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ABSTRACT: Hepta(3,3,3-trifluoropropyl) polyhedral oligomeric silses- . _,_ . ~~, . NNt o
quioxane (POSS)-capped poly(N-isopropylacrylamide) (PNIPAAm) R‘sii:l —Tfekfllj N(:N\>\/°\"><sj\s>ﬂ(°\/@k "\siig)_?;‘—’/%l, ;NZ:

telechelics with variable lengths of PNIPAAm midblocks were synthe- {57 5"~ 0 ’ [ =
sized by the combination of reversible addition—fragmentation chain "~ ™ <IN

transfer polymerization (RAFT) and the copper-catalyzed Huisgen Water

1,3-cycloaddition (i.e., click chemistry). The POSS-capped trithiocar-
bonate was synthesized and used as the chain transfer agent for the

o o

RAFT polymerization of N-isopropylacrylamide. The organic—inor-
ganic amphiphilic telechelics were characterized by means of nuclear

magnetic resonance spectroscopy (NMR) and gel permeation chro-

POSS-capped PNIPAAM Physical hydrogel

matography (GPC). Atomic force microscopy (AFM) shows that all

the POSS-capped PNIPAAm telechelics exhibited microphase-separated morphologies, in which the POSS terminal groups were
self-assembled into the microdomains and dispersed into the continuous PNIPAAm matrices. The POSS nanodomains could
behave as the physical cross-linking sites and as a result the physical hydrogels were formed while these POSS-capped PNIPAAm
telechelics were subjected to the solubility tests with water. These physical hydrogels possessed well-defined volume phase transition
phenomena and displayed rapid reswelling and deswelling thermoresponsive behavior compared to control PNIPAAm hydrogel.
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B INTRODUCTION

Polyhedral oligomeric silsesquioxane (POSS) reagents, mono-
mers, and polymers are emerging as a new chemical technology
for preparing the organic—inorganic hybrids.' > During the past
decade, POSS-containing organic—inorganic hybrids have become
the focus of many studies because of the excellent comprehensive
properties of this class of hybrid materials, such as mechanical
properties, thermal stability and flame retardation etc.' > Recently,
it has been identified that POSS could be employed to optimize the
properties of some functional materials via the formation of specific
morphological structures.*>*

Stimuli-responsive hydrogels have attracted considerable in-
terests owing to their ability to change volume or shape in response
to environmental alteration. The environment-responsive proper-
ties have potential applications in biomedical and biochemical fields
such as drug delivery and protein separation.”> > Poly(N-al-
kylacrylamide) hydrogels are among the most-investigated hydrogel
systems during the past decades”” >° Of them, poly(N-iso-
propylacrylamide) (PNIPAAm) hydrogels can exhibit a volume
phase transition (VPT) behavior as the environmental tempera-
ture changes,29_3l’36 which stems from the lower critical
solution temperature (LCST) behavior of PNIPAAm chains
in aqueous solution.>””*' However, PNIPAAm hydrogels
inherently displayed slow deswelling and reswelling rates
due to the collective diffusion of water molecules in the cross-
linked networks.*>#¢ Therefore, the modification of PNIPAAm
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hydrogels is necessary to meet the requirement of application of
the hydrogels. Recently, there have been several reports on the
modification of PNIPAAm hydrogels with POSS macromers.””
Schiraldi et al.” ever used octamethacryloxylpropyl POSS as a
cross-linking agent of PNIPAAm to promote the interactions
between the cross-linking agent and silicate filler in the clay-
containing poly(N-isopropylacrylamide) hydrogels. Mu et al.®
have reported the modification of PNIPAAm hydrogels via in situ
cross-linking with an octafunctional POSS macromer and it was
found that the thermoresponsive properties of PNIPAAm hydro-
gels were significantly improved compared to the control PNI-
PAAm hydrogel. More recently, Zeng et al” prepared the
organic—inorganic PNIPAAm hydrogels via the copolymeriza-
tion of NIPAAm with 3-acryloxypropylhepta(3,3,3-trifluoropropyl)
POSS and found that the POSS-containing PNIPAAm hydrogels
displayed much faster temperature response rates than plain
PNIPAM hydrogel.

POSS-capped telechelic polymers are a class of interesting
organic—inorganic hybrids owin§7 o their specific topologies and
self-assembly behaviavor.'®'¢~>** 750 Mather et al.*’ first reported
the synthesis of heptacyclohexyl POSS-capped poy(ethylene
oxide) (PEO) telechelics via the direct reaction of isocyanato-
propyldimethylsilylheptacyclohexyl POSS with poly(ethylene
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glycol) (PEG) and the behavior of crystallization and rehology
was invesitgated.**** Zeng et al.' synthesized hepta(3,3,3-
trifluoropropyl) POSS-capped PEO telechelics via copper-cata-
lyzed Huisgen cycloaddition reaction (i, click chemistry) between
3-azidopropylhepta(3,3,3-trifluoropropyl) POSS and alkyne-termi-
nated PEO. More recently, Mueller et al.>° reported the synthesis
of POSS-capped polystyrene telechelics via the combination of
atom transfer radical polymerization (ATRP) and the copper-
catalyzed Huisgen 1,3-cycloaddition. All these POSS-capped
telechelic polymers were obtained via the reaction of the end
groups of existing polymers with POSS, i.e., the so-called “POSS-
terminating” approach was employed; this approach is effective
for the preparation of the POSS-capped telechelic polymers with
relatively low molecular weights. Nonetheless, the efficiency of
this route is open to question for the preparation of high-
molecular-weight samples because it is not easy to ensure that
all the ends of the polymers are capped with POSS because of too
low concentration of end groups. To the best of our knowledge,
however, there have been no precedent reports on the POSS-
capped PNIPAAm telechelics.

In this contribution, we report a synthesis of POSS-capped
PNIPAAm telechelics with a “POSS-spreading” strategy. In this
approach, a POSS-capped trithiocarbonate was synthesized and
used as a chain transfer agent, with which the reversible addi-
tion—fragmentation chain transfer polymerization (RAFT) of
NIPAAm was carried out. With the insertion of NIPAAm, the
two POSS end groups were spread and the POSS-capped
PNIPAAm telechelics with variable length of PNIPAAm were
afforded. With this approach, the ends of PNIPAAm chains were
capped with two hepta(3,3,3-trifluoropropyl) POSS groups,
which are quite hydrophobic.”'®*"** The POSS-capped PNI-
PAAm telechelics could display some interesting properties
owing to the combination of the thermoresponsive midblock
(viz. PNIPAAm) and bulky and hydrophilic end groups (viz.
POSS). It is expected that the microphase-separated morphology
in bulk could be exhibited in the organic—inorganic telechelic
polymers because of the immiscibility between PNIPAAm and
the POSS, in which the POSS microdomains are dispersed in
continuous PNIPAAm matrix. In water, the POSS microdomains
could behave as physically cross-linking sites and thus the
PNIPAAm physical hydrogels could be afforded. In this work,
the POSS-capped PNIPAAm telechelics were characterized by
means of nuclear magnetic resonance spectroscopy (NMR) and
gel permeation chromatography (GPC). The morphology and
surface properties of the organic—inorganic telechelics were
investigated by means of atomic force microscopy (AFM) and
static contact angle analysis. The thermoresponsive behavior of
the physical hydrogels was addressed on the basis of swelling,
deswelling, and reswelling tests.

B EXPERIMENTAL SECTION

Materials. 3,3,3-Trifluoropropyltrimethoxysilane (99%) was obtained
from Zhejiang Chem-Technology Co., China. 3-Bromopropyltrichlorosi-
lane (BrCH,CH,CH,SiCl;), sodium azide (NaN3) and pentamethyl-
diethylene triamine (PMDETA) were purchased from Aldrich Co, USA
and used as received. N-Isopropylacrylamide (NIPAAm) was prepared
in this lab by following the literature method.>® Propargyl alcohol
(98%) was purchased from Aladdin Reagent Co., Shanghai, China.
Other reagents such as metal sodium, calcium hydride (CaH,), sodium
hydroxide (NaOH) 2,2-azobisisobutylnitrile (AIBN), thionyl chloride
and carbon disulfide (CS,) were of chemically pure grade, purchased

from Shanghai Reagent Co., China. The solvents such as N,N-dimethyl-
formamide (DMF), tetrahydrofuran (THF), dichloromethane, chloro-
form, acetone, pyridine, petroleum ether (distillation range: 60—90 °C),
and triethylamine (TEA) were of chemically pure grade, also obtained from
commercial sources. Before use, THF was refluxed above sodium and then
distilled and stored in the presence of the molecular sieve of 4 A. TEA
was refluxed over CaH, and then was treated with p-toluenesulfonyl
chloride, followed by distillation.

Synthesis of 3-Bromopropylhepta(3,3,3-trifluoropropyl)
POSS. Hepta(3,3,3-trifluoropropyl)tricycloheptasiloxane trisodium si-
lanolate [Na3O;,Si,(CsH4F;);] was synthesized by following the
method of literature reported by Fukuda et al.>* In a typical experiment,
(3,3,3-trifluoropropyl) trimethoxysilane [CF;CH,CH,Si(OMe)s] (50.0 g,
0.23 mol), THF (250 mL), deionized water (5.25 g, 0.29 mol) and
sodium hydroxide (3.95 g, 0.1 mol) were charged to a flask equipped
with a condenser and a magnetic stirrer. After refluxed for S h, the
reactive system was cooled down to room temperature and held at this
temperature with vigorous stirring for additional 15 h. All the solvent and
other volatile were removed via rotary evaporation and the white solids
were obtained. After dried at 40 °C in vacuo for 12 h, 37.3 g products
were obtained with the yield of 98%. 3-Bromopropylhepta(3,3,
3-trifluoropropyl) POSS was prepared via the corner capping reaction
between Na3O,Si;(C3H,F3); and 3-bromopropyl trichlorosilane. Ty-
pically, Na;0,Si;(C3H,F3), (10.0 g 8.8 mmol) and triethylamine
(1.3 mL, 8.8 mmol) were charged to a flask equipped with a magnetic
stirrer, 200 mL anhydrous THF were added with vigorous stirring. The
flask was immersed into an ice—water bath and purged with highly pure
nitrogen for 1 h. After that, 3-bromopropyltrichlorosilane (247 g
9.68 mmol) dissolved in 20 mL anhydrous THF were slowly dropped
within 30 min. The reaction was carried out at 0 °C for 4 h and at room
temperature for 20 h. The insoluable solids (i.e., sodium chloride) was
filtered out and the solvent together with other volatile was removed via
rotary evaporation to afford the white solids. The solids were washed
with 50 mL methanol for three times and dried in vacuo at 40 °C for 24 h
and 8.2 g of product was obtained with the yield of 76%. FTIR (cm™ ",
KBr window): 1090—1000 (Si-O-Si), 2900—2850 (-CH,), 1120—1300
(-CF3), 540 (C-Br). "H NMR (ppm, acetone-de): 3.52 (t, 2.0, -CH,-
Br), 2.32 (m, 14.0H, SiCH,CH,CF;), 1.96 (m, 2.0H, -CH,-CH,-Br),
1.03 (m, 14.0H, SiCH,CH,CF;), 0.96 (t, 2.0H, -CH,-CH,-CH,-Br).
?Si NMR (ppm, acetone-ds): —65.8, —66.8, and —67.0. MALDI-TOF-
MS (product + Na™): 1240.1 Da.

Synthesis of 3-Azidopropylhepta(3,3,3-trifluoropropyl)
POSS. 3-Azidopropylhepta(3,3,3-trifluoropropyl) POSS was synthesized
via the reaction between 3-bromopropylhepta(3,3,3-trifluoropropyl) POSS
and sodium azide (NaNj;). Typically, 3-bromopropylhepta(3,3,3-
trifluoropropyl) POSS (3.0 g, 2.5 mmol) and NaNj; (0.1760 g, 2.7S
mmol) were charged to a flask equipped with a magnetic stirrer and
10 mL of anhydrous DMF was added to the flask. The reaction was
carried out at the room temperature for 24 h. After that, a large amount
of deionized water was used to perticipate the product. The products was
further dried at 40 °C in a vacuum oven for 24 h. The product (2.6 g) was
obtained with the yield of 90%. FTIR (cm ', KBr window): 1090—1000
(Si-0-Si), 2900—2850 (-CH,), 1120—1300 (-CF;), 2105 (azido).
"H NMR (ppm, acetone-dg): 3.35 (t, 2.0H, -CH,-N3), 2.32 (m, 14.0H,
SiCH,CH,CF;), 1.76 (m, 2.0H, -CH,-CH,-N3), 1.03 (m, 14.0H,
SiCH,CH,CF;), 0.86 (t, 2.0H, -CH,-CH,-CH,-N5).

Synthesis of S,5'-Bis(a, o’-dimethyl-o/’-propargyl acet-
ate)-trithiocarbonate. §,8'-Bis(a,a’-dimethyl-o’-acetic acid)-
trithiocarbonate (BDATC) was synthesized by following the method
of literature.>> ™8 Typically, carbon disulfide (6.85 g, 0.09 mol),
chloroform (26.875 g, 0.225 mol), acetone (13.07S g, 0.225 mol),
tetrabutylammonium bromide (0.572 g, 1.775 mmol), and 30 mL of
mineral spirits were charged into a three-necked flask equipped with a
mechanical stirrer. The flask was immersed into an ice—water bath
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and purged with highly pure nitrogen. Sodium hydroxide solution
(50%) (50.5 g, 0.63 mol) were slowly dropped within 30 min. The
reaction was carried out at room temperature overnight and then 225 mL
water was then added to dissolve the solid, followed by adding 30 mL of
concentrated HCI to acidify the aqueous layer. After vigorous stirring for
additional 30 min, the earth-colored insoluable solids was filtered out and
washed with water thrice. After being dried in vacuo at 40 °C for 24 h, the
crude product was collected. The resulting product was obtained by
recrystallization in the mixture of toluene with actone (4/1 v/v) to afford
yellow crystalline solids. "H NMR (ppm, CDCL): 1.69 (s, -CSSC-
(CH;),COO0). *C NMR (ppm, DMSO-dg): 25.6 [-CSSC(CHj3),COO0],
56.8 [-CSSC(CH;),CO0], 173.7 [-CSSC(CH;),CO0], 219.8 [-
CSSC(CH;),C0O0].

Synthesis of S, S'-Bis(o,0/'-dimethyl-a’’-propargyl acet-
ate)-trithiocarbonate. S,5'-Bis(a,0'-dimethyl-o’-propargyl ~ acet-
ate)-trithiocarbonate was synthesized via the esterification of S,S'-bis(a,
o-dimethyl-o¢’-acetic acid)-trithiocarbonate with propargyl alcohol.** %>
First, 3.10 g of propargyl alcohol (27.60 mmol), 1 mL of pyridine, and
15 mL of dichloromethane were charged to a flask immersed into an ice—
water bath. BDATC (0.78 g, 2.762 mmol) and thionyl chloride (20 mL
SOCl,) were charged to another flask with vigorous stirring for 3 h at
60 °C. After excess thionyl chloride (SOCI,) was distilled out, S mL of
anhydrous dichloromethane was added to system and the solution was
dropwise added to the above flask containing propargyl alcohol. With
continuous stirring for 24 h at room temperature, the reacted solution was
washed free of propargyl alcohol and pyridine chloride by water and then
dried over sodium sulfate. The solvent, dichloromethane, was removed via
rotary evaporation to afford 0.85 g alkyne-capped trithiocarbonates with
the yield of 86%. "H NMR (ppm, CDCl;): 1.67 (s, 6.0H, -CSSC-
(CH;),COOCH,CCH), 2.46 (t, 1.0H, -CSSC(CH;),COOCH,CCH),
4.67 (d, 2.0H, -CSSC(CH3;),COOCH,CCH).

Synthesis of POSS-capped Trithiocarbonate. The above
alkyne-capped trithiocarbonate (BDPT) was used to reacted with the
3-azidopropylhepta(3,3,3-trifluoropropyl) POSS to afford the POSS-
capped trithiocarbonate. Typically, BDPT (0.1 g 0.279 mmol) and
3-azidopropylhepta (3,3,3-trifluoropropyl) POSS (0.658 g, 0.558 mmol)
were added to a 25 mL flask equipped with a magnetic stirrer and 6 mL
THEF was charged. The system was purged with highly pure nitrogen for
40 min and then Cu(I)Br (4.0 mg) and PMDETA (5.7 uL) were added
and the system was connected to a standard Schlenk line and degassed
using three freeze —evacuate—thaw cycles. The reaction was carried out
at room temperature for 24 h and the reacted solution was passed though
a neutral aluminum oxide column to remove the copper catalyst with
tetrahydrofuran as the eluent. The solution was concentrated via rotary
evaporation and then precipitated in petroleum ether. The resulting
product (0.621 g) was obtained with the yield of 82%. "H NMR (ppm,
CDCLy): 0.78 (m, 2.0H, SiCH,CH,CH,-trizole), 1.01 (m, 14.0H,
SiCH,CH,CF;), 1.62 (s, 6.0H, -CSSC(CHj3),COOCH,-trizole),
2.10 (m, 2.0H, SiCH,CH,CH,-trizole), 2.30 (1, 14.0H, SiCH,CH,CF;),
4.44 (m, 2.0H, SiCH,CH,CH,-trizole), 5.20 (d, 2.0H, -CSSC-
(CH3),COOCH,-trizole), 8.16 (d, 1.0H, protons of trizole).

Synthesis of POSS-capped Poly(N-isopropylacrylamide)
Telechelics. The POSS-trithiocarbonate was used as the chain transfer
agent (CTA) to obtain POSS-capped poly(N-isopropylacrylamide) tele-
chelics via reversible addition—fragmentation chain transfer (RAFT)
polymerization. Typically, to a S0 mL flask equipped a magnetic stirrer
the CTA (0.167 g, 0.0615 mmol), N-isopropylacrylamide (NIPAAm)
(1.23 g) and 1,4-dioxane (9.5 mL) were charged and 2,2-azobisisobu-
tylnitrile (4.0 mg, 0.024 mmol) was used as the initiator. The flask was
connected to a Shlenk line and three freeze—evacuate—thaw cycles were
used to remove a trace of oxygen. The flask was immersed into an oil
bath at 65 °C and the polymerization was carried out for 20 h. The crude
polymer was dissolved in THF and the mixture was precipitated in
excess petroleum ether. This procedure was repeated for three times to

purify the products. After dried in a vacuum oven at 30 °C, 0.89 g of
polymer was obtained with the conversion of NIPAAm monomer to be
75.0%. The molecular weight of the block copolymer was determined by
means of gel permeation chromatography (GPC) to be M,, =15 900 with
M/M, =1.72.

Preparation of Control PNIPAAm Network. N-isopropylacry-
lamide (2.0 g) and N,N’-methylenebisacrylamide (27.3 mg) were
charged to a glass tube and anhydrous 1,4-dioxane (2 mL) was added.
The system was purged with highly pure nitrogen for 30 min, and 4 mg
AIBN was added. The radical polymerization was initiated and per-
formed at 60 °C for 24 h. With the polymerization proceeding, the
system was gradually gelled. The gel was respectively extracted with
water and THF for 72 h for remove unreated NIPAAm. The gel was
dried in vacuo at 60 °C for 48 h.

Techniques and Measurement. Nuclear Magnetic Resonance
Spectroscopy (NMR). The "H NMR measurements were carried out on a
Varian Mercury Plus 400 MHz NMR spectrometer. The samples were
dissolved with deuterium acetone (acetone-dg) or chloroform (CDCls)
and the solutions were measured with tetramethylsilane (TMS) as the
internal reference. The *’Si NMR spectra were obtained using a Bruker
Avance III 400 MHz NMR spectrometer.

Gel Permeation Chromatography (GPC). The molecular weights
were measured by gel permeation chromatography (GPC) on a Perkin-
Elmer Series 200 system (100 uL injection column, 10 um PL gel
300 mm X 7.5 mm mixed B columns) equipped with a RI detector.
N,N’-dimethylformamide (DMF) containing 0.01 mol/L lithium bro-
mide was used as eluent at a flow rate of 1.0 mL/min. The column
system was calibrated by standard polystyrene.

Atomic Force Microscopy (AFM). The specimens for AFM measure-
ment were prepared via spin-coating the solution of the POSS-capped
PNIPAAm on cleaned glass slides. The POSS-capped PNIPAAm
telechelic polymers were dissolved in THF to prepare the solution with
the concentration of 10 wt %; the solution was spin-coated at the speed
of 1800 r/min on cleaned glass slides to form a flat and thin layer. The
specimens were further dried and annealed in vacuo at 80 °C for 3 h prior
to the measurment and the thickness of films was estimated to be 20 ym.
The AFM experiments were performed with a Nanoscope IIla scanning
probe microscope (Digital Instruments, Santa Barbara, CA). Tapping
mode was employed in air using a tip fabricated from silicon (125 ym in
length with ca. 500 kHz resonant frequency). Typical scan speeds during
recording were 0.3—1 lines s~ ' using scan heads with a maximum range
of S um X S um.

Determination of Cloud Points. Typically, the POSS-capped PNI-
PAAm telechelics (0.01 g) were dissolved in 0.5 mL of THF and then
50 mL of ultrapure water was added dropwise by a dropping funnel with
vigorous stirring. After additional stirring for 30 min, a transparent emulsion
was formed with the concentration of the polymer being 0.02 wt % and the
THF was eliminated via rotary evaporation. The cloud points were
determined with a Perkin-Elmer Lambda 20 Ultraviolet—visible spectro-
meter at the wavelength of light to be 4 = S50 nm. A thermostatically
controlled couvette was employed and the plots of light transmittance as a
function of temperature were obtained at the heating rate of 0.5 °C/min.

Surface Contact Angle Analysis. The specimens for surface contact
angle analysis were identical with those for AFM measurements. The
static contact angle measurements with ultrapure water were carried out
on a KH-01—2 contact angle measurement instrument (Beijing Kang-
sente Scinetific Instruments Co., China) at room temperature. For
variable-temperature measurements, the specimens were held at specific
temperature for 10 min before the measurements.

Swelling, Deswelling, and Reswelling Kinetics. The POSS-capped
PNIPAAm samples were charged to glass tubes with the diameter of
10 mm and a small amount of tetrahydrofuran was added to dissolve the
samples. The solvent was slowly evaporated at room temperature for 2
days and the residual solvent was eliminated in vacuo at 40 °C overnight.
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Scheme 1. Synthesis of 3-Azidopropylhepta(3,3,3-trifluoropropyl) POSS
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The specimens for swelling, deswelling and reswelling tests were cut
from the dried cylindered samples with the identical diameter and the
heights of specimens were controlled to be c.a. 3 mm. Swelling ratios of
hydrogels were gravimetrically measured after wiping off the water on
the surface with moistened filter paper in the temperature range from 22
to 48 °C. All of the gel samples were dipped in distilled water for at least
24 h at every particular temperature. Swelling ratio is defined as follows:

swelling ratio = W, /Wy (2)

where W is the weight of the water in the swollen gel at a particular
temperature and Wy is the weight of the as-dried gel.

The deswelling kinetics of hydrogels was gravimetrically measured at
48 °C after wiping off water on the surface with moistened filter paper.
Prior to the measurement, the gel samples were equilibrated in distilled
water at room temperature (25 °C) for 24 h. The weight changes of gels
were recorded with regular time intervals. Water retention is defined as
follows

water retention = (W, — Wy) /W, x 100% (3)

where W, is the weight of the gel at regular time intervals and the other
symbols are the same as defined above.

The kinetics of reswelling of hydrogels was gravimetrically measured
at 22 °C. The reswelling kinetics of gels was measured at the equilibrium
in distilled water at 48 °C for 24 h. After water was wiped off the surface,
the weight changes of gels were recorded at regular time intervals. Water
uptake is defined as follows

water uptake = (W, — W) /W, x 100% (4)

where W, is the weight of the gels at regular time intervals and the other
symbols are the same as defined above.

B RESULTS AND DISCUSSION

Synthesis of POSS-capped PNIPAAm Telechelics. The
route of synthesis for the POSS-capped PNIPAAm telechelics was
outlined in Schemes 1 and 2. To afford the POSS-capped PNI-
PAAm telechelics, the reversible addition—fragmentation chain
transfer (RAFT) polymerization of NIPAAm was carried out with
a POSS-capped trithiocarbonate as the chain transfer agent. The
POSS-capped trithiocarbonate was obtained via the copper-

catalyzed Huisgen 1,3-cycloaddition reaction between S,S'-bis(q,
o-dimethyl-o!’-propargyl acetate) trithiocarbonate (BDPT)*™**
and 3-azidopropylhepta (3,3,3-trifluoropropyl) POSS. BDPT was
prepared via the esterification reaction of S,S-bis( o0’ -dimethyl-a’’-
acetic acid)-trithiocarbonate (BDAT) with propargyl alcohol, which
was mediated by thionyl chloride and pyridine. Shown in Figure 1
are the "H NMR spectra of BDAT and BDPT. BDAT is character-
ized by the resonance of methyl protons at 1.70 ppm. With
occurrence of the esterification, the resonance of the methyl protons
slightly shifted to high field (viz. at 1.67 ppm). Concurrently, there
appeared two new signals of resonance at 2.46 ppm and 4.67 ppm,
which are assignable to the protons of alkyne and methylene groups
connected to ester group, respectively. In view of the ratio of integral
intensity of alkyne protons to that of methylene and methyl protons,
it is judged that the esterification reaction has been carried out to
completion and thus BDPT was successfully obtained. The pre-
paration of 3-azidopropylhepta(3,3,3-trifluoropropyl) POSS has
been previously reported'® and herewith, the route of synthesis
was outlined in brief. The starting compound for the POSS
macromer is hepta(3,3,3-trifluoropropyl) tricycloheptasilox-
ane trisodium silanolate [Na30,,Si-(C3H4F3),], which was
prepared via the condensation and arrangement of 3,3,
3-trifluoropropyltrimethoxysilane in the presence of sodium
hydroxide.'® The corner-capping reaction between hepta-
(3,3,3-trifluoropropyl) tricycloheptasiloxane trisodium silano-
late and 3-bromopropyltrichlorosilane was utilized to obtain
3-bromopropylhepta(3,3,3-trifluoropropyl) POSS, which was
further reacted with sodium azide (NaN3) to afford 3—azido}i)ro—
pylhepta(3,3,3-trifluoropropyl) POSS. The results of 'H, C,
and *’Si NMR and MALDI-TOF-mass spectroscopy demon-
strated that 3-azidopropylhepta(3,3,3-trifluoropropyl) POSS
was successfully obtained.'® The copper-catalyzed Huisgen 1,
3-dipolar cycloaddition between the 3-azidopropylhepta(3,3,
3-trifluoropropyl) POSS and BDPT was carried out to obtain
the POSS-capped trithiocarbonate. As shown in Figure 1, the
signal of resonance at 8.16 ppm was assignable to the protons of
triazole structure, which is characteristic of the Huisgen 1,
3-dipolar cycloaddition (i.e., so-called click reaction). The dis-
appearance of the resonance at 2.46 ppm assignable to the
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Scheme 2. Synthesis of POSS-capped PNIPAAm Telechelics
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Figure 1. 'H NMR spectra of: (A) S,S-bis(a,o-dimethyl-o’-
acetic acid)-trithiocarbonate (BDAT); (B) S,S"-bis(o,’-dimethyl-o.”-
propargyl acetate) trithiocarbonate (BDPT); (C) POSS-capped
thrithiocarbonate;.

protons of alkyne groups of BDPT indicates that all the terminal
alkene groups of BDPT have totally reacted with the azido
groups of POSS. With the occurrence of the click reaction, the
resonance of the methylene proton connected to the azido
groups completely shifted from 3.35 to 4.44 ppm, indicating that

compound it is judged that POSS-capped trithiocarbonate (viz.
bifunctional POSS CTA) was successuflly obtained.

The above POSS-capped trithiocarbonate was used as the
chain transfer agent of NIPAAm and the RAFT polymerization
was carried out with AIBN as the initiatior. For comparison, a
plain PNIPAAm was synthesized with BDAT as the chain
transfer agent. By controlling the molar ratios of the POSS-
capped trithiocarbonate to NIPAAm and the conversions of the
monomer, the POSS-capped PNIPAAm telechelics with variable
lenghts of PNIPAAm were obtained. Representatively shown in
Figure 2 is the "H NMR spectrum of POSS-capped PNIPAAm
with the length of PNIPAAm to be M, = 8700. Besides the
proton resonance assignable to PNIPAAm chain, the new signals
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Figure 3. GPC curves of plain PNIPAAm and POSS-capped PNI-
PAAm telechelics. The plain PNIPAAm was prepared with BDAT as the
chain transfer agent under the identical condition.

Table 1. Results of Polymerization of NIPAAm with POSS-
capped Trithiocarbonate As the Chain Transfer Agent

[NIPAAm]/  conversion of
samples [CTA] NIPAAm (wt%) M, M,/M,
PNIPAAm 126.4 81.4 12,400 1.26
POSS-PNIPAAmMSK 88.3 89.2 8,700 1.79
POSS-PNIPAAmM1SK 176.7 75.0 15,900 1.72
POSS-PNIPAAmM18K 235.6 69.1 18,600 1.77
POSS-PNIPAAmM25K 340.6 68.3 25,000 1.73
POSS-PNIPAAmM35K 474.9 63.4 35,800 1.83

"The plain PNIPAAm was synthesized with BDAT as the chain transfer
agent under the identical condition.

of resonance were detected at 0.91 and 2.3 ppm, which was
assignable to the protons of methylene groups connected to
silicon atom and 3,3,3-trifluoromethyl groups of fluoropropyl
group. This observation indicates that the resulting product
combined the structural feature from PNIPAAm and POSS
(see Scheme 2). All the POSS-capped PNIPAAm samples
were subjected to gel permeation chromatography (GPC) to
measure the molecular weights; the curves of GPC are pre-
sented in Figure 3 and the results of the RAFT polymerization
are summarized in Table 1. It is seen that the GPC curves of all
the POSS-capped PNIPAAm samples displayed unimodal
peaks, implying that no unreacted POSS-terminated trithio-
carbonate was detected during the polymerization. It is noted
that the POSS-capped PNIPAAm possessed the polydisper-
sity of molecular weights in the range of 1.72—1.82, irrespec-
tive of the length of PNIPAAm chain. The results of
polymerization is in marked contrast to the case of the plain
PNIPAAm with BDAT as the chain transfer agent with the
polydispersity of M,,/M,, = 1.26. The broadened distribution
of molecular weights could be responsible for the following
factors: (i) the interactions of POSS and GPC column as

40 3.0
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[NIPAAM/CTA] x CONVERSION

Figure 4. Plots of number-average molecular weights and polydisper-
sity of molecular weight as functions of the product of the molar ratio of
NIPAAm to the POSS-capped trithiocarbonate with conversion of
NIPAAm.

evidenced by the observation that the broadening of GPC
profile was pronounced while the content of POSS is high
(e.g, POSS-PNIPAAmSK) and (ii) the use of the specific
structure of the chain transfer agent. It is plausible to propose
that there were the interactions between POSS and the
packing of the GPC columns. For the RAFT polymerization
with the POSS-capped trithiocarbonate as the chain transfer
agent, the growth of PNIPAAm chain always occurred in the
vicinity of the POSS end groups. It is plausible to propose that
the low mobility and steric hindrance of the bulky POSS
groups significantly affect the growth of chains. Nonetheless,
the linear growth of PNIPAAm lengths as a function of the
product of the molar ratio of POSS-terminated trithiocarbo-
nate to NIPAAm with conversion of NIPAAm (see Figure 4)
indicates that the polymerization of NIPAAm with the chain
transfer agent was still in a living and controllable fashion. The
results of '"H NMR and GPC indicate that the POSS-capped
PNIPAAm telechelics were successfully obtained.
Microphase Separation in POSS-capped PNIPAAm Tele-
chelics. The morphology of the POSS-capped PNIPAAm tele-
chelics was 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 S. The left and right images are the topography and phase
contrast images, respectively. It is noted that all the POSS-capped
PNIPAAm telechelics displayed microphase-separated morphologies.
In terms of the volume fraction of POSS and the difference in
viscoelastic properties between PNIPAAm and POSS the light
continuous regions are assignable to PNIPAAm matrix while
the dark regions are attributed to the POSS domains. The
spherical POSS domains with the size of 10—30 nm in diameter
were dispersed into the continuous PNIPAAm matrix; the size of
POSS domains decreased with increasing the length of PNIPAAm
chains (or with decreasing the content of POSS). It is seen that
besides some big POSS microdomains there were some smaller
domains dispersed into the PNIPAAm matrix. This observation
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Figure 5. AFM micrographs: (A) POSS-PNIPAAmSK; (B) POSS-PNIPAAm1SK; (C) POSS-PNIPAAmI18 K; (D) POSS-PNIPAAmM2SK; (E) POSS-

PNIPAAm3SK. Left, height image; right, phase image.

could be associated with the degree of the migration of POSS
components at the air—sample interfaces. The “big” microdo-
mains are those that were migrated onto the interface between the
samples and air. Because of the nature of low surface energy for
organosilicon- and fluorine-containing component***~”° the com-
ponent of POSS will be enriched to the interface between the
sample and air and thus the sizes of the POSS microdomains at the
intimate surface of the films will be higher than those embedded into
the matrix. It is plausible to propose that the smaller POSS domains
are attributed to those POSS microdomains slightly below the
surface of the samples.

Surface Wettability of POSS-capped PNIPAAm Teleche-
lics. The enrichment of POSS component will significantly affect
the water wettability of the sample surfaces, which can be examined
by means of the measurement of static water contact angles. The
surface contact angles (CA) were measured with water as the probe
liquid. At room temperature (25 °C), the water contact angle of
plain linear PNIPAAm was measured to be 49.1°, suggesting the
hydrophilic nature of this polymer. It is of interest to note that the
water contact angles of all the POSS-capped PNIPAAm telechelics
were significantly higher than the plain PNIPAAm (See Figure 6).
The contact angles enhanced with increasing the content of POSS.

The enhanced contact angles suggest that the surface hydrophobi-
city of the films was significantly enhanced, ie., the surface free
energy was decreased.”””> The increased hydrophobicity for the
surface of the POSS-capped PNIPAAm films is ascribed to the
presence and enrichment of POSS component at the surface, which
is in a good agreement with the results of morphological observation
by the means of AFM.

Because of the thermoresponsive nature of PNIPAAm in
aqueous solution, the temperature-dependent surface wettability
of all the POSS-capped PNIPAAm films was investigated and the
effect of POSS end groups on the surface hydrophobicity of
PNIPAAm was examined. Prior to the CA measurement, the
specimens were held at corresponding temperatures for 10 min.
Shown in Figure 7 are the plots of water contact angles as functions
of temperature for the plain PNIPAAm and the POSS-capped PNI-
PAAm telechelics. For the plain PNIPAAm, a sigmoid curve with
a transition region in the vicinity of 32.8 °C was exhibited, which
reflected the thermoresponsive properties of PNIPAAm in
aqueous solution.”>” 7 At the lower temperature (e.g, <32 °C)
the water contact angles were lower than 50°, indicating that
the surface was quite hydrophilic. The water contact angles
increased with temperature with increasing the temperature,
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Figure 6. Plots of water contact angles for plain PNIPAAm and
POSS-capped PNIPAAm telechelics at room temperature: (A) plain
PNIPAAm; (B) POSS-PNIPAAm3SK; (C) POSS-PNIPAAm2SK;
(D) POSS-PNIPAAmI18K; (E) POSS-PNIPAAmI1SK; (F) POSS-
PNIPAAmSK.
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Figure 7. Plots of water contact angles as functions of temperature for
plain PNIPAAm and POSS-capped PNIPAAm telechelics at room
temperature.

suggesting that the surface became increasingly hydrophobic at
elevated temperature (e.g., > 32 °C). The above phenomenon
can be interpreted on the basis of the competition between
intermolecular and intramolecular hydrogen bonding below
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Figure 8. Plots of the transmission of the light (A = 550 nm) as

functions of temperature for the plain PNIPAAm and POSS-capped
PNIPAAm solutions (0.02%) for the determination of LCSTs.

and above the lower critical solution temperature (LCST) of
about 32 °C. Below the LCST, the intermolecular hydrogen
bonding interactions between the PNIPAAm chains and water
molecules results in the hydrophilicity of PNIPAAm film.
Above the LCST, the intramolecular hydrogen bonding interactions
between >C=O0 and N—H groups in the PNIPAAm chains are
dominant, which gives rise to a compact and collapsed confor-
mation of PNIPAAm chains and the surface of PNIPAAm
became quite hydrophobic. For the POSS-capped PNIPAAm,
the values of CAs were higher than that of plain PNIPAAm.
The values of CA increased with increasing the percentage of
POSS. For POSS-PNIPAAmSK, the CA at 25 °C was enhanced
up to 90 °C, implying that the surface of the film was quite
hydrophobic. It is noted that the enhancement in CA at the low
temperature (<32 °C) is much more than at the elevated
temperatures (>32 °C). As a consequence, the transition from
hydrophilicity to hydrophobicity became increasingly feeble.
This observation suggests that the effect of POSS enrichment
at the surface on the hydrophilic surfaces is much more pro-
nounced than on the hydrophobic surfaces.

Behavior of Hydrogels. Lower Critical Solution Temperatures.
The low critical solution temperatures (LCST) of all the POSS-
PNIPAAm telechelics were measured in views of the changes in the
turbidity of the dilute aqueous solutions (0.2 wt %) as functions of
temperature by means of UV—vis spectroscopy at a wavelength of
A = 550 nm. The plots of transmission of the light as functions of
temperature are shown in Figure 8. It is seen that at the low
temperatures all the POSS-capped PNIPAAm solutions had the
transmission lower than that of the plain PNIPAAm solution. The
decreased transmission could result from the formation of some
aggregates of the self-organized nanoobjects of the POSS-capped
PNIPAAm telechelics. It is seen that the transmission was decreased
with increasing the temperature. The onsets of transmission reduc-
tion were taken as the LCST. The plot of LCST as a function of POSS
percentage for the POSS-capped PNIPAAm telechelics is presented
in Figure 9. Compared to plain PNIPAAm, the POSS-capped
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Figure 9. Plots of LCSTs for plain PNIPAAm and POSS-capped
PNIPAAm telechelics: (A) POSS-PNIPAAmSK; (B) POSS-PNI-
PAAm1SK; (C) POSS-PNIPAAmISK; (D) POSS-PNIPAAmM2SK;
(E) POSS-PNIPAAm3SK; and (F) plain PNIPAAm.

Figure 10. Photos of POSS-PNIPAAm18K physical hydrogel: at (A)
25 and (B) 45 °C.

PNIPAAm exhibited the depressed LCSTs. The LCST of POSS-
PNIPAAm telechelics decreased with increasing the percentage of
POSS end groups. The decreased LCST for the POSS-PNIPAAm
telechelics is ascribed to the introduction of the hydrophobic
component [viz. hepta(3,3,3-trifluoropropyl) POSS].

Behavior of Physical Hydrogels. All the POSS-capped PNI-
PAAm telechelics can be easily dissolved in commons solvents such
as tetrahydrofuran and N,N'-dimethylformamide. However, they
can only be swollen in water at room temperature as shown in
Figure 10, indicating that the physical hydrogels were formed. The
formation of physical hydrogels implies that there were some
physically cross-linking sites in the hydrogels. It is proposed that
the POSS microdomains constitute the physical cross-linking sites
as evidenced by the results of AFM (see Figure S). At room
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Figure 11. Plots of stable swelling ratio as functions of temperature for

control PNIPAAm hydrogel (CG) and the POSS-capped PNIPAAm
hydrogels.

temperature, the midblocks (i.e., PNIPAAm) were water-soluble
whereas the end groups [viz. hepta(3,3,3-trifluoropropyl) POSS
moiety] of the chains were highly hydrophobic and could be self-
organized into the hydrophobic microdomains. These hydro-
phobic POSS microdomains would act as physical cross-linking
sites connecting PNIPAAm chains and thus the physical hydro-
gels were afforded. At low temperature (e.g, < 30 °C), all the
physical hydrogels were homogeneous and transparent. When
heated up to the higher temperatures (e.g, > 40 °C), the hydrogels
became shrank and the absorbed water was released, implying the
occurrence of volume phase transition. When cooled, the hydrogels
can be reswollen and become transparent again. The reversible
swelling and deswelling behavior with temperature is characteristic
of volume phase transition of PNIPAAm hydrogels. It is of interest
to investigate the swelling, deswelling, and reswelling kinetics of the
POSS-modified PNIPAAm physical hydrogels.

Shown in Figure 11 are the plots of swelling ratios as
functions of temperature for the control PNIPAAm and the
POSS-capped PNIPAAm hydrogels. In all the cases, the
sigmoid curves of swelling ratio versus temperature were
exhibited. It is noted that depending on the percentagte of
POSS, the POSS-capped PNIPAAm hydrogels exhibited the
temperatures of volume phase transtion (VPT) in the range of
28 to 32 °C. The VPT temperatures of the physicl hydrogels
were identical with the LCST's of the POSS-capped PNIPAAm
telechilecs in water. It is noted that below the VPT tempera-
tures the swelling ratios of POSS-PNIPAAm hydrogels in-
creased with decreasing the percentage of POSS (or with
increasing the length of PNIPAAm chains). The swelling
ratios of the POSS-PNIPAAmMS8K and POSS-PNIPAAmM15SK
hydrogels were much lower than that of the control PNIPAAm
hydrogels. The POSS-PNIPAAmI8K hydrogel possessed
the swelling ratio quite close to that of the control hydrogels.
It is seen that the swelling ratios of POSS-PNIPAAmM25K and
POSS-PINIPAAm3SK even were much higher than that of the
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Figure 12. Plots of water retention as functions of deswelling time for
evaluation of deswelling kinetics of CG and the POSS-capped PNI-
PAAm hydrogels.

control PNIPAAm hydrogels. The dependence of swelling ratios on
the percentage of POSS could be interpreted on the basis of the
cross-linking densities of the physically cross-linked networks. For
the control PNIPAAm hydrogel the swelling ratio was reduced from
8.0 to 1.60, i.e, 80 wt % absorbed water was released with the
occurrence of volume phase transition. At elevated tmperatutres
(>30 °C), all the POSS-capped PNIPAAm hydrogels displayed
lower swelling ratios than the control PNIPAAm hydrogel. It is
noted that the swelling ratios of all the POSS-capped PNI-
PAAm hydrogels were lower than 0.3, which was significantly
lower than that (ie., 1.6) of the control PNIPAAm hydrogels.
For POSS-capped PNIPAAm8K, POSS-PNIPAAm15K, POSS-
PNIPAAm18K, POSS-PNIPAAm25K, and POSS-PNI-
PAAm35K hydrogels 85.6, 86.4, 91.5, 95.9, and 97.7% of water
absorbed in the hydrogels was released, respectively, with the
occurrence of volume phase transtion. This observation suggests
that under the identical condition the release of the abosrbed
water for the POSS-capped PNIPAAm hydrogels was much
faster than the control PNIPAAm hydrogel.

The deswelling behavior of the hydrogels was evaluated by
measuring the swelling ratios of the hydrogels at 48 °C at variable
times because the thermoresponsive hydrogels can shrink and release
the absorbed water upon heating up to the VPT temperatures; the
deswelling curves of the hydrogels are shown in Figure 12. It is of
interest to note that the deswelling curves of all the POSS-
PNIPAAm hydrogels were beneath that of the control PNIPAAm
hydrogel. This observation indicates that under the identical con-
dition the POSS-capped PNIPAAm hydrogels displayed much
lower water retention than the control PNIPAAm hydrogel, i.e.,
upon deswelling, the POSS-modified hydrogels attained their stable
water retention much faster than the control PNIPAAm hydrogel.
For the control PNIPAAm hydrogel it takes ca. 10 min to attain the
stable water retention of ca. 40.1%. However, within the identical
time, the stable water retentions of the POSS-capped PNIPAAm
hydrogels are lower than 29 wt % except for the POSS-PNI-
PAAmS8K hydrogel. The water retention decreased with increasing
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Figure 13. Plots of water uptake as functions of reswelling time for the
measurement of reswelling kinetics of CG and the POSS-capped
PNIPAAm hydrogels.

the length of PNIPAAm chains. For instance, the stable water
retention of POSS-PNIPAAm35K hydrogel was even as low as
16.3%. This result indicates that within the identical time, the POSS-
PNIPAAm hydrogels are capable of releasing much more absorbed
water than the plain hydrogel. The fact that POSS-PNIPAAmMSK
hydrogel displayed lower deswelling rate than other POSS-capped
PNIPAAm hydrogels could be interpreted on the basis of the
restriction of POSS microdomains on the change in macromole-
cular conformation of PNIPAAm chains from coils to globules
due to too short PNIPAAm chains between the adjacent POSS
microdomains. It is plausible to propose that the PNIPAAm
chains at the intimate surfaces of POSS microdomains still
remain quite hydrophiphilic even while the temperature was
higher than the volume phase transition temperatures.”®

To evaluate the reswelling behavior of the hydrogels, all the
hydrogels were first deswelled at 48 °C in water and then the
reswelling ratios were measured gravimetrically at 25 °C.
Figure 13 shows the plots of water uptake as functions of
time for the control and POSS-capped PNIPAAm hydrogels.
It is noted that all the POSS-capped PNIPAAm hydrogels
displayed the water uptake higher than the control hydrogels.
For the control PNIPAM hydrogel, it takes 120 min to attain the
water uptake of ca. 40 wt %. With the identical time, the swelling
ratios of the modified hydrogels were significantly higher than this
value, i.e,, the reswelling rate of the POSS-PNIPAAm hydrogels was
much higher than that of the control PNIPAAm hydrogel. It should
be pointed out that the reswelling rates for the POSS-capped
PNIPAAm hydrogels with the PNIPAAm length of 25000 Da or
higher could be subject to some overestimation since the shapes of
these physical hydrogels were not well preserved after the long-time
reswelling tests because of their too low cross-linking densities.

B CONCLUSIONS

Hepta(3,3,3-trifluoropropyl) POSS-capped PNIPAAm teleche-
lics with variable lengths of poly(N-isopropylacrylamide)
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(PNIPAAm) were synthesized by the combination of reversible
addition—fragmentation chain transfer polymerization (RAFT)
and the copper-catalyzed Huisgen 1,3-cycloaddition. The organ-
ic—inorganic amphiphilic telechelics were characterized by means
of nuclear magnetic resonance spectroscopy (NMR) and gel
permeation chromatography (GPC). All the POSS-capped PNI-
PAAm telechelics exhibited various microphase-separated mor-
phologies as evidenced by the morphological observation by
means of atomic force microscopy (AFM). It is noted that the
physical hydrogels were formed while these POSS-capped PNI-
PAAm telechelics were subjected to the solubility tests with water
and the physical hydrogels possessed typical volume phase transi-
tion behavior as the temperatures were changed. The POSS-capped
PNIPAAm hydrogels displayed rapid reswelling and deswelling
thermoresponsive behavior compared to the control PNIPAAm.
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