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Abstract

The polysilsesquioxane having mercapto and phenyl groups (PMPSQ) was prepared from the corresponding trimethoxysilanes by co-

condensation under basic conditions. The mercapto groups on PMPSQ were utilized as the initiators for the graft polymerization of N-
isopropylacrylamide (NIPAM) with the comonomer such as N,N-dimethylacrylamide (DMAA) or hydroxyethyl acrylate under UV irradiation.
The grafting of the copolymers proceeded eftectively to give the functionalized polysilsesquioxane derivatives, in which the monomer unit ratios
almost reflected the feed molar ratios of the monomers and no formation of gel product was observed. These grafted polysilsesquioxanes could be
dissolved in water and showed the property of thermoresponsive gel formation.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, a variety of investigations concerning the modifi-
cation of polysilsesquioxanes has been reported from the interests
in new organic—inorganic hybrid materials [1-10]. Through the
modification of the hybrid having polysiloxane structure by
functional groups, the electrical, optical, mechanical, and
chemical applications are proposed [11-14]. The grafting of
polymeric components is regarded as one of the effective method
for the modification of poly- and oligo-silsesquioxanes [15-19].
We also presented the preparation of the grafted derivatives of
polysilsesquioxane, which were soluble in usual organic solvents
[20-22]. These intended to utilize the graft polymerization as a
method for providing the additional properties, which were based
on polymeric components. During the investigations on the graft
polymerization onto polysilsesquioxane, mercapto group was
found to be a useful functional group and an initiator under UV
irradiation [22]. As an example, the hydrophobic polysilses-
quioxane containing mercapto groups could be transformed into
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the amphiphilic derivative by the incorporation of poly(dimethy-
lacrylamide). The result suggests that the simple utilization of
mercapto group can be exploited as a practical procedure for the
modification of polysilsesquioxane by grafting an appropriate
polymeric components [23-26].

On the other hand, the phase separation stimulated by
temperature has been recognized as an attractive property. The
polymer obtained from N-isopropylacrylamide (NIPAM) is
well known to show such thermoresponsibility [27-36]. In a
large number of the works concerning the thermoresponsive
polymer, the grafting of polymerized NIPAM [poly(NIPAM)]
onto the polysiloxane gels has been already proposed to be an
effective method for affording the hybrid materials applicable
to microencapsulation, biosensor, and drug delivery [37—41].
However, the temperature-sensitive polysiloxane derivatives,
soluble in both organic solvents and water, have not been
investigated so far. Consequently, NIPAM was thought to be
an appropriate candidate to investigate the possibility of
grafting onto polysilsesquioxane. Furthermore, fortunately,
mercapto group has been shown to initiate the graft
copolymerization of NIPAM with N,N-dimethylacrylamide
(DMAA) from dextran [36]. These facts promise that the
resulting grafted polysilsesquioxane, consisted of both the
hydrophobic backbone and the hydrophilic polymeric graft
chains, shows the property of temperature sensitive phase
separation as a high performance hybrid [42,43].
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In our preliminary experiments for grafting of poly(NI-
PAM) onto the polysilsesquioxane containing phenyl and
3-mercaptopropyl groups (PMPSQ), the product was slightly
soluble in water by the effects of hydrophobic polysilsesquiox-
ane backbone. This led us to consider the incorporation of more
hydrophilic units in the graft chains. Therefore, in this work,
DMAA and hydroxyethyl acrylate (HEA) were chosen as the
comonomers to form the hydrophilic graft chains. The
introduction of such comonomer units into the polymer of
NIPAM has been known to affect on the temperature for phase
separation [36,44—47]. Namely, the grafting of the copolymer
of NIPAM with DMAA [poly(NIPAM-co-DMAA)] or HEA
[poly(NIPAM-co-HEA)] was expected to add the function of
controllable lower critical solution temperature (LCST) in
thermoresponsibility. By considering the information
mentioned above, we examined the grafting of poly(NIPAM-
co-DMAA) or poly(NIPAM-co-HEA) onto the PMPSQ in this
work. The synthetic image of these was shown in Scheme 1.

2. Experimental
2.1. General

"H NMR and ">C NMR spectra were obtained on a JEOL
AL-300 and JNM A-500 spectrometer in CDCl; or DMF-d;. IR
spectra were recorded on a JASCO FT/IR 230. Gel permeation
chromatographic (GPC) analysis was carried out to estimate
number-average molecular weight (M) and polydispersity
(My/M,)) on a Shimadzu LC-10VP chromatograph equipped
with an evaporative light scattering detector. Three columns
such as Shim-pack GPC-80MD, -804D, and -802D were
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connected in series and dimethylformamide (DMF) was used
as the eluent. Calibration was performed using poly(methyl
methacrylate) standards. DMF employed for the reactions was
refluxed over calcium hydride and distilled. NIPAM was
recrystallized from the mixed solvent of benzene and "hexane.
The comonomers DMAA and HEA were distilled over calcium
hydride before use. Other reagents including (3-mercaptopro-
pyDtrimethoxysilane (MTMS) and phenyltrimethoxysilane
(PTMS) were used as supplied from commercial sources.

2.2. Preparation of polysilsesquioxane (PMPSQ)

PMPSQ was prepared by the method reported before [22]. A
mixture of PTMS (8.00 g, 40.32 mmol) and MTMS (8.00 g,
40.72 mmol) with triethylamine (0.40 g, 4.00 mmol) in toluene
(80 ml) and water (20 ml) was refluxed for 48 h. Organic phase
was separated and washed with brine. The organic phase was
concentrated by a rotary evaporator under reduced pressure
and, then, methanol was added to the residual oil. The resulting
viscous oil insoluble in methanol was dried at room
temperature for 24 h in a vacuum oven under reduced pressure
(<5 mmHg). PMPSQ (8.00 g, 84% yield from PTMS and 95%
yield from MTMS) was obtained as a solid after drying. The
contents of phenyl and mercapto groups were calculated from
the peak areas observed in 'H NMR spectrum, in which
hexamethyldisiloxane was used as an internal standard; IR
(KBr) 3450 (weak, OH), 3050 (weak, C¢Hs), 2930 (medium,
CH,), 2560 (weak, SH), 1440 (medium), 1268 (medium), 1134
(strong, Si-0O), 1028 (strong, Si-O), 742 (medium), 700
(medium) cm ™~ '; "H NMR (300 MHz, CDCl3), 6 0.55-0.75
(br, —=Si-CH,-), 1.30 (br, -SH), 1.45-1.85 (br, —-CH»—), 2.25—
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Scheme 1.
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3.00 (br, -S—CH>-), 6.50-7.70 (br m, —C¢Hs); *C NMR
(75.45 MHz, CDCls), 6 12.40 (Si—-CH»-), 27.81 (-CH,—SH, C-
CH,—C), 128.39 (m, p-CgHs X 3), 131.26 (0-CgHs X 2), 134.43
(Si-Cg¢Hs); M,=5400, M,/M,=2.11; phenyl unit=
4.22 mmol equiv. g~ ', mercaptopropyl unit=4.88 mmo-

lequiv. g~ .

2.3. Typical procedure for grafting onto PMPSQ

A solution of PMPSQ (0.28 g, 1.18 mmol equiv. of phenyl
group and 1.37 mmol equiv. of mercapto group), DMAA
(0.68 g, 6.86 mmol), and NIPAM (0.78 g, 6.89 mmol) in DMF
(6 ml) was introduced into a glass tube. The mixture was
purged of air via three vacuum-argon cycles. Then, the mixture
in the glass tube was irradiated at 18 °C by using a RIKO
RH400 UV lamp equipped with water jacket from a distance of
10 cm for 20 h under argon atmosphere. The resulting solution
was distilled under reduced pressure to concentrate and
the residue was poured into diethyl ether. The insoluble part
was dried at room temperature for 24 h under reduced pressure
(<5 mmHg) to obtain the poly(NIPAM-co-DMAA) grafted
polysilsesquioxane (GrND2) as a solid (155 g, 89% yield based
on weight) (Table 1, Run 3); IR (KBr) 3470, 3280, 2975, 2934,
1640 (C=0), 1560, 1465, 1140 cm™'; '"H NMR (DMF-d;,
500 MHz), 6 1.06 (br, m, —CH3), 1.63-1.73 (br, m, —-CH,-),
2.15-2.48 (br, (C=0)-CH-), 2.75-2.97 (br, -N-CHj3), 3.85
(br, -NH-CH-) 7.13-7.40 (br, -C¢Hs, -NH-); *C NMR
(125 MHz, DMF-d;), ¢ 22.2 (-CHj3;), 24.4 (-CH,-), 37.9 (-
CH-), 39.3 (NCH3), 39.8 (NCHj3), 40.1 (NCH-), 130.0 (-
CeHs), 132.5 (-CgHs), 135.4 (-CgHs), 175.2 (-C=0); M,,=
4400, M, /M,=1.93.

Analogously, the grafted polysilsesquioxanes GRNDs were
prepared by changing the feed molar ratios of NIPAM and
DMAA. The polysilsesquioxanes having the graft chains of
poly(NIPAM-co-HEA) (GrNHs) were also prepared in a
similar manner. In addition, the grafted polysilsesquioxane
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having the homopolymer of NIPAM (GrN) as the graft chains
were prepared by the same procedure above, in which
10 equiv. of NIPAM to mercapto group was employed
(Table 1, Run 1).

GrNH2 (Table 1, Run 6): IR (KBr) 3400, 3300, 2975, 2954,
1720 (C=0), 1640 (C=0), 1565, 1465, 1384, 1260, 1160,
1138, 1080 cm ™ '; 'H NMR (DMF-d;, 500 MHz), 6 0.88 (br,
m, -CH3), 1.21-1.75 (br, m, -CH,-), 1.85-2.30 (br, (C=0)—
CH-), 3.59 (br, -CH,—OH), 3.84 (br, -NH-CH-), 4.03 (br, —
CH,—0-) 7.13-7.40 (br, —-C¢Hs, -NH-); '*C NMR (125 MHz,
CDCl3), 6 22.2 (-CHjy), 30.7 (-CH,-), 34.2 (-CH-), 35.8 (-
CH-), 389 (N-CH-), 58.9 (HO-CH,-), 65.6 (-O-CH,-),
125.0 (-CgHs), 128.2 (-CgHs), 133.7 (-C¢Hs), 174.6 (-C=0).

The results of the grafting were shown in Table 1.

2.4. Thermal analysis

The grafted polysilsesquioxanes were employed for thermal
degradation test by a thermogravimetric analyzer (Shimadzu,
DTG-60). The measurements were conducted with 10 mg of
the sample from room temperature to 600 °C, in which a
heating rate was 10 °C min~ ' under nitrogen.

2.5. Measurement of contact angle

A solution of the grafted polysilsesquioxane in toluene was
cast on poly(ethylene terephtalate) sheet and, then, removed
toluene at 120 °C for 1 min in an oven. Static contact angle was
measured with deionized water drops on the surface of the
resulting sheet within 10s at room temperature by a face
contact angle meter (Kyowa Interface Science, CA-D Type).

2.6. Measurement of transmittance (%T)

A solution of the grafted polysilsesquioxane (0.5 or
1.0 wt%) in deionized water was used for the measurement

Table 1
Graftation onto polysilsesquioxane having mercapto groups (PMPSQ)
Run Reaction conditions® Grafted
polysilsesquioxane
Comonomer Feed molar ratio of  Product Yield (%)° Unit of ratio of NIPAM/comonomer M, (My/M,)*

NIPAM/ (mol equiv. mol ~ " equiv. ™ !)°

comonomer
1 - 10/0 GrN 81 10/0 30,400 (1.93)
2 DMAA 713 GrND1 86° 8/2 31,400 (2.42)
3 DMAA 5/5 GrND2 89° 5/5 29,800 (2.25)
4 DMAA 317 GrND3 92¢ 2/8 40,800 (1.94)
5 HEA 7/3 GrNHI1 92f 7/3 42,700 (1.45)
6 HEA 515 GrNH2 95f 515 49,000 (1.40)
7 HEA 3/7 GrNH3 91 2/8 47,200 (1.93)

? The polymerization was conducted at 18 °C under UV irradiation (400 W high-pressure mercury lamp) for 20 h in DMF, in which the total monomer

concentration was ca. 2.3 [M].
® The yields were based on the weights of the substrates.
The estimation was based on 'H NMR spectral data.

c
d

¢ Insoluble part of diethyl ether.
f Insoluble part of "hexane.

DMF was used as an eluent and the calibration was performed with poly(methyl methacrylate) standards.
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of %T on a Shimadzu UV-1650 spectrophotometer equipped
with a Peltier-type S-1700 thermostatic cell older, where the
changes in %T were observed from a visible source at 500 nm
through a 1 cm quartz sample cell at the rate of 1 °C/30 s during
heating and cooling scans.

3. Results and discussion
3.1. Preparation of PMPSQ from PTMS and MTMS

In our previous work, the condensation using only MTMS
under basic conditions was reported to give a gel product. The
introduction of phenyl groups besides mercaptopropyl groups
is found to be effective for the preparation of the poly-
silsesquioxane soluble in several usual organic solvents.
Consequently, the polysilsesquioxane having phenyl and
mercaptopropyl groups, the ratio of which was adjusted to be
almost equal, was prepared in this work. The obtained PMPSQ
was supposed to contain a ladder- and an incomplete cage-like
polysiloxane structures, although it has been still unidentified
and left as a problem to be solved.

The co-condensation of PTMS and MTMS with a catalytic
amount of triethylamine proceeded efficiently to give PMPSQ
in the good yield such as 84% as a viscous oil insoluble in
methanol. After drying under vacuum at room temperature, the
viscous oil transformed into an easy handling solid. The yield
and the contents of phenyl and mercaptopropyl groups were
estimated by the proton ratios observed in the 'H NMR
spectrum. In the 'H NMR measurements of PMPSQ,
hexamethyldisiloxane was used as an internal standard, the
signal of which appeared at O ppm. The signals assigned to the
protons for the methylene groups of —-CH,CH,SH were
observed in the region from 1.30 to 1.85 ppm. Other protons
showing the presences of SiCH,— and benzene ring were
detected around 0.6 and 7.6 ppm, respectively. From the
calculation based on the proton ratios of these signals, the
contents of 4.88 mmol equiv. g~ ' of mercaptopropyl group
and 4.22 mmol equiv. g~ ' of phenyl group were determined.
The estimated M,, and M, /M, of PMPSQ by GPC were ca.
4400 and 1.93, respectively. The obtained PMPSQ was soluble
in diethyl ether, chloroform, benzene, acetone, THF, and DMF,
but insoluble in methanol, "hexane and water. Such PMPSQ
was used as the macroinitiator for the graft polymerization of
NIPAM and the comonomers.

3.2. Grafting by photopolymerization

As a preliminary experiment, the polymerization of NIPAM
onto PMPSQ under UV irradiation using a 400 W high
pressure mercury lamp at 18 °C was carried out, in which
10 equiv. of NIPAM to mercapto group was employed. In the
polymerizations mentioned here, the initial concentration of
the monomers was fixed to be ca. 2M in DMF. The
polymerization proceeded effectively to give the polysilses-
quioxane GrN having only poly(NIPAM) in 86% yield
(Table 1, Run 1). However, this grafted derivative GrN was
insoluble in water. Such a low solubility in water despite to the

introduction of the hydrophilic graft chains was thought to be
caused by the presence of the hydrophobic polysiloxane
backbone which contains phenyl and propyl groups. Conse-
quently, the graftings of the copolymers, which contained the
more hydrophilic monomer units such as DMAA or HEA, were
examined.

The polysilsesquioxanes having poly(NIPAM-co-DMAA)
or poly(NIPAM-co-HEA) as the graft chains were prepared
under UV irradiation, in which the feed molar ratios of
NIPAM/comonomer were changed to be 7/3, 5/5 and 3/7. The
graftings of NIPAM and the comonomer onto PMPSQ
proceeded effectively to give the products in high yields over
86%. The obtained grafted products were soluble in methanol,
acetone, and DMF, but insoluble in diethyl ether. In GPC
measurements of the grafted polysilsesquioxanes using DMF
as an eluent, M;s were estimated to be in the region from
29,800 to 49,000 and all the products showed unimodal peak in
the elution profiles. This indicated that the polymerizations
progressed primarily to form the grafted derivative of PMPSQ.

The presence of the monomer units in the grafted
derivatives of PMPSQ was supported by the spectral data.
The IR spectra of GrNDs, having NIPAM and DMAA units
in the graft chains, showed a strong absorbance at 1640 cm ™~ L
In the spectra of the grafted polysilsesquioxanes GrNHs,
containing NIPAM and HEA units, two peaks around 1720 and
1640 cm ™~ ' due to carbonyl group were shown. The former
spectral data demonstrated that the presence of the analogous
amide groups. The later spectral information indicated that
GrNHs contained amide and ester groups. In the IR spectra of
GrNHs, several additional peaks due to HEA unit were

Transmittance, %

\

1 1 1 Il 1 Il 1 Si_Q—Si
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber, cm’!

Fig. 1. IR spectra (KBr) of GrND2 (Table 1, Run 3) and GrNH2 (Table 1, Run
6).
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observed. The characteristic strong peaks at 3000 and
1180 cm ™" indicated the presence of hydroxy and carbon—
oxygen bond, respectively. In addition, the peak around
1100 cm ' due to silicon-oxygen bond was observed in the
IR spectra of GrNDs and GrNHs. As the examples of IR
spectra, these of GrND2 and GrNH2 were shown in Fig. 1. In
the '"H NMR spectra of the grafting polysilsesquioxanes, the
signals due to the protons of methylene and methine groups
were detected in the range from 1.2 to 1.8 ppm. However, the
broad signal due to methylene protons attached to Si was
hardly observed at ca. 0.6 ppm in the both spectra of GrNDs
and GrNHs. Other signals due to methyl protons of
dimethylamino group and protons of benzene ring were
appeared around 3.0 and 7.2 ppm, respectively. The signal
appeared at 3.85 ppm was assigned to the methine proton
bonded to nitrogen of NIPAM. These signals could be utilized
for the calculation of the monomer unit ratios of the graft
chains of GrNDs. In the cases of GrNHs, the signals appeared
at 3.59 and 4.03 ppm were assigned to the methylene protons
bonded to oxygen. The composition of graft chains of GrNHs
was estimated by the proton areas of these signals with that at
3.84 ppm for methine proton of NIPAM unit. The spectral data
of 'H NMR, utilized for the estimation of compositions of the
graft chains, demonstrated that NIPAM, DMAA, and HEA
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could be polymerized effectively according to the feed molar
ratios of the monomers. The '"H NMR spectra of GrND2 and
GrNH2 were shown in Fig. 2. The signals due to the
characteristic carbons of the monomer units detected in '*C
NMR spectra of GrNDs and GrNHs also supported the
incorporations of the corresponding graft chains. The signals
observed at 39.3, 39.8, and 40.1 ppm in the spectra of GrNDs
were assigned to the carbons of methyl and methine groups
bonded to nitrogen of polymerized DMAA unit. The carbons of
methylene groups attached to oxygen of polymerized HEA unit
were appeared at 58.9 and 65.6 ppm.

3.3. Thermal and hydrophilic properties

The thermal stability of the graft polymers GrN, GrND2 and
GrNH?2 was examined by TGA analysis. The TGA curves were
shown in Fig. 3. In the measurements, the weight of GrN
decreased more readily than those of GrND2 and GrNH2. In
the curves of GrND2 and GrNH2, the degradation seemed to
progress through three stages. In the case of GrNH2, the curve
at the first stage until ca. 340 °C almost overlapped with that of
GrN and, then, the slope became gentle at the second stage. In
the case of GrND?2, the slope of the curves was almost same
until ca. 390 °C to that of GrN. The different inclinations of the

CHs « CHs
_N\ /N_C\_
CH, CHs

/ -

/
N—CiH
GRND2 \
i ad N M
T T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 0 ppm
CHs
AN 7
/N_Q_
CHjy
HO-CHy— /
/
N—CH
\
GrNH2
—C-0-CH,— ~
T T T T T T T T T T T \
9 8 7 6 5 4 3 2 1 0 ppm

Fig. 2. 'H NMR spectra (DMF-d;, 300 MHz) of GrND2 (Table 1, Run 3) and GrNH2 (Table 1, Run 6).
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Fig. 3. TGA curves of GrN (—) (Table 1, Run 1), GrND2 (---) (Table 1, Run 3), and GrNH2 (— - —) (Table 1, Run 6).

curves observed at the second stage seemed to show the effects
of the polymerized comonomers DMAA and HEA on the
degradation. The results was interpreted that the incorporation
of DMAA or HEA units into the polymer of NIPAM improved
the tolerance of the graft chains to heat. At the third stage, the
degradation around polysilsesquioxane backbone seemed to
begin. Since, the analogous loss of weight was observed at the
similar temperature such as ca. 440 °C in the case of PMPSQ as
shown in the previous report [22]. In all the thermal profiles of
the grafted products, the total weight loss of each sample at
600 °C was reasonable. When the grafted polymers, phenyl
groups, and propyl groups were assumed to be lost completely,
the estimated weight loss due to those components should be
ca. 90%. The observed total weight loss of those samples was
close to the presumed value.

The effect of incorporation of the hydrophilic units into the
graft chains was evaluated by the measurement of contact
angle on the films obtained from the grafted products. The
contact angles of water drop on the surface of the films of
GrNDs and GrNHs, measured at room temperature within 10 s,
were shown in Table 2. The hydrophobic PMPSQ provided the
reasonable angle such as 98° in the previous report [22]. The
value decreased to be 54° by grafting of the poly(NIPAM) as
shown in the example of GrN. The value was further decreased
with the presences of the hydrophilic monomer units. When the
molar unit ratio of NIPAM/DMAA in poly(NIPAM-co-
DMAA) chain was 2/8, the contact angle of GrND3 became
27°. This was predictable by considering the contact angle of
the analogous polysilsesquioxane grafted only DMAA units, in
which the contact angle of the polysilsesquioxane containing
7.8 monomer units to one mercapto group was 18° [22]. In the
incorporations of HEA units, the values were varied in the

Table 2
Hydrophilic property of grafted polysilsesquioxane

range from 47 to 38° with the increase of content of HEA units
as shown in the series of GrNHs. These indicated that the effect
of DMAA unit on hydrophilicity appeared more markedly
compared to that of HEA unit. The grafted polysilsesquioxane,
GrN, having the homopolymer of NIPAM was difficult to
dissolve in water. While, GrNDs showing the lower contact
angles were readily soluble in water. In the series of GrNHs,
GrNH3, the graft chain of which was mainly consisted of HEA
units, was soluble in water. However, GrNH1 and GrNH2, the
molar ratios of NIPAM unit/HEA unit of which were 2/8 and 5/
5, could not be dissolved in water freely. Such grafted
polysilsesquioxanes showing a good and moderate solubility
in water were used for the following examination on the
thermoresponsive phase separation.

3.4. Thermally reversible phase separation

The change of LCST of poly(NIPAM) caused by the
introduction of DMAA and 2-hydroxyethyl methacrylate units
has already been presented in various works [36,44—47]. These
previous results promised that a thermally reversible phase
separation of GrNDs and GrNHs occurred at different
temperatures by reflecting the content of the hydrophilic
monomer units. To get the information on the thermorespon-
sive property, the aggregation behavior of the grafted
polysilsesquioxanes was evaluated by the turbidity in an
aqueous solution, which was indicated as transmittance. The
concentrations of the samples were adjusted to be 1 wt% for
GrNDs and 0.5 wt% for GrNHs by considering the solubility in
water. The relationships between %T versus temperature of
GrNDs and GrNHs measured at 500 nm under heating were
shown in Figs. 4 and 5, respectively. The LCSTs of those

Material PMPSQ* GIN GIND1

GrND2

GrND3 GrNH1 GrNH2 GrNH3

Contact angle 98 54 38 30
(deg)
LCST (°C)° - - 49 73

27 47 45 38

>100 - 48 55

? Ref. [22].
® Contact angle of water.

¢ Aqueous solution of 1 wt% for GrNDs and 0.5 wt% for GrNHs were used in the measurements of optical transmittance.
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samples were listed in Table 2. No reverse profile was depicted
here, but all the samples showed the behavior of reversible
phase separation according to the temperature.

When the ratio of NIPAM unit/DMAA unit was 8/2, the
LCST of GrND1 was recorded to be 49 °C. Such phase
separation in the aqueous solution of GrND1 started at 37 °C
and the gel was almost completely formed at ca. 49 °C
mentioned as LCST. The LCST of GrND2, which contained
same molar ratio of NIPAM and DMAA units, increased to be
73 °C, in which such gel formation of GrND2 was started at
54 °C. In this case, the %T could not reach to 0% under the
conditions mentioned here. In the case of GrND3, which
contained the highest molar ratio of DMAA unit among
GrNDs, the value was over 100 °C. Thus, LCST of the grafted
polysilsesquioxanes increased markedly with the content of
DMAA unit.

The solubility of GrNH1 and GrNH2 in water was not
enough as predicted by the values of contact angle and the later
sample was practically unsuitable to the measurement. There-
fore, the measurements of thermoresponsive property of
GrNHs were conducted on GrNH2 and GrNH3 where the
concentration of the sample was adjusted to be 0.5 wt%
solution in water. The results indicated that the effects of HEA
unit on LCST were less obvious compared to those of DMAA
unit. When the unit ratios of NIPAM/HEA was 5/5, the LCST
of GrNH2 was 42 °C. The LCST of GrNH3, which contained
double the molar ratio of HEA unit to NIPAM unit, rose to
49 °C. These observations were shown in Fig. 5. In addition,
under such conditions, the value of %T for GrNH2 was
retained at ca. 50%, even when the gelation was completed.

The copolymer of NIPAM with the hydrophilic comonomer
DMAA is known to show a higher value of LCST in
comparison with poly(NIPAM) [36,44-46]. The results
obtained here were in accord with such previous findings.
The graft chains consisted of NIPAM and HEA units
combination also brought a rise of LCST. However, the
difference of values of LCST according to the contents of HEA
units was not obvious. The less hydrophilic HEA unit, as
supposed by the values of contact angle, was less effective for
the change of the thermoresponsive property. This tendency
was predictable from the reported thermoresponsibility of the
analogous copolymer of NIPAM with 2-hydroxyethyl metha-
crylate [47].
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Fig. 4. Temperature dependence of optical transmittance (%T) at 500 nm for
1.0 wt% aqueous solution of GrNDs under heating: GrND1 (4), GrtND2 (@),
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The thermosensitivity of GrNDs to the phase transition was
deteriorated than that of the reported poly(NIPAM-co-DMAA)
[36,44-46]. Temperature width of 12 °C was necessary for the
complete phase transition of GrNHI and 19 °C for that of
GrNH2. A steric factor of the polysilsesquioxane backbone
may be a reason besides the effects of molecular weight to
explain the slow phase separation. The polysilsesquioxane
backbone is thought to be consisted of a ladder- and/or an
incomplete cage-like structure. Consequently, that is more
bulky and rigid compared to a usual linear polymer backbone.
Such steric factor is unfavorable for the intermolecular
aggregation of the grafted polysilsesquioxane. This seems to
cause the retardation of intermolecular association of the
grafted polysilsesquioxane macromolecules except for intra-
molecular assembly of NIPAM units.

4. Conclusion

The polysilsesquioxane containing phenyl and mercapto-
propyl groups was employed for the grafting of thermo-
responsive poly(NIPAM-co-DMAA) or poly(NIPAM-co-
HEA) to afford the new functional organic—inorganic hybrid
material. The results demonstrated that mercapto group on the
polysilsesquioxane backbone act as an efficient initiator for the
grafting under photopolymerization conditions without for-
mation of cross-linked product. Through the grafting, the
expected physical property, a thermally reversible gel
formation, was given to the polysilsesquioxane, although the
introduction of more hydrophilic monomer units such as
DMAA or HEA was required besides NIPAM units to increase
the solubility in water. In the use of the hydrophilic
comonomers, the temperature of phase separation varied
according to the contents of the comonomer units. Such results
seem to be available for the design of the polysilsesquioxane
derivative, which shows a desired aggregation temperature,
although a decline in thermosensitivity was observed.

Thus, the photopolymerization procedure by the simple use
of mercapto groups enabled the ready introduction of
polymeric components onto the polysilsesquioxane structure.
This also promises that the grafting of appropriate polymeric
chains enables the facile and versatile preparation of multi-
functional polysilsesquioxanes.
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