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Abstract

Organic—inorganic hybrid thin films containing [Tiy(u3-O)(OiPr)s(u-OiPr);(O3PPh);]- THF (TiOPPh) were prepared via the
hybridization of TiOPPh with poly(vinyl phenol) (PVP), poly(styrene-co-allyl alcohol) (PSA), and poly(bisphenol A-co-
epichlorohydrin) (PBE) using spin coating. These thin films were characterized in terms of their transmittance, pencil
hardness, and surface morphologies. The transmittance values of the PVP hybrid thin films decreased with the addition of
TiOPPh because of the formation of Ti—O-Ph bonds. The pencil hardness values of the hybrid thin films were in the order
PVP >PBE >PSA hybrids. Using confocal laser scanning microscopy and atomic force microscopy, the pencil hardness
values were determined to be strongly dependent on the surface morphology, such as the roughness and presence of pin
holes. The model cluster was synthesized by the reaction of TiOPPh with excess ethanol to study the structures of the
TiOPPh in hybrids. From the nuclear magnetic resonance spectroscopy and single-crystal X-ray structure analyses, the main

core structure of the model cluster was found to retain the core structure of TiOPPh.

Introduction

Organic—inorganic hybrid materials containing elemental
blocks, a structural unit consisting of various groups of
elements [1], have been developed in the field of material
chemistry because they show excellent performance such
as improved mechanical and thermal stabilities [2], gas
permeability [3], and optical and emission properties
[2, 4, 5]. As element blocks, polyhedral oligomeric sil-
sesquioxanes (POSS blocks) [1, 6, 7], which are com-
posed of silicon and oxygen atoms, and titanium-oxo
clusters [8—10], which are composed of titanium and
oxygen atoms, are well known. These element blocks are
more desirable inorganic molecules compared with
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inorganic nanoparticles because of their high solubility in
organic solvents, uniformity of size and shape, and easy
purification [11-13]. Moreover, the reactivities of these
element blocks are lower than those of metal salts such as
TiCly and Ti(OiPr)4, and they are easier to handle. For
titanium-oxo clusters, Sanchez [14, 15] and Schubert
[16, 17] prepared organic—inorganic hybrids that showed
improved thermal stability. However, the synthesis of
these clusters requires delicate techniques to prevent the
facile decomposition (in particular, small clusters with
fewer than 10 titanium atoms readily collapse) [18, 19]
and circumvent their poor solubility in organic solvents.
Therefore, we have focused and studied titanium phos-
phonate clusters as a new element block because the
cluster can be easily synthesized by the reaction of tita-
nium tetraisopropoxide with organic phosphonic acid at
room temperature. Titanium phosphonate clusters having
alkoxyl groups, first reported by Mutin et al. [20, 21], are
composed of phosphatitanoxane bonds (Ti—O-P), which
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are well known to have high chemical and thermal sta-
bilities [22, 23]. These clusters can be incorporated into
organic—inorganic hybrid materials using a sol-gel reac-
tion or transalkoxylation because they contain alkoxyl
groups. We previously reported the preparation and
properties of free-standing films and thin films of
organic—inorganic hybrid materials containing [Tis(u3-O)
(OiPr)5(u-OiPr);(O3PPh);]* THF (TiOPPh) using various
organic polymers. Accordingly, the mechanical proper-
ties, thermal properties, transmittance values, and refrac-
tive indices of some organic—inorganic hybrid materials
were observed to be superior to those of the original
organic polymers [24, 25]. In particular, the hybrid
materials formed by covalent bonding between hydroxyl-
substituted polymers and TiOPPh showed excellent per-
formances. However, it remained uncertain why the
mechanical properties decreased with increasing con-
centration of the cluster; therefore, close study of this
phenomenon is necessary.

In this work, we prepared organic—inorganic hybrid thin
films containing TiOPPh based on hydroxyl-substituted
organic polymers (PVP: poly(vinyl phenol), PSA: poly
(styrene-co-allyl alcohol), and PBE: poly(bisphenol A-co-
epichlorohydrin)) as shown in Scheme 1. These hybrid films
were characterized in terms of their FT-IR spectra, trans-
mittance values, and surface morphologies. These hybrid
thin films were examined by pencil hardness to determine the
relationship between their surface morphologies and
mechanical properties. Moreover, the model cluster was
synthesized and characterized using nuclear magnetic reso-
nance (NMR) spectroscopy, and its structure in the
organic—inorganic hybrid materials was analyzed.

Experimental procedures
Measurements

NMR spectra were recorded using a JEOL Resonance
JNM-ECP 500 spectrometer (JEOL, Akishima, Japan) (‘H
at 500.16MHz, "*C at 125.77MHz, and *'P at
202.46 MHz) at 24 °C. The chemical shifts are reported in
p.p-m. relative to chloroform-d (CDCl;), which was used as
an internal standard (for 'H: 7.26p.p.m. in residual
chloroform, for '*C: 77.00 p.p.m.). The *'P NMR spectra
were recorded using 85% phosphoric acid as an external
standard. Fourier transform infrared (FT-IR) spectra were
recorded using an FT/IR-6100 spectrophotometer (JASCO,
Hachioji, Japan) by coating films onto a silicon wafer.
Transmittance spectra were recorded using a JASCO V-670
spectrophotometer equipped with an integrating-sphere
photometer ISN-470 type (JASCO, Hachioji, Japan) in
the 300-800 nm wavelength range by coating films onto
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Scheme 1 Chemical structures of the polymers and TiOPPh

glass substrates. The hardness of the surfaces was evaluated
via pencil hardness tests using a No. 553-M Pencil Scratch
Hardness Tester (YASUDA, Nishinomiya, Japan) and
subsequently using a JIS K5400, in which a vertical force
of 10 N was applied at an angle of 45° to the horizontal film
surface with a pencil. The obtained hardness values were
evaluated using the hardness values of “Mitsubishi Uni
pencils.” Confocal laser scanning microscopy (CLSM)
observations were obtained using a Color Laser 3D Profile
Microscope VK-8510 (KEYENCE, Osaka, Japan). Atomic
force microscopy (AFM) observations were obtained using
an SPM-9700 instrument (Shimadzu, Kyoto, Japan). Dif-
ferential scanning calorimetry (DSC) was performed using
a DSC 3500 Sirius instrument (Netzsch Japan, Yokohama,
Japan). Heating was performed at the rate of 5°C/min
under a nitrogen flow, and thereafter cooling was per-
formed at a rate of 5 °C/min until a temperature of 50 °C
was reached. This process was repeated three times. X-ray
diffraction (XRD) patterns were recorded using an IC Vario
instrument (PANalytical, Tokyo, Japan) with monochro-
matic Cu Ka radiation as the X-ray source. Small-angle X-
ray scattering (SAXS) measurements were recorded using a
SAXSess camera (Anton Paar Japan, Shinagawa, Japan)
equipped with a PANalytical PW3830 laboratory X-ray
generator with Cu Ka radiation (0.154 nm, 40 kV, 50 mA)
as the X-ray source.

Crystal data were collected using a Bruker AXS SMART
APEX CCD X-ray diffractometer equipped with a mono-
chromatic Mo Ko radiation soure (0.7107 A). Empirical
absorption corrections using equivalent reflections and
Lorentzian polarization corrections were performed using
the SADABS program [26]. All data were collected using
SMART and Bruker SAINTPLUS (Version 6.45) software
packages. The structures were analyzed using the
SHELXA-97 program [27] and refined against F> by using
SHELEXL-97 [28].
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Fig. 1 UV-Vis transmission spectra of the a PVP, b PSA, and ¢ PBE thin films

Materials

All the solvents were purified using a standard process
[29] and stored over activated molecular sieves. PVP
(M, = 25,000 g/mol), PSA (M,, = 2200 g/mol, allyl alcohol
40 mol%), and PBE (M,, =40,000 g/mol) were purchased
from Sigma-Aldrich (Tokyo, Japan) and used as received.
[Tig(u3-O)(OiPr)s(u-OiPr);(OsPPh);]' THF  (TiOPPh) was
prepared as described previously [24, 30] and characterized as
shown in the supporting information. The glass substrate
(S9112) and silicon wafers (4” polishing wafer) were pur-
chased from Matsunami Glass Ind. and GlobalWafers
Co., Ltd., respectively. These substrates were cut to 2.5 cm x
2.5cm and cleaned three times via ultrasonication in
acetone.

Preparation of organic-inorganic hybrid thin films

The precursors were prepared by mixing polymers (0.125 g)
and TiOPPh in 5 mL of tetrahydrofuran (THF) for 3 h at
room temperature. These precursors were dropped onto
the silicon wafer or glass substrate and spun at a rate of
3000 r.p.m. for 20s, and then dried at 110 °C for 10 min.
This process was repeated twice.

The samples are abbreviated using the polymer name and
the concentration of TiOPPh in weight percent, e.g.,
PVP-40 wt%.

Synthesis of model cluster (compound 1)

TiOPPh (0.2g, 160 umol) was dissolved in excess hot
EtOH (5 mL, 86 mmol) in a glove box. The solution was
cooled to room temperature and maintained for several
days. The model cluster (compound 1) was obtained as
colorless crystals (20 mg, 11%).

BC{'H} NMR (126 MHz, CDCl/77.00 p.p.m.): &=
17.79, 18.12, 18.34, 70.32, 71.12, 71.87, 127.24 (d, *Jcp =
144Hz), 129.72, 131.43 (d, 3Jcp=9.7Hz), 134.86
(d, 'Je_p=201Hz).

3Ip{'H} NMR (202 MHz, CDCly/ p.p.m.): 6 =8.7.

Results and discussion
Preparation of hybrid thin films

The thin hybrid films were prepared via spin-coating onto
the substrate (silicon wafer or glass) by dropping the pre-
cursor prepared by mixing TiOPPh and polymer in THF.
These hybrid films were characterized using FT-IR spec-
troscopy; the intensity of the hydroxyl group stretching
vibration in the polymer decreased with the addition of
TiOPPh because transalkoxylation occurred between the
polymer and TiOPPh.

The transmittance values of the thin films on glass sub-
strates are shown in Fig. 1 and Table 1. For the PVP hybrid
thin films, the transmittance decreased with increasing
concentration of TiOPPh, and the films became orange-red.
The color development is attributed to the ligand-to-metal
charge transfer due to the formation of Ti—O-Ph bonds as
observed in the orange-red crystals of [Tiy(u-OPh),(OPh)g
(HOPh),] [31, 32]. For the PSA hybrid thin films, the
transmittance was high even at 40 wt% content of TiOPPh.
The transmittance of the PBE hybrid thin films slightly
decreased with increasing TiOPPh content in the short
visible range. We propose that the decrease in transmittance
is caused by the ligand-to-metal charge transfer based on the
coordination of the ether groups in PBE to the titanium
atoms [25].

Glass transition temperatures of the hybrids

The glass transition temperatures (7, values) of the PVP and
PBE hybrid films were measured using DSC (Fig. 2). The
T, values of pure PVP, PSA, and PBE were 184, 63, and
98 °C, respectively. The T, values of the hybrid materials
were higher than those of the pure polymers, and only one
peak was observed for each of the PVP hybrids; the 7,
values of PVP-20 wt% and PVP-40 wt% were 226 and
>250 °C, respectively. The T, values of PSA-20 wt% and
PSA—40 wt% were 67 and 76 °C, respectively. The T, of
PBE-20 wt% was 112°C, and the glass transition of
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Table 1 Transmittance and pencil hardness values of the hybrid thin
films

Content of cluster 1 (wt%) Transmittance® Hardness®
(%)

pvp

0 87 4B

10 59 H

20 50 2H

40 28 HB

PSA

0 91 5B

10 90 5B

20 90 4B

40 88 6B

PBE

0 90 2B

10 90 4B

20 86 HB

40 87 B

The hardness increases in the order
6B <5B<4B<3B<2B<B<HB<F<H<2H
*Measured using UV-Vis spectrometry at 420 nm

"Measured using pencil hardness tests

PBE—40wt% was not observed even at 140 °C. Thus,
TiOPPh strongly inhibited the mobility of the polymers, and
these films were hybrids between the polymers and TiOPPh
because the T, values of the films were higher than those of
the pure polymers [16, 17, 33-35].

Surface morphologies of the hybrid thin films

The micro-scale surface morphologies of the hybrids were
observed using CLSM as shown in Fig. 3. The PVP and
PSA hybrids showed flat surfaces; therefore, TiOPPh
caused no macro-aggregation. On the other hand, the PBE
hybrids showed microphase separations similar to that seen
in copolymers containing POSS [36] and poly(methylsil-
sesquioxane-co-siloxane) [37]. The formation of micro-
phase separation at the micro scale was similar to that seen
in nano-TiO, hybrids based on bisphenol A-epoxy [38];
hence, the bisphenol A-based hybrids may undergo micro-
phase separation. Additionally, PBE-40wt% was con-
firmed to have very small white dots. The protuberances
looked like branches of a tree and are shown in Fig. 3j, k.
The features are formed by the aggregation of clusters
bound to PBE because of the high concentration of TiOPPh
relative to that of PBE.

The nanoscale surface morphologies of the PVP, PSA,
and PBE hybrid films were observed using AFM. The
surface of the PVP-20 wt% film was uniform and smooth,
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Fig. 2 DSC traces of the a PVP, b PSA, and ¢ PBE hybrids

although some pin holes were observed (Fig. 4a). Surpris-
ingly, the surface of the PVP-40 wt% film showed many
large pin holes with diameters of 30-70 nm as shown in
Fig. 4b. The surface of the PSA-20 wt% film was slightly
rough compared to that of the PVP-20 wt% film (Fig. 4c),
and the surface of the PSA—40 wt% film showed many pin
holes. The surfaces of the PBE hybrids were rough and
showed many pin holes even with the addition of 20 wt%
TiOPPh (Fig. 4e, f). The PVP-20 wt% and PSA-20 wt%
films were homogeneous. For other hybrids, the formation
of pin holes might be caused by the formation of
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| 200um

Fig. 3 CLSM images of the a—¢c PVP, d—f PSA, and g-i PBE thin films; j, k white dots in PBE-40 wt%

microphase separation [39-42], which is caused by
nanoaggregation of TiOPPh in polymer—40 wt% hybrids,
the formation of lamellar structures such as those seen in
poly(styrene-co-methyl methacrylate) [41, 42], and/or
volatilization of organic compounds (THF and iPrOH) due
to the increased viscosity in the solution of polymer—40 wt
%. Based on AFM observations over large areas (5 pm X
5 um), the formation of pin holes was observed in the whole
film. Additionally, PVP hybrids were evaluated by SAXS;
however, the characteristic pattern generated by lamellar
structures was not observed. From these results, the for-
mation of pin holes was caused by the microphase separa-
tion of TiOPPh domains due to the high concentration of
TiOPPh relative to the concentration of polymer.

Surface hardness of the hybrid thin films

The results of the pencil hardness test are shown in Fig. 5
and Table 1. The hardness of the PVP hybrid thin films

increased with the addition of TiOPPh, and the thin film
with 20 wt% TiOPPh showed the greatest hardness (2H).
However, the hardness of the thin film with 40 wt% TiOPPh
was lower than those of the thin films with 10 and 20 wt%
TiOPPh. The PBE hybrid thin films were slightly influenced
by the addition of TiOPPh, but the hardness values of the
PBE hybrid thin films were lower than those of the PVP
hybrid thin films. The conversion rate between the TiOPPh
and PBE matrices might be lower than that between
TiOPPh and PVP because Ti—-O-Ph bonds are stronger and
more easily formed than Ti—-O-alkyl bonds [43] depending
on the pK, and sterics of the alcohol [44]. Additionally, the
surface roughness must be influenced by the presence of
microphase separation on the micro scale. However, the
hardness values of the PSA hybrid thin films did not change
substantially. We attribute the lack of improvement in the
hardness values of the PSA hybrid thin films to the reduced
transalkoxylation, which is caused by the steric hindrance
and/or rigid structure from the n—n interactions of the
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Fig. 5 Pencil hardness values of the PVP, PSA, and PBE hybrid thin
films

polystyrene domains. The pencil hardness is known to be
dependent on the degree of crosslinking, surface smooth-
ness, and adhesion to the substrate [45, 46]. From the
increase in T, values observed using DSC, the degree of
crosslinking can be concluded to increase with increasing
TiOPPh content. However, the surface morphologies of the
hybrid thin films containing 40 wt% TiOPPh were rough
and showed the formation of pin holes. Therefore, the lower
pencil hardness values for hybrids with 40 wt% TiOPPh
were strongly influenced by the surface smoothness and, in
particular, the formation of pin holes. The presence of
micro-scale aggregates, such as those seen in PBE-40 wt%,
also decreased the surface hardness.

SPRINGER NATURE
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Synthesis and characterization of compound 1

We synthesized the model cluster (compound 1) to study
the structure of TiOPPh in the polymer. Compound 1 was
synthesized by the reaction of TiOPPh with hot EtOH. The
3P NMR spectrum of the reaction solution showed a singlet
signal at 8.8 p.p.m. After a few days, colorless crystals of
compound 1 were obtained from the solution. In the *'P
NMR spectrum of compound 1 in CDCl;, a singlet signal
was observed at 8.7 p.p.m., and the chemical shift of
compound 1 was similar to that of the reaction solution.
Therefore, compound 1 was determined to be the major
product of the reaction. The *C NMR spectra of TiOPPh
and compound 1 are shown in Fig. 6. The *C NMR
spectrum of TiOPPh showed signals assigned to a phenyl
group (at 127.3-134.4 p.p.m.), a coordinated THF molecule
(at 25.4 and 68.8 p.p.m.), a bridged isopropoxyl group (at
24.8 and 79.4 p.p.m.), and terminal isopropoxyl groups (at
24.5, 24.8, and 78.5 p.p.m.). The spectrum of compound 1
showed signals attributable to phenyl groups and bridged
and terminal ethoxyl groups, and no signals that could be
attributed to isopropoxyl groups and a coordinated THF
molecule. Compound 1 was analyzed using X-ray crystal-
lography, but it was very sensitive to moisture. Therefore,
the structure refinement of compound 1 converged at a very
high R factor, and the structure of compound 1 was similar
to that of TiOPPh (see supporting information). Thus,
compound 1 was converted to [Tig(uz-O)(OEt)s(u-OEt)3
(O5PPh);3]-EtOH by the exchange of the isopropoxyl groups
with ethoxyl groups. Hence, the core structure of the cluster
in the hybrid materials is retained.
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Conclusion

Organic—inorganic hybrid thin films containing TiOPPh
were prepared via the hybridization of TiOPPh with PVP,
PSA, and PBE using spin coating. The success of the
hybridization was confirmed by FT-IR spectroscopy and
DSC. The transmittance values of the PVP hybrid thin films
decreased with the addition of TiOPPh because of the
appearance of an absorption band for the ligand-to-metal
charge transfer due to the formation of Ti—O-Ph bonds. The
transmittance values of other hybrids were high. The
PVP-20 wt% thin film showed a uniform and smooth sur-
face, but the surface of the PVP—40 wt% thin film was
confirmed to have many pin holes, which is similar to that
seen for PSA hybrids. For the PBE hybrid thin film, the
surface was rough, and the pin holes observed in the film
with 40 wt% TiOPPh were larger and more abundant
compared to those observed in the film containing 20 wt%
TiOPPh. The formation of pin holes might be caused by
microphase separations or the elimination of solvent. The
pencil hardness values of the hybrid thin films improved in
the order PVP > PBE > PSA; notably, the pencil hardness of

PVP-20 wt% was the highest (2 H). TiOPPh acted as a
good cross-linker because transalkoxylation occurred
between TiOPPh and the polymer. Moreover, hardness
values of the hybrid thin films increased in the order of
TiOPPh concentration 20 wt% > 40 wt% > 0 wt% due to the
degree of crosslinking, surface smoothness, and adhesion to
the substrate in each sample.

Compound 1, as a model cluster, was synthesized by the
reaction of TiOPPh with excess ethanol. From NMR
spectroscopy and single-crystal X-ray structure analyses,
the structure of compound 1 was characterized as [Tis(u3-O)
(OEt)5(u-OEt);(0O3PPh);]*EtOH due to the exchange of the
isopropoxyl groups of TiOPPh with ethoxyl groups.
Therefore, we suggest that the core of TiOPPh is retained in
the hybrid polymers.
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