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a b s t r a c t

Novel high-reactive polyhedral oligomeric silsesquioxanes bearing multi-N-methylol groups (R-POSS) is
synthesized. The chemical structure of R-POSS is characterized by FT-IR, 1H NMR, 29Si NMR. Nano-struc-
ture of R-POSS is observed by field emission scanning electro microscope (FSEM) and AFM. R-POSS mono-
mer imparts a nano-sized inorganic core and organic corner with multi-N-methylol groups. R-POSS can
readily crosslink to cellulose polymer and improve elastic recovery of cellulose materials. R-POSS as novel
POSS reagent may be utilized for preparation of nanocomposite materials and functional biomaterials.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, organic–inorganic hybrids have received con-
siderable interest among the academic community and industries
due to their unique structure and excellent properties, such as
mechanical, optical, electric, thermal and biocompatible [1–7].
The polyhedral oligomeric silsesquioxane (POSS)-based hybrid
materials are important organic–inorganic hybrids. They have at-
tracted considerable attention for dielectric, heat-resistant and
radiation-resistant paint and coatings [8–11]. POSS derivatives as
functional and reactive reagents play an important role in prepara-
tion of hybrid materials. POSS reagents are unique in both their
chemical composition and physical nature. The thermally stable
silicon–oxygen framework contains an oxygen to silicon ratio of
3/2, which is intermediate between siloxane and silica. POSS
compounds have a well-defined structure with a silica-like core
in 1–3 nm size surrounded by organic corner groups which enable
POSS to react with other functional organic monomers to prepare
POSS-based hybrid materials [12–15]. The incorporation of
POSS into some polymers has offered the opportunity to develop
high-performance functional materials.

A number of attempts have been made to prepare organic–inor-
ganic hybrids containing POSS [16–19]. However, synthesis and re-
search of functional POSS reagents are scarce. Some families of
POSS monomers with different organic groups have been devel-
oped as precursors to hybrid inorganic–organic polymers. Previous
All rights reserved.

: +86 21 6237 8392.
studies have revealed that functional POSS monomers can gener-
ally be obtained by the controlled cleavage of completely con-
densed polyhedral oligosilsesquioxane in the presence of strong
acid or base [20–22]. Corner-capping of the POSS trisilanol can
be carried out using a variety of couple reagent. Feher reported
synthesis of POSS containing amine- and ester-substituted frame-
works in the strong acid condition [23–25]. The POSS containing
amine has excellent potential as cores for starburst dendrimers.
In order to further develop organic–inorganic hybrid biomaterials,
high-reactive and functional POSS monomers also need to be
investigated.

In this paper, novel high-reactive polyhedral oligomeric sils-
esquioxane containing multi-N-methylol groups (R-POSS) is syn-
thesized. The structure of R-POSS containing multi-N-methylol
groups is shown in Scheme 1.

The chemical structure of R-POSS is characterized by FT-IR, 1H
NMR, 29Si NMR. Nano-structure of R-POSS film is observed by
FSEM and AFM. Novel high-reactive polyhedral oligomeric sils-
esquioxanes may be utilized for preparation of Si-containing build-
ing blocks and interpenetrating polymer networks (IPN) for
nanocomposite materials.
2. Experimental

2.1. Materials

c-Aminopropyltriethoxylsilane (APTES) as a couple reagent was
obtained from Hangzhou Dadi Chemical Co., Ltd., Hangzhou, China.

http://dx.doi.org/10.1016/j.jorganchem.2009.12.001
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Scheme 1. Chemical structure of high-reactive polyhedral oligomeric silsesquiox-
ane containing multi-N-methylol groups.
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The formaldehyde and other chemicals were obtained from Shang-
hai Chemical Reagent Plant, Shanghai, China.

2.2. Measurements

FT-IR spectra of the samples were measured by an OMNI Sam-
pler of the Nexus-670 FT-IR-Raman spectrometer (Nicolet Analyt-
ical Instruments, Madison, WI). 1H NMR and 29Si NMR spectra
were recorded on a Bruker AV 400 (Bruker Co., Faellanden, Switzer-
land), respectively.

The X-ray diffraction pattern (XRD) was measured with a D/
max-2550 PC X-ray Diffractometer (Rigaku Corporation, Japan),
which used Cu–K target at 40 kV 300 mA, k = 1.542 Å.

For FSEM (Field Emission Scanning Electro Microscope) analy-
sis, the samples were sputtered with carbon and then examined
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Scheme 2. Reaction scheme of reactive polyhedral oligomeric silsesquioxane
containing multi-N-methylol groups.
with a S-4800 field emission scanning electron microscope (HIT-
ACHI, Cor. Japan).

Atomic force microscope (AFM) image was obtained with SPM
Multimode-Nanoscope IIIa (Digital Instruments, USA) at room
temperature, in tapping mode.

2.3. Synthesis of octa-aminopropylsisesquioxane (POSS-NH2)

Octa-aminopropylsisesquioxane (POSS-NH2) was synthesized
according to the procedures described in the Refs. [24,25]. The
resulting crude product was recrystallized with THF. White micro-
crystalline powder was obtained.

Yield was 43.76%. IR (KBr, cm�1): 3034 (–NH3); 2906, 2903 (–
CH2–); 1604, 1047 (Si–C–); 1145, 1047 (Si–O–Si–). 1H NMR (ppm,
D2O, room temp.) d: 0.66 (m, –CH2–, 16H); 1.72 (m, –SiCH2CH2–,
16H); 2.93 (m, –SiCH2–, 16H); 8.16 (s, –NH3, 24H). 29Si NMR
(ppm, solid state) d: �57.75 (s, Si–C–); �66.59 (s, Si–O–).

2.4. Synthesis of reactive polyhedral oligomeric silsesquioxanes (R-
POSS) containing multi-N-methylol groups

A 150 ml glass flack equipped with thermometer, magnetic stir-
rer and distilling head, was charged with 25 g formaldehyde water
solution (30% w/w). The pH of formaldehyde solution was adjusted
Fig. 1. X-ray diffraction pattern of R-POSS.

Fig. 2. FSEM of the functional polyhedral oligomeric silsesquioxane (POSS).
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to 9.3, and a solution of octa-aminopropylsisesquioxane (3.5 g
POSS-NH2 was resolved in 20 ml MeOH) was dropped stepwise.
The reaction mixture was then refluxed at 90 �C for 16 h. The pH
of reaction mixture was keeping 9.3 with 10% (w/w) sodium
carbonate in reaction procedure. Then the mixture was distilled
under 10 mm Hg vacuums and white powder was obtained.
The crude product was recrystallized with MeOH. White powder
(R-POSS) was obtained. The obtained polyhedral oligomeric
silsesquioxane containing multi-N-methylol groups is readily solv-
able in water.

The yield was 83.21%. IR (KBr, cm�1): 3468, 3339 (–OH); 2945,
2739 (–CH2–); 1602, 1594 (Si–C–); 1134, 1046 (Si–O–Si–). 1H
NMR (ppm, D2O, room temp.) d: 0.66 (m, –CH2–, 16H); 1.62 (m, –
SiCH2CH2–, 16H); 3.09–2.81 (m, –NCH2–, 48H); 8.40 (s, –OH, 16H).
29Si NMR (ppm, solid state) d: �58.34 (s, Si–C–); �67.67 (s, Si–O–).
Fig. 3. AFM images of R-POSS (a) flat im
2.5. Modification of cellulose fabrics with reactive polyhedral
oligomeric silsesquioxanes (R-POSS)

R-POSS was diluted with distilled water to certain concentra-
tion solution. Citric acid and MgCl2 as catalysts were used in the
crosslinking reaction. The mixtures were sufficiently mixed by stir-
ring at room temperature.

Cellulose fabrics were padded with the R-POSS mixtures to give
80% wet pick-up. The dry temperature and time were 95 �C and
3 min, respectively. After drying, the fabrics were cured for 1 min
at 165 �C.

Dry crease recovery angle (CRA) was determined according to
ASTM method D-1296-98. Values of CRA in both warp and weft
directions were determined. The samples were conditioned at
20 �C and 65% relative humidity for at least 24 h before testing.
age; (b) three dimensional image.



Table 1
Effect of R-POSS concentration on physical properties of modified cellulose with R-
POSS.

Samples R-POSS (%, w/w) Crease recovery angle Crease recovery
angle (W+F, �)

Weft Warp

Control 0 54.6 53.0 107.6
1 0.8 65.3 74.7 140.0
2 1.2 70.4 86.5 156.9
3 2.0 87.2 90.4 177.6
4 3.2 91.0 97.4 188.4
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3. Results and discussion

3.1. Synthesis and characterization of reactive polyhedral oligomeric
silsesquioxanes (R-POSS)

Octa-aminopropylsisesquioxane (POSS-NH2) is an interesting
and important monomer which derived from the hydrolytic
condensation of trifunctional organosilicon compound (c-amino-
propyltriethoxylsilane). c-Aminopropyltriethoxylsilane can be
hydrolyzed and formed trisilanol compound. Corner-capping of
condensed POSS trisilanols is an efficient method for preparing
POSS reagents in which only one corner is functionalized with
modifiable amino group. POSS-NH2 can further react with formal-
dehyde to form high-reactive multi-N-methylol compound. The
reaction process is shown in Scheme 2.

The X-ray diffraction pattern (XRD) of reactive polyhedral olig-
omeric silsesquioxane containing multi-N-methylol groups was
measured (shown in Fig. 1).

There are major crystal diffraction peaks at 6.48�, 12.52�, 25.28�.
This is typical inorganic POSS crystalline core and consistent with
previous reports [15,21,26]. It demonstrates that the center of
polyhedral oligomeric silsesquioxane containing multi-N-methylol
groups has inorganic crystalline core.

The nano-morphology of the reactive polyhedral oligomeric
silsesquioxane containing multi-active groups was observed by
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Scheme 3. Crosslinking reaction of cellulose and R-POSS.
field emission scanning electro microscope and atomic force
microscope image. For FSEM and SEM analysis, the sample was dis-
persed in MeOH with supersonic wave and dropped on a glass
plate. The glass plate was dried at 90 �C 1 h. Representative FSEM
micrograph of R-POSS is shown in Fig. 2.

It shows that there are a lot of nano-sized POSS-particle cores
with high degree of homogeneity. Around the cores, there are some
transparent organic mass. Atomic force microscope three dimen-
sional image (AFM) can be used to characterize any changes about
the surface morphology of the R-POSS. AFM of R-POSS is shown in
Fig. 3. The AFM graphs (flat and three dimensional images) show
the topography of the R-POSS with the low distribution profiles
of smooth surface. R-POSS can form the film with high degree of
homogeneity and purity at a molecular level. FSEM and AFM of
R-POSS are in very good agreement.
3.2. Preparation of nanocellulose hybrids

R-POSS has nano-sized cores and high-reactive multi-N-meth-
ylol groups. The high-reactive multi-N-methylol of R-POSS can be
used to modify polymer materials and form network structure con-
taining nano-sized particles. The crosslinking reaction of cellulose
materials and R-POSS are shown in Scheme 3. In the crosslinking
reaction, POSS particles are dispersed in the cellulose host matrix,
bonding to the cellulose through covalent bonds.

The cellulose fibers are crosslinked by R-POSS at citric acid 0.1%,
MgCl2 1.5% condition. The elastic recovery property of nanocellu-
lose is shown in Table 1. It shows that R-POSS as crosslinking agent
can readily crosslink to cellulose and significantly improve elastic
recovery property of cellulose fabrics. The crease recovery angles
both weft and sharp significantly increase. With increasing R-POSS
concentration, the crease recovery angles of nanocellulose sharply
increase from 107.6 (control sample) to 188.4. It demonstrates that
R-POSS possesses high active ability. It can readily crosslink to cel-
lulose and improve elastic recovery of cellulose fabrics. Nanocellu-
lose materials containing POSS as uitrafiltration membranes would
be used in separation of toxic heavy metal ions. Application of R-
POSS and its composites will be further investigated. So, R-POSS
as nano-crosslinking agent has excellent potential application in
composites and biomaterials.
4. Conclusions

R-POSS is novel functional and high-reactive polyhedral oligo-
meric silsesquioxane. The R-POSS containing multi-N-methylol re-
agent is successfully synthesized and characterized. The R-POSS is
attractive staring macromolecule for new reinforcement materials.
It has excellent potential as nano-sized cores for starburst dendri-
mers. R-POSS can readily crosslink to cellulose and improve elastic
recovery of the cellulose materials. This work provides a novel
crosslinking POSS reagent for designing functional nanomaterials
and organic–inorganic hybrids.
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