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In 1960, the term “telechelic”, originating from the Greek
words “tele” (far, distant) and “chele” (crab claw), was first
introduced into polymer science, defining oligomers or
polymers possessing reactive groups at both chain ends,
which can be used as cross-linking agents or a chain exten-
ders.1 When there is only one reactive group at the end of a
linear polymer chain, such end-functional polymers have
been named “mono-telechelic” or “semi-telechelic”.2,3 How-
ever, since the inset “tele” is meaningless in such a structure,
we prefer to name these end-functional polymers “mono-
chelic”. Nowadays, with the great progress in polymer
synthesis, polymers with all kinds of special groups at the
end of the polymer chain are called “telechelic polymers”.
These special groups can be reactive or unreactive and orga-
nic or inorganic, and the topological structures of telechelic
polymers could be linear, star, randomly branched, comb-
shaped, etc.4-8

Polyhedral oligomeric silsesquioxanes (POSS) have attrac-
ted a great deal of attention in materials fields because of
their unique nanoscale cage-shaped structure and a good
solubility.9-13 POSS can be easily incorporated into poly-
meric matrices to prepare novel polymer hybrids with pro-
mising properties such as thermal and flammability
resistance or special surface properties.14-29 In the past,
POSS-containing polymer hybrids have been mostly pre-
pared by conventional chemical copolymerization, cross-
linking, or physical blending, which is difficult to afford
hybrids with a well-defined topological structure. Recently,
with the new living/controlled polymerization techniques
emerging in polymer science, many novel POSS-containing
hybrid polymers with well-defined topological structure
have been prepared. For example, star-shaped block copoly-
mers containing a POSS core were synthesized via atom
transfer radical polymerization (ATRP).30,31Nowadays,much
interest has also focused on the preparation of telechelic
POSS-containing polymer hybrids. Ditelechelic and mono-
chelic POSS-containing hybrid polymers were prepared by
urethane formation between R,ω-hydroxyl-functional poly-
mers and isocyanate-monofunctional POSS molecules.32,33

Monochelic (“tadpole-shaped”) POSS-containing polymer
hybrids were also synthesized using controlled/living radical
polymerization techniques, such as ATRP and reversible
addition-fragmentation chain transfer (RAFT) polymeriza-
tion. Fukuda et al. developed an efficient method to modify
the monofunctional POSS molecule as ATRP initiators

which were successfully used to produce well-defined, mono-
chelic POSS-containing hybrid polymers.34,35 Recently, we
prepared a series of monochelic POSS-containing hybrid
homopolymers and block copolymers using a POSS-mod-
ified chain transfer agent via RAFT polymerization, and the
self-assembly of these polymer hybrids was also studied.36,37

Recently, the Cu(I)-catalyzed 1,3-dipolar cycloaddition
of azides and alkynes named “click chemistry” has emerged
as an attractive and promising tool to construct novel
polymers with well-defined architectures, since it can be
performed with a good tolerance of functional groups
and at mild reaction conditions such as room temperature
and in aqueous solution.38-40 When “click chemistry” is
combined with living/controlled radical polymerization
techniques, it becomes an even more powerful tool in mate-
rials science.41-49 “Click chemistry” was also used to con-
struct POSS-containing polymer hybrids.50,51 For example,
Liu et al. used octa-azido-modified POSS as the core of star-
shaped polymers.52

In this contribution, “click chemistry” is applied in the
preparation of telechelic POSS-containing polymer hybrids
by combining with ATRP. Monochelic and telechelic bromo-
terminated polystyrenes were prepared by ATRP using
mono-, di-, and pentafunctional initiators. Subsequently,
the bromine end-groups were substituted by azide groups
to generate azido-terminated polymers. Finally, “click”
reactions were performed between azido-terminated poly-
styrenes and alkyne-functionalized POSS to produce mono-
chelic, di- and penta-telechelic POSS-containing hybrid poly-
styrenes. This provides a simple and versatile strategy to
prepare monochelic and telechelic POSS-containing poly-
mer hybrids.

Results and Discussion. We first prepared alkyne-functio-
nalized POSS (alkyne-POSS), which was further used in
modifying the end-groups of various polystyrenes to afford
telechelic POSS-containing hybrid polystyrenes via “click
chemistry”. In the preparation of alkyne-POSS (Scheme 1),
we did not choose the commercially available propargylic
acid as the precursor, but 3-propargylcarbonylpropionic
acid (PCPA), since PCPA can effectively increase the pola-
rity of alkyne-POSS. In our past work on POSS-containing
hybrids a major problem we encountered is the removal of
unreacted POSS. Sometimes, the precipitation is ineffective
because due to its molecular weight of about 1000, the
unreacted POSS coprecipitates with the product. Here
PCPAwas used to modify aminopropylheptaisobutyl-POSS
to produce alkyne-POSS, which effectively enhances the
solubility, being dissolved in polar to nonpolar solvents,
such as n-hexane and DMF.

The FTIR spectra of PCPA and 3-propargylcarbonylpro-
pionic chloride (PCPCl) are shown in the Supporting
Information (Figure S1). Comparing the spectra of PCPCl
and PCPA, it can be seen that the broad band from 2225 to
3251 cm-1 disappears in the spectrum of PCPCl, and a new
band appears at 1785 cm-1, which is assigned to the stretch-
ing vibration of carbonyl chloride. Moreover, the peak at
3291 cm-1, ascribed to the stretching vibration of the alkyne
group, is almost unchanged. This indicates that PCPA was
successfully synthesized and transformed into PCPCl, which
is also confirmed by 1HNMR (Figure S2). The signals at δ=
2.50 (a), 2.72 (c, d), and 4.73 ppm (b) are respectively*Corresponding author. E-mail: Axel.mueller@uni-bayreuth.de.
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assigned to the methine proton (-OCH2CCH) and methy-
leneprotonsofPCPA(-OCO(CH2)2COOHand-OCH2CCH).
Compared to the 1H NMR of PCPA, the overlapping signal
at 2.72 ppm was detached into two independent signals
at 2.72 and 3.23 ppm in the 1H NMR of PCPCl; moreover,
the integral area of these two signals are well equal, which
confirms that PCPA is successfully transformed into PCPCl.

Alkyne-POSS was prepared by amide formation between
aminoheptaisobutyl-POSS and freshly prepared PCPCl. The
resulting product was easily purified by precipitating the
reaction solution into amixture ofwater/methanol (v/v, 1/4).
The 1H NMR spectrum of alkyne-POSS is shown in Figure 1.
The signals at δ=4.71 (i), 2.75 (g), and 2.50 ppm (h, j) are
respectively assigned to the resonance of the methylene
protons (-COOCH2CCH, -NHCOCH2CH2COO-, -NH-
COCH2CH2COO-) andmethine proton (-COOCH2CCH)
originating from PCPA. The signals at δ = 0.98 ppm (a),
1.87 ppm (b), 0.62 ppm (c, d), 1.61 ppm (e), and 3.26 ppm
(f) are respectively assigned to the methyl, methine, and
methylene protons originating from POSS. Moreover, the
integration area ratio of the peaks a:b:(cþ d):e:f:g:(hþ j):i is
almost equal to 42:7:16:2:2:2:3:2, indicating that alkyne-
POSS has a higher purity. In addition, compared to the FTIR
spectrum of POSS-NH2, a new band appears at 3293 cm-1 in
the spectrum of alkyne-POSS (Figure S3), which is assigned
to the stretching vibration of the alkyne group. The bands at
1743, 1645, and 1554 cm-1 are due to the formation of amide
group. Based on the results of 1H NMR and FTIR, alkyne-
POSS with high purity was successfully prepared. The solu-
bility of alkyne-POSS was also studied, and we found it not
only dissolves in nonpolar solvents, such as n-hexane, but
also in strongly polar solvents, such as DMF and methanol.

The synthetic strategies for monochelic, di- and penta-
telechelic POSS-containing hybrid polymers are shown in
Scheme 2. They consist of three steps. Polystyrenes with
different numbers of bromo-terminal initiating groups were
synthesized using their corresponding ATRP initiators. Sub-
sequently, the bromine groups were transformed into azide
groupsusing sodiumazide inDMFvianucleophilic substitution.

Finally, the click coupling occurs between the azido-terminated
polystyrenes and alkyne-POSS to afford mono-, di-, and
pentafunctional POSS-containing hybrid polystyrenes.

Here, the preparation method of the ditelechelic POSS-
containing hybrid polystyrene (PS-POSS2), as a representa-
tive, is detailed. Dibromo-terminated polystyrene was syn-
thesized by ATRP using diethyl 2,6-dibromoheptanedioate
as initiator and CuBr/PMDETA as the catalyst. The poly-
merization was conducted in toluene at 70 �C, and small
samples (about 0.1 mL) were taken from the reaction flask at
intervals to check the conversion, which was measured by
1H NMR by comparing the peaks of the vinyl protons at
5.79 ppm and those of aromatic protons at 7.33 ppm. To
avoid the coupling reaction between two polystyrene chains,
the polymerization was quenched at low conversion of
styrene, and the dibromo-terminated polystyrene (PS-Br2)
with a low polydispersity was obtained. The molecular
weights and polydispersity indices (PDI) of all polymers
are listed in Table 1, and the symmetrical GPC curve is shown
in Figure 2. Figure 3a shows the 1H NMR of PS-Br2. The
signals in the range from 1.16 to 2.15 ppm and from 6.31 to
7.45 ppmare respectively assigned to the protons of the chain
backbone and the phenyl rings of polystyrene. The proton
signal of the methine neighboring to the terminal bromine is
still discerned at about 4.43 ppm due to the low molecular
weight of polystyrene.

The terminal bromine atoms of PS-Br2 were easily trans-
formed into azide groups to produce diazido-polystyrene,
PS-(N3)2, via nucleophilic substitution. The reaction was per-
formed in DMF at room temperature. The typical 1HNMRof
PS-(N3)2 is shown in Figure 3b, it can be seen that the signal at
4.43 ppm has completely disappeared, and a new signal peak
appears at about 3.95 ppm, which is ascribed to the methine
adjacent to the terminal azide group of PS-(N3)2. Unfortu-
nately, this proton signal is not clearly separated, since it partly
overlaps with the signals of the methylene protons derived
from the ATRP initiator. In addition, FT-IR was also used
to characterize the terminal azido group. Compared to the
FT-IR spectrum of PS-Br2, an obvious peak at 2092 cm-1

appears in the spectrum of PS-(N3)2, which is assigned to the
stretching vibration of terminal azido groups. On the basis of
NMR and FT-IR, the nucleophilic substitution was effectively
conducted, and the terminal bromo groups were completely
transformed into azido groups.

The click cycloaddition of between PS-(N3)2 and alkyne-
POSS was carried out at 80 �C for 24 h using CuBr/PMDETA

Scheme 1. Synthesis of 3-Propargylcarbonyl-N-(3-(heptaisobutyl
polyhedral oligomeric silsesquioxane) propyl)propanamide

(Alkyne-POSS)

Figure 1. 1H NMR of alkyne-POSS.
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as catalyst and DMF as solvent. To complete the coupling
reaction, the initial molar ratio of alkyne-POSS to PS-(N3)2
was 2/1. The unreacted excess alkyne-POSS is removed by
precipitating the polymer into n-hexane to obtain ditelechelic
POSS-containing polystyrene, PS-POSS2. The

1H NMR of
PS-POSS2 is shown in Figure 3c. Except for the proton
signals of the styrene units in the range from 1.16 to 2.15
ppm and from 6.31 to 7.45 ppm, the signals at δ=0.97 and
0.62 ppm are respectively assigned to the methyl protons
(-Si-CH2CH(CH3)2) and methylene protons (-Si-CH2-
CH(CH3)2 and-Si-CH2CH2CH2-NH-) originating from
alkyne-POSS. Moreover, the signals at δ=5.55 (g) and 5.08
(f) ppm are respectively assigned to the methine proton
and the methylene protons adjacent to the triazole ring,
which indicates the triazole formation. Moreover, the ratio
of POSS to PS estimated using the integration area ratio of
the methylene protons of POSS (c, d) and of the styryl
protons of PS (m) is 1.87, which is close to the theoretical

value of 2. FT-IR also confirmed that POSS-PS2 was suc-
cessfully prepared. Compared to the FT-IR spectrum of
PS-(N3)2, the band at 2092 cm-1 of the azide stretching
vibration has completely disappeared, and a new band
appears at 1107 cm-1 in the spectrum of PS-POSS2, which
is assigned to the stretching vibration of Si-O-Si. From the
GPC traces of PS-POSS2 (Figure 2), we can find the curve of
PS-POSS2 obviously shifts to lower elution volumes, indicat-
ing that PS-POSS2 has a highermolecular weight.Moreover,
the GPC trace of PS-POSS2 is perfectly symmetric without a
shoulder on its right side. This suggests that click coupling is
complete.

The preparation procedure of monochelic POSS-containing
hybrid polystyrene (PS-POSS) is similar to that of ditelechelic

Scheme 2. Synthesis of POSS-Functional Polystyrenes by Combination of ATRP and “Click Chemistry”

Table 1. GPC Characterization of Mono-, Di-, and Pentafunctional
Polystyrenes before and after Click Reaction

103Mn,th 103Mn,GPC
c Mw/Mn

c

PS-Br 5.25a 5.43 1.25
PS-POSS 6.26b 6.94 1.10
PS-Br2 4.52a 4.50 1.14
PS-(POSS)2 6.54b 7.49 1.22
Glu-PS-Br5 12.1a 10.7 1.10
Glu-PS-(POSS)5 17.2b 17.1 1.21

aMn,th = [M]0x/[I]0 � Mstyrene þ Minitiator, where x is the monomer
conversion. bEstimated as Mn,th = Mn,th(PS-Brn) þ n � Malkyne-POSS,
where m is 1, 2 and 5, respectively. cMeasured by GPC calibrated with
linear PS standards.

Figure 2. Evolution of GPC chromatograms for PS-Br2 and PS-POSS2.
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PS-POSS2. The monobromo-terminated polystyrene (PS-
Br) was prepared using ethyl 2-bromoisobutyrate (EBiB)
as initiator. The synthetic steps were characterized by FT-IR
and 1H NMR, which are respectively shown in Figures S4
and S5. In the spectrum of PS-POSS, it is also seen that the
stretching vibration peak of the azido group at 2092 cm-1

has disappeared, and a new peak at 1107 cm-1 appears,
corresponding to the stretching vibration of Si-O-Si. In the
1HNMR spectrum of PS-POSS, the signals of the character-
istic protons derived from POSS are shown at δ=0.98 and
0.62 ppm. The proton signals at δ=5.55 and 5.08 ppm are
respectively assigned to the methylene protons adjacent to
the triazole ring, which also can be clearly discerned. GPC
shows that PS-POSS has a higher molecular weight com-
pared to PS-Br (Figure S6). All of results confirm that
monochelic PS-POSS was also successfully prepared.

The star-shaped, penta-telechelic POSS-containing hybrid
polystyrene, PS-POSS5, was prepared by click reaction be-
tween alkyne-POSS and penta-azido-terminated polystyrene,
PS-(N3)5. The latter was synthesized from pentabromo-
terminated (PS-Br5), which was prepared using a penta-
bromofunctionalized ATRP initiator derived from glucose.53

The formation of the triazole ring was also confirmed by
FT-IR and 1H NMR, which are respectively displayed in
Figures S7 and S8. In the preparation of PS-Br5, star-star
coupling can occur much more easily. We found that cross-
linking occurs in this system at conversions above 12%.
Thus, polymerization was quenched at relatively low con-
version. But even at a conversion as low as 4.2%, we still can
find a small shoulder toward lower elution volumes in the
GPC curve of PS-Br5 in Figure S9. After click coupling, this
shoulder became more significant. This might stem from
further coupling of the PS stars, although a mechanisms for
such a coupling reaction is difficult to conceive. We could
also consider the formation of aggregates of two or more
hybrid molecules in THF, but this not very probable, given
the good solubility of both polystyrene and heptaisobutyl-
POSS.

In summary, alkyne-POSS with good solubility was suc-
cessfully synthesized using aminopropylheptaisobutyl poly-
hedral oligomeric silsesquioxane (POSS). Mono-, di-, and
penta-telechelic POSS-containing polystyrenes were respec-
tively prepared by the combination of ATRP and “click
chemistry”. The properties and morphologies of these hy-
brids are under investigation. Here, we provide a simple and
versatile method to prepare telechelic POSS-containing hybrid
polymers.
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