmol) was dissolved in 2 mL of N-vinyl-2-pyrrolidon
(NVP) in a microwave vial and heated to 200 °C for 20 min under
microwave irradiation. The mixture was diluted with deionized
water (300 mL) and centrifuged at 11 000 rpm for 15 min. The
washing procedure was repeated until the supernatant of the
nanocrystals remained colorless.

Self-Assembly of Triblock Terpolymers in Aqueous Media. Ten
milligrams of the respective triblock terpolymer was dissolved
in 10 mL of DMF (1 mg mL™") and heated in an oil bath to 120 °C
for 10 min under stirring. Afterward, the solution was allowed to
cool down to room temperature. The solution was dialyzed
against water for 2 days (RC, MWCO 1000).

Incorporation of Nanoparticles in PEsg-click-PAmMOX;5-b-
PiPrOx;4s. Ten milligrams of the respective triblock terpolymer
were dissolved in 10 mL of DMF (1 mg mL™") and heated in an
oil bath to 120 °C for 10 min under stirring; afterward, the
solution was allowed to cool to room temperature. One milliliter
of a stock solution of HAUCl, (1 mg mL™") or Fe;0, nanocrystals
(1 mg mL™") was added to the micellar solution at room
temperature. Afterward, the solutions were stirred for 12 h (in
the dark in case of added HAuCl,), and subsequently dialyzed
against water for 2 days (RC, MWCO 1000; in the dark in case of
gold precursor), before the solutions were heated up for 24 h at
65 °C. In case of the gold precursor solution, the dialysis bag
turned red due to the reduction of uncomplexed gold salt.
For the reduction of the complexed gold precursor, sodium
borohydride (NaBH,) was added to the solution, which turned
slightly red.
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