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Abstract

The polysilsesquioxane having mercapto, dimethylamino, and phenyl groups (PAMPSQ) was prepared from the corresponding trimethoxy-
silanes by co-condensation under basic conditions. The mercapto group on PAMPSQ was utilized as an initiator for graft copolymerization of
N-isopropylacrylamide and N,N-dimethylacrylamide. The grafting of the copolymer proceeded effectively to give the thermoresponsive polysil-
sesquioxane derivative (GrPSQ) without the formation of gel product. The obtained GrPSQ was amphiphilic and provided the property of ther-
moresponsive reversible aggregation. The aggregation temperatures of GrPSQ varied in buffer solutions showing different pH values.
Furthermore, the formation of ammonium salts utilizing dimethylaminio groups with carboxylic acids or halogen compounds led to a rise in
aggregation temperature.
� 2006 Published by Elsevier Ltd.
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1. Introduction

A variety of investigations on polysilsesquioxane, as a mem-
ber of polysiloxane compounds and silicon rich organice
inorganic hybrid materials, have been reported recently [1e8].
In the investigations, electrical, optical, mechanical, and chem-
ical applications of polysilsesquioxanes are proposed [9e12].
Such usages of polysilsesquioxanes are linked with a ready
modification by various organic functional groups. The exis-
tence of functional groups enables further modification of
polysilsesquioxane by introducing various organic components.
One of the effective methods for such modifications is graft
polymerization, in which the introduced polymeric compo-
nents provide the additional properties besides durability for
heat and weatherability based on the inorganic polysiloxane
backbone. Indeed, several groups have already reported the
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modifications of poly- and oligo-silsesquioxane by grafting
polymeric components [13e17]. We also have investigated
on the graft polymerization from polysilsesquioxanes which
intended to prepare a new multi-functional hybrid material
[18e20]. Along with such investigations, the introduction of
copolymer of N,N-dimethylacrylamide (DMAA) and N-isopro-
pylacrylamide (NIPAM) was reported in the previous work
[21]. In the report, the mercapto group in polysilsesquioxane
was demonstrated to be a useful initiator for graft polymeriza-
tion under UV irradiation. In addition, the obtained polysilses-
quioxane derivative successfully showed amphiphilicity and
thermoresponsive phase separation. The latter property was
provided by the graft chains of the polymerized NIPAM
(polyNIPAM).

The thermoresponsivity provided by the presence of poly-
NIPAM has been well investigated and various applications
are proposed such as microencapsulation, biosensor, and drug
delivery [22e29]. In such widely expanded investigations,
the amphiphilic polysilsesquioxane, consisted of inorganic
polysiloxane backbone with thermoresponsive graft chains,
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is regarded as a newcomer of the high performance hy-
brids [30,31]. Furthermore, the easy introduction of various
organic functional groups, which are contained in the starting
trichloro- or trialkoxy-silane, is a favorable feature of poly-
silsesquioxane. This led us to investigate on the multi-
functional derivatives of the previous thermoresponsive grafted
polysilsesquioxane.

In the investigations concerning polyNIPAM, the co-
polymerization of the monomer having dimethylamino group
with NIPAM is reported and presents pH sensitivity to the
polymer [29,32e34]. From the interests in such reported prop-
erty, the introduction of the basic group into the thermorespon-
sive polysiloxane derivative is successively studied. In the use
of the polysilsesquioxane, the basic group can be easily intro-
duced into both the graft chains through the copolymerization
and the polymer backbone by choosing the starting silanes. In
our studies, the latter introducing procedure is adopted to
utilize the characteristic of polysilsesquioxanes. When the di-
methylamino groups are located around the polysilsesquioxane
backbone, they are also expected to affect on lower critical
solution temperature (LCST) according to the pH value of
aqueous solution. In addition, further modification by the use
of the amino group via formation of salts with acids or halogen
compounds is possible, which may have an influence on LCST.

In this work, the polysilsesquioxane having phenyl, mer-
capto, and dimethylaminopropyl groups (PAMPSQ) was
newly prepared and employed for the grafting of the copolymer
of NIPAM and DMAA (polyNIPAM-co-polyDMAA). Then,
to obtain the information concerning the effects of the presence
of dimethylaminopropyl group, the thermoresponsive behavior
of the grafted polysilsesquioxane (GrPSQ) was examined
under various conditions. The syntheses of these were shown
in Scheme 1.

2. Experimental

2.1. General

1H NMR and 13C NMR spectra were obtained on a Jeol
AL-300 and JNM A-500 spectrometer in CDCl3 or DMF-d7.
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IR spectra were recorded on a Jasco FT/IR 230. Gel permeation
chromatographic (GPC) analysis was carried out to estimate
number-average molecular weight (Mn) and polydispersity
(Mw/Mn) 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
connected in series and N,N-dimethylformamide (DMF) was
used as the eluent. Calibration was performed using poly-
(methyl methacrylate) standards. DMF employed for the reac-
tions was refluxed over calcium hydride and distilled. NIPAM
was recrystallized from the mixed solvent of benzene and
nhexane. The comonomer DMAA was distilled over calcium
hydride before use. Other reagents including phenyltri-
methoxysilane (PTMS, TCI, 98% purity), (3-mercaptopropyl)-
trimethoxysilane (MTMS, Chisso, 99% purity), and (3-
dimethylaminopropyl)trimethoxysilane (ATMS, Gelest, 99%
purity) were used as supplied from commercial sources.

2.2. Preparation of polysilsesquioxane (PAMPSQ)

PAMPSQ was prepared by the analogous method reported
before [21]. A mixture of PTMS (8.00 g, 40.32 mmol),
MTMS (3.90 g, 20.16 mmol), and ATMS (4.18 g,
20.16 mmol) with triethylamine (0.40 g, 4.00 mmol) in the
mixed solvent of THF (80 ml) and water (20 ml) was refluxed
for 48 h. The resulting solution was concentrated by a rotary
evaporator under reduced pressure and, then, an excess amount
of methanol was added to the residual oil. The solid that is
insoluble in methanol was collected and dried at room tem-
perature for 24 h in a vacuum oven under reduced pressure
(<5 mmHg) to obtain PAMPSQ (6.70 g, 78% yield from
PTMS, 70% yield from MTMS, and 78% from ATMS).
The contents of phenyl, mercapto, and dimethylaminopropyl
groups were calculated from the peak areas observed in
1H NMR spectrum, in which hexamethyldisiloxane was used
as an internal standard; IR (KBr): 3450 (weak, OH), 3050
(weak, C6H5), 2930 (medium, CH2), 2560 (weak, SH), 1440
(medium), 1268 (medium), 1134 (strong, SieO), 1028 (strong,
SieO), 742 (medium), 700 (medium) cm�1; 1H NMR
(300 MHz, CDCl3): d 0.55e0.75 (br, eSieCH2e), 1.30 (br,
eSH ), 1.00e1.85 (br, eCH2e), 2.25e3.00 (br, eSeCH2e,
eCH2eNeCH3), 6.50e7.80 (br m, eC6H5); 13C NMR
(75.45 MHz, CDCl3): d 12.1 (SieCH2e), 27.8 (eCH2eSH,
CeCH2eC), 45.2 (eNeCH3), 62.2 (eCH2eNe), 127.8
( p-C6H5�3), 130.4 (o-C6H5�2), 133.9 (SieC6H5); Mn ¼
2000; Mw/Mn ¼ 1.18; phenyl unit ¼ 4.65 mmol equiv/g;
mercaptopropyl group ¼ 2.11 mmol equiv/g; dimethylamino-
propyl group ¼ 2.33 mmol equiv/g.

2.3. Procedure for grafting onto PAMPSQ

A solution of PAMPSQ (2.00 g, 4.22 mmol equiv of
mercapto group), DMAA (1.68 g, 16.9 mmol), and NIPAM
(3.85 g, 34.0 mmol) in DMF (25 ml) was poured 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 8 h under argon atmo-
sphere. The resulting solution was distilled under reduced
pressure to concentrate and the residue was poured into an
excess amount of diethyl ether. The insoluble part was dried
at room temperature for 24 h under reduced pressure
(<5 mmHg) to obtain the polyNIPAM-co-polyDMAA grafted
polysilsesquioxane (GrPSQ) as a solid (5.55 g, 74% yield
based on weight and 73% yield based on Si). The contents of
phenyl, mercapto, dimethylaminopropyl groups and the mono-
mer units in GrPSQ were calculated from the peak areas ob-
served in 1H NMR spectrum, in which hexamethyldisiloxane
was used as an internal standard; IR (KBr): 3304, 2972,
2933, 1645 (C]O), 1563, 1466, 1132, 798, 729 cm�1;
1H NMR (500 MHz, DMF-d7): d 0.70 (br, eCH2eSie), 1.00
(br m, eCH3), 1.30e1.80 (br m, eCH2e), 1.80e2.25 (br,
(C]O)eCHe), 2.70e3.05 (br m, eSeCH2e, eCH2eNe
CH3, (C]O)eNeCH3), 3.86 (br, eNHeCHe) 7.10e7.80
(br, eC6H5, eNHe); 13C NMR (125 MHz, DMFed7):
d 22.6 (eCH3), 35.7 (eCH2e), 37.2 (eCHe), 41.2 (eNe
CH3), 42.3 (eNeCH3), 45.1 (eNeCHe), 127.8 (eC6H5),
131.5 (eC6H5), 133.9 (eC6H5), 174.4 (eC]O); Mn ¼
15,400; Mw/Mn ¼ 1.44; phenyl group ¼ 1.23 mmol equiv/g;
dimethylaminopropyl group ¼ 0.62 mmol equiv/g; DMAA
unit ¼ 2.25 mmol equiv/g; NIPAM unit ¼ 4.43 mmol equiv/g.

2.4. Typical procedure for preparation of quarternary
ammonium salt

The solution of GrPSQ (0.50 g, 0.31 mmol equiv of dime-
thylaminopropyl group) and benzyl bromide (0.07 g,
0.41 mmol) in DMF (2 ml) was heated at 60 �C for 7 h under
Ar atmosphere. The resulting solution was poured into a large
amount of diethyl ether. The insoluble part was dried at room
temperature for 24 h under reduced pressure (<5 mmHg) to ob-
tain the derivative of GrPSQ having benzyl ammonium groups
(GrA2) as a solid (0.52 g, >99% yield based on weight). The
content of benzyl groups in GrA2 was calculated from the
peak area of the signal for the protons of methylene group
bonded to benzene ring observed in 1H NMR spectrum, in
which hexamethyldisiloxane was used as an internal standard.
In the calculation, the content of dimethylaminopropyl group
was estimated from the proton ratio to NIPAM units, which
was determined in the analysis of GrPSQ. Namely, the peak
area due to the methine proton of NIPAM unit appeared
at 3.86 ppm was employed as a standard; IR (KBr): 3299,
2971, 2933, 1644 (C]O), 1563, 1458, 1133, 729, 700 cm�1;
1H NMR (300 MHz, DMF-d7): d 0.70 (br, eCH2eSie), 1.00
(br m, eCH3), 1.30e1.80 (br m, eCH2e), 1.80e2.25 (br,
(C]O)eCHe), 2.70e3.05 (br m, eSeCH2e, eCH2eNe
CH3, (C]O)eNeCH3), 3.86 (br, eNHeCHe), 4.67 (br,
eNeCH2ePh), 7.10e7.80 (br, eC6H5, eNHe); 13C NMR
(125 MHz, DMF-d7): d 22.5 (eCH3), 35.4 (eCH2e), 37.2
(eCHe), 41.2 (eNeCH3), 42.3 (eNeCH3), 45.1 (NCHe),
61.0 (eCH2eNePh), 127.8 (eC6H5), 130.7 (eC6H5), 133.1
(eC6H5), 133.8 (eC6H5), 174.2 (eC]O); Mn ¼ 15,300;
Mw/Mn ¼ 1.25; phenyl group ¼ 1.24 mmol equiv/g (initial
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dimethylaminopropyl group¼ 0.62 mmol equiv/g); benzyl
group ¼ 0.61 mmol equiv/g; NIPAM unit¼ 4.43 mmol equiv/g.

Analogously, allyl bromide, 4-bromomethylbiphenyl, and
9-chloromethylanthracene were employed to give the corre-
sponding allyl (GrA1), methylbiphenyl (GrA3), and methyl-
anthracene ammonium derivative (GrA4). In the 1H NMR
spectrum of GrA1, the signals for the protons attached to
carbonecarbon double bond were observed at 5.54 and
6.04 ppm. The peak area of these was utilized for the calcula-
tion of content of allyl groups. In the cases of GrA3 and
GrA4, the signals appeared at 4.83 and 5.85 ppm assigned
to the protons of methylene group bonded to benzene ring
were adopted for the calculations of the content, respectively.
The results are listed in Table 1.

2.5. Measurement of transmittance (%T)

Solution of GrPSQ (1.0 wt%) in deionized water was used
for the measurement of transmittance (%T ) on a Shimadzu
UV-1650 spectrophotometer equipped with a Peltier-type
S-1700 thermostatic cell holder, where the changes in %T
were observed from a visible source at 600 nm through
a 1 cm quartz sample cell at the rate of 1 �C/30 s during heat-
ing and cooling scans. The measurements were repeated three
times on each sample, where the observed curves were in good
agreement except for the cases of GrPSQ with none additive
and GrA4.

Analogously, the measurements were conducted in the
buffer solutions of pH ¼ 4 containing phthalate salt and 7 con-
taining phosphate salt. In addition, the aqueous solution of
pH ¼ 9.7 and 10.4 of GrPSQ was also employed for the mea-
surement. In the former case, GrPSQ was dissolved in 1 M
solution of sodium chloride (NaCl) as an additive and, in the
latter case, pH value was adjusted by adding an appropriate
amount of sodium hydroxide (NaOH). For the measurements
containing ammonium salts, 2 equiv of the carboxylic acid
such as formic acid (GrS1), acetic acid (GrS2), or benzoic
acid (GrS3) to dimethylaminopropyl group were added to
1 wt% solution of GrPSQ, respectively. Furthermore, the mea-
surements using GrAs containing quarternary ammonium salts
were conducted for 1 wt% aqueous solution.

3. Results and discussion

3.1. Preparation of PAMPSQ from PTMS,
MTMS, and ATMS

In our preliminary experiments, the condensation using
only MTMS or ATMS under basic conditions gave the corre-
sponding gel product. The co-condensation of PTMS with
MTMS or ATMS afforded the polysilsesquioxane soluble in
the organic solvents such as chloroform, dimethyl sulfoxide,
and DMF. In the co-condensation, at least an equimolar
amount of PTMS to MTMS or ATMS was required to avoid
the formation of gel product. Therefore, in this work, the mole
ratio of PTMS/MTMS/ATMS was adjusted to be 2/1/1. The
co-condensation in the presence of 5 mol% of triethylamine
to the total amount of the trimethoxysilanes proceeded effec-
tively and afforded PAMPSQ as a solid insoluble in methanol
in 78% yield based on the content of Si, which was estimated
by the 1H NMR analysis mentioned below.

The yield and the contents of phenyl, mercaptopropyl, and
dimethylaminopropyl groups were estimated by the proton ra-
tios observed in the 1H NMR spectrum (Fig. 1). In the measure-
ment, hexamethyldisiloxane was used as an internal standard,
the signal of which appeared at 0 ppm. The signal assigned
to the protons of methylene groups bonded to Si was appeared
in the region from 0.55 to 0.80 ppm as a broad peak. Other pro-
tons showing the presences of eCH2eSH and eCH2eN(CH3)2

were detected at around 2.5 ppm. The signals due to benzene
ring were observed at around 7.6 ppm. The signals for estimat-
ing the content of mercapto and dimethylaminopropyl groups
Table 1

Preparation of PAMPSQ, GrPSQ, and GrA

Polysilsesquioxane Feed mole ratio of trimethoxysilane

PTMS:APTS:MPTS

Yield based

on Si,a %

Functional groupa,

Ph:N(CH3)2:SH,

mmol equiv/g

Mn
b (Mw/Mn)

PAMPSQ 1.0:0.5:0.5 78 4.65:2.33:2.11 2000 (1.18)

Polysilsesquioxane Initial mole ratio of

SH:NIPAM:DMAA

Yield based

on Si,a %

Functional groupa,

Ph:N(CH3)2:NIPAM:DMAA,

mmol equiv/g

Mn
b (Mw/Mn)

GrPSQ 1.0:8.0:4.0 73 1.23:0.62:4.43:2.15 15,400 (1.44)

Polysilsesquioxane Introduced halogen compound Conversion,a % Content of ammonium

salta, mmol equiv/g (pHc)

Mn
b (Mw/Mn)

GrA1 Allyl bromide 78 0.46 (8.0) 15,500 (1.34)

GrA2 Benzyl bromide 98 0.61 (8.0) 15,300 (1.25)

GrA3 4-Bromomethylbiphenyl 97 0.55 (7.7) 15,600 (1.25)

GrA4 9-Choromethylanthracene 83 0.53 (6.4) 15,700 (1.25)

a The Estimation was based on 1H NMR spectral data (see Section 2).
b DMF was used as an eluent and the calibration was performed with poly(methyl methacrylate) standards.
c Aqueous solution of 1 wt% was used for the measurement at room temperature.
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were appeared in the same region. Therefore, the contents of the
groups were calculated from the both peak areas at around 0.7
and 2.5 ppm. The peak area based on the signal at 0.7 ppm
should include two methylene protons of each mercaptopropyl
and dimethylaminopropyl group bonded to Si. The signals at
around 2.5 ppm were thought to include eight protons due to
dimethylaminopropyl group and two protons of methylene
attached to mercapto group. By taking the ratio of these
protons into consideration, simultaneous equations on the
peak area were solved. From the calculation, the contents
of 2.33 mmol equiv/g of dimethylaminopropyl group and
2.11 mmol equiv/g of mercaptopropyl group were determined.
The ratio of the groups containing in PAMPSQ was almost in
accordance with that of the starting trimethoxysilanes. The esti-
mated Mn and Mw/Mn of PAMPSQ by GPC were ca. 2000 and
1.18, respectively. The obtained PAMPSQ was soluble in
chloroform, toluene, acetone, THF, and DMF, but insoluble in
nhexane, methanol, and water. The structure of PAMPSQ was
supposed to contain a ladder- and an incomplete cage-like
polysiloxane, although these have been still unidentified.

3.2. Grafting by photopolymerization

In the previous report, the polysilsesquioxanes having poly-
NIPAM-co-polyDMAA as the graft chains were prepared un-
der UV irradiation, in which the feed mole ratios of NIPAM/
DMAA were changed to be 7/3, 5/5 and 3/7 [21]. These grafted
polysilsesquioxanes showed good solubility and thermorespon-
sive phase separation in water. Among the grafted polysilses-
quioxanes, the first example, containing almost double
monomer units of NIPAM to DMAA, showed ca. 40 �C of
LCST. The hydrophobic aggregation of the others in water oc-
curred over 60 �C. Consequently, in this work, the monomer
mole ratio of mercapto group/NIPAM/DMAA was adjusted
to be 1/8/4 by considering the phase separation temperature,

PPM

10 9 7 6 5 4 3 2 1 0 -18
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CH2 N
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CH3

Si CH2

Fig. 1. 1H NMR spectrum (DMF-d7, 300 MHz) of PAMPSQ with hexamethyl-

disiloxane as an internal standard.
which was assumed to be close to the known LCST of polyNI-
PAM such as ca. 32 �C.

The graft polymerization onto PAMPSQ was carried out
in DMF solution under UV irradiation using a 400 W high
pressure mercury lamp at 18 �C for 8 h, in which the monomer
concentration was adjusted to be 2 M. The polymerization
proceeded effectively without the formation of gel product
to give the grafted polysilsesquioxane GrPSQ in 74% yield
which was based on the weight of the substrates. The esti-
mated yield from the content of phenyl group was 73%, which
was based on 1H NMR spectral data and represented the con-
tent of polysilsesquioxane backbone in the product. The
grafted product was soluble in water, methanol, acetone, and
DMF, but insoluble in diethyl ether. In GPC measurement of
GrPSQ using DMF as an eluent, the product showed a unim-
odal peak in the elution profiles. This indicated that the poly-
merization progressed primarily to form the grafted derivative
of PAMPSQ. The Mn of GrPSQ was estimated to be 15,400.
The estimated value was larger than the calculated one such as
ca. 6600. Our speculation to explain the large value of Mn was
that the grafted GrPSQ might form spherical structure and
flow smoothly in a GPC column. However, we have no sup-
porting data for the speculation and the reason has not been
clarified.

The presence of the monomer units in GrPSQ was de-
monstrated in the spectral data. The IR spectrum of GrPSQ
showed a strong absorbance at 1640 cm�1 due to carbonyl
group of the grafted amide units. The absorbance at around
1100 cm�1 was assigned to siliconeoxygen bond of the poly-
siloxane backbone. In the 1H NMR spectrum of GrPSQ, the
signals due to the protons of methylene and methine groups
were detected in the range from 1.2 to 1.8 ppm. The broad sig-
nal due to methylene protons attached to Si was slightly rec-
ognized at 0.6 ppm. Other signals due to methyl protons of
dimethylamino group of DMAA unit and protons of benzene
ring were appeared at around 3.0 and 7.2 ppm, respectively.
The signal appeared at 3.86 ppm was assigned to the methine
proton bonded to nitrogen of NIPAM unit. The each peak area
of the signals at 3.0, 3.86, and 7.2 ppm was utilized for the cal-
culation of the monomer unit content in the graft chains of
GrPSQ. The spectral data of 1H NMR demonstrated that the
contents of the monomer units in GrPSQ reflected the feed
mole ratios of NIPAM and DMAA. However, it was difficult
to determine the accurate contents of dimethylaminopropyl
group and DMAA unit from the corresponding signal area,
since the broad signal involved the protons of methyl and
methylene due to these and thioether groups. Consequently,
the contents of dimethylaminopropyl and thioether groups
were estimated on the basis of the peak area for phenyl group
by taking the assumption that the mole ratios of these groups
to phenyl group were same to those observed in the starting
PAMPSQ. The calculations indicated that the mole ratios of
NIPAM unit and DMAA unit to dimethylaminopropyl group
were 7.2/1 and 3.6/1, respectively. However, these were rough
estimations based on the overlapped signals in the 1H NMR
spectrum and accompanied with an error. The 1H NMR spec-
trum of GrPSQ is shown in Fig. 2.
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13C NMR spectrum of GrPSQ also supported the incorpo-
rations of the corresponding graft chains. The signals observed
at 41.2, 42.3, and 45.1 ppm were assigned to the carbons of
methyl and methine groups bonded to nitrogen of DMAA
and NIPAM units. A slightly detected signal at 61.0 ppm
was assigned to the methylene carbon bonded to nitrogen of di-
methylaminopropyl group. In the spectral data, the grafting of
polyNIPAM-co-polyDMAA was demonstrated, although no
clear observation to confirm the presence of the dimethyl-
aminopropyl and the thioether groups on polysilsesquioxane
backbone could be presented. The existence of dimethylamino-
propyl groups in GrPSQ was supported by the formation of
quarternary ammonium salts and the behavior of thermorespon-
sive aggregation under various conditions as mentioned later.

3.3. Formation of quarternary ammonium salt

The formation of ammonium salt by the use of dimethyl-
aminopropyl group seems to be a convenient procedure for
introduction of various functional groups into GrPSQ. To
demonstrate this, several simple halogen compounds, which
gave the characteristic signals in the 1H NMR spectra of the
resulting products, were chosen and employed for the reaction
with GrPSQ. The reaction of halogen compound with GrPSQ
was carried out at 60 �C in DMF. The GrA containing quarter-
nary ammonium salt moieties was isolated as an insoluble
solid of diethyl ether.

The content of the introduced halogen compound was esti-
mated from 1H NMR spectral data similarly to those men-
tioned above (Fig. 3). In the 1H NMR spectrum of GrA1
obtained from GrPSQ and allyl bromide, the signals assigned
to the protons at carbonecarbon double bond were observed at
5.54 and 6.04 ppm. The peak areas of these were used for the
estimation of content of allyl group. In the calculation, the
peak area of the signal appeared at 3.86 ppm due to NIPAM
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Fig. 2. 1H NMR spectrum (DMF-d7, 300 MHz) of GrPSQ with hexamethyl-

disiloxane as an internal standard.

unit was utilized as a standard for determining the content
of dimethylaminopropyl group before and after the formation
of quarternary ammonium salt. The use of benzyl bromide,
4-bromomethylbiphenyl, and 9-chloromethylanthracene also
gave the corresponding products having quarternary ammo-
nium salts successfully. For the calculation of the content of
these introduced halogen compounds, the signals due to meth-
ylene protons attached to benzene ring, which were observed
in the region from 4.67 to 5.85 ppm, were available. These re-
sults of the preparations of GrAs including the Mns estimated
by GPC analyses and pH values of 1 wt% aqueous solution are
listed in Table 1.

3.4. Thermally reversible aggregation

The effects on LCST of polyNIPAM caused by the intro-
duction of basic groups have been already presented in several
works [29,32]. In these previous works, the copolymerization
of NIPAM with the acrylate monomer having dimethylamino
group is utilized and intended to afford thermo- and pH-
responsive materials. On the other hand, dimethylaminopropyl
groups were introduced into polysilsesquioxane backbone in
our case. This meant that GrPSQ showed less content of the
group compared to the reported ones. Furthermore, the groups
were located near the polysiloxane main chain and might be
covered with the graft chains. Consequently, the phase separa-
tion of GrPSQ in an aqueous solution was expected to show
a different behavior from those observed in the previous
works. To obtain the information on the behavior mentioned
above, the thermoresponsive aggregation was evaluated by
the turbidity, which was indicated as a transmittance at
600 nm. The relationships between %T vs temperature were
measured under heating and cooling, the rate of which was
adjusted to be 1 �C/30 s. Such measurements were made at
least three times for each sample mentioned here.

The phase separation of the aqueous solution of GrPSQ
started at 37 �C and the aggregation was achieved at ca.
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Fig. 3. 1H NMR spectrum (DMF-d7, 300 MHz) of GrA2 with hexamethyl-

disiloxane as an internal standard.
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40 �C under heating, in which pH value was 9.5, as shown in
Fig. 4. In cooling, the transmittance began to increase at 35 �C
and colorless solution was recovered at 33 �C. However,
a small amount of insoluble solid was left in the aqueous so-
lution. Namely, the incomplete reversible phase separation
was observed in the case of GrPSQ. The spectral data such
as 1H NMR and IR of the recovered solid were similar to those
of GrPSQ. The formed solid after cooling was soluble in
DMF and precipitated from diethyl ether again. In the mea-
surement using the recovered sample, the similar phase sepa-
ration behavior was observed. Such results suggested that the
conformation of GrPSQ, formed by the intra- and/or inter-
molecular hydrophobic aggregation, was unfavorable to be
hydrated again. Such behavior was not observed on the grafted
polysilsesquioxane reported before, which possessed the anal-
ogous graft chains but no dimethylaminopropyl group [21].
Therefore, the presence of dimethylaminopropyl groups on
the polysiloxane backbone seemed to provide a relatively
hydrophobic circumstance to retard re-hydration.

The phase separation behavior was examined in water con-
taining the salt such as NaCl, phthalate, or phosphate, where
GrPSQ was placed in more hydrophilic conditions. The 1 M
aqueous solution of NaCl showed the pH value of 9.7 in the
presence of GrPSQ. The pH values of phthalate and phos-
phate buffer solutions containing GrPSQ were 4.0 and 7.0, re-
spectively. Further, 1 wt% aqueous solution of GrPSQ with an
appropriate amount of NaOH, pH value of which showed 10.4,
was also employed for the measurement. As shown in Fig. 4,
the curve for the aggregation behavior of GrPSQ in phosphate
buffer solution, showing 7.0 of pH value, was almost same to
that in the simple aqueous solution. However, the phase sepa-
ration in phosphate buffer solution was reversible and no insol-
uble solid was appeared. This was interpreted that the presence
of the salt contributed to increase an affinity of GrPSQ to wa-
ter. The addition of NaCl or NaOH was also effective for the
complete reversible phase separation of GrPSQ. In these
cases, the LCSTs were recorded in the almost same range
from 36 to 38 �C. The reversible phase separation was also
observed in the phthalate buffer solution of pH¼ 4 and the
recorded LCST was 31 �C. The reason for the fall of LCST
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Fig. 4. Temperature dependence of optical transmittance (%T ) at 600 nm for

1.0 wt% aqueous solution of GrPSQ under heating and cooling: at pH¼ 4,

heating (C) and cooling (B); at pH¼ 7, heating (:) and cooling (6); at

pH¼ 9.5, heating (A) and cooling (>); at pH¼ 10.4, heating (-) and cool-

ing (,).
in this case has not been clarified. At least, the direct interac-
tion of phthalate salt with dimethylaminopropyl groups in
GrPSQ was excluded, because the presence of carboxylic
acids and the formation of quarternary ammonium salts
mentioned later resulted in a rise of LCST.

Next, the thermoresponsive aggregation was measured in
the presence of three kinds of carboxylic acid, which were pro-
spected to form the salts with dimethylaminopropyl groups in
GrPSQ. The behaviors measured under heating conditions are
shown in Fig. 5. No reverse profile was depicted here, but all
the samples showed the reversible phase separation. In the ag-
gregation of GrPSQ with 2 equiv of the acids to dimethylami-
nopropyl group, the LCSTs rose over 45 �C, in which pH
values of the aqueous solutions were in the region of
3.3e4.8. The LCST of GrPSQ in phthalate buffer solution,
showing the analogous pH value such as 4.0, was 31 �C. Con-
sequently, such increases of LCSTs seemed to demonstrate the
formation of salt, which should lead dimethylaminopropyl
group to be more hydrophilic one. The introduction of hydro-
philic units into polyNIPAM by copolymerization has been re-
ported to bring about a rise in LCST [35e37]. These previous
facts support our speculation concerning a hydrophilic effect
caused by the formation of the salts. In addition, the change
in the LCSTs according to a hydrophobic factor of the acid
was expected. In the case of GrS3 using benzoic acid, the
transmittance could not reach 100% below the LCST. This
demonstrated that the presence of benzoic acid changed
GrPSQ somewhat hydrophobic and retarded to make a com-
plete aqueous solution. On the other hand, in the aqueous
solutions containing formic and acetic acid, GrPSQ could
be dissolved completely. However, in the presence of formic,
acetic, and benzoic acids, the corresponding LCSTs showed
almost same values such as 47, 46, and 45 �C, respectively.
The results indicated that the organic moiety of the acids
affected on solubility of GrPSQ in water, but not on LCST.

The effects of the introduced organic moieties on thermor-
esponsive aggregation behavior were further examined for the
derivatives of GrPSQ containing quarternary ammonium
salts. All the derivatives, GrAs, could be dissolved in water
readily. The pH values of 1 wt% aqueous solutions of GrAs
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Fig. 5. Temperature dependence of optical transmittance (%T ) at 600 nm for

1.0 wt% aqueous solution of GrPSQ in the presence of carboxylic acid under

heating: GrS1, formic acid at pH¼ 3.2 (A); GrS2, acetic acid at pH¼ 4.4

(-); GrS3, benzoic acid at pH¼ 4.8 (:).
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were in the range from 6.4 to 8.0. The behaviors according to
temperature under heating conditions are shown in Fig. 6. In
the measurements of GrA1, GrA2, and GrA3, having allyl,
benzyl, methylbiphenyl moieties, respectively, showed the re-
versible aggregation behavior. Whereas, in the case of GrA4
containing anthracenyl moiety, a small amount of insoluble
solid in water was found after a cycle of heating and cooling.
The solid was soluble in DMF. This was the same phenome-
non to that observed in the aqueous solution of GrPSQ with
none additive. Namely, the presence of methylanthracene
group seemed to induce a hydrophobic circumstance around
the polysiloxane backbone and retard the hydration to dissolve
GrA4 again in water. However, such hydrophobic property
had no influence on the aggregation temperature as mentioned
in the cases using the carboxylic acids. The LCSTs of the
aqueous solutions of GrA1e3 showed the same value such
as 47 �C. The LCST of GrA4, which was thought to be in
more hydrophobic conditions, was 49 �C.

The pH values indicated that the aqueous solutions of GrAs
were almost neutral and those of GrSs, added 2 equiv of the
acid to dimethylaminopropyl group, were in acidic conditions.
However, the LCSTs of GrAs and GrSs were in the same tem-
perature range. In other words, the similar LCSTs irrespective
of pH values were shown by the formation of the salt moieties
from dimethylaminopropyl group with the carboxylic acids
and the halogen compounds.

The temperature sensitivity of the aggregation, which was
indicated by the temperature width for the change of the phase
from solution to complete gel formation, depended on the
situation of dimethylamino group. In the measurements of
thermoresponsivity of GrPSQ, the change in the phase was
accomplished within ca. 4 �C, as shown in Fig. 4. When the
salts were formed as shown in the cases of GrSs and GrAs,
a fall of sensitivities was observed. The curves depicted in
Fig. 5 indicated that the temperature width for complete aggre-
gation of GrS1 under heating was 11 �C. In the presence of
benzoic acid, the sensitivity of GrS3 was rather improved
and the temperature width was 5.5 �C. The formation of the
quarternary ammonium salts also led to an inferior sensitivity
as shown in Fig. 6. The phase separation of GrA2, the salt of
benzyl bromide, required the temperature width of 6 �C. Such
results seem to be explained by the hydrophilic effects caused
by the formation of ammonium salts, which is unfavorable for
the hydrophobic aggregation of NIPAM units. While, the
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Fig. 6. Temperature dependence of optical transmittance (%T ) at 600 nm for

1.0 wt% aqueous solution of GrA under heating: GrA1 at pH¼ 8.0 (:);

GrA2 at pH¼ 8.0 (C); GrA3 at pH¼ 7.7 (-); GrA4 at pH¼ 6.4 (A).
better sensitivities within 4 �C were found in the cases using
GrPSQ with the additives or in buffer solutions. This sug-
gested that the ability of dimethylaminopropyl groups, located
around the polysilsesquioxane backbone, for changing a hydro-
phobic circumstance to a hydrophilic one was limited, but the
groups had the potential to change the circumstance through
the formation of salt. In addition, it may be said that the pres-
ence of the additives such as NaCl, phthalate salt, phosphate
salt, or NaOH essentially improves a hydrophilic property of
the graft chains, but not that of dimethylaminopropyl group.

4. Conclusion

The polysilsesquioxane containing phenyl, dimethylamino-
propyl, and mercaptopropyl groups was employed for the
grafting of thermoresponsive polyNIPAM-co-polyDMAA to
afford a new functional organiceinorganic hybrid material.
The results demonstrated that the effective graft polymeriza-
tion by the use of mercapto group under photopolymerization
conditions proceeded to give the polysilsesquioxane having di-
methylaminopropyl groups and thermoresponsive graft chains
without formation of cross-linked product. By the grafting, the
property of thermally reversible aggregation was provided to
the polysilsesquioxane, but not a pH responsive property,
which was presumed to be given by the presence of the basic
dimethylaminopropyl groups. However, the dimethylamino-
propyl group still possessed the ability to form various salts
by the combination with carboxylic acids and halogen
compounds. In addition, as shown in the changes of LCST,
the basic groups bonded to the polysilsesquioxane backbone
contributed to bring about a hydrophilic circumstance by
transforming into the salt. Thus, the polysilsesquioxane having
dimethylaminopropyl groups and thermoresponsive graft
chains was demonstrated to be usable as a multi-functional in-
termediary material for incorporating the additional organic
groups, which was accompanied with the change in the hydro-
philic property and thermoresponsive behavior.
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