Organic—Inorganic Hybrids as Transparent
Coatings for UV and X-ray Shielding
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ABSTRACT This work reports the synthesis of new polymer—titania hybrids, where the organic phase is constituted by polyesters
such as poly(e-caprolactone), poly(p,L-lactic acid), and poly(i-lactic acid). In these hybrids, very strong interaction between the organic
and inorganic domains is obtained through transesterification of ester moieties by titanium atoms, which leads to organotitanium
esters. The influence of the structure of the polyester on the mode of its interaction with titania is also investigated. Hybrids with a
range of solid-state properties, which depend on the starting polymer characteristics and on the inorganic-phase content, are obtained.
Hybrids are applied as coatings on a variety of substrates. They show intrinsic optical transparency and the ability to completely
block UV radiation in the range UVB and UV-A2. In particular, when applied to different textiles, the hybrids impart radiopacity to the
fabrics, opening new perspectives in the field of personal protective clothing and equipment.
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1. INTRODUCTION

erformance improvement is one of the driving forces

in materials science research (1, 2). Application of a

functional coating layer is an easy way to modify the
surface properties of materials. This procedure avoids un-
desired bulk property changes that might negatively affect
a material’s performance, while it allows the introduction
of several functional properties associated with the coating
formulation.

In this context, organic—inorganic hybrids (3—5) repre-
sent a smart class of new materials that can be easily applied
as functional coatings. Hybrids can be regarded as a synergic
combination of organic and inorganic compounds that
benefit from ductility and low processing temperature,
which is typical of polymers, as well as from high modulus,
thermal stability, and low coefficients of thermal expansion
distinctive of inorganic metal oxides. The interconnection
between organic and inorganic domains, which is typical of
the hybrid structure, confers to the material some additional
features such as remarkable improvements in mechanical
(6), thermal (7, 8), electrical (9), and magnetic properties
(10). A classification of hybrid structures based on the type/
strength of the organic—inorganic interaction has been
proposed in a pioneering work by Sanchez and Ribot (4).
When the inorganic domains are within nanometric dimen-
sions, hybrids display optical transparency (11). Hybrid
functional properties can be tuned by the convenient choice
of the organic and inorganic components, and the final
behavior can be adjusted by playing on their relative content.
In this frame, the most suitable synthetic pathway to achieve
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a hybrid structure is represented by the sol—gel technique
(12, 13), and the obtained materials are commonly named
“ceramers” (CERAmics polyMERS) (14) or “ORMOCERs”
(ORganically MOdified CERamics) (15).

Sol—gel is a process formerly developed for the produc-
tion of metal oxides (16). It consists of hydrolysis and
condensation reactions that, starting from metal alkoxide,
lead to a metal oxide tridimensional network (13). The
inclusion of appropriate polymers during the sol—gel process
may lead to the formation of a strongly interconnected two-
phase material, i.e., the hybrid. The sol—gel process needs
to be carried out in a solvent, and it belongs to the so-called
“wet chemistry” techniques: this feature allows hybrids to
be easily applied as thin coating layers to a wide variety of
substrates.

While a large number of polymers have been employed
in ceramer synthesis (14, 17—28), the choice of the inorganic
component is commonly addressed to silica (29) owing to
the ease in handling silicon alkoxides during silica-based
hybrid production. Although the high reactivity of transition-
metal alkoxides implies some difficulties when they are used
for hybrid preparation (13, 30, 31), the resulting material
usually possesses some interesting additional features that
are inherently associated with the obtained transition-metal
oxide. For example, when titanium alkoxide is used for
titania-containing hybrid preparation, it is shown that the
resulting material displays some useful functional features
such as X-ray- and UV-blocking properties (32). Hence, the
use of such hybrids in the form of coatings may represent a
smart solution to the problem of radiographic traceability
of endoprosthetic devices that are presently coated either
by rather complex deposition technologies (33, 34) or in
high-temperature conditions (35) that are unsuitable for
polymeric equipment. In addition, the application of such
hybrid coatings on textiles should lead to the production of
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personal protective clothing for medical staff exposed to
X-ray radiation such as during angiographic surgery (36, 37).
Obviously, in order to cope with different application re-
quirements, hybrid features have to be carefully tuned for
each specific use.

This work reports the synthesis and characterization of
new hybrids made of titania and polyesters with different
solid-state behavior, i.e., poly(caprolactone) and poly(lactic
acid) [both PLLA and PDLLA]. The results of the character-
ization study shed new light on the interactions that set in
during hybrid synthesis between organic and inorganic
phases, confirming the hypothesis previously formulated in
connection with hybrids containing titania and poly[1,4-
butylene glutarate] (38).

This paper also discusses the properties of hybrids coated
on substrates of different nature and shape and their poten-
tial use as easily applicable protective coatings.

2. EXPERIMENTAL SECTION

2.1. Materials. Chloroform (Aldrich), poly(e-caprolactone)
(PCL; Tone 787, Union Carbide, M,, = 75 000 Da, PDI = 4.9),
poly(t-lactic acid) (PLLA; Lacea H-100-E, M,, = 84 000 Da, PDI
= 1.7), poly(p,L-lactic acid) (PDLLA, Resomer R 203 H Bo-
heringer, M,, = 36 000 Da, PDI = 2.6), poly(l,4-butylene
glutarate) (PBG; Aldrich, M,, = 3700 Da, PDI = 2.8), and
titanium tetraisopropoxide (TIPT; Aldrich) were used without
further purification.

2.2. Hybrid Synthesis and Coating on Flat Substrates. The
precursors of the organic and inorganic phases, i.e., the polymer
and TIPT, respectively, are dissolved in different weight ratios
(polymer + TITP total weight = 1 g) in 3 mL of the solvent
(CHCI5). The hybrids are labeled H-PX, where P stands for the
polymer acronym (PBG, PCL, PDLLA, and PLLA) and label X
represents the weight percentage of the polymer (X = 10, 25,
50, or 75) in the sol—gel feed.

The synthesis of hybrid H-PCL50 is described as an example:
1.0 g of TIPT is added to 2 mL of CHCl5 (solution 1). In a separate
container 1.0 g of PCL is dissolved in 4 mL of CHCl5 (solution
2). After complete polymer dissolution, solution 2 is added to
solution 1 under vigorous stirring. The obtained clear mixture
(solution 3) then either is poured into a Teflon Petri dish to
produce a bulk hybrid sample or, alternatively, is coated on
different flat substrates such as aluminum, steel, copper, glass,
cellulose acetate, polypropylene (PP), or tetrafluoroethylene
(Teflon) sheets. Coating is obtained either by dipping the
substrate in the solution or by casting the solution on the
substrate and removing the excess solution with the aid of a
sliding glass rod (Doctor Blade Method). After 2 h at room
temperature (RT), a transparent solid layer (maximum thickness
10 um) forms on all different substrates. Then the coated
samples are thermally treated for 1 hinanovenat 110 °C. The
bulk hybrids prepared in the Petri dishes, as described above,
are aged for 24 h at RT (solidification) prior to a 2 h oven
treatment at 110 °C (curing).

2.3. Hybrid Coating on Textiles. In order to achieve ap-
plication of a hybrid coating on textiles, a synthetic procedure
analogous to that described above is followed, with the only
difference being a greater amount of solvent (10 vs 3 mL of
CHCl5) used to dissolve 1 g of hybrid precursors (polymer +
TITP).

As an example, the procedure to synthesize the H-PBG50
coating is described: 0.5 g of TIPT is added to 1 mL of CHCls
(solution 1), while in a separate container 0.5 g of PBG is
dissolved in 9 mL of CHCl; (solution 2). After complete polymer
dissolution, solution 2 is added to solution 1 under vigorous
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stirring and the obtained mixture is allowed to stir for I min
(solution 3). Then, small samples (2 cm x 2 c¢cm) of different
fabrics (cotton, silk, wool, and polyester) are immersed in
solution 3, from which they are retrieved after 15 s. A portion
of solution 3 is also cast on a Teflon sheet in order to obtain the
hybrid in the form of a thin layer, which can be used as a
reference material for the coatings. Both the thin films cast on
Teflon and the coated textiles are aged for 2 h at RT and further
thermally treated for 1 hin an oven at 110 °C.

2.4. Characterization Techniques. IR spectra are recorded
on a Nicolet 380 FT-IR, with 32 scans and 4 cm™' resolution.
Solid insoluble samples are ground with KBr (I mg of sample/
100 mg of KBr) and pelletized under pressure, while analysis
of the starting polymers (PBG, PCL, PDLLA, and PLLA) is
performed by casting a few drops of a polymer solution in
chloroform on a KBr disk and allowing solvent evaporation prior
to measurement. All such samples are dried overnight in a
desiccator over P,Os5 before Fourier transform IR (FT-IR) analysis.

Differential scanning calorimetry (DSC) measurements are
carried out with a TA DSC-Q100 apparatus, equipped with a
liquid-nitrogen cooling system accessory. Samples (about 5 mg)
are subjected to three subsequent heating runs at 20 °C/min
from —100 °Cup to +100 °C. Controlled cooling at 10 °C/min
is applied after the first heating scan, while quench cooling is
performed after the second heating scan. Ty values are taken
at half-height of the glass transition heat capacity step.

The pencil hardness of hybrids coated onto rectangular
aluminum plates is evaluated according to the standard test
method ASTM D 3363 (39).

Thermogravimetric (TGA) measurements are carried out
using a TGA 2950 (TA Instruments). The analyses are performed
by heating at 10 °C/min from RT to 600 °C under an air flow.

UV—vis spectra are recorded on a Cary 1E (Varian) spectro-
photometer in the range 200—700 nm with a scan rate of 600
nm/min. Transparent PP film (31 um thick) is used as the
substrate on which a hybrid layer (4—6 um thick) is coated.
Transmittance of the coated PP is measured with changing
wavelength, and s, is the wavelength at which the transmit-
tance is reduced to less than 50 % .

Scanning electron microscopy (SEM) observations are carried
out using a Philips 515 scanning electron microscope at 15.0
kV. The coated and uncoated fabrics are laid down on aluminum
stubs using conductive adhesive tape and are sputter-coated
with gold prior to measurements.

The textile sample area is evaluated through analysis of its digital
picture by means of Zeiss AxioVision 3.0 software. The hybrid load
(HL) on textiles is quantified using an analytical electronic Sartorius
RC210D balance (reproducibility & 0.02 mg).

Radiographic images are recorded on a mammuographic
apparatus (Diamond MGX, Instrumentarium Co. Imaging Divi-
sion) equipped with a Varian M113SP radiogenic tube. The
experimental parameters are 22 keV, 4 mA/s, and 21 cm
sample-to-detector distance.

3. RESULTS AND DISCUSSION

3.1. Hybrid Bulk Synthesis and Characteriza-
tion.Inan earlierworkby the authors (38), an organic—inorganic
hybrid was prepared via the sol—gel process starting from
a dihydroxy-terminated polyester (PBG) and a titanium
alkoxide (TIPT) as titania precursors. In the cited work, it was
demonstrated that a strong interaction between the polymer
and the in situ forming titania was achieved via the trans-
esterification reaction of the polymer chain, leading to
organotitanium esters connecting organic and inorganic
domains. Because the transesterification reaction does not
require the presence of any specific chain end group, in
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principle any polyester able to dissolve in a good solvent for
the titania precursor should be able to lead to hybrid
structures such as those earlier observed with dihydroxy-
terminated PBG.

The correctness of the above hypothesis is investigated
in the present work. The same procedure formerly adopted
by the authors for low-molecular-weight (M,, ca. 3600 Da),
dihydroxy-terminated PBG (38) is now applied in the syn-
thesis of hybrids using high-molecular-weight polyesters with
different solid-state properties as organic-phase precursors.
PCL is chosen because of its low glass transition temperature
(T & —60 °C) and low melting crystal phase (T, around
55—65 °C) (40), while PLA, used both as a PLLA homopoly-
mer and as a PDLLA copolymer, has Ty = 55 °C and is glassy
at RT. Moreover, PLLA is able to crystallize (T, = 185—215
°C), whereas PDLLA is totally amorphous (40).

The hybrids are produced via the sol—gel process in
chloroform, a good solvent for the polymers and for the
titania precursor employed (TIPT). It is well established that
titanium alkoxides are highly reactive toward nucleophiles
and that they can give rise to uncontrolled fast reactions (13).
As an example, the presence of water in the reaction
environment often leads to instantaneous titania precipita-
tion. Takahashi and co-workers thoroughly studied the
reactivity of transition-metal alkoxides (31), and they dem-
onstrated the possibility of running sol—gel reactions without
water addition. In fact, they observed that water, which is
indeed required for hydrolysis to occur, can be obtained in
a convenient amount and concentration from air humidity,
thus avoiding any undesired titania precipitation.

In this work, the hybrids are synthesized using a 50:50
(w/w) polymer/TIPT feed ratio. The bulk materials recovered
from Teflon Petri dishes after thermal curing, as described
in the Experimental Section, are analyzed by FT-IR spec-
troscopy in order to investigate organic—inorganic phase
interactions. Earlier work on PBG-containing hybrids (38)
showed that titanium-driven transesterification leads to the
formation of a new carbonyl stretching absorption band in
the FT-IR spectrum, centered at lower wavenumbers than
the traditional ester carbonyl stretching (1535 vs 1740
cm™!). It is well-known that a carbonyl group complexing
an electron-deficient atom shifts its IR absorption to lower
wavenumbers to an extent that depends on the mode of
interaction (41—43), as depicted in Scheme 1. The men-
tioned new band observed in PBG-based hybrids was at-
tributed (38) to the stretching of the C=0 moiety interacting
with the titanium atom in agreement with previous assign-
ments (31). Figure 1 compares the FT-IR spectra of the
presently synthesized hybrids, focused on the carbonyl
stretching absorption range, with those of the respective
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FIGURE 1. FT-IR spectra, focused on the 1500—2000 cm ™! carbony!l
region of (A) PCL (red) and H-PCL50 (black), (B) PLLA (red) and
H-PLLA50 (black), and (C) PDLLA (red) and H-PDLLA50 (black).
Letters identify peaks at different wavelengths: j, 1650—1660 cm™';
k, 1535 cm™!; m, 1575 cm™'; p, 1700 cm ™.
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plain polymers. Besides the expected carbonyl absorption
at 1740 cm™', all hybrids in Figure 1 display a new band in
the range of 1660—1650 cm™! (absorption j) that, according
to the literature (43), can be attributed to monodentate
titanium ester carbonyl (Scheme 1A). The presence of such
a band, not detected in the previously synthesized H-PBG
hybrids, may be due to the high molecular weight of the
present polymers, which may hinder further carbonyl co-
ordination expansion after transesterification. Moreover, all
hybrids show a second signal at even lower wavenumbers
(absorption k at 1535 cm™" and absorption m at 1575 cm™}).

The new band (k) at 1535 cm™ " in the FT-IR spectrum of
H-PCL50 (Figure 1A) lies at the same wavenumber as the
absorption found in the spectrum of the previously analyzed
H-PBG50 (38). Accordingly, absorption k in H-PCL50 is
attributed to the organotitanium ester carboxylate, which
additionally interacts with titanium atoms through the car-
bonyl oxygen, giving rise to a bidentate bridging structure
(31), as sketched in Scheme 1C. The presence of the 1535
cm™! band in the spectrum of the hybrid containing the high-
molecular-weight polyester is further confirmation that the
chemical bond forms via chain scission at the ester linkage.

The spectra of H-PLLA50 and H-PDLLA50 (parts B and C
of Figure 1, respectively) show the additional absorption m
at 1575 cm™!, i.e., at slightly higher wavenumbers than
absorption k of hybrid H-PCL50 (Figure 1A). According to
the literature, absorption m in the two PLA-based hybrids
might be ascribed to a bidentate chelating structure, as
depicted in Scheme 1B. Worth noting is that in the case of
H-PDLLA50 a third new band at 1700 cm™ is observed
(absorption p), which can be attributed to some free car-
boxylic acid moiety that forms during the transesterification
process.

The different FT-IR behavior of hybrids H-PLLA and
H-PDLLA with respect to hybrids H-PBG and H-PCL may be
due to the presence, in the former hybrids, of the methyl
group in the a position to the carboxyl moiety. The sterical
hindrance of the a substituent inhibits to some extent the
transesterification reaction on the carbonyl, as evidenced by
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FIGURE 2. FT-IR spectra focused on the 1500—2000 cm ™' carbonyl
regions of H-PDLLA50 (red), H-PDLLA25 (black), and H-PDLLA10
(blue). Spectra are normalized with respect to the intensity of the
main carbonyl stretching signal, i.e., 1740 cm ™' for H-PDLLA50 and
H-PDLLA25 and 1650 cm™' for H-PDLLA10.

1
1500

the lower intensity of bands j + m in PLA hybrids with
respect to bands j + k in H-PCL50. Moreover, when titanium
coordination expansion occurs, the mode of interaction is
affected by the presence of a bulk group close to the carboxy!
moiety and the bidentate chelating structure (band m) is
preferred to a bidentate bridging one (band k).

With the aim of confirming that the observed new bands
in PLA hybrids originate from the interaction between
organic and inorganic components, two new hybrids with
higher inorganic content are investigated, namely, H-PDL-
LA25 and H-PDLLA10, whose FT-IR spectra are reported in
Figure 2. For the sake of comparison, the spectrum of
H-PDLLA50 (same as that in Figure 1C) is also displayed in
Figure 2. Spectra are normalized with respect to the intensity
of the main carbonyl signal, that is, 1740 cm™' for H-
PDLLA50 and H-PDLLA25 and 1650 cm™' for H-PDLLA10.
With increasing titania content, a clear increase of the
intensity of the new bands in the range of 1500—1720 cm™!
is observed, showing that the new signals are titania-related.
It is clear that the new bands grow at the expense of the
organic ester absorption (1740 cm™"), which is totally absent
in H-PDLLA10, thus confirming the involvement of polyester
carboxylate groups in the interaction with titanium atoms.

The chain mobility and phase behavior of the polymeric
component of the hybrids is investigated by DSC. Table 1
compares the results of DSC measurements on H-PCL50,
H-PLLA50, and H-PDLLA50 with those of the respective plain
polymers (PCL, PLLA, and PDLLA). For the sake of compari-
son, Table 1 also reports DSC data of the previously synthe-
sized hybrid H-PBG50 (for synthesis and characterization,
see ref 38).

Analysis of the DSC data in Table 1 shows that neither of
the polyesters containing a linear monomer (PCL and PBG)
leads to hybrids containing a crystal phase, although both
plain polymers are easily crystallizable in identical experi-
mental conditions. Conversely, PLLA develops crystallinity
in hybrid H-PLLA50. The different behavior observed can be
attributed to the different ability of the “linear” polyesters
and of PLLA to interact with titanium atoms, which has been
discussed above in connection with the FT-IR results. Owing
to its pending methyl group close to carbonyl, PLLA interacts
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with titanium to a lower degree, thus maintaining its crystal-
lizing ability in the hybrid, whereas crystallization of PCL and
PBG is prevented by the strong interaction between these
polymers and the inorganic phase. A similar behavior has
been previously reported not only for PBG-containing hy-
brids (38) but also for silica-based hybrids containing a
crystallizable polymer (44—47), where crystallization of the
polymeric component was found to be strongly reduced or
even totally inhibited owing to organic—inorganic phase
interaction.

As concerns the glass transition of the hybrids, all previ-
ously studied silica ceramers synthesized from end-func-
tionalized precursors (44—47) showed an increase of T, of
the polymer component upon hybrid synthesis, which
reflects a decrease of the mobility of the polymer chains
whose ends are locked into the silica network. The Ty data
in Table 1 show for H-PCL50, H-PDLLA50, and H-PLLA50
an opposite trend, with Ty being lower in the hybrids than
in the respective precursor polymers. In the present hybrids,
a degree of chain anchoring by the titania phase can be
reasonably expected because of the aforementioned poly-
mer—inorganic phase interactions. However, the molecular
weight of the polymeric phase decreases as a consequence
of the transesterification reactions occurring during hybrid
synthesis, and this leads to an opposite effect on Ty The
interplay of the two phenomena determines the final hybrid
Ty value. Table 1 also shows that the transition width (ATy)
is larger in the hybrids than in the respective polymers,
implying that the polymer—titania interactions lead to broad-
ening of the relaxation time distribution, as expected.

The mechanical behavior of the synthesized hybrids at
RT is likely to reflect the aforementioned thermal properties.
In particular, an important property of coatings, i.e., for the
type of application that is foreseen for the present hybrids,
is hardness. Hence, the pencil hardness of the hybrids,
evaluated by a standard ASTM test (D3363) (39) that deter-
mines the hardest pencil that does not fracture or gouge the
coating, is reported in Table 1. The results show that the
hardness increases in the order H-PCL50 < H-PBG50 <
H-PDLLA50 < H-PLLA50. This behavior can be rationalized
by taking into account the Ty values in Table 1, showing that
PCL and PBG are rubbery at RT, while the two PLAs are
glassy. Moreover, H-PLLA50 also contains a crystal phase
that enhances the hardness of this hybrid with respect to
that of H-PDLLA50. The present results suggest that it is
possible to tune hybrid mechanical properties through selec-
tion of a polymeric phase with suitable thermal properties.

3.2. Hybrid Coating on Flat Surfaces. The versa-
tility of the synthesized hybrids in yielding materials with
different hardness and stiffness and the particularly mild and
easy conditions required to carry out the sol—gel process
(16) make this class of products excellent candidates to be
applied as coating layers on a wide variety of substrates.
Hence, in this work hybrids made of PBG (38), PCL, PLLA,
or PDLLA and titania are applied as coating layers on a wide
variety of flat substrates.

IEDAPPLIED mMATERIALS 729

VOL. | e NO. 3 s 726-734 ¢ 2009
XINTERFACES




Table 1.

Thermal Properties of Hybrids and of the Corresponding Polyester Precursors

TGA? DSC?

sample residue (%) Ty (°C) ATS(°C) AG, (JIg °C) Tm (°C) AHp, (JI8) pencil hardness?
PCL <0.5 —63 7 0.13 56 71
H-PCL50 21.2 —65 10 0.39 <6B
PLLA <0.5 70 5 0.22 163 36
H-PLLA50 23.6 64 21 0.18 158 24 3H
PDLLA <0.5 51 5 0.57
H-PDLLA50 46 13 0.27 HB
PBG <0.5 —72 8 0.68 13 44
H-PBG50 22.5 —61 12 0.40 6B

“ Experimental solid residue at 600 °C evaluated from TGA experiments run in air. ” From the second heating scan after quench cooling.
¢ Glass transition width. ¢ Measured according to ASTM D 3363, on hybrids coated on aluminum plates.

Q Aluminum

Glass

Cellulose Acetate
Polypropylene
Steel

Copper

FIGURE 3. Hybrid H-DLLA50 cast on different substrates. Application
on transparent substrates outlines a coating transparency to visible
light.

FIGURE 4. Hybrid H-PBG15 in bulk is transparent to visible light
despite the high titania content (TiO, = 61.4%).

As displayed in Figure 3 for H-PDLLAS50 as an example,
hybrids with different formulations (polymer type, polymer/
TIPT feed ratio, and precursor/solvent ratio) are easily ap-
plied (by casting or dipping) to a range of different materials
such as aluminum, steel, copper, glass, cellulose acetate, and
PP. It is clearly observed that when the hybrid is cast on a
transparent substrate, the resulting coated material main-
tains transparency to visible light. This is mainly due to the
nanometric dimension of titania domains that are not able
to scatter radiation with wavelengths in the range of visible
light (11). Transparency is maintained up to high titania
loads, as demonstrated in Figure 4 by the hybrid H-PBG15,
which has been produced starting from a feed ratio polymer/
TITP = 15/85 and contains more than 60% by weight of
titania.
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FIGURE 5. Comparison of the UV—vis spectrum of a PP sheet
(31 um thick, black) with those of a PP sheet coated with H-PBG75
(6-um-thick coating, red), H-PBG50 (5-um-thick coating, blue), and
H-PBG25 (4-um-thick coating, green).

Hybrids show very good adhesion toward all surfaces on
which they have been coated in this study (plastics, metals,
and glass) except Teflon, a substrate from which they can
be easily peeled off. The latter support is thus used to
produce very thin self-standing hybrid layers, whose thick-
ness (around 10 um) is comparable to that of the coating
layers applied to plastics, metals, and glass. These self-
standing thin hybrids, which are the reference materials for
the coatings, are characterized by FT-IR, DSC, and TGA, and
no substantial differences between such samples and the
previously discussed bulk materials are observed.

UV—vis absorption properties of hybrids in the form of
thin layers coated on a transparent PP sheet (31 um thick)
are tested. As an example, Figure 5 shows UV—vis transmit-
tance spectra of three PBG hybrids with different titania
contents, namely, H-PBG75, H-PBG50, and H-PBG25, coated
on PP. For the sake of comparison, the spectrum of plain
PP is also reported, showing transmittance higher than 90 %
along the entire UVB/ UVA range (280 nm <1 <400 nm). In
the same frequency range, hybrids H-PBG75, H-PBG50, and
H-PBG25 are able to cut off a large fraction of the UV
radiation. In particular, H-PBG50 and H-PBG25 layers (5 and
4 um thick, respectively) cast on PP are completely opaque
to UV radiation up to A = 325 nm, i.e., over the whole so-
called UVB range (280—315 nm) (48). Although UVB rays
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FIGURE 6. SEM micrographs at different magnification of cotton
fabric (a and c) and of cotton fabric coated with H-PBG50 (b and d).
Bar: 100 um in parts a and b and 10 um in parts ¢ and d.

represent a small fraction of the extraterrestrial solar radia-
tion, because of their high energy, they are responsible for
most of the harmful effects of exposure to sunlight (49). The
synthesized hybrids are also able to cut off a large part of
the UVA spectrum, i.e., the UV-A2 range (48). In particular,
for wavelengths lower than 345 nm, the transmitted radia-
tion intensity is reduced down to 50% (Aso = 345 nm). It is
worth noting that although the titania content in H-PBG75
is rather small (75wt % of PBG and 25 % of TIPT in the feed
correspond to about 9 % of titania in the final hybrid) a mere
6-um-thick layer of this hybrid is able to halve the intensity
of UV radiation with 4 < 330 nm.

3.3. Hybrid Coatings on Textiles. Because hybrids
are produced by the sol—gel process, the entire spectrum
of wet-coating techniques (spin coating, dip coating, spray
coating, etc.) is available for the deposition of these materials
as coating layers. It is thus possible to foresee a wide range
of applications for such hybrids on a number of substrates,
no matter their actual shape.

In this work, hybrid deposition via dip coating on com-
plex substrates such as textiles made of different fibers,
namely, cotton, silk, wool, and polyester, has been at-
tempted. PBG is chosen as the organic-phase constituent of
the hybrid, because of its low Ty and low melting crystal
phase (T, <RT). PBG-based hybrids are expected to be able
to comply with yarn flexibility, and indeed all fabrics that
have been coated with such hybrids show a quite pleasant
hand. SEM micrographs of cotton coated with H-PBG50 are
shown in Figure 6, where they are compared with pictures
of the untreated fabric at the same magnification. Remark-
ably, no appreciable differences between coated and un-
coated fabrics are observed. It is interesting to note that the
hybrid (pictures b and d) is able to coat single fibers of the
yarn rather than coating the yarn as a whole. Openings
between yarns are maintained, and fabric breathability is
preserved.

Interesting results are obtained from TGA measurements
on hybrid-coated fabrics (cotton, wool, silk, and polyester).
The plain uncoated fabrics are also analyzed, showing in all
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cases of very small, if any, solid residue at the end of the
TGA measurement (600 °C) under air purge. On the con-
trary, upon heating up to 600 °C in air, all coated fabrics
yield a solid residue, whose value reflects the composition
and amount of hybrid coated on the fabric. Hereafter, as an
example, the behavior of coated cotton fabrics, whose TGA
results are listed in Table 2, is discussed in depth.

The weight of the coated fabric can be considered as
arising from two independent components, namely, the
cotton yarn and the hybrid loaded onto the cellulosic sup-
port. Upon heating of the plain cotton yarn up to 600 °C in
air purge, a constant solid residue SReoe = 1.7 % by weight
is obtained. The plain hybrids in bulk form are also analyzed
under the same conditions, and the solid residue found at
600 °C (SRyiR) is reported in Table 2. Table 2 also lists the
solid residue (SREY) expected on the assumption that during
the sol—gel process complete hydrolysis of the inorganic-
phase precursor has occurred and, upon oxidation and
volatilization of all of the organic material, only TiO, is left
over at 600 °C.

SR is calculated as follows: (38):

MWrio,

X, —
exp TIPTMWTIPT
SRpuik = (M

MWTiOZ
XPBG + XT,PTMWTIPT

where Xppg and Xrpr are the weight fractions of the organic
and inorganic precursors in the feed and MWrg,and MWrjpr
are the molecular weights of titania and of TIPT, respectively.
In line with earlier results (38, 45), the values of SR and
SRy are in good agreement, confirming that the hybrid
composition can be directly adjusted by playing with the
feed composition.

The amount of hybrid coated on the cotton fabrics,
gravimetrically estimated, is reported as the percentage of
hybrid load (HL) in Table 2. The values of HL vary between
ca. 13% to about 23%, and it is interesting to note that,
notwithstanding such differences, the solid residue at 600
°C of the coated fabrics measured by TGA (Table 2) increases
with an increase in the TIPT content, i.e., in the order
H-PBG75 > H-PBG50 > H-PBG25. Such experimentally de-
termined residues may be compared with the value ex-
pected for a hybrid-coated cotton (SR&fco), calculated ac-
cording to the following equation:

HL 100 —HL
SRBH)}(/F;)COt = SREIJGIES 100 + SRCO[ 100 (2)

where SR refers to a bulk hybrid obtained from the same
sol—gel feed as the one applied on cotton fabrics. Equation
2 takes into account the contribution to the solid residue
from thermal degradation of both hybrid and cotton fibers,
assuming that hybrid formation on textile substrates pro-
ceeds in the same manner as that in the bulk. The results
reported in Table 2 show substantial agreement between the
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Table 2. Solid Residue from TGA of Bulk H-PBG Hybrids and of Hybrid-Coated Cotton
TGA
abbrev PBG in feed (%) sample type HL* (%) measured residue® (%) expected residue (%)

H-PBG25 25 bulk 445 45.8°¢

25 coated fabric 13.3 9.9 7.54
H-PBG50 50 bulk 22.5 21.9¢

50 coated fabric 22.7 6.9 6.44
H-PBG75 75 bulk 11.2 8.6

75 coated fabric 17.5 3.2 3.44

“ Percentage of hybrid load, defined as the hybrid weight fraction in the final sample, gravimetrically determined by weighing the dried fabric
sample before and after hybrid coating. ” Experimental solid residue at 600 °C evaluated from TGA experiments run in air. © SRHf calculated

according to eq 1. ¢ SRffyco calculated according to eq 2.

FIGURE 7. SEM micrographs at the same magnification of cotton
fabric coated with H-PBG50 before (a) and after TGA measurement
up to 600 °C in air (b). Bar: 100 um.

calculated residue (SREco) and experimental results, dem-
onstrating that the composition of the hybrid, in situ syn-
thesized from precursors adsorbed onto the fabric, is that
expected based on their mutual weight ratio. No significant
composition change due to precursor preferential loading
by capillary sorption is observed, thus showing that the final
coating composition can be easily defined by playing on the
sol—gel feed composition.

Earlier results (38, 45) have demonstrated that in both
titania- and silica-based hybrids the solid residue obtained
after TGA experiments in air up to 600 °C is the plain metal
oxide. In this work, as mentioned above, almost no signifi-
cant solid residue (SReo: = 1.7 wt %) is found in plain cotton;
hence, it can be safely assumed that the TGA residue of
coated fabrics at 600 °C (Table 2) is mainly composed of
titania. Figure 7 shows SEM micrographs (at the same
magnification) of cotton coated with H-PBG50, taken before
and after a TGA run up to 600 °C in air. It is evident that
the solid residue after TGA experiments keeps the exact
texture as the starting sample, although notably reduced in
size. A SEM micrograph at higher magnification of the TGA
solid residue (Figure 8) showing the yarn cross section clearly
illustrates that the fibrous-looking residue in the front view
of Figure 7b is indeed an empty titania envelope that
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FIGURE 8. SEM micrograph of cotton fabric coated with H-PBG50
after TGA experiment up to 600 °C in air (side view). Bar: 5 um.

FIGURE 9. Radiographic images of (a) bulk H-PBG50 (640 um thick),
(b) bulk H-PBG25 (490 um thick), (c) bulk H-PBG25 (35 um thick),
(d) cotton fabric coated with H-PBG50, (e) cotton fabric coated with
H-PBG25, and (f) uncoated cotton fabric.

maintains the fiber shape after thermal decomposition and
volatilization of both the polymeric component of the hybrid
coating and the inner cellulosic fibers.

In a previous work (38), the authors showed that bulk
H-PBG hybrids are opaque to X-ray radiation. This property,
like the above-discussed UV-blocking activity, is peculiar to
the inorganic phase. Thus, it can be speculated that radio-
pacity will characterize any titania-containing hybrid, to an
extent that depends on the actual amount of titania per
hybrid unit volume. On the assumption that radiopacity can
be transferred to fabrics by the simple described procedure
of hybrid coating, radiographic images of coated fabrics are
taken with mammaographic equipment. Figure 9 shows
radiographs of bulk H-PBG hybrids and of hybrid-coated
cotton. For the sake of comparison, the radiograph of plain
cotton is also reported.

It is interesting to note that good contrast against the
background can be obtained with a thick (640 um) H-PBG50
bulk sample (Figure 9a); an acceptable contrast can also be
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FIGURE 10. Radiographic images of (a) polyester coated with H-
PBG25, (b) silk coated with H-PBG25, and (c) wool coated with
H-PBG50.

obtained with a thinner (35 um) sample of the H-PBG25
hybrid (Figure 9¢) because, as expected, the material enrich-
ment in the inorganic component allows thinning of the
hybrid layer while still maintaining radiopacity. Obviously,
a much thicker H-PBG25 sample (490 um) provides a much
stronger contrast (Figure 9b). In contrast to the plain un-
coated cotton, which is practically undetectable under ra-
diographic conditions (Figure 9f), application of the hybrid
coating on cotton fabric gives, as expected, X-ray visibility
to the textile. In parts d and e of Figure 9, cottons coated
with hybrids characterized by a different compositions,
namely, H-PBG50 and H-PBG25, respectively, are reported.
It is worth noting that similar radiographic contrasts of the
two samples may be ascribed (see Table 2) to an almost
double load onto the fabric of the hybrid with lower titania
content (H-PBG50).

In addition to cotton, other fabrics become radiopaque
upon coating with the hybrids, as shown in Figure 10 in the
case of polyester and silk coated with H-PBG25 and of wool
coated with H-PBG50. In order to compare the radiopacity
of different hybrid-coated textile substrates, besides the
hybrid composition, also the specific loading capacity of
each substrate must be taken into account. Hence, the HL
per fabric unit area (La, mg/cm?) is defined as follows:

_Am

L, P

(3)

where Am is the HL on the fabric, gravimetrically deter-
mined as the fabric weight increment upon hybrid coating
(with weights before and after coating being taken after
careful drying), and a is the area of the fabric sample
measured from a digital picture via software (see the Ex-
perimental Section).

The effect of the L, parameter is evident when comparing
in Figure 10 the pictures of polyester and silk fabrics coated
with the same hybrid (H-PBG25). The lower contrast of the
coated polyester sample originates from its lower normal-
ized HL (La = 3.44 mg/cm?) compared with that of the
brighter coated silk textile (Ly = 6.17 mg/cm?). It is worth
mentioning that the normalized loading of cotton fabric
coated with the same H-PBG25 hybrid, whose radiograph is
displayed in Figure 9e, is Ly = 3.76 mg/cm?. A picture
comparison shows that cotton (Figure 9e) and polyester
(Figure 10a), i.e., two fabrics with similar load per unit area,
display similar radiopacity. On the other hand, the reason
for the strong radiographic contrast of the wool fabric in
Figure 10, despite the fact that it is coated with H-PBG50 (a
hybrid with a smaller titania content than H-PBG-25), lies on
the great loading capacity of wool (L, = 28.84 mg/cm?).
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The above examples show the concomitant effect on the
final fabric radiopacity both of the fiber ability to upload the
hybrid precursors during the synthetic procedure and of the
fraction of titania in the hybrid formulation.

The results discussed above demonstrate an easy route
to providing radiopacity to textiles with many possible
applications, for example, in the field of personal protective
equipment. It is likely that workers involved in everyday
radiation exposition may take advantage of garments able
to block X-rays, much like everyone exposed to prolonged
sunlight may benefit from protection against UV radiation.

4. CONCLUSIONS

The synthesis of new titania-containing hybrids, where
the organic phase is constituted by different polyesters such
as PCL, PDLLA, and PLLA, has provided further evidence that
transesterification of ester moieties by titanium atoms leads
to the formation of the organotitanium ester, resulting in
very strong interaction between the hybrid organic and
inorganic domains. Hybrids obtained from such diverse
polyesters display different properties, which depend on the
starting polymer characteristics and on the inorganic-phase
content. They can thus be applied as coatings in different
fields, according to the degree of stiffness required by the
specific application.

Hybrids coated on transparent substrates show their
intrinsic optical transparency and their ability to completely
block UV radiation in the range of UVB and UV-A2. More-
over, when textiles are coated with hybrids, they become
radiopaque, thus paving the way to the production of new
personal protective clothing and equipment.
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