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ABSTRACT: The synthesis of amphiphilic linear-hyperbranched block copolymers with a linear poly(ethylene
oxide) (PEO) segment and a hyperbranched poly(carbosilane)s (PCS) block in a rapid three-step strategy is
described, combining oxyanionic polymerization with carbosilane chemistry. A linear precursor block copolymer
was synthesized via anionic polymerization of allyl glycidyl ether onto a commercial hydroxyl-terminated PEO,
using its cesium alkoxide as macro-initiator. The resulting linear AB or ABA-type di- or triblock copolymers
serve as polymer cores for the subsequent hydrosilylation polyaddition of an AB,-type carbosilane monomer.
Di(allyl)methylsilane or methyldi(undec-10-enylsilane) were employed, using Karstedt’s catalyst as Pt’-species.
Due to the high reactivity of allyloxy groups in catalytic hydrosilylation reactions, the slow monomer addition
technique, previously used for the controlled polyaddition of AB,-monomers, was not necessary in this case and
complete conversion of all core allyl groups is achieved. Both the molecular weights of the hyperbranched block
and the linear block were varied. The resulting polymers exhibited molecular weights up to 40,100 g/mol with
rather low apparent polydispersities between 1.10 and 1.47. Phase segregation of the block copolymers was
investigated by differential scanning calorimetry, demonstrating strongly segregated nanophases for all block
copolymers. Transition electron microscopy showed unusual anisotropic morphologies in solution, which depended

both on the length of the hyperbranched block and the nature of the carbosilane monomer used.

Introduction

The synthesis of complex, branched macromolecules with
well-defined polymer architecture represents an intriguing
current challenge for polymer chemists. Dendritic polymers,'
both the perfectly branched dendrimers® and the analogous
hyperbranched materials have gathered intense interest in the
past decade due to their high functionality and compact globular
structure.®> Hyperbranched polymers exhibit structural polydis-
persity. However, they are obtained rapidly from AB,-type
monomers, where A and B represent two mutually reactive
functional groups and n determines the number of branches per
repeat unit.* Silicon chemistry offers several quantitative
reactions for the synthesis of hyperbranched or dendritic systems
(i.e., hydrosilylation, Grignard reactions, and controlled con-
densation of silanols) that are suitable for the preparation of
both highly flexible dendrimers and hyperbranched organic—
inorganic hybrid materials. Among these silicon-containing
dendritic polymers,” hyperbranched polycarbosilanes (PCS),°
polyalkoxysilanes,” polycarbosiloxanes,® and polysiloxanes’
have been prepared conveniently from AB, and AB3; monomers.

Amphiphilic block copolymers containing a compact, den-
dritic block are interesting with respect to both chemical and
physical behavior resulting from the constraints imposed upon
the branched block by the topology. The synthesis of am-
phiphilic block copolymers with perfectly branched dendrimer
blocks has been described,'® based on demanding multistep
approaches. However, to date only a few papers have detailed
the preparation of linear-hyperbranched block copolymers that
can be obtained in few synthetic steps and therefore larger
quantities.'"' Such materials can exhibit unusual properties
similar to those investigated for the respective linear-dendrimer
hybrid block copolymers. A very recent work of Pan and co-
workers describes an elegant pathway to linear-hyperbranched
ABA-triblock structures based on controlled radical polymer-
ization.'?

* Corresponding author. E-mail: hfrey @uni-mainz.de.

10.1021/ma8018427 CCC: $40.75

Poly(ethylene oxide) (PEO) is often used as the water-soluble
block for amphiphilic block copolymers. For instance, a well-
understood linear amphiphilic block copolymer system is PEO-
b-poly(butadiene) (PB).'*> Only one approach to a maximum
branched hydrophobic block has been reported so far: Kim and
co-workers described the synthesis of linear-dendrimer-type

Scheme 1. Structures of Linear-Hyperbranched ABA- and
AB-Type Block Copolymers Based on Poly(ethylene oxide) as
the Linear Segment and Branched Poly(carbosilane)s (Here

Shown with Methyldiallylsilane as the Respective Monomer)
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block copolymers, combining a linear PEO segment and a
perfectly branched polycarbosilane dendrimer up to the third
generation, employing a demanding multistep protocol.'*
Here we report the first synthesis of narrow polydispersity
linear-hyperbranched hybrid diblock and triblock copolymers
with a water-soluble linear segment (PEO) and a hydrophobic
hyperbranched block with hyperbranched polycarbosilane struc-
ture (Scheme 1). The synthesis is based on a straightforward
two-step procedure, combining anionic epoxide polymerization
with hydrosilylation polyaddition for the hyperbranched block.

Experimental Section

Nomenclature. Poly(ethylene oxide)-block-poly(allyl glycidyl
ether) diblock copolymers are designated PEO,-b-PAGE, (triblock
copolymers in an analogous fashion). Hyperbranched-linear diblock
copolymers are denoted by PEOy-b-[PAGE,-hb-MDxS,,], in which
m indicates the degree of polymerization (DP,) of the polycarbosi-
lane block (MDxS). The hyperbranched block formed after grafting
of the carbosilane monomers is designated [PAGE,-hb-MDxS,,],
since the PAGE block is regarded as part of the final PCS block;
x represents the allyl (x = A) or the undecenyl (x = U) monomer.

Instrumentation. 'H, 3C, and *Si nuclear magnetic resonance
spectra were recorded using a Bruker AC 300 or a Bruker AMX
400 spectrometer operated at 400 MHz for 'H, employing deuterated
chloroform as a solvent.'>*C NMR spectra (referenced internally to
solvent signals) at 100.15 MHz and 2°Si NMR spectra (referenced
externally to TMS) at 79.49 MHz.

FT-IR spectra were recorded on a Nicolet SDXC FT-IR
spectrometer equipped with an ATR unit.

Size exclusion chromatography (SEC) was performed with an
instrument consisting of a Waters 717 plus autosampler, a TSP
Spectra Series P 100 pump and a set of three PSS-SDV 5A columns
with 100, 1 000, and 10 000 A porosity. Tetrahydrofuran was used
as an eluent at 30 °C and at a flow rate of 1 mL min~'. UV
absorptions were detected by a SpectraSYSTEM UV2000. The
specific refractive index increment (dn/dc) was measured at 30 °C
on an Optilab DSP interferometric refractometer (also RI detector)
and determined with the Wyatt ASTRA IV software (Version
4.90.08). Calibration was carried out using poly(styrene) standards
provided by Polymer Standards Service and performing a third order
polynomial fit.

Online-SEC static light scattering measurements were performed
via a multiangle laser light scattering detector (MALLS) DAWN
EOS laser photometer (Wyatt Technology Co.) equipped with a
GaAs laser emitting at a wavelength of 685 nm. Molar masses were
calculated during SEC measurements, using the Wyatt ASTRA IV
software (Version 4.90.08) and ASTRA V (Version 5.1.9.1). Masses
were calculated in 0.25 s intervals using the Zimm equation:

dn\?
47[2n02(—)
Bee L poue withk=——% 8))
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ny is the refractive index of toluene, N4 is Avogadro’s constant, A
is the laser wavelength; M, is the apparent weight average
molecular weight, A, is the second virial coefficient, and Rg is the
Rayleigh ratio of the polymer solution at a given angle. In SEC-
MALLS the second virial coefficient is small enough to be neglected
at the low concentrations used in chromatographic separation. As
the value is unknown, we arbitrarily set it to zero, as the resulting
error is very small for the low concentrations in SEC experiments.

Differential scanning calometry measurements were carried out
on a Perkin-Elmer 7 Series Thermal Analysis System with
autosampler in the temperature range of —180 to 100 °C at heating
rates 10 K/min. The melting points of indium (7, = 156.6 °C) and
Millipore water (Tp = 0 °C) were used for calibration.

TGA measurements were conducted on a Perkin-Elmer Pyris 6
TGA.

Reagents. Poly(ethylene oxide) and poly(ethylene oxide) mono-
methyl ether samples were purchased from Fluka and used as
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received (M, 750 g/mol, PDI 1.10; M, 5000 g/mol, PDI 1.05; or
M, 6000 g/mol, PDI 1.06, respectively). Cesium hydroxide mono-
hydrate (99%) and magnesium (98%) was purchased from Acros
and used as received. Allyl glycidyl ether (99%) was purchased
form Acros and freshly distilled from CaH, before use. Allyl
bromide (97%), bromoundecene (95%), dichloromethylsilane (99%)
and all solvents were purchased from Aldrich and distilled from
CaH, before use. Karstedt’s catalyst in xylene (2.1—2.4% Pt) was
purchased from ABCR GmbH & Co. KG and used as received.
Deuterated chloroform-d; and DMSO-ds were purchased from
Deutero GmbH and dried and stored over molecular sieves.
Methanol, chloroform, and other solvents and reagents were
purchased from Acros and used as received, if not mentioned
otherwise.

Synthetic Procedures. Diallylmethylsilane (MDAS). The mono-
mer was synthesized according to literature procedures using'’
68.96 g (0.57 mol) of allylbromide, 69.28 g (2.85 mol) of
magnesium and 21.86 g (0.19 mol) of dichloromethylsilane. Yield:
13.82 g (57%) of a colorless liquid. Bp: 123 °C. 'H NMR (300
MHz, CDCl5), d [ppm]: 5.78 (m, 2H, —CH=CH,); 4.95—4.83 (m,
4H, —CH=CH,); 3.79 (m, 1H, Si—H); 1.68—1.52 (m, 4H,
—CH,—CH=CH,); 0.09 (d, J = 3.67 Hz, 3H, Si—CH3). *Si NMR
(80 MHz, CDCl;3), ¢ [ppm]: —13.98 ppm; IR (characteristic
absorption bands): Q (cm™!) 2115 (stretching Si—H mode), 1632
(stretching C=C mode), 1252 (stretching Si—CH; mode); 838
(stretching CH3;—Si—CHj3 mode).

Methyldiundec-10-enylsilane (MDUS). The monomer was syn-
thesized according to literature procedures'” using 50 g (21.4 mmol)
of 11-bromoundec-1-en, 26.1 g (1.1 mol) magnesium and 8.21 g
(7.1 mmol) of dichloromethylsilane. Yield: 17.4 g (75.8%) of a
colorless, viscous liquid. Bp: 141 °C at 0.1 mbar. '"H NMR (300
MHz, CDCl5): 6 (ppm) 0.05 (d, J = 3.7 Hz, 3 H, Si—CHj3), 0.59
(m, 4H, Si—CH,), 1.2—1.5 (m, 28 H, —CH,—), 2.05 (m, 4H,
—CH,—CH=CH,), 3.77 (m, 1H, Si—H), 4.96 (m, 4H, —CH=CH,),
5.80 (tdd, J = 6.7, 10.2 and 16.9 Hz, 2H, —CH=CH,). 13C NMR
(75 MHz, CDCl3): 0 (ppm) —5.87 (Si—CHj3), 13.14 (Si—CHy),
24.89 (Si—CH,—CHy), 29.34 (—CH,—), 29.54 (—CH,), 29.74
(—CH), 2991 (—CH,—), 33.67 (—CH,—), 34.20 (—CH,—
CH=CH,), 114.45 (—CH=CH,), 139.46 (—CH=CH,). Si NMR
(80 MHz, CDCl3): 0 (ppm) —9.7. IR (characteristic absorption
bands): Q (cm™!) 2101 (stretching Si—H mode), 1639 (stretching
C=C mode), 1248 (stretching Si—CHj; mode).

Anionic Polymerization. (a) Poly[(ethylene oxide)-b-(allyl gly-
cidyl ether)] and poly[(allyl glycidyl ether)-b-(ethylene oxide)-b-
(allyl glycidyl ether)]. The macroinitiator (5 g, 1 mmol monomethoxy-
PEO with 5000 g/mol) was dissolved in 20 mL of benzene to give
a 20 wt % solution. Cesium hydroxide (134 mg, 0.8 mmol, i.e.,
80% deprotonation) was added under argon atmosphere. Stirring
at 60 °C for 30 min and evacuation at 90 °C to remove the reaction
water for 2 h produced the cesium alkoxide, which was allowed to
cool to room temperature. Subsequently, the calculated amount of
freshly distilled allyl glycidyl ether in dry toluene (ca. 50 wt %)
was added with a syringe (for a DP, of 20, 2.3 g, 20 mmol in 2.5
mL of toluene). The mixture was stirred for 30 min at room
temperature, and polymerization was carried out for 24 h at 90 °C
in vacuo. The polymerization was terminated by addition of an
excess of methanol (ca. 5 mL) and acidic ion-exchange resin.
Filtration and precipitation in cold diethyl ether resulted in the pure
polymer. 'H NMR (300 MHz, CDCl;) o6 [ppm]: 5.87
(O—CH,—CH=CH,); 5.19 (O—CH,—CH=CH,); 3.97 (O—CH,—
CH=CH,); 3.78—3.36 (O—CH,—: PEO, backbone). SEC-RI (THF):
1, M, = 7700, D = 1.08; 11, M, = 2950, D = 1.10; 17, M,, =
9300, PDI = 1.05.

Hydrosilylation Polyaddition. (a) In batch: 200 mg of the PEO-
PAGE diblock or triblock copolymer was placed in a Schlenk flask
and heated to 60 °C in vacuo for 1 h to remove any traces of residual
solvents. The flask was backfilled with dry argon, 100 uL of dry
chlorobenzene and the calculated amount of monomer (e.g., 100
mg for 2, i.e., 1:1 core double bonds to silane monomer) were added
with a syringe. After formation of a homogeneous solution, 5 uL
of Karstedt catalyst solution was added and the reaction was
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Table 1. Size Exclusion Chromatography (SEC), Multi-Angle
Light Scattering (MALLS) Data for all Linear-Hyperbranched
AB-Type Diblock Copolymers

SEC* MALLS*

M, PDI M, PDI
1 PEO,;;-PAGEy 7700  1.08 8400 1.05
2 PEO;3-(PAGEs-hH>-MDUS,;) 9770 1.10 15900 1.15
3 PEO;;3-(PAGEs-h>-MDUS,5) 11500  1.35 25200 130
4 PEO;;3-(PAGEs-hb>-MDUSg;) 12600 140 39000 1.35
5 PEO;;3-(PAGEs-h>-MDUSy)) 14600 1.09 40100 1.14
6  PEO;3-(PAGEs-h>-MDAS3) 10900  1.27 10000 1.21
7 PEO;3-(PAGEs-hb-MDASs) 13900 1.17 13300 1.13
8  PEO,;3-(PAGE3-hb-MDASs)) 14700  1.16 14800 1.14
9 PEO;;3-(PAGEs-h>-MDASs;) 16700  1.24 18800 1.7
10  PEO,;;;-(PAGEs-hb-MDAS-Phg;) 14300  1.16 23200  1.20
11 PEO,;-PAGEy 2950 1.10 3200 1.09
12 PEO;-(PAGE-hib-MDAS,7) 4700 114 5200 1.13
13 PEO;-(PAGE9-hb-MDAS3) 6450 141 6800 1.32
14 PAGEys 2900 1.10 3100 1.10
15  PAGE,s-hb-MDAS;s 7300 138 8800 1.32
16  PAGE,s-hb-MDUS3 12300 129 16800 1.38

“ PDI = polydispersity index; measurements were performed in THF as
an eluent.

continued until disappearance of the Si—H signal in the IR-spectrum
(usually 5—10 h). The mixture was cooled to room temperature
and separated from undesired carbosilane homopolymer by flash
chromatography using first petroleum ether as an eluent, followed
by chloroform to elute the product (yields 40—90%). Molecular
weights and polydispersities can be found in Table 1.

"H NMR (300 MHz, CDCl3) 6 [ppm]: 6.15 (O—CH=CH—CH,);
5.91 (O—CH,—CH=CH,); 5.76 (—CH=CH,); 5.36 (—CH=CH—);
5.28—5.04(0O—CH,—CH=CH);5.03—4.82 (—CH=CH,);4.80—4.60
(O—CH=CH—-CHj3); 3.94 (0O—CH,—CH=CH,); 3.87—3.15
(O—CH,—: PEO, backbone); 1.99 (—CH,—CH=CH,); 1.69—1.41
(O—CH,—CH,—); 1.41—1.02 (CH>); 0.57—0.20 (Si—CH>—); —0.12,
—0.14 (Si—CH3;) (for MDUS the signal intensities vary and a greater
variety of signals due to isomerized products are found, compare
Figures 3 and 4 and Supporting Information.)

(b) Slow monomer addition: the procedure employed is analogous
to the previous synthesis, but the monomer was diluted in pentane
(ca. 1 gin 500 mL) and slowly added with a syringe pump over a
period of 10—20 h, while the low boiling pentane was simulta-
neously removed by distillation.

Preparation of Samples for Transition Electron Microscopy
(TEM). The concentration of the block copolymer samples in
aqueous solution was 1 g/L. Samples in diethyl ether were dissolved
at a somewhat lower concentration of 0.5 g/L. All TEM samples
were prepared in the following manner: The block copolymer (3—5
mg) was dissolved in ca. 50 uL of THF and then diluted with the
respective nonsolvent (water or diethyl ether) to induce micellization
(concentration was adjusted as mentioned above to give clear to
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opaque stable solutions). For the aqueous sample, THF was removed
under reduced pressure. Samples were drop cast on a copper TEM
grid and dried at 40 °C overnight.

Results and Discussion

Hydrosilylation is a high yield reaction, and thus numerous
approaches for polymer synthesis relying on hydrosilylation
polyaddition have been presented in recent years.'® In the only
work on block copolymers with hyperbranched polycarbosilane
block published to date, our group used poly(styrene)-b-
poly(butadiene) block copolymers with pendant vinyl groups
to attach hyperbranched polycarbosilanes.'' Undesired concur-
rent homopolymerization of the AB, monomer to a hyper-
branched polycarbosilane could be minimized by using slow-
monomer addition, but still presented a problem for the synthesis
of the block copolymers. Another approach to reduce undesired
homopolymerization and favor attachment to the core molecule
is the use of highly reactive functional groups at the Bstype
core.'” This approach has been used by Fossum et al. in elegant
work for the synthesis of hyperbranched poly(arylene ether
phosphine oxide)s'® or more recently by Stiriba et al. for the
synthesis of hyperbranched poly(glycerol) with a benzophenone
core.'"” However, the strategy has not been exploited for a
polymer core to date. In the current work we capitalize on the
enhanced reactivity of allyloxy groups of poly(allyl glycidyl
ether) in hydrosilylation reactions in comparison to the less
activated alkenylsilanes. In this manner a highly reactive
polymer core is combined with AB,-monomers of moderate
reactivity for the hypergrafting procedure. This is intriguing with
respect to the following questions: (i) Can the growth of the
hyperbranched PCS block at a suitable AB- or ABA-block
copolymer structure be controlled? (ii) Can slow monomer
addition be avoided due to the high reactivity of the core?

A. Synthesis of Linear-Hyperbranched Block Copolymers.
Catalytic hydrosilylation polymerization has been employed for
the generation of the hyperbranched block via “hypergrafting”
of the branched polycarbosilane block onto anionically synthe-
sized poly(ethylene oxide)-b-poly(allyl glycidyl ether) di- and
triblock copolymers (PEO;3-b-PAGE3q (1), PEO7-b-PAGE 19
(11), and PAGE,o-b-PEO,36-b-PAGE,() (17)), respectively,
which represent the macromolecular “core structures” in the
syntheses. Diallyl(methyl)silane (MDAS) and methyldiundec-
10-enylsilane (MDUS) were employed as the respective AB,-
monomer structures with different reactivity in the hydrosily-
lation polyaddition leading to the hyperbranched block. Different
ratios of AB,-monomer to polymer core functionalities were
employed in order to vary the molecular weights of the resulting

Scheme 2. Reaction Scheme for the Synthesis of Linear-Hyperbranched Poly(ethylene oxide)-b-poly(carbosilane) Amphiphilic Block
Copolymers
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Table 2. Size Exclusion Chromatography (SEC), Multi-Angle
Light Scattering (MALLS) Data for the Linear-Hyperbranched
ABA Type Triblock Copolymers

SEC* MALLS*
M, PDI M, PDI
17  PAGE,(-PEO;3-PAGE 9300 1.05 10400  1.03

18 PEO;3-[(PAGE,(-hb-MDUS) 5] 8600 120 12300 .15
19  PEO;-[(PAGE;-hb-MDUS)ssl, 11300 1.07 21700  1.07
20  PEO;3-[(PAGE;c-hb-MDUS)l, 11900 1.10 23100  1.08
21  PEO;3-[(PAGE g-hb-MDUS)0sl, 12400 148 46000  1.88
22 PEO;3¢[(PAGE;c-hb-MDAS);sl, 10300 1.12 12400  1.10
23 PEO;3-[(PAGE-hb-MDAS),], 12600  1.17 16000  1.18
24 PEO;36-[(PAGE-hb-MDAS)], 15400  1.18 19800 1.14

“ PDI = polydispersity index; measurements were performed in THF as
an eluent.

copolymers. The synthetic strategy for the synthesis of the linear-
hyperbranched diblock and triblock copolymers is shown in
Scheme 2. Anionic ring-opening polymerization of allyl glycidyl
ether onto a living PEO-anion directly produces the macro-core
for the ensuing hydrosilylation reaction with the di(alkenylsilane)
monomers. Employing cesium counterions, as reported recently
for another class of structurally related polyether block copoly-
mers,'" polymerization proceeds in a living manner and produces
the linear block-copolymer precursor in quantitative yield and
low polydispersity (<1.1).2°

It is important to point out that the pendant allyloxy groups
at the linear poly(allyl glycidyl ether) block are very reactive
in platinum-catalyzed hydrosilylation reactions because of fast
and efficient addition to the metal center due to a chelating effect
of the oxygen atom and its high energy HOMO.?' In addition,
from a theoretical point of view the high concentration of double
bonds (cf. Tables 1 and 2) in the linear block copolymer cores
is expected to lead to low polydispersity materials. Indeed,
detailed NMR-studies (vide infra) demonstrate that the entire
polymer core is incorporated in the final polymer, and—as
expected—no unreacted linear block copolymer precursor can
be found in the reaction mixture, when all silane monomer is
consumed (compare Figures 1 and 2). In contrast, the allyl and
undecenyl groups of both carbosilane AB,-monomers are of
moderate reactivity in a hydrosilylation reaction. In the case of
MDUS the long alkyl chains were expected to render intramo-
lecular cyclization less probable, but simultaneously lower the
reaction rate of the hydrosilylation for steric reasons. MDAS
with its shorter alkyl chains represents an interesting monomer
structure, since the short C3-segment between the silicon centers
permits detailed characterization of the branched architecture
via 2Si NMR-spectroscopy. '

We also prepared a PAGE homopolymer (entry 14 Table 1)
and used it as a core for the hypergrafting hydrosilylation. The
resulting hypergrafted homopolymer may be viewed as a
statistically branched analogue of the structurally perfect den-
dronized polymers®* that have been reported in literature.”
Recent results by Twyman and co-workers** demonstrated broad
molecular weight distributions (>2) for randomly hypergrafted
polymers. However, in this work the separation of the desired
“hypergrafted” polymer from concurrently formed hyper-
branched homopolymer was neglected. Interestingly, in our case
the carbosilane homopolymer can be separated from the
hypergrafted product via flash-chromatography in the described
manner. After the separation two copolymers (15 and 16) with
moderate polydispersity were obtained.

SEC analysis of the crude reaction product (Figure 1) shows
a bimodal molecular weight distribution. Besides the narrow
mode of the linear-hyperbranched block copolymer a second,
broad distribution mode can be observed at lower molecular
weight. The undesired broad low molecular weight fraction with
a polydispersity M/M, exceeding 2 corresponds to homopo-
lymerization of AB,-monomers via a conventional step-growth
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------ 6 crude mixture
6 after column

TiLC on Silica - PE as eiuent

S U Y B

PEO-PAGE PCS r r . r r r r

crude
PEO.PES 18 20 22 24 26 28 30

elution volume / mL

Figure 1. Left: thin layer chromatography of (a) linear precursor (PEO-
PAGE), (b) crude reaction mixture (crude PEO-PCS), and (c) homo
poly(carbosilane) (PCS). Right: size exclusion chromatogram in THF,
comparison between crude reaction mixture and linear-hyperbranched
polymer 6 after separation from homopolymer (PE = petroleum ether).

mechanism. This pathway generates low molecular weight
hyperbranched homopolymer, which is not attached to the
growing branched diblock structure, possibly due to cyclization
via reaction of the focal Si—H group with one of the allyl end
groups. In the case of MDUS this homopolymer fraction may
even possess similar molecular weight as the targeted block
copolymer. However, due to the different solubility character-
istics of both blocks, the nonattached hyperbranched polycar-
bosilane homopolymer can be conveniently separated from the
desired block copolymer by silica column chromatography, as
it is obvious from TLC experiments (Figure 1, right). In the
first step of the flash-chromatography, the undesired homo-
poly(carbosilane) is removed by elution with petroleum ether,
which is a nonsolvent for PEO, but an excellent solvent for the
apolar hyperbranched PCS (compare Figure 1, left). Subse-
quently the linear-hyperbranched block copolymer is eluted with
a mixture of chloroform: methanol (3:1). After fractionation, a
monomodal molecular weight distribution with narrow poly-

elution volume/ mL

—— copolymer after column
—— homopolymer

16 18 20 22 24 26 28
elution volume / mL

Figure 2. Top: SEC traces of linear precursor and linear-hyperbranched
block copolymers (samples 1—5) based on MDUS. Bottom: Comparison
of both fractions (homopolymer, diblock copolymer) after fractionation
by flash-chromatography.
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dispersity in SEC is obtained (Figure 1). Comparing both AB,-
monomers employed, MDAS shows a higher tendency for
homopolymerization due to faster reaction kinetics compared
to MDUS with the long alkyl chains that lower the rate of
cyclization. Table 1 summarizes the molecular weight data of
the block copolymers obtained by size exclusion chromatog-
raphy (SEC) combined with multiangle laser light scattering
(MALLS). Clearly, the amount of the AB,-carbosilane monomer
added depends on the targeted molecular weight of the hyper-
branched block.

B. Molecular Characterization of the Linear-Hyperbranched
Block Copolymers. For all linear-hyperbranched hybrid block
copolymers rather narrow molecular weight distributions have
been obtained in SEC (PDI in the range of 1.10—1.40, cf.
Figures 1 and 2). The block copolymers were analyzed with
SEC-RI and MALLS (multiangle laser light scattering) detec-
tion, revealing a large difference in apparent molecular weight
(compared to polystyrene standards) and absolute molecular
weight (determined via MALLS). Due to their rather globular
and compact structure, (hyper)branched polymers elute at higher
elution volumes, which leads to a decrease of the apparent
molecular weight in SEC*® (a comparative plot of both detector
signals can be found in the Supporting Information). Using light-
scattering, absolute molar masses obtained for the copolymers
are always significantly higher than the values determined via
SEC. This effect is particularly pronounced for copolymers with
MDUS-based carbosilane block (cf. entries 2—5 and 18—21 in
Tables 1 and 2).

Molecular masses of the diblock copolymers can reach high
values, when MDUS is used, while the molecular weight in
the case of MDAS as a monomer is rather limited, which may
be due to this monomer’s stronger tendency to both homopo-
lymerize (and cyclize), limiting the fraction of monomer
available for hypergrafting. Nevertheless, the maximum degree
of polymerization achieved for both monomers is similar
(90—100 units). A higher ratio of monomer:core results in an
increasing extent of homopolymerization, limiting the degree
of hypergrafting.

In order to demonstrate the possibility of further functional-
ization of the branched block, sample (10) was reacted with
dimethylphenylsilane in order to end-cap all terminal double
bonds of the PCS-block. As another modification of the reaction
conditions, a second diblock copolymer with a short PEO block
was used and reacted with MDAS (PEO,7-PAGE9, 11). Two
different molecular weights were targeted and narrow molecular
weight distributions were obtained (M, 5200, PDI 1.13 (12) or
M, 6800, PDI 1.32 (13)).

Generally, detailed SEC investigation revealed that slow
monomer addition in the current case offered no advantages
concerning the degree of hypergrafting compared to the more
convenient batch copolymerization of the AB, carbosilane
monomers. In the case of MDUS, we assume that this is in
part due to pronounced isomerization of the terminal double
bonds in the case of slow monomer addition to internal double
bonds, which are no longer reactive in a further hydrosilylation
polyaddition. This phenomenon becomes increasingly dominant,
when slow monomer addition is applied—usually over a period
of 24 h or more—because the reaction time of the catalyst with
the growing macro-core is considerably longer than in a bulk
reaction. The active catalyst will then cause undesired side
reactions, like double bond isomerization or coupling reactions.
If a large amount of monomer is present (like in the bulk
reaction) these side reactions still occur, but are less pronounced.

ABA-Type Linear-Hyperbranched Triblock Copolymers. The
synthesis of ABA-type hyperbranched-linear-hyperbranched
triblock copolymers was carried out using the linear ABA-
triblock copolymer PAGE,y-PEO36-PAGE;o (sample 17). 17

Macromolecules, Vol. 41, No. 24, 2008

was synthesized in complete analogy to the diblock copolymer,
however, a commercial dihydroxyfunctional PEO with a mo-
lecular weight of 6000 g/mol (DP, = 136) was used as
macroinitiator for the anionic ring-opening polymerization of
allyl glycidyl ether. The length of the PAGE-blocks targeted
was 10 repeating units on each side of the PEO-block. It is
reasonable to assume that each A-block of the macroinitiator
and the resulting ABA-triblock core possesses similar reactivity
and thus the proposed, symmetric triblock architecture is
achieved after hydrosilylation with the AB, monomers. The
hypergrafting reaction was carried out in the same manner as
for the diblock copolymer synthesis (vide supra). In contrast to
the AB-diblock copolymers, purification of the linear-hyper-
branched triblock copolymers via silica chromatography was
impeded by good solubility of the ABA structures in petroleum
ether. A fraction of the ABA structures appears to be trapped
in the PCS homopolymer and therefore is eluted together in
petroleum ether (as determined gravimetrically ca. 10—20%).
Still, the purified block copolymer fraction can be recovered
after solvent exchange with the more polar eluent (CHCIs/
MeOH). Data for ABA-structures are summarized in Table 2.
The slightly higher polydispersity in the case of 21 found via
MALLS may be explained by side reactions that may occur in
hydrosilylation reactions of long chain alkenylsilanes (e.g.,
coupling, cross-linking, etc.). Nevertheless, the coupled amount
can be seen to be negligible, as SEC characterization gave a
rather narrow molecular weight distribution.

Detailed NMR Characterization and Degree of Branching
DB. In general, the "TH NMR spectra of the linear-hyperbranched
block copolymers are rather complicated due to the complex
structure of the hypergrafted block. Nevertheless, detailed
information on the polymer structure can be extracted. Isomer-
ization of both kinds of double bonds both (a) at the backbone
and (b) in the periphery of the PCS block is observed (cf. Figure
3 and Supporting Information). However, in the case of MDAS
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Figure 3. Top: '"H NMR (CDCls) of (2). Bottom: silane region of proton
NMR of linear-hyperbranched diblock copolymers (2, 3, 4) evidencing
growth of the hyperbranched block.
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Figure 4. Silane region of the '"H NMR spectrum of linear-hyper-
branched diblock copolymer 7, showing different methylene signals
in the branched structure.

the different methylene signals close to O ppm can be analyzed
separately. The spectra permit detailed characterization of the
extent of reaction of the allyl groups of the core. Clearly for
MDUS incomplete reaction of the core functionalities is
observed. This is most probably due to steric reasons, i.e., not
every pendant allyl group in the core is accessible for the bulky
MDUS monomer after attachment of the first carbosilane
monomers. A conversion of approximately 30—40% of the
double bonds of the polymer core can be estimated from the
spectra.

In pronounced contrast, for MDAS all allyl groups along the
backbone can react with the AB,-monomer, but a stoichiometric
excess is necessary, since even at a composition of 1:1
(carbosilane: core-double bonds) a branched structure is obtained
and some of the core double bonds remain unreacted. A small
signal can be assigned at 6.00 ppm that is due to isomerized
core-vinyl ethers (compare Supporting Information).

Unfortunately, it is not possible to determine molecular
weights independently from "H NMR spectra because of strong
overlap of the resonances; the single methoxy end group of the
linear PEO segment cannot be discerned. Nevertheless, it can
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be directly recognized in the spectra that the molecular weight
of the hyperbranched block increases with increasing monomer:
core ratio, as the integral intensity of the PCS signal rises. This
corresponds to the previously discussed SEC and MALLS data,
keeping in mind that the PCS homopolymer has been removed
prior to characterization.

For the case of MDUS one can easily distinguish between
monomers that are directly attached to the backbone and
monomers that are attached in the periphery, when zooming
into the silane region of the 'H NMR or in the 2°Si NMR
spectrum (Figure 3, top, shows the 'TH NMR spectrum of sample
2 and right the enlarged region for samples 2, 3, and 4; the
corresponding 2°Si NMR data can be found in the Supporting
Information). In the 'H NMR spectrum the signal at higher field
(—0.09 ppm) is assigned to the Si—Me-groups in the periphery
of the hyperbranched polycarbosilane, while the signal at lower
field (—0.07 ppm) is assigned to the Si—Me-signal of monomers
directly linked to the polyglycerol core. In addition, the 2°Si
spectrum shows two different resonances at 3.5 and 2.9 ppm
for the two possible environments bound in the periphery or
directly to the core, respectively. The latter are still affected by
the electron withdrawing effect of the allyloxy group, thereby
shifting the signal to slightly lower field. As one can observe
two different signals even for a composition of 1:1 (double
bonds core vs carbosilane functionality), definite proof for a
hyperbranched structure and not a mere linear functionalization
of the PEO-PAGE block copolymer is obtained. This is also in
agreement with the underestimation of molecular weights in
SEC measurements as expected for hyperbranched materials.
When MDAS is used as a monomer one can distinguish all
methylene signals of the hyperbranched PCS structure (Figure
4, signal assignment was achieved by simulation using ACD
NMR Version 9 and estimation of the respective electron
densities at the protons).

From a theoretical point of view six different modes of
monomer incorporation are possible, resulting from reaction of
the core allyloxy units as well as from the hyperbranched
polycarbosilane structure. In the 2°Si NMR spectrum of the
polymers all different silicon environments within the branched
polymer structure lead to different chemical shifts, as shown in
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Figure 5. 2°Si NMR shifts for PEO,-(PAGE;p-hb-MDAS,)) in CDCl;. Different Si environments can be distinguished. (Signal assignment was made

in analogy to the literature.?®)
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Figure 6. >Si NMR spectra of polymers 12 (top) and 13 (bottom)
showing an increasing fraction of dendritic Si-centers in the hyper-
branched polycarbosilane upon increasing the amount of AB,-monomer
(for abbreviations cf. Figure 5).

Figure 5. Dendritic (D), terminal (T), and linear units (L) can
be assigned unambiguously both in the PCS-periphery or directly
linked to the PAGE-core. Additionally, different signals for
isomerized double bonds can be found at higher field.

Figure 6 shows a comparison of the polymers 12 and 13,
revealing an increasing amount of peripheral dendritic units and
a higher DB, which is clearly a consequence of an increasing
fraction of AB,-monomer attached. The 2°Si NMR shift at 1.0
ppm corresponds to these silicon centers (complete 2°Si NMR
spectrum including also the isomerized signals can be found in
the Supporting Information).?® The overall degrees of branching
of the hypergrafted block can be estimated from the 2°Si NMR
spectra and vary between 30 and 45%. For hyperbranched blocks
with elevated molecular weights (e.g., entries 8, 9, 24) these
values are very close to the theoretical maximum degree of
branching for the batch procedure (50% is predicted for AB,-
systems).'"?’

C. Thermal Properties and Solution Structures. Thermal
Behavior. The key questions to be addressed in this final section
are as follows: (i) How does the hyperbranched polycarbosilane
block influence crystallization of the PEO block? (ii) Does the
amphiphilicity of the materials in combination with the unusual
polymer architecture permit micellization in solution? (iii) Is
there a peculiar impact of the highly branched topology on
association in solution? It should be emphasized that, e.g., in
contrast to PEO-PAMAM block copolymers with PAMAM
dendrimer block presented by Hammond et al.,*® the hyper-
branched segment represents the majority phase, which is usually
not possible when dendrimers are involved in the synthesis that
possess commonly rather low molecular weight even in genera-
tion 4.

DSC measurements of all hybrid copolymers have been
performed (cf. Table 3). All materials showed glass transitions
(Ty) in the range of —77 to —69 °C, typical of the flexible
hyperbranched polycarbosilane block. In the case of block
copolymers with longer PEO segments (DP, = 113 and 136,
respectively) not only the 7, of the PCS block is observed, but
also a melting endotherm for the linear PEO block in the range
of 43 to 60 °C. Even for sample 4 with only 13wt% of PEO a
weak melting endotherm was observed, evidencing crystalline
PEO domains highly dispersed in the hyperbranched PCS
matrix. This evidence in general the expected phase-segregated
nature of the block copolymers in bulk and is in clear contrast
to the behavior of PEO-dend-polybenzylether block copolymers
studied by Fréchet et al.,'® which exhibit miscibility, if the
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Table 3. Thermal Characterization Obtained via Differential
Scanning Calorimetry (DSC) Data for the
Linear-Hyperbranched AB and ABA Block Copolymers with a
Crystalline Segment

T  Tw" AH® topology

1  PEO;;3—PAGE;) =74 59 69 I-AB

2 PEO;13-(PAGE3p-hb-MDUS3;) =71 58 51  hb-AB

3 PEO 13-(PAGE30-hb-MDUS 43) =71 57 36 hb-AB
4 PEO 13-(PAGE3p-hb-MDUSg7) =71 57 28 hb-AB

5 PEO] 13'(PAGE3()-hb-MDUS()1) =72 50 22 hb-AB

6  PEO,3-(PAGE;3)-hb-MDAS 3) =76 46 52 hb-AB

7  PEO,3-(PAGE;30-hb-MDAS39) =76 46 42 hb-AB

8  PEO,3-(PAGE;30-hb-MDASs)) =77 45 36  hb-AB

9  PEO,3-(PAGE;30-hb-MDASgs3) =76 43 30  hb-AB
17 PAGE,-PEO,3s—PAGE) —69 47 67 I-ABA
18 PEO;3-[(PAGE o-hb-MDUS)5], —74 52 50  hb-ABA
19 PEO,3¢-[(PAGE ¢-hb-MDUS)3s5]» =77 47 44 hb-ABA
20 PEOj36-[(PAGE p-hb-MDUS)40], =76 45 39  hb-ABA
21 PEO;36-[(PAGE p-hb-MDUS) 05l =77 41 23 hb-ABA
22 PEOj36-[(PAGE o-hb-MDAS) 5], —75 34 52 hb-ABA
23  PEO;36-[(PAGE o-hb-MDAS)4],  —72 30 44 hb-ABA
24  PEO3¢-[(PAGEp-hb-MDUS)35], =70 25 36  hb-ABA

“ Determined via DSC of a preheated sample at a heat rate of 5 K/min.
T, = glass transition temperature in °C (£ 1,5 °C). Ty, = melting point in
°C (£ 1,5 °C). AH = melting enthalpy in J/g; estimated error + 1.5 J/g.

perfect dendrimer block represents the majority phase. Interest-
ingly, for our materials the melting point of PEO is hardly
shifted to lower temperatures, even if the molecular weight of
the hyperbranched block increases drastically. This is tentatively
explained by the high stability of the crystalline domains of
PEO, even upon dilution of these domains in a majority phase
of amorphous, hyperbranched PCS.

The melting point of PEO is influenced systematically to a
stronger extent, when MDAS is used as branching monomer
(T, = 43—46 °C) than in the case of MDUS (50—58 °C,
compare Table 3). This different melting point depression of
the crystalline PEO-block must be related to thickness (and
stability) of the crystalline lamellae. Obviously, the presence
of the longer alkyl chains of the MDUS-units exerts a weaker
influence on the crystalline domains via the phase boundary
than the short propyl-units in the MDAS-structure. Hammond
and co-workers observed a similar depression of the melting
point of PEO upon attachment of perfectly branched PAMAM
dendrimers to the end group of PEO, which decreased with
dendrimer generation from G2 to G5.%8

The block copolymers with short PEO block (DP, = 17) do
not show crystallization, and only the glass transition temper-
ature of the PCS-block is detected. Unmodified PEO of this
molecular weight has a low melting point of ca. 25 °C.
Crystallization is obviously suppressed by the amorphous
hyperbranched segment, leading to miscibility.

Furthermore, the melting enthalpies AH of the crystalline
PEO-fraction have been measured and compared. The presence
of the linear, amorphous PAGE-block already impedes crystal-
lization of PEO, reducing the melting enthalpy. With increasing
molecular weight of the hyperbranched PCS block a further
gradual decrease of AH is observed, which stems from the
decreasing fraction of the linear PEO-component.

For the triblock copolymers the same general trend is
observed, resulting in even lower melting points (compare Table
3). Again, the series of block copolymers with the shorter
MDAS-segments and therefore higher branch point density
generally leads to lower melting points than the long undecenyl
chains in the MDUS series. Within the series of block
copolymers, an increase of the size of the hyperbranched block
led to a systematic decrease of the melting points for both
monomers.

A diagram showing the trends for both melting points and
melting enthalpies is given in Figure 7. When normalizing the
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Figure 7. Left: Decrease of the melting enthalpies (AH, estimated integration error £1.5 J/g) of PEO determined via DSC with increasing molecular
weight of the polymers for the series of AB-type diblock copolymers. Right: melting points of the diblock copolymers. (MDAS represents the block
copolymers based on methyl diallyl silane, while MDUS presents the series of block copolymers based on methyl diundecenyl silane.)

melting enthalpies to the actual weight fraction of PEO in the
samples, similar values AH, are obtained for all samples in the
respective series.

Systematically lower values for the melting enthalpies AH,
in the MDAS series in comparison to the MDUS series
(approximately 65 vs 100 kJ/g) point to a stronger disturbance
of the crystalline structure in this case. We tentatively explain
this by the stronger segregation in the MDUS-series with the
long alkyl chains that lead to a strongly apolar character and
high incompatibility with PEO.

It should be mentioned that the attachment of the highly stable
hyperbranched polycarbosilane block proved an increased
thermal stability for all block copolymers in TGA measurements
(see Supporting Information).

Aggregation Behavior in Solution. An intriguing issue in the
context of linear-dendritic block copolymers is the influence of
the branched topology on association in solution. In the series
of the linear-hyperbranched block copolymers prepared, the ratio
of linear and hyperbranched segment has been varied in a
systematic manner. Here we present the results of a preliminary
investigation of the aggregation of the linear-hyperbranched
amphiphilic block copolymers in solution. Structure formation
has been investigated using transition electron microscopy
(TEM). Two solvents with different polarity have been used
for the micellization process: (i) water as a good solvent for
PEO and (ii) diethyl ether as a precipitant for PEO, but as a
good solvent for the highly apolar, hyperbranched PCS block.

Only the polymers 2, 6, and 7 were readily soluble in aqueous
solution, surprisingly even with a rather large weight percentage
of the hydrophobic polycarbosilane block (e.g., sample 2 consists
of ca. 50 wt % PCS). In their study on perfect carbosilane
dendrimers with PEO block, Kim et al. reported water solubility
only for [G-1] (M, = 195 g mol~!, 19.3% PCS of copolymer)
and [G-2] (M, = 673 g mol™!, 45.2% PCS of copolymer),
however, using a low molecular weight PEO of molecular
weight of 815 g/mol.'* Additionally, these authors only reported
micellization in water, but no information on inverse micelle
formation in a good solvent for the dendritic block or peculiar
micelle shapes due to the dendrimer architecture was reported.

Preliminary experiments concerning solvent-induced associa-
tion of the amphiphilic linear-hyperbranched block copolymers
with a high content of hyperbranched segments have been
carried out via transmission electron microscopy (TEM) in water
(for 2,7, 8, and 18) as a solvent for the PEO block as well as
diethyl ether. These studies demonstrate a rich variety of
supramolecular aggregates, most probably governed both by
crystallization of the PEO-block as well as the spatial require-
ments of the isotropic hyperbranched PCS block. The polymers
with larger amount of PCS did not form stable solutions in
water, but usually precipitated within minutes. Therefore diethyl

Figure 8. Transition electron microscopy image of linear-hyperbranched
diblock copolymer sample 2 PEO,3-(PAGE;3p-hb-MDUS,,), obtained
from aqueous solution (drop casting and drying at 40 °C). Dark domains
are Si-rich and thus due to the hyperbranched polycarbosilane.

ether was chosen as a nonsolvent for PEO, but as a good solvent
for the PCS block. TEM images were taken with unstained
samples, relying on the contrast due to the silicon atoms and
the invisibility of PEO in TEM measurements. Thus, only the
silicon-containing domains of the samples are visible in the
images shown. As a consequence of the variation of the block
length ratio, the morphology of the aggregates also varied
drastically with increasing molecular weight of the hyper-
branched block (a preliminary overview of the morphologies
and tentative structural models are presented in the Supporting
Information).

Figure 8 shows both ordered and disordered lamellar struc-
tures that were obtained upon drying of an aqueous solution of
polymer 2 (concentration 1 g/L) with approximately 45 wt %
PCS. The structure was obtained after slow evaporation of water
at 40 °C overnight. The distance between the silicon-containing
dark lamellae is estimated to be 60—80 nm. The formation of
lamellar order is in line with expectation for the composition
of the block copolymers. The disorder of the lamellae may be
both due to structural polydispersity of the hyperbranched block
with its random branching pattern, but may also be related to
the simple drop-casting preparation applied. Undulated bulk
morphologies were also reported for the system poly(styrene)-
b-(poly(carbosilane)).''** When the same sample 2 is dissolved
in diethyl ether, rodlike micellar structures with short rod length
are observed (not shown). In this case the solution structure is
quenched due to fast evaporation of the solvent.
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Figure 9. Transition electron microscopy images of the linear hyper-
branched diblock copolymers. Top: drop cast sample 3 in diethyl ether.
Bottom: drop cast sample 4 in diethyl ether.

If the fraction of the hb-polycarbosilane block is further
increased (sample 3, 68 wt % PCS), the polymer becomes
insoluble in water. In diethyl ether, however, unusual rodlike
aggregates can be observed that vary in their dimensions. The
anisotropic aggregates tend to dimerize and may even aggregate
into small twisted structures, which are considerably longer than
those found for polymer 2 (approximately 400 nm for 3; Figure
9 left). The diameter of the rods is in the range of 20—25 nm.
We assume that both linear and twisted structures are in
equilibrium. However, further studies of the solution self-
assembly are in progress to confirm this.

Polymer 4 with approximately 80 wt % of PCS forms even
longer, nontwisted rods with a length up to 500 nm, which are
presumably held together by the crystalline PEO lamellae
(Figure 9, right). Interestingly, an enlargement of the TEM-
image of the micelles reveals a substructure with a silicon-rich
corona. This indicates that the rodlike structures consist of two
layers of polymer. Polymer 5 with the highest amount of PCS
(87 weight %) formed only spherical micelles under these
conditions.

Amphiphilic block copolymers synthesized with MDAS,
resulting in the shorter propyl chains, such as polymer 7, formed
rods in diethyl ether similar to those of polymer 2, but with a
lower length and thickness (Figure 10). On the other hand, the
same polymer forms spherical micelles in water. Finally,
aggregation of ABA-triblock copolymers has also been inves-
tigated. Only polymer 18 formed aggregates in the two solvents
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Figure 10. Transition electron microscopy images of the linear-
hyperbranched diblock copolymer sample 8 PEO,;-(PAGE;-hb-
MDAS:s)) in diethyl ether.

readily. Both for water and for diethyl ether spherical aggregates
were obtained.

Conclusions

We have demonstrated the first controlled synthesis of narrow
polydispersity linear-hyperbranched AB and ABA block co-
polymers with a hydrophilic and crystallizable linear PEO block
and a hydrophobic, hyperbranched block consisting of a
poly(carbosilane) structure with different alkyl spacer length.

The hypergrafting approach was applied to anionically
synthesized poly(ethylene oxide)-b-poly(allyl glycidyl ether) AB
and ABA-type precursor block-copolymers, using methyldiun-
dec-10-enylsilane (MDUS) or diallyl(methyl)silane (MDAS) as
the respective AB,-monomer for the hydrosilylation polyaddi-
tion. With this strategy it was possible to obtain a series of
different molecular weights of the hyperbranched block in a
facile one-pot hydrosilylation procedure. Due to the high
reactivity of the allyloxy groups of the poly(allyl glycidyl ether)
segment in hydrosilylation reactions, which permits rapid core-
functionalization, slow monomer addition'' was not necessary
and the synthesis was carried out as a simple batch copolym-
erization. With a convenient purification step the undesired
hyperbranched homo-PCS was removed from the linear-
hyperbranched block copolymer, relying on flash-chromatog-
raphy. Pure block copolymers with a well defined, linear,
crystalline, water-soluble PEO block and a highly flexible,
hydrophobic, hyperbranched polycarbosilane block were ob-
tained. The hyperbranched polycarbosilane block is structurally
similar to branched polyethylene linked by flexible carbosilane
bridges, possessing a low glass transition temperature. All
materials were analyzed using SEC/MALLS- and NMR-
methods with respect to molecular weights, polydispersities and
the extent of branching. Polydispersities of the block copolymers
were in the range of 1.10—1.47, and molecular weights were
between 8400 and 40100 g/mol. Furthermore, we have been
able to incorporate a homopolymer of allyl glycidyl ether into
the hyperbranched architecture with the same approach, yielding
statistically dendronized polymers of moderate polydispersity
(ca. 1.4).

The thermal properties of the block copolymers reflect strong
phase segregation between both blocks as well as enormous
stability of the crystalline PEO lamellae. Interestingly, even
materials with a large polycarbosilane block remained soluble
in water. Unusual rodlike aggregates of these amphiphilic block
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copolymers formed in solution could be visualized with transi-
tion electron microscopy both in water or diethyl ether as
solvents for the respective segments.

The nonlinear PEO-PCS block copolymers prepared in this
convenient one-pot reaction in 2 steps will broaden the
knowledge on linear-hyperbranched systems in general, but also
bear promise for a variety of surface and interface applications,
since the hyperbranched block can conveniently be function-
alized with monofunctional silanes, opening multiple possibili-
ties for attachment of the structures to surfaces or nanoparticles.
Cross-linking of the poly(carbosilane) block may result in
interesting hydro- and organogels.
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