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ABSTRACT: In this contribution, we reported the synthesis of a
series of POSS-terminated polycyclooctadiene (PCOD) tele-
chelics via ring-opening metathesis polymerization (ROMP)
approach. Toward this end, 1,4-diPOSS-but-2-ene was synthe-
sized via copper-catalyzed Huisgen cycloaddition reaction (i.e.,
click chemistry); it was then used as a chain transfer agent
(CTA) for the ROMP of cyclooctadiene. The ROMP was carried
out with Grubbs second generation catalyst and the POSS-
terminated PCOD telechelics with variable lengths of PCOD
were obtained by controlling the molar ratios of CTA to cyclo-
octadiene. All the POSS-terminated PCOD telechelics in bulks

INTRODUCTION Polyhedral oligomeric silsesquioxanes (POSS)
are a class of important building blocks for the preparation of
organic—inorganic hybrid materials.'™ It is realized that
POSS-containing polymers can display some excellent compre-
hensive properties through the synergism of the inorganic and
organic components. Generally, POSS are incorporated into
organic polymers via chemical approaches. The formation of
chemical linkages between POSS and organic polymers are
critical to suppress the macroscopic phase separation of POSS
in organic matrices. Depending on the number of reactive or
polymerizable groups in POSS macromers, various chemical
approaches such as reactive grafting, copolymerization and
macromolecular reaction can be employed to introduce POSS
cages into organic polymers. For instance, monofunctional
POSS macromers can be either grafted onto polymer chains by
radical copolymerization (or reactive grafting).4‘5 Difunctional
POSS macromers can be incorporated into main chains of poly-
mers to form the linear organic—inorganic polymers.®” Multi-
functional POSS macromers can be used as the nanosized
crosslinking agents of the hybrid networks or cores of star-like
polymers.®?

POSS-terminated telechelics polymers represent a class of inter-
esting architectures which contain associating “sticker” groups
at the ends of polymer chains and thus display some specific
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were microphase-separated; the morphologies were quite
dependent on the lengths of PCOD midchains. The POSS end
groups can promote the crystallization of PCOD chains at room
temperature, which was in marked contrast to the case of plain
PCOD. Compared to the plain PCOD, the POSS-terminated
PCOD telechelics displayed improved thermal stability and
surface hydrophobicity. © 2016 Wiley Periodicals, Inc. J. Polym.
Sci., Part A: Polym. Chem. 2017, 55, 223-233
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topologies and self-assembly behavior.'°~'* Mather et al.>** first
reported the synthesis of heptacyclohexyl POSS-terminated
poly(ethylene glycol) (PEG) telechelics via the reaction of iso-
cyanatopropyl dimethylsilycyclohexyl-POSS and PEG. It was
found that the POSS cages at the ends of chains altered the ther-
momechanical properties of poly(ethylene oxide). More impor-
tantly, the POSS-terminated PEG telechelics displayed the
rheological behavior of physically crosslinked networks. Zeng
et al.® utilized copper-catalyzed Huisgen cycloaddition reaction
(i.e, click chemistry) between 3-azidopropylhepta (3,3,3-
trifluoropropyl) POSS and dialkyne-terminated PEG to obtain
POSS-terminated PEG telechelics. Owing to the POSS-POSS
interactions, the organic—inorganic PEO telechelics were capa-
ble of forming a physically-crosslinked network, which was
interpenetrated with poly(N-vinylpropylacryamide) (PNIPAAm)
hydrogels. As a consequence, the swelling ratio and thermores-
ponsive properties of the modified PNIPAAm hydrogels were
significantly improved. Recently, Zhang and Mueller reported
the synthesis of POSS-terminated polystyrene (PS) telechelics
via the combination of atom transfer radical polymerization and
copper-catalyzed Huisgen cycloaddition reaction. They first syn-
thesized bromine-terminated PS homopolymers, the end bro-
mine atoms of which were then substituted with azido groups
and then the azido-terminated PS was allowed to react with the
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POSS macromer bearing single alkynyl group.'® More recently,
Wang et al.'” explored an end-group-first approach to synthe-
size POSS-terminated poly(N-isopropylacrylamide) (PNIPAAm)
telechelics. In this approach, a diPOSS-trithiocarbonate was syn-
thesized and then used as a chain transfer agent (CTA) for the
reversible addition-fragmentation chain transfer (RAFT) poly-
merization of NIPAAm monomer. This strategy was in marked
contrast to the previous approaches that the ends of existing
polymer chains were postcapped with POSS cages. By control-
ling the molar ratio of CTA and NIPAAm monomer, the POSS-
terminated PNIPAAm telechelics with different lengths of PNI-
PAAm chains were obtained; the physical hydrogels resulting
from the POSS-terminated PNIPAAm telechelics displayed
improved thermoresponsive properties.

Ring-opening metathesis polymerization (ROMP) is a class of
important living polymerization technique, which possesses
high efficiency; the Grubbs’ catalyst has excellent tolerance
of functional groups.'®%? Depending on the design of chain
transfer agent (CTA) together with the uses of a variety of
monomers, ROMP can be used to synthesize the polymers
with desired macromolecular architectures.?*® To the best
of our knowledge, nonetheless, the synthesis of POSS-
terminated telechelic polymers via ROMP approach has not
been reported. In this work, we explored to synthesize
POSS-terminated polycyclooctadiene (PCOD) telechelics via
ROMP approach. Toward this end, 1,4-diPOSS-but-2-ene was
first synthesized via copper-catalyzed Huisgen cycloaddition
reaction (i.e., click chemistry); it was then used as a chain
transfer agent (CTA) for the ROMP of cyclooctadiene. The
ROMP was performed with Grubbs second generation cata-
lyst and POSS-terminated PCOD telechelics with variable
lengths of PCOD were obtained by controlling the molar
ratios of CTA to cyclooctadiene. The morphologies and ther-
mal properties of the POSS-terminated PCOD telechelics
were addressed on the basis of transmission electron micros-
copy (TEM), differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The surface properties
were investigated by the static contact angle measurements.

EXPERIMENTAL

Materials

Phenyltrimethoxysilane [C¢HsSi(OMe)3] was purchased from Zhe-
jlang Chemical Technology, China. 3-Bromopropyltrichlorosilane,
Grubbs second generation catalyst and sodium hydride (NaH)
were purchased from Aldrich, Shanghai, China and used as
received. Propargyl bromide, 1,5-cyclooctadiene (COD), cis-2-
butene-1,4-diol, sodium azide (NaN3) and sodium hydroxide
(NaOH) were purchased from TCI Shanghai, China. Before use,
COD and cis—2-butene-1,4-diol were distilled over calcium
hydride (CaH;) under reduced pressure. An alkynyl-capped poly
(ethylene oxide) was synthesized via the reaction of poly(ethylene
oxide) monomethyl ether (M,, = 2000 Da) with propargyl bro-
mide in the presence of sodium hydride (NaH). All the organic sol-
vents used in this work were obtained from Shanghai Reagent,
China. Before use, chloroform and tetrahydrofuran (THF) were
refluxed over sodium and then distilled.
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Synthesis of 3-Bromopropylheptaphenyl POSS
3-Bromopropylheptaphenyl POSS was synthesized by following
the method of literature reported by Fukuda et al.*” with slight
modification. First, phenyltrimethoxysilane [CsHsSi(OMe)s]
(32.020 g, 161.8 mmol), THF (195 mL), deionized water
(3.760 g, 200.8 mmol) and sodium hydroxide (2.780 g,
69.5 mmol) were charged to a flask equipped with a magnetic
stirrer and a condenser. After refluxed for 5 h, the system was
cooled down to room temperature and then the reaction was
performed for additional 20 h. All the solvents were removed
via rotary evaporation to obtain the white solids. After dried at
40 °C in vacuo for 24 h, Na30,Si;(C¢Hs),; (32.260 g) was
obtained with the yield of 98.5%. Second, the as-received
Naz04,Si,(C¢Hs)7 was reacted with bromopropyltrichlorosilane
to obtain 3-bromopropylheptaphenyl POSS via silylation reac-
tion. Typically, Na3z01,Si7(CgHs) (20.000 g, 21.1 mmol), triethyl-
amine (2.93 mL, 21.1 mmol) and anhydrous THF (300 mL)
were charged to a flask with vigorous stirring. Thereafter,
3-bromopropyltrichlorosilane (7.680 g, 25 mmol) was dropwise
added at 0 °C. This reaction was carried out at 0 °C for 2 h and
at room temperature for additional 24 h. Thereafter, the insolu-
ble solids were filtered out and the reacted mixture was concen-
trated via rotary evaporation. The mixture was then dropped
into a great amount of methanol to afford the precipitates. This
dissolution-precipitation procedure was repeated three times
to obtain the white solids. After dried in a vacuum oven at 30 °C
for 24 h, 3-bromopropylheptaphenyl POSS (14.170 g) was
obtained with the yield of 62.3%. "H NMR (CDCls, ppm): 0.96
(m, 2H, Si—CH,—CH,—CH,—Br), 2.08 (m, 2H, Si—CH,—CH,—
CH,—Br), 342 (m, 2H, Si—CH,—CH,—CH,—Br), 7.30-7.55,
7.70-7.87 (m, 35H, CeHs). 2°Si NMR (CDCls, ppm): —65.37,
—77.76, —78.15.

Synthesis of 3-Azidopropylheptaphenyl POSS
3-Azidopropylheptaphenyl POSS was synthesized via the sub-
stitution reaction of 3-bromopropylheptaphenyl POSS with
sodium azide (NaN3). Typically, 3-bromopropylheptaphenyl
POSS (3.000 g, 2.78 mmol) was added into a flask containing
a magnetic stirrer. Thereafter, the mixture of THF (20 mL)
with DMF (20 mL) and NaN3 (0.190 g, 3.21 mmol) were
added to the flask.This reaction was performed at room tem-
perature for 24 h; the reacted mixture was concentrated and
then dropped into a great amount of methanol to afford the
precipitates. The precipitates were dried at 40 °C in a vacu-
um oven for 24 h and the product (2.320 g) was obtained
with the yield of 78.1%. 'H NMR (CDCl;, ppm): 0.95 (t, 2H,
Si—CH,—CH,—CH,—N3), 1.83 (m, 2H, Si—CH,—CH;—CH,—
Ns), 3.24 (t, 2H, Si—CH,—CH,—CH,—N3) and 7.29-7.54,
7.72-7.85 (m, 35H, C¢Hs).

Synthesis of 1,4-Bis(Prop-2-Ynyloxy)but-2-Ene

To a flask sodium hydride (4.800 g, 0.2 mol) and anhydrous
THF (150 mL) were charged and then the solution of
2-butene-1,4-diol (2.200 g, 25 mmol) dissolved in 50 mL of
anhydrous THF was slowly dropped into the flask at 0 °C.
This reaction was performed at room temperature for 3 h
and then propargyl bromide (8.900 g, 75 mmol) dissolved in
15 mL of anhydrous THF was dropwise added. The reaction
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was carried out at room temperature for additional 24 h.
The insoluble solids were removed via filtration and the sol-
vent was removed via rotary evaporation. The product was
purified by passing through a silica gel column with the mix-
ture of ethyl acetate and petroleum ether (1:5 vol) as the
eluent. The product (9.580 g) was obtained with a yield of
91.5%. 'H NMR (ppm, CDCly): 2.41 (t 2H, HC=CCH,),
4.01 (m, 4H, CHCH,0CH,), 4.09 (d, 4H, HC=CCH,), 5.70, 577
(d, CH,CH=CHCH,).

Synthesis of 1,4-DiPOSS-but-2-Ene

1,4-DiPOSS-but-2-ene (denoted POSS-CTA) was synthesized by
the copper-catalyzed Huisgen cycloaddition reaction (i.e, click
chemistry) between 3-azidopropylheptaphenyl POSS and 1,4-bis
(prop-2-ynyloxy)but-2-ene. Typically, 3-azidopropylheptaphenyl
POSS (2410 g 2.5 mmol), 1,4-bis(prop-2-ynyloxy) but-2-ene
(0.164 g, 1 mmol) and tetrahydrofuran (30 mL) were charged to a
flask equipped with a magnetic stirrer. The system was purged
with highly pure nitrogen for 45 min and then Cu(I)Br (4.0 mg)
and PMDETA (10.2 uL) were added. The reaction was carried out
at room temperature for 24 h. Thereafter; an alkynyl-capped
poly(ethylene oxide) monomethyl ether (M,, = 2000 Da) (1.500 g,
0.75 mmol with respect of alkynyl group) was added to the flask
with vigorous stirring. The reaction was carried out for additional
24 h. The reacted mixture was dropwise added to 200 mL of
deionized water with vigorous stirring. At room temperature, the
system was maintained with vigorous stirring for 2 h. After stand-
ing for 30 min, the insoluble portion was isolated. After drying in
vacuo at room temperature for 12 h, the product (2.120 g) was
obtained with the yield of 76%. 'H NMR (ppm, CDCl;): 0.83
(m, 4H, SiCH,CH,CH,-trizole), 1.28 (m, 4H, SiCH,CH,CH,-triazole),
4.01 (m, 4H, CHCH,0CHy), 4.09 (d, 4H, HC=CCH>), 4.27 (m, 4H,
SiCH,CH,CH,-trizole), 4.53 (d, 4H, triazole—CH,—0), 5.85 (m, 2H,
CH,CH=CHCHy), 7.31-7.81 (m, 70 H, protons of aromatic ring of
POSS).

Synthesis of POSS-Terminated PCOD Telechelics

By using Grubbs second catalyst, the ring-opening metathesis
polymerization (ROMP) of cyclooctadiene (COD) was per-
formed to afford the POSS-terminated PCOD telechelics. Typi-
cally, to a predried flask POSS-CTA (0.054 g, 0.022 mmol)
and anhydrous chloroform (10 mL) were charged and the
solution was purged with nitrogen for 30 min. Thereafter,
Grubbs second generation catalyst (2.2 mg, 2.6 mmol) dis-
solved in 1.0 mL of chloroform was added. The flask was
immersed in a thermostated bath at 40 °C and then COD
(0.300 g, 2.78 mmol) was added. The polymerization was
performed at 40 °C for 10 h with vigorous stirring. The poly-
merization was terminated by adding the mixture of metha-
nol (50 mL) with 1.0M hydrochloric acid (8 mL). The
solution was concentrated via rotary evaporation and then
precipitated in methanol. After dried in vacuum at 30 °C for
24 h, the resulting product (0.340 g) was obtained with the
yield of 96.0%. 'H NMR (ppm, CDCl3): 0.83 (m, 4H,
SiCH,CH,CH,—trizole), 1.28 (m, 4H, SiCH,CH,CH,-triazole),
2.06 (d, 992H, CH,CH=CHCH,CH,CH=CHCH,), 4.01 (m, 4H,
CHCH,0CH;), 4.09 (d 4H, HC=CCH;), 427 (m, 4H,
SiCH,CH,CH,—trizole), 4.53 (d, 4H, triazole—CH,—0), 5.39
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(d, 496H, CH,CH=CHCH,CH,CH=CHCH,), 5.85 (m, 2H,
OCH,CH=CHCH;0), 7.31-7.81 (m, 70 H, protons of aromatic
ring of POSS). GPC: M,, = 18,300 Da with M,,/M,, = 1.62.

Measurements and Techniques

Nuclear Magnetic Resonance (NMR) Spectroscopy

The *H NMR measurement was performed on an Avance III
HD 400 MHz NMR spectrometer (Bruker BioSpin, Germany)
at room temperature. Deuterium chloroform (CDCl3) was used
as the solvent with tetramethylsilane (TMS) as an internal
reference.

Gel Permeation Chromatography (GPC)

The molecular weights and molecular weight distribution
were determined on a Waters 717 Plus autosampler gel per-
meation chromatography apparatus equipped with Waters
RH columns and a Dawn Eos multiangle laser light scattering
detector (Wyatt Technology Corp., USA). The GPC measure-
ments were performed at room temperature with THF as the
eluent at the rate of 1.0 mL X min~'. The molecular weights
were expressed relative to polystyrene standards.

Atomic Force Microscopy (AFM)

For the preparation of AFM specimens, all the POSS-capped
PCOD telechelics were dissolved in THF at the concentration of
5 wt % and the solutions were spin-coated onto silicon wafers.
The solvent was evaporated at room temperature for 4 h and
the residual solvent was eliminated in vacuo at 40 °C for 4 h;
the thickness of the films was controlled to be at least 25 um.
The morphological observation was carried out on a CSPM

5500 atomic force microscopy (Benyuan Nano-instruments,

China) in tapping mode. A tip fabricated from silicon (125 um
in length with ca. 300 kHz resonant frequency) was used for
scanning and the scanning rate was 2.0 Hz.

Differential Scanning Calorimetry (DSC)

The calorimetric measurements were performed on a
DSC8000 differential scanning calorimeter (Perkin Elmer,
USA) in a dry nitrogen atmosphere. The samples were first
heated up to 150 °C and held at this temperature for 3 min to
erase the thermal history, followed by quenching to —60 °C.
After that, the samples were scanned to 120 °C at the heating
rate of 20 °C X min~* and cooled down to —60 °C at the rate
of —10 °C X min~* to record the thermograms. Melting tem-
peratures (T,,s) and crystallization temperatures (7.s) were
taken as the temperatures at the maxima of endothermic tran-
sitions and the minima of exothermic transitions, respectively.

Wide Angle X-Ray Diffraction

The wide-angle X-ray diffraction (XRD) experiments were car-
ried out on a D8 Advance X-ray diffractometer (Bruker Corp.,
Germany) with CuKo (4 = 0.154 nm) with irradiation at 40 kV
and 30 mA using a Ni filter. Data were recorded in the range of
20 = 5-50° at the scanning rate and step size of 2.0° X min '
and 0.02°, respectively.

Thermogravimetric Analysis (TGA)
Thermal stability of plain PCOD and the POSS-terminated
PCOD telechelics was investigated with a Q5000 thermal
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SCHEME 1 Synthesis of POSS-terminated PCOD telechelics.

gravimetric analyzer (TA Instruments, USA). The measure-
ments were conducted in nitrogen atmosphere from 40 to
800 °C at a heating rate of 20 °C X min ™"

Static Contact Angle Analysis

Plain PCOD and the POSS-terminated PCOD telechelics were
dissolved in chloroform (10.0 mg/mL) and the solutions
were cast onto glass slides. The majority of solvent was
evaporated at room temperature for 4 h and the residual sol-
vent was eliminated in a vacuum over at 30 °C for 2 h. The
films with free surfaces and with the thickness of 25 ym and
were subjected to the measurement of static contact angles
on a DSA30 contact angle measurement apparatus (Kriiss
GmbH, Germany). Ultrapure water and ethylene glycol were
used as the probe liquids, respectively.

RESULTS AND DISCUSSION

Synthesis of POSS-Terminated PCOD Telechelics

The route of synthesis for o,w-diPOSS-terminated PCOD tele-
chelics was shown in Schemes 1 and 2. With 1,4-diPOSS-but-2-
ene as the chain transfer agent (denoted POSS-CTA), the ring-
opening metathesis polymerization of cyclooctadiene (COD)

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 223-233

was carried out in the presence of Grubbs second catalyst. To
obtain POSS-CTA, 1,4-bis(prop-2-ynyloxy)but-2-ene was first
synthesized via the reaction of cis—2-butene-1,4-diol with prop-
argyl bromide in the presence of sodium hydride (NaH). For the
synthesis of 3-azidopropylheptaphenyl POSS, phenyltrimethoxy-
silane was first hydrolyzed and rearranged into heptaphenyltri-
cycloheptasiloxane trisodium silanolate [Naz01,Si;(CgHs)7];
thereafter, the silylation reaction between Naz0,,Si;(C¢Hs); and
3-bromopropyltrichlorosilane was carried out to afford 3-
bromopropylheptaphenyl POSS.33*® The bromine atom of 3-
bromopropylheptaphenyl POSS was then substituted with azido
group through its reaction with sodium azide (NaN3). Shown in
Figure 1 are the "H NMR spectra of 1,4-bis(prop-2-ynyloxy)but-
2-ene and 3-azidopropylheptaphenyl POSS. For 1,4-bis(prop-2-
ynyloxy)but-2-ene, the signals of resonance at 2.42, 4.75, 4.92,
and 5.85 ppm are assignable to the protons of alkynyl, methy-
lene groups connected to oxygen atom and methine in 2-butene
moiety, respectively. For 3-azidopropylheptaphenyl POSS, the
signals of resonance at 0.83, 1.67, 3.25, and 7.1-7.8 ppm are
assignable to the protons of the methylene connected to a vertex
silicon atom of POSS, the second methylene in 3-azidopropyl
groups and the methylene connected to triazole ring and phenyl
groups of POSS, respectively. The 'H NMR spectroscopy
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POSS-CTA

© ﬂ Grubbs catalyst

POSS-PCOD-POSS

ﬂ self-assembly

SCHEME 2 Synthesis and self-assembly behavior of POSS-
terminated PCOD telechelics. [Color figure can be viewed at
wileyonlinelibrary.com]

indicates that both 1,4-bis(prop-2-ynyloxy)but-2-ene and 3-
azidopropylheptaphenyl POSS have been successfully synthe-
sized. Both of the compounds were employed to synthesize 1,4-
diPOSS-but-2-ene via the copper-catalyzed cycloaddition reac-
tion (viz. click chemistry). To ensure the complete reaction of all
alkynyl groups of 1,4-bis(prop-2-ynyloxy)but-2-ene with azido
groups, 3-azidopropylheptaphenyl POSS was controlled to be
excess by 25 mol %. The excess 3-azidopropylheptaphenyl POSS
was allows to react with an alkynyl-capped poly(ethylene oxide)
(M, = 2000 Da) to form POSS-capped poly(ethylene oxide). To

d
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FIGURE 1 'H NMR spectra of 1,4-bis(prop-2-ynyloxy)but-2-ene
and 3-azido propyl heptaphenyl POSS.
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FIGURE 2 'H NMR spectra of POSS-CTA and POSS-PCOD16K-
POSS.

remove the POSS-capped poly(ethylene oxide), the reacted mix-
ture was dropped into deionized water. In this case, 1,4-diPOSS-
but-2-ene (viz. POSS-CTA) remained insoluble in water whereas
the POSS-capped poly(ethylene oxide) was dispersed in the
form of micelles in water. The difference insolubility allowed the
isolation and purification of 1,4-diPOSS-but-2-ene. Shown in
Figure 2 is the "H NMR spectrum of POSS-CTA. This spectrum
combined the signals of resonance from 1,4-bis(prop-2-ynyloxy)
but-2-ene and 3-azidopropylheptaphenyl POSS; no signal of the
resonance at 2.42 ppm attributable to protons of alkynyl groups
was detected. The 'H NMR spectroscopy indicates that the click
reaction has been performed to completion. According to the
ratio of integral intensity of the protons of methine groups in 2-
butene moiety to methylene protons adjacent to POSS cages, it
was judged that the POSS-CTA was successfully obtained.

With the above POSS-CTA as the chain transfer agent, the
ring-opening metathesis polymerization (ROMP) of cycloocta-
diene was carried out by the use of Grubbs second genera-
tion catalyst. By controlling the mass ratio of POSS-CTA to
cyclooctadiene monomer, a series of POSS-terminated polycy-
clooctadiene telechelics (denoted POSS-PCOD-POSS) with
variable lengths of PCOD were obtained (see Table 1). Also
shown in Figure 2 is the 'H NMR spectrum of POSS-

TABLE 1 Results of ROMP Polymerization for COD in the
Presence of POSS-CTA

Samples M, (Da) Lpcop (Da) M.,,/M,
POSS-PCOD4K-POSS 6,400 4,155 1.63
POSS-PCOD10K-POSS 12,200 9,955 1.61
POSS-PCOD14K-POSS 15,900 13,655 1.57
POSS-PCOD16K-POSS 18,300 16,055 1.62
POSS-PCOD21K-POSS 23,200 20,955 1.78
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FIGURE 3 GPC curves of POSS-terminated PCOD telechelics.

PCOD16K-POSS. The signals of resonance in the range of 7.3
and 7.9 ppm are assignable to the protons of phenyl group
of POSS cages; the signals of resonance at 2.06 and 5.39
ppm are assigned to the protons of methylene and carbon-
carbon double bonds in the main chains of PCOD, respective-
ly. The 'H NMR spectroscopy indicates that the products
combined the structural features from POSS and PCOD. All
the POSS-terminated PCOD telechelics were subjected to gel
permeation chromatography (GPC) to measure their molecu-
lar weights. The GPC profiles are presented in Figure 3 and
the results of the molecular weights are summarized in Table
1. Notably, all the GPC curves displayed unimodal distribu-
tion of molecular weights and no POSS-CTA was detected in
the resulting polymers. The values of polydispersity index
(PDI) were measured to be in the range of 1.57-1.78, which
were comparable to the values reported in literature with
other chain transfer agents for ROMP of COD.2**1-%¢ The
GPC results indicate that the 1,4-diPOSS-but-2-ene has been
successfully employed as the chain transfer agent for the
ROMP of COD and that the POSS-terminated PCOD telechelics
were successfully obtained.

Morphologies of POSS-Terminated PCOD Telechelics

The morphologies of POSS-terminated PCOD telechelics were
investigated by means of atomic force microscopy (AFM).
The films of the samples were prepared via spin-coating
technique. The surface AFM micrographs are presented in
Figure 4. The left and right images are the height and phase
shift images, respectively. It is seen that all the POSS-
terminated PCOD telechelics displayed microphase-separated
morphologies. The formation of the microphase separation is
attributable to the immiscibility of the POSS with PCOD. In
terms of the volume fraction of POSS and the difference in
viscoelastic properties between POSS and PCOD, it is judged
that the dark regions are assignable to PCOD matrix while
the light are attributed to the POSS domains. It is seen that
POSS-PCOD4K-POSS displayed a co-continuous morphology.
With increasing the length of the midchain (viz. PCOD), the
continuous POSS microphase was gradually transformed into
the isolated (or dispersed) microdomains, that is, a
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FIGURE 4 AFM micrographs of POSS-terminated PCOD tele-
chelics. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 The photo of POSS-PCOD16K-POSS. [Color figure
can be viewed at wileyonlinelibrary.com]

morphological transition occurred [see Fig. 4(B—E)]. For
POSS-PCOD16K-POSS and POSS-PCOD21K-POSS, the spheri-
cal POSS microdomains with the size of 30-50 nm in diame-
ter appeared and were dispersed in the continuous PCOD
matrices. It should be pointed that the sizes of the POSS
microdomains revealed in the AFM micrographs could
exceed those in bulks. Owing to the low surface energy for
the organosilicon-containing component, the POSS end
groups would be enriched to the interface between the sam-
ple and air. Nonetheless, the AFM results indicate that the
organic—inorganic PCOD telechelics were microphase-
separated and their morphologies were quite dependent on
the lengths of PCOD midchains.

The AFM results remind that the POSS microdomains would
behave as the physical crosslinking sites of PCOD chains. As
a consequence, the POSS-terminated PCOD telechelics would
exhibit the properties of crosslinked elastomers, depending
on the lengths of PCOD midchains. Representatively shown
in Figure 5 is a photo of POSS-PCOD16K-POSS at room tem-
perature. The homogenous and transparent sample displayed
the rubber-like feature with good dimensional stability, in
marked contrast to the PCOD homopolymer with the identi-
cal molecular weight, which was just a viscous liquid.

Surface Properties of POSS-Terminated PCOD Telechelics
Owing to the lower surface free energy, the POSS groups
would be migrated onto the surface of the POSS-terminated
PCOD telechelics. The enrichment of POSS portion will signif-
icantly affect the surface hydrophobicity of the samples,
which was readily investigated by the measurements of stat-
ic surface contact angles and surface free energies.””"® In
this work, the static surface contact angles were measured
with water and ethylene glycol as probe liquids, respectively.
Shown in Figure 6 are the plots of the water contact angles
of the POSS-terminated PCOD telechelics. For the plain
PCOD, the water contact angle was measured to be 102.7°.
Upon introducing POSS at the ends of PCOD chains, the
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water contact angles were significantly increased; the water
contact angles increased with increasing the content of POSS
or with decreasing the length of PCOD midchains. For POSS-
PCOD21K-POSS, the water contact angle was enhanced up to
121.1°. The increased contact angles indicate that the surface
hydrophobicity of the samples was significantly enhanced. In
terms of the values of contact angles with water and ethyl-
ene glycol as the probe liquids, the surface free energies of
the POSS-terminated PCOD telechelics were calculated with
the geometric mean model®®~®*:

cos =2 [(rfrg)%Jr(errf)ﬂ -1 68)]
rL

re= rg +rP 2)

where 6 is the contact angle and 7y, is the liquid surface ten-
sion; rg and r? are the dispersive and polar components of
yL, respectively. It was found that the surface free energy
was decreased from 17.18 to 11.31 mN/m while the content
of POSS increased from 0 to 35.1 wt % (see Table 2). The
values of the polar component was quite sensitive to the
content of POSS, indicating that the incorporation of POSS
altered the distribution of the polar groups on the surface
energy of materials, that is, the POSS microdomains were
migrated onto the surface screened the PCOD chains to some
extent (see Fig. 4). As a consequence, the surface free energy

of POSS-terminated PCOD telechelics was significantly
decreased.
130
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FIGURE 6 Plots of water contact angles for plain PCOD and
POSS-terminated PCOD telechelics at room temperature: (A)
PCOD (M, = 48,200 Da with M,/M,=2.1); (B) POSS-PCOD21K-
POSS; (C) POSS-PCOD16K-POSS; (D) POSS-PCOD14K-POSS;
(E) POSS-PCOD10K-POSS; (F) POSS-PCOD4K-POSS.
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TABLE 2 Static Contact Angles and Surface Free Energy of Pure PCOD and the POSS-Terminated PCOD Telechelics

Static Contact Angle

Surface Free Energy (mN/m)

Samples Owater Oethylene glycol 7% 7Ps Vs
PCOD (M, = 48,200 Da 102.7 = 0.08 82.5+0.36 15.13 2.05 17.18
with M,/M, =2.1)

POSS-PCOD4K-POSS 109.1 £0.21 89.8+0.16 13.13 1.12 14.25
POSS-PCOD10K-POSS 113.5+0.16 92.1 +£0.08 12.16 0.61 12.77
POSS-PCOD14K-POSS 118.1 £0.13 96.6 = 0.24 11.74 0.25 11.99
POSS-PCOD16K-POSS 118.7 £0.24 99.2 +0.12 11.63 0.18 11.81
POSS-PCOD21K-POSS 121.1 £0.18 101.5 +0.20 11.24 0.07 11.31

Water: 7, = 72.8 mN/m, 79 = 21.8 mN/m, 7P =51.0 mN/m.

Thermal Properties of POSS-Terminated PCOD
Telechelics

The plain PCOD and the POSS-terminated PCOD telechelics
were subjected to differential scanning calorimetry (DSC). All
the samples were first heated up to 120 °C and held at this
temperature for 3 min to erase the thermal history and then
the heating scans were recorded at the heating rate of 20
°C/min. Thereafter, the cooling scans were recorded at the
rate of —10 °C/min. The DSC curves of the plain PCOD (M,
=48,200 Da with M,,/M,=2.1) and the POSS-terminated
PCOD telechelics are shown in Figure 6. For the plain PCOD,
no detectable thermal transition was found in the range of
temperature from —60 to 120 °C. It should be pointed out
that the glass transition temperature of PCOD was reported
to be as low as —95 °C°® which was beyond the

PCOD
POSS-PCOD21K-POSS
POSS-PCOD16K-POSS
)
'g POSS-PCOD14K-POSS
w
)
/_,,/‘/\ POSS-PCOD10K-POSS
)
POSS-PCOD4K-POSS
/__—-/__\ )
I 1 n 1 L 1 n 1 n 1 L
-60 -30 0 30 60 90 120

Temperature ( °C)

FIGURE 7 DSC curves of POSS-terminated PCOD telechelics.
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Ethylene glycol: y_ =48.3 mN/m, ydL =29.3 mN/m, P =19.0 mN/m.

temperature range of the DSC measurements with the built-
in intracooler accessory. The observation that neither exo-
thermic nor endothermic transition attributable to crystalli-
zation or melting of the PCOD crystals was exhibited
suggests that the rate of crystallization was too slow to be
detected under the present condition although PCOD was
reported to be crystallizable.? In marked contrasted to the
plain PCOD, the POSS-terminated PCOD telechelics displayed
the endothermic peaks in the heating scans and the exother-
mic peaks in the cooling scans, respectively. These exother-
mic and endothermic peaks are attributable to the
crystallization and melting of the samples under the condi-
tions of DSC scans. For POSS-PCOD4K-POSS, a broad endo-
thermic peak appeared at about 4 °C; it is attributable to the
melting transition of PCOD. While the length of PCOD was
more than 10,000 Da, the melting transitions became
increasingly pronounced; the intensities of the melting peaks
increased with increasing the lengths of PCOD midchains. In
all the cases, the exothermic peaks were also displayed in
the cooling thermograms of the POSS-terminated PCOD tele-
chelics (see Fig. 7). The exothermic peaks are attributable to
the crystallization behavior of PCOD in the cooling scans.
The DSC results indicate that the terminal POSS ends facili-
tate the crystallization of PCOD. It is proposed that the POSS
microdomains could act as the heterogeneous nucleating
agent to accelerate the crystallization of PCOD. Notably, the
melting temperatures (Ty,’s) of PCOD did not monotonously
increased with increasing the fraction of POSS in the organ-
ic—inorganic telechelics. Both POSS-PCOD16K-POSS and
POSS-PCOD14K-POSS displayed the maximum melting tem-
peratures (T,s) at 20 °C. Thereafter, the T,,’s decreased with
increasing the fraction of POSS in the organic-inorganic tele-
chelics. For POSS-PCOD10K-POSS and POSS-PCOD4K-POSS,
the T,,’'s were depressed to 17 and 3 °C, respectively. In the
meantime, the values of melting and crystallization enthalpy
were also significantly decreased. It is proposed that the
POSS microdomains had two opposite trends to affect the
crystallization of PCOD. On the one hand, the POSS microdo-
mains acted as the heterogeneous nucleating agent to pro-
mote the crystallization of PCOD chains. This effect is

Wiley Online Library



JOURNAL OF Polymer
poLYMER sciEncE Chemistry

22.4°
' PCOD
‘ E
,l“\ POSS-PCOD21K-POSS
m\,,gsspcomsmposs
i

'J Ml POSS-PCOD14K-POSS

M EOSS-PCODWK—POSS
A / hm u P OSS-PCOD4K-POSS
i

#”\uuqu#‘““""*”“““ﬁquﬁfiﬂa

1 L 1 " 1 1 | L

10 20 30 40 50
2 0 (degree)

Intensity (a.u.)

FIGURE 8 XRD curves of POSS-terminated PCOD telechelics.

pronounced for the samples in which the fraction of POSS in
the organic-inorganic telechelics was not very high (e.g,
POSS-PCOD21K-POSS, POSS-PCOD16K-POSS and  POSS-
PCOD14K-POSS). On the other hand, the POSS microdomains
could exert the restriction on the crystallization owing the
nanoreinforcement of the POSS microdomains on PCOD
matrix. This effect was dominant while the fraction of POSS
in the organic-inorganic telechelics was sufficiently high
(e.g., POSS-PCOD10K-POSS and POSS-PCOD4K-POSS).

The crystallization behavior of the POSS-terminated PCOD
telechelics can be further confirmed with wide-angle X-ray
diffraction (XRD) measurements. Shown in Figure 8 are the
XRD curves of POSS-CTA, the plain PCOD and the POSS-
terminated PCOD telechelics. For POSS-CTA, a diffraction
peak at 20 = 8.15° was displayed; this peak was found in all
the POSS-terminated PCOD telechelics. This peak was
ascribed to the aggregates of POSS cages.’® For the plain
PCOD, only a broad amorphous halo at 20 = 19.28° was dis-
played, suggesting that this sample was amorphous. In
marked contrast to the plain PCOD, there appeared the sharp
diffraction peak at 260 =22.1° for all the POSS-terminated
PCOD telechelics besides the broad halo and the diffraction
peak from POSS microdomains. From the viewpoint of chain
structures, PCOD can be taken as trans—1,4-polybutadiene.
It is plausible to propose that the diffraction peak at 22.1°
for POSS-terminated PCOD telechelics is attributable to the
reflections as in trans—1,4-polybutadiene crystals, that is,
this diffraction peak resulted from the (100) reflection with
pseudo-hexagonal lattice with the cell parameter of
a=b=454 A&, c=485 A" It is seen that the intensity of
the sharp diffraction peak increased with increasing the
length of PCOD in the POSS-terminated PCOD telechelics.
While the length of PCOD increased to 21,000 Da, the
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FIGURE 9 TGA curves of Plain PCOD and POSS-terminated
PCOD telechelics.

intensity decreased slightly, indicating the crystallinity of the
samples decreased. This observation was in accord with the
DSC (see Fig. 7).

Shown in Figure 9 were TGA curves of the plain PCOD and
the POSS-terminated PCOD telechelics recorded in nitrogen
atmosphere at 20 °C/min. For the plain PCOD, the initial deg-
radation temperature (Ty’s) was detected to be about 156 °C.
Notably, the POSS-terminated PCOD telechelics displayed the
Tq's much higher than that of the plain PCOD. The rates of
the thermal degradation of the organic—inorganic telechelics
were much lower than that of the plain PCOD. This observa-
tion suggests that the incorporation of POSS at the ends of
PCOD chains retarded the random-chain scission. In addition,
all the POSS-terminated PCOD telechelics exhibited the resi-
dues of degradation at 710 °C and the yields of degradation
residues increased with increasing the contents of POSS in
the organic-inorganic telechelics. In terms of the initial deg-
radation temperatures (Ty's) and the yields of residue, it is
judged that the POSS-terminated PCOD telechelics displayed
the improved the thermal stability compared to plain PCOD.

CONCLUSIONS

With an end-group-first approach, POSS-terminated polycy-
clooctadiene (PCOD) telechelic polymers were successfully
synthesized via ring-opening metathesis polymerization
(ROMP) with 1,4-diPOSS-but-2-ene (POSS-CTA) as the chain
transfer agent. By controlling the molar ratios of POSS-CTA
to cyclooctadiene, POSS-terminated PCOD telechelics with
variable lengths of PCOD were obtained. Atomic force
microscopy (AFM) showed that all the POSS-terminated
PCOD telechelics were microphase-separated, in which the
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spherical POSS aggregates with the size of 20-50 nm in
diameter were dispersed in continuous PCOD matrix via
POSS-POSS interactions. In the POSS-terminated PCOD tele-
chelics, inorganic POSS molecules acted as the heterogeneous
nucleating agent to accelerate the crystallization of PCOD.
The static contact angle measurements indicated that the
POSS-terminated PCOD telechelics displayed a significant
enhancement in surface hydrophobicity as well as reduction
in surface free energy. The improvement in surface proper-
ties was ascribed to the enrichment of POSS moiety on the
surface of the materials.
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