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Preparation and properties of organic-inorganic hybrid
materials using titanium phosphonate cluster

Ryohei Hayamil, Keisuke Wada!, Izumi Nishikawal, Takuya Sagawal, Kazuki Yamamoto!, Satoru Tsukada?

and Takahiro Gunji!

Organic—-inorganic hybrids containing [Tis(z3-0)(0iPr)s5(u-0iPr)3(03PPh)3]thf as element-blocks were prepared by hybridization
with poly(dimethylsiloxane), poly(methylsilsesquioxane), poly(ethoxysilsesquioxane), poly(methyl methacrylate), poly(vinyl alcohol),
poly(4-vinylphenol), poly(styrene-co-allyl alcohol) or poly(bisphenol A-co-epichlorohydrin). The concentration of the titanium
cluster was increased to 40 wt% to form crack-free films with high transparency. The temperature at which 10 wt% weight loss
occurred increased with the concentration of the titanium cluster because an alcohol exchange reaction was expected between
the titanium cluster and polymers. The mechanical strengths and strains of poly(dimethylsiloxane) hybrids were very low. The
tensile strengths and elongations of poly(methyl methacrylate) hybrids increased with the increase in the titanium cluster
concentration. The tensile strengths and elongations of poly(vinyl alcohol) hybrids were highest when the titanium cluster

concentration was 10 wt%.
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INTRODUCTION

Organic—inorganic hybrids containing element-blocks, a structural
unit consisting of various groups of elements, are promising materials
by virtue of their strong performance characteristics, such as high
mechanical strength, thermal stability, gas permeability, light emission
and electron conductivity.! These characteristics appeared by the
hybridization of organic polymer with inorganic material. Indeed,
organic—inorganic hybrid materials containing polyhedral octasilses-
quioxanes are reported to show strong gas separation® and refractive
index® qualities.

Other cage-type compounds, such as titanium phosphonate clus-
ters, are used as inorganic components in next-generation organic—
inorganic hybrids. Titanium phosphonate clusters are composed of
phospha-titanoxane linkages (Ti-O-P bonds) and cage structures. We
previously reported on organic—inorganic hybrids using poly(vinyl
alcohol) (PVA) or poly(methyl methacrylate) (PMMA) with
[Tiy(pt3-O)(OiPr)s(u-OiPr)3(OsPPh)s]-thf (TiOPPh).* A hybrid of
PVA containing TiOPPh was composed by the alcohol exchange
reaction of PVA with isopropyl groups in TiOPPh. However, PVA has
the disadvantage of low miscibility in organic solvents (dimethylfor-
mamide and dimethyl sulfoxide) in the preparation of organic—
inorganic hybrid materials. Other candidates that are miscible in
common organic solvents include silicone polymers such as poly
(dimethylsiloxane) (PDMS), poly(methylsilsesquioxane) (PMS) and
poly(ethoxysilsesquioxane) (PEOS), as well as organic polymers such
as poly(4-vinylphenol) (PVP), poly(styrene-co-allyl alcohol) (PSA) and

poly(bisphenol A-co-epichlorohydrin) (PBE), as shown in Scheme 1.
In this work, hybrids containing TIOPPh were prepared using silicone
polymers and organic polymers. In addition, mechanical properties of
hybrids of PDMS, PMMA and PVA containing TiOPPh were
discussed.

EXPERIMENTAL PROCEDURES

Measurements

Nuclear magnetic resonance (NMR) spectra were recorded using a JEOL
Resonance JNM-ECP 300 Spectrometer (JEOL, Akishima, Japan) ('H at
300.53 MHz and 2°Si at 59.70 MHz) at 24 °C. The chemical shifts were
reported in parts per million (p.p.m.) relative to chloroform-d (CDCl;) used
as an internal standard (for 'H: 7.26 p.p.m. in residual chloroform) and
tetramethylsilane as an internal standard (for 2°Si: 0.00 p.p.m.). Gel permea-
tion chromatography was performed using a high-performance liquid chro-
matography system (LC-6AD; Shimadzu, Kyoto, Japan) attached to a Polymer
Laboratory gel 5 pm Mixed-D column. Tetrahydrofuran was used as the eluent
(1 ml min~!). RID-10A was used as the detector. The molecular weight was
calculated based on polystyrene standards. Fourier transform infrared (IR)
spectra were recorded on a Fourier Transform Infrared Spectrophotometer
(FT/IR-6100; JASCO, Hachioji, Japan) using an attenuated total reflectance
(ZnSe prism, JASCO ATR PRO 0450-S), or KBr pellet, coating on silicon wafer.
Thermogravimetric-differential thermal analysis was performed using a
Thermal  Analysis (2000SE;
Netzsch Japan, Yokohama, Japan). The samples were heated to 1000 °C under
an airflow at the rate of 10 °C min~!. Transmittance spectra were recorded
using a JASCO V-670 Spectrophotometer (JASCO, Hachioji, Japan) equipped
with an Integrating-sphere Photometer (JASCO ISN-470 type; JASCO)
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Scheme 1 Chemical structures of polymers and [Tis(u3-O)(OiPr)s(u-OiPr)3
(O3PPh)s]-thf (TiOPPh).

Table 1 Results of the formation of TiOPPh containing free-standing
films

Formation of free-standing films® at the wt concentration

Polymer 0 10 20 30 40
PDMSP - - ++ ++ ++
PMSP - ++ ++ ++ ++
PEOSP + + + + +
PMMAP ++ ++ ++

PVA© ++ ++ ++ ++ ++
PVPd + + +

PSAd + + +

PBEY ++ 4 ++ ++ ++

Abbreviations: PBE, poly(bisphenol A-co-epichlorohydrin); PDMS, poly(dimethylsiloxane); PEOS,
poly(ethoxysilsesquioxane); PMMA, poly(methyl methacrylate); PMS, poly(methylsilsesquioxane);
PSA, poly(styrene-co-allyl alcohol); PVA, poly(vinyl alcohol); PVP, poly(4-vinylphenol);

THF, tetrahydrofuran; TiOPPh, [Tis(u3-0)(0iPr)s(u-0iPr)3(03PPh)sl-thf.

a++, film formation of crack free; +, film formation with many cracks; —, no film formation.
bPolymer (0.25 g) was dissolved in toluene 5 ml and mixed with TIOPPh.

°PVA (0.13 g) was dissolved in DMSO 10 ml and mixed with TiOPPh.

dPolymer (0.13 g) was dissolved in THF 5 ml and mixed with TiOPPh.

in the 200-800 nm wavelength range. The tensile strength was recorded using a
Shimadzu Autograph AG-50 kN Xplus (Shimadzu, Kyoto, Japan) at the rate of
2mm min~!. The size of the test samples is shown below: height 25 mm,
width 5 mm and thickness 50-100 pm.

Materials

All solvents were purified by a standard process® and stored over activated
molecular sieves. PVA (degree of polymerization, 500) and tetraethylammo-
nium hydroxide (20% aqueous solution) were purchased from Wako Pure
Chemical Industries (Tokyo, Japan). Tetraethylammonium hydroxide was
concentrated by removal of the water wunder vacuum. PVP
(M,,=25000 gmol 1), PSA (M, =2200gmol"!, allyl alcohol 40 mol%),
PBE (M, =40 000 gmol~1) and PMMA (M,, =997 000 g mol~!) were pur-
chased from Sigma-Aldrich (Tokyo, Japan) and used as received. Trimethoxy
(methyl)silane, tetraethoxysilane (TEOS) and chloro(trimethyl)silane were
purchased from Tokyo Chemical Industry (Tokyo, Japan) and purified by
distillation before use. Octamethylcyclotetrasiloxane was purchased from Shin-
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Etsu Chemical Co. (Tokyo, Japan) and purified by distillation before use.
TiOPPh was prepared as described previously.

Synthesis
Preparation of PDMS. Octamethylcyclotetrasiloxane (30.0 g, 0.10 mol) and
tetraethylammonium hydroxide (0.60 g, 4 mmol) were placed into a 100 ml
four-necked flask equipped with an Allihn condenser and a mechanical stirrer.
The mixture was stirred at 100 °C for 3 h at 200 r.p.m. The viscous liquid was
extracted with CH,Cl,. The organic layer was washed with brine, and dried
with MgSO,. After filtration, the solution was concentrated to remove vapor
compounds under vacuum at 60 °C. PDMS was obtained as a colorless viscous
liquid (27.2 g, 91%).

'H NMR (300 MHz, CDCl; per p.p.m.) § 0.08 (brs, Si-CH3). 2°Si NMR
(60 MHz, CDCl3 per p.p.m.) 6 —21.55. M,,=93 300 g mol ™!, M,/M, = 1.9.

Preparation of PMS.  Trimethoxy(methyl)silane (27.2 g, 0.20 mol) and MeOH
(13.3 g, 0.42 mol) were placed into a 200 ml four-necked flask equipped with
nitrogen inlet and outlet tubes and a mechanical stirrer. The mixture was then
cooled in an ice bath for 10 min. Water and hydrochloric acid (molar ratios;
H,O/trimethoxy(methyl)silane=1.0,  HCl/trimethoxy(methyl)silane = 0.105)
were added. The mixture was stirred in an ice bath for 10 min and then at
room temperature for 10 min, followed by heating at 70 °C for 3 h at 150
r.p.m. with a 360 ml min ~! nitrogen flow. PMS was obtained as colorless liquid
(163 g).

'H NMR (300 MHz, CDCl; per p.p.m.) & 0.12 (brs, Si-CHj), 3.51 (brs,
Si-OCH3). 2°Si NMR (60 MHz, CDCl3 per p.p.m.) § —49.35 (T, content ratio
of 6%), —58.87 (T% that of 50%) and —67.17 (T° that of 44%).
M,,=3800 g mol~ !, M,,/M,=1.8.

Preparation of PEOS. TEOS (34.8 g, 0.17 mol) and EtOH (15.9 g, 0.35 mol)
were placed into a 300 ml four-necked flask equipped with nitrogen inlet and
outlet tubes and a mechanical stirrer. The mixture was then cooled in an ice
bath for 10 min. Water and hydrochloric acid (molar ratios; H,O/TEOS=1.7,
HCI/TEOS=0.105) were added. The mixture was stirred in an ice bath for
10 min and then at room temperature for 10 min, followed by heating at 80 °C
for 2 h at 150 r.p.m. with a 360 ml min~! nitrogen flow. The resulting product
was dissolved into 40 ml tetrahydrofuran (THF), then 2 ml TMSCI was added,
followed by stirring for 1 day. The mixture was concentrated to remove vapor
compounds, and PEOS was obtained (15.7 g).

'H NMR (300 MHz, CDCl; per p.p.m.) § 0.16 (brs, Si-CHj), 1.25 (brs,
Si-OCH,CHj3) and 3.89 (brs, Si-OCH,CHj3). 2°Si NMR (60 MHz, CDCl; per
p.pm.) & 12.76 (M, content ratio of 8%), —95.86 (Q? that of 12%) and
-102.78 (Q®, that of 80%). M,,=7200 g mol ™!, M,/M, =2.7.

Preparation of free-standing films. Polymer solution of THF or toluene was
added to TiOPPh and stirred for 3 h at room temperature. The mixture was
poured into a 50 mm ¢ Teflon Petri dish followed by curing at 50 °C for 1 day
and then at 120 °C for 1 day.

Preparation of PVP/TiOPPh hybrid thin films. The solution of PVP (0.125 g)
dissolved in THF (5 ml) was added to TiOPPh, and stirred for 3 h at room
temperature. Hybrid thin films were prepared by spin coating the solution on a
silicon wafer (700 r.p.m., 30s) and then heating at 120 °C for 2 min in air,
repeated for a total of three times.

RESULTS AND DISCUSSION

Preparation and properties of silicone polymers/TiOPPh hybrid
The silicone/TiOPPh hybrids were prepared by mixing silicone
polymers with TiOPPh in toluene (Table 1). Free-standing PDMS/
TiOPPh films were prepared in the concentration of 20-40 wt%
TiOPPh, and the obtained films were highly flexibile. When the
concentration was <20 wt%, the hybrids were oily, viscous and
adhesive. On the other hand, when the concentration was > 40 wt%,
the hybrids were obtained as glassy solids. In the IR spectra of the
hybrids, no absorption band assigned to vs;.o.1j (around 950 cm™1)®
was observed. The transparency of PDMS hybrid was >89%



(at 420 nm) even at a concentration of 40 wt%. This transparency is
higher than the PMMA composite (43% at 420 nm, due to the
aggregation of TiOPPh in PMMA).* The hybrids using PDMS were,
therefore, composed of segregated polymer domains with uniform
dispersions of TiOPPh in PDMS. The thermogravimetric traces for
PDMS hybrids are shown in Figure 1(i) and Table 2. The temperatures
at which 10% weight loss occurred (Ty;9) were 414 °C (PDMS),
281 °C (TiOPPh 20 wt%) and 264 °C (TiOPPh 40 wt%). The decrease
of T4yp was very similar to the tendency of PDMS/metal oxide
composite that was reported to accelerate the oxidation of methyl
groups and the depolymerization with formation of cyclosiloxanes.”
The char yield of PDMS only and TiOPPh only at 1000 °C in air were
28.2% and 40.4%, respectively. Thus, the thermal decomposition of
PDMS mainly occurs by the depolymerization because the char yield
would be 81.0% if the thermal decomposition of PDMS was proceed
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Figure 1 Thermogravimetric analyses of (i) PDMS (PDMS (a), TiOPPh
20 wt% (b) and TiOPPh 40 wt% (c)), (ii) PMS (PMS (a), TiOPPh 20 wt% (b)
and TiOPPh 40wt% (c)) and (iii) PEOS hybrids (PEOS (a) and
TiOPPh  20wt% (b)). PDMS, poly(dimethylsiloxane); PEQOS, poly
(ethoxysilsesquioxane); PMS, poly(methylsilsesquioxane); TiOPPh, [Tiz(u3-0O)
(O/Pr)s5(u-0iPr)3(03PPh)s]-thf. A full color version of this figure is available at
the Polymer Journal journal online.
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Table 2 Temperature for 10% weight loss occurred and
transmittance at 420 nm

Content of Temperature of 10% Transmittance (%) at

Polymer  TiOPPh (wt%) weight loss (T410) (°CP 420 nmP
PDMS 0 414 _
20 281 92
40 264 90
PMS 0 573 —
20 557 93
40 452 67
PEOS 0 235 —
10 234 —
20 217 —
PVP 0 242 —
20 259 —
50 406 —
PSA 0 332 —
20 241 —
40 279 —
PBE 0 397 89
20 350 44
50 341 40

Abbreviations: DTA-TG, differential thermal analysis-thermogravimetric; PBE, poly(bisphenol
A-co-epichlorohydrin); PDMS, poly(dimethylsiloxane); PEOS, poly(ethoxysilsesquioxane); PMMA,
poly(methyl methacrylate); PMS, poly(methylsilsesquioxane); PSA, poly(styrene-co-allyl alcohol);
PVA, poly(vinyl alcohol); PVP, poly(4-vinylphenol); THF, tetrahydrofuran; TiOPPh, [Tiz(u3-0)
(0/Pr)s(u-0iPr)3(03PPh)s]-thf; UV-Vis, ultraviolet-visible.

aMeasured by DTA-TG analysis.

bMeasured by UV-Vis spectrometry.

to oxidize all of the methyl groups. The char yield of PDMS/20 wt%,
30 wt% and 40wt% TiOPPh were 28.9%, 31.2% and 37.2%,
respectively, where we can expect 30.6% (for 20wt%), 31.9%
(for 30 wt%) and 33.1% (for 40 wt%). The depolymerization of
PDMS would be more accelerated when the content of TiOPPh is low,
and the oxidation of PDMS would be slightly accelerated at high
concentration.

The free-standing PMS/TiOPPh films were prepared in the con-
centration of 10-40 wt% TiOPPh, but the films were brittle and easily
broken. The PMS hybrid containing 40 wt% TiOPPh was yellow and
67% transparent at 420 nm. Other films were colorless with 93%
transparent at 420 nm. In the IR spectra of 40 wt%, a new small
absorption band was observed at 912 cm ™!, which was assigned to
Vsi_o—Ti- Unfortunately, this band was so weak that this band was not
observed when the concentration was <40 wt%. The Ty, as shown
in Figure 1(ii), decreased when the concentration of TiOPPh was
increased as 573 °C for PMS, 557 °C for 20 wt% TiOPPh and 452 °C
for 40 wt% TiOPPh. TiOPPh might accelerate the oxidation of methyl
group on PMS as with thermal decomposition of PDMS.

Free-standing PEOS hybrid films were barely formed because the
hybrids were rigid and brittle. In the IR spectrum of the hybrid
containing 40 wt% TiOPPh, a new absorption band assigned to
vsio-i (at 908 cm™1) was observed. The Ty of the PEOS hybrid
decreased slightly compared to that of only PEOS (Figure 1 (iii)).
TiOPPh maybe act as a catalyst of hydrolytic polycondensation of
alkoxysilane such as metal acetylacetonate complexes.®
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Figure 2 Thermogravimetric analyses of (i) PVP (PVP (a), TiOPPh 20 wt%
(b) and TiOPPh 50 wt% (c)), (ii) PSA (PSA (a), TiOPPh 20 wt% (b) and
TiOPPh 40 wt% (c)) and (iii) PBE hybrids (PBE (a), TiOPPh 20 wt% (b) and
TiOPPh 50 wt% (c)). PBE, poly(bisphenol A-co-epichlorohydrin); PSA, poly
(styrene-co-allyl alcohol); PVP, poly(4-vinylphenol); TiOPPh, [Tiz(u3-0)(O/Pr)s
(1-0iPr)3(03PPh)s]-thf. A full color version of this figure is available at the
Polymer Journal journal online.

Preparation and properties of organic polymers/TiOPPh hybrids
The organic polymers/TiOPPh hybrids were prepared by mixing
organic polymers with TiOPPh in THF (Table 1). When TiOPPh
was added to PVP solution, the solution immediately changed from
colorless to red, and the coloration increased with the concentration of
TiOPPh. This phenomenon was similar to that observed in the
synthesis of [Tiy(u-OPh),(OPh)s(HOPh),] by the reaction of
Ti(O/Pr), with phenol.’ Thus, the alcohol exchange reaction is
expected to proceed between PVP and TiOPPh. These free-standing
films were rigid. The coating films were prepared on a silicon wafer by
spin coating, which were colored in orange. The intensity of the
hydroxyl group at 3200-3500cm~! in the Fourier transform IR
spectra decreased with the increase in TiIOPPh. The Tg;9, as shown in
Figure 2(i), were 242 °C (PVP) and 406 °C (50 wt% concentration),
showing that TiOPPh acts as a good crosslinker to PVP matrix.
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Figure 3 Stress—strain curves of (i) PMMA (PMMA (a), TiOPPh 2.5 wt% (b)
and TiOPPh 10wt% (c)), and (i) PVA (PVA (a), TiOPPh 2.5wt% (b),
TiOPPh 10 wt% (c), TiOPPh 20 wt% (d) and TiOPPh 30 wt% (e)). PMMA,
poly(methyl methacrylate); PVA, poly(vinyl alcohol); TiOPPh, [Tiz(u3-0)(O/Pr)s
(u-0iPr)3(03PPh)s]-thf. A full color version of this figure is available at the
Polymer Journal journal online.

Free-standing PSA hybrid films were barely formed because of the
low molecular weight (2200 gmol™!) of PSA. In the IR spectra, the
intensity of the hydroxyl group decreased as the concentration of
TiOPPh increased. The Ty;o were 332 °C (PSA), 241 °C (PSA 20 wt%)
and 279 °C (PSA 40 wt%) (Figure 2(ii)).

Free-standing PBE hybrid films were prepared at concentrations of
<50 wt% TiOPPh, and the obtained films were orange. In the IR
spectra of PBE hybrids, The intensity of voy decreased with the
increase in TiOPPh content. Thus, TiOPPh was reacted with hydroxyl
groups of PBE. Also, the top of the absorption bands assigned to ether
groups (Vc_o_c) shifted from 1036 cm ™! (PBE) to 1032 cm ™! (PEB
hybrids). In the case of Zn crown ether-type complex coordinated
from the oxygen atoms to zinc atom, the band of v_o_¢ was shifted
to decrease 6 cm ™! less than only crown ether ligand.!? Therefore, the
PBE hybrids suggest the formation of chelate by the coordination of
the oxygen atom to titanium. The transmittance of free-standing films
was 89% (PBE), 55% (10 wt% TiOPPh) and 40% (50 wt% TiOPPh)
at 420 nm. The Ty41o values were 397 °C (PBE), 350°C (20 wt%
TiOPPh) and 341 °C (50 wt% TiOPPh) (Figure 2(iii)). The thermal
stabilities of the PSA and PBE hybrids were lower than those of PSA
and PBE polymers and PVA hybrid as reported before.*

Tensile strengths of free-standing films

The measured tensile strength of free-standing films of PDMS and
PVA hybrids, and PMMA composites are summarized in Figure 3 and
Table 3. The free-standing PDMS hybrid films show very low tensile
strengths: 0.6 MPa (PDMS 20 wt% TiOPPh) and 0.2 MPa (30 wt%
TiOPPh). The tensile strengths of PDMS-TEOS hybrid materials
containing a titanium crosslinker were reported to be increased by
the increase in the titanium content.!! Moreover, the tensile strength



Table 3 Tensile strength, strain, and Young's moduli of free-standing
films

Content of TIOPPh  Tensile strength Young's modulus

Polymer (wt%) (MPa) Strain (%) (MPa)
PDMS 20 0.8 5.9 23
30 0.3 23 19

PMMA 0 18.3 2.9 391
2.5 44.1 3.7 693

10 56.5 6.1 614

PVA 0 15.1 36.5 185
25 18.6 55.3 338

10 28 84.8 476

20 19.2 60.2 227

30 17.9 31.4 271

Abbreviations: PDMS, poly(dimethylsiloxane); PMMA, poly(methyl methacrylate); PVA, poly(vinyl
alcohol); TiOPPh, [Ti(u3-0)(0iPr)s(u-0iPr)3(03PPh)sl-thf.

of PDMS materials is known to depend strongly on the crosslinked
network.!2 Therefore, the molecular interaction between PDMS and
TiOPPh would be weak.

The tensile strengths of PMMA composite films are shown in
Figure 3(i). Stress and strain increased with the increase in the
concentration of TiOPPh for 0, 2.5 and 10 wt%. The tensile strength
was increased about threefold from only PMMA film by mixing
TiOPPh in 10 wt%. This improvement is higher than that in PMMA-
montmorillonite composite material, which showed an improvement
of ca. 1.1-fold.!® The strain was also increased with the increase in the
TiOPPh concentration, suggesting mixing PMMA with TiOPPh will
yield hard and brittle composites.

The tensile strengths of PVA hybrid films are shown in Figure 3(ii).
The strain increased with the similar manner with PMMA hybrids to
10wt% cluster contain. On the other hand, the strain decreased when
the content was increased from 20 and 30 wt%. The Young's modulus
was evaluated for the stress and strain values of the initial stage. The
value was increased by the TiOPPh content that suggests the
formation of brittle and hard hybrids due to the crosslinking by
TiOPPh. Maximum strain and stress were observed when the TiOPPh
content was 10 wt% because TiOPPh acts as a good crosslinker to
form hard and brittle hybrids.

CONCLUSION

Organic—inorganic hybrids containing TiOPPh as a new element block
were prepared by using silicon polymers such as PDMS, PMS and
PEOS and organic polymers such as PMMA, PVA, PVP, PSA and
PBE. The concentration of TIOPPh was increased to 40 wt% to form a
transparent film for PDMS, PMS, PVA and PBE, whereas the
concentration was 20 wt% to form such a film for PMMA. The
temperature at which the 10 wt% weight loss occurred was increased
for the hybrid using PVP because the alcohol exchange reaction
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between TiOPPh and PVP was expected to form a rigid network,
whereas the 10 wt% weight loss temperature decreased with the
increase in TiOPPh concentration for PSA, PBE, PDMS, PMS and
PEOS. The PDMS hybrids showed very low tensile strengths and
elongations. The tensile strengths and elongations of PMMA hybrids
increased with the increase in the TiOPPh concentration. The tensile
strengths and elongations of PVA hybrid were highest when the
concentration of TiIOPPh was 10 wt%. As a result, TIOPPh was found
to be a good crosslinker to form hard and brittle hybrids.
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