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ABSTRACT: Coatings prepared from titania-thiol-ene com-
positions were found to be both self-cleaning, as measured by
changes in water contact angle, and photocatalytic toward the
degradation of an organic dye. Stable titania-thiol-ene
dispersions at approximately 2 wt % solids were prepared
using a combination of high-shear mixing and sonication in acetone solvent from photocatalytic titania, trisilanol isobutyl
polyhedral oligomeric silsesquioxane (POSS) dispersant, and select thiol-ene monomers, i.e., trimethylolpropane tris(3-
mercaptopropionate) (TMPMP), pentaerythritol allyl ether (APE), and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TTT). The dispersed particle compositions were characterized by DLS and TEM. The synthetic methods employed yield a
strongly bound particle/POSS complex, supported by IR, 29Si NMR, and TGA. The factors of spray techniques, carrier solvent
volatility, and particle size and size distributions, in combination, likely all contribute to the highly textured but uniform surfaces
observed via SEM and AFM. Polymer composites possessed thermal transitions (e.g., Tg) consistent with composition. In
general, the presence of polymer matrix provided mechanical integrity, without significantly compromising or prohibiting other
critical performance characteristics, such as film processing, photocatalytic degradation of adsorbed contaminants, and the
hydrophobic−hydrophilic transition. In all cases, coatings containing photocatalytic titania were converted from super-
hydrophobic to superhydrophilic, as defined by changes in the water contact angle. The superhydrophilic state of samples was
considered persistent, since long time durations in complete darkness were required to observe any significant hydrophobic
return. In a preliminary demonstration, the photocatalytic activity of prepared coatings was confirmed through the degradation of
crystal violet dye. This work demonstrates that a scalable process can be found to prepare titania-thiol-ene coatings having
improved coating properties which also exhibit photocatalytic and self-cleaning attributes.
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1. INTRODUCTION

In the presence of light, water, and oxygen, the surface of
anatase titania (TiO2) may be activated, thereby creating a
surface that is both photocatalytic and has undergone changes
in surface energy described as a hydrophobic−hydrophilic
switching mechanism.1,2 The transition from the hydrophobic
to hydrophilic state allows for the preparation of self-cleaning
surfaces, which have numerous potential applications in air and
water purification and in the cleaning and maintenance of
infrastructure.3,4 Additional metal oxide semiconductors, such
as NaTaO3, SrTiO3, and Cr or Sb doped TiO2, have been
explored for their self-cleaning characteristics.5 However, in an
overall comparison of toxicity, stability, activity, and cost, titania
has been credited as the prominent photocatalyst in the self-
cleaning arena.6 As introduced, the photocatalytic activity of
titania-containing thin films may be described by these two
synergistic events: a photocatalytic pathway based on a series of
redox reactions leading to the degradation of adsorbed organic

contaminants and a photoinduced switching between hydro-
phobic−hydrophilic states of the coated surface inducing self-
cleaning attributes.7 These surface changes occur following
absorption of light of specific wavelengths characteristic of the
band gap energy of the photocatalyst (∼3.2 eV or ∼380 nm, for
undoped TiO2), where surface electron−hole (e−/h+) pairs are
generated and promote the production of free radicals and
super oxides. These powerful reactive species scavenge the
coated surface for organic material, which is ultimately
converted into carbon dioxide and water, provided that
complete oxidation occurs.8 As a result, the application of
photocatalytic materials for environmental remediation, where
the process includes light, generally low-cost photocatalysts in
primarily aqueous environments, and where carbon dioxide and
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water are the primary reaction products, has received
worldwide attention.9,10

The accepted mechanism of the hydrophobic−hydrophilic
transition includes the generation of oxygen vacancies during
activation of the titania surface, permitting water molecules to
bind to these defect sites.11 As the density of water molecules
bound to the surface increases, a redistribution of the hydrogen
bonds of water molecule clusters ensues, and the surface
increases in hydrophilicity.12,13 In the hydrophilic state, the
interaction energy between a water droplet and the surface is
stronger than the cohesive forces of bulk water causing the
droplet to spread out versus bead up on surface contact.14−16 In
this process, any fouling of the surface is simply washed away,
also known as self-cleaning. Miyauchi et al.17 determined that a
substrate may remain in the hydrophilic state until the surface-
bound hydroxyl groups are removed.
Historically, the ability to make high-performance photo-

catalytic coatings using dispersed titania depends heavily on
dispersion stability. Without a dispersing aid, titania will quickly
form large aggregates and precipitate from the dispersion. As a
result, there is a persistent effort to find dispersing aids to
increase the shelf life stability, reduce the number and size of
aggregates, and produce a composition which can be readily
applied to a substrate as a coating.18 Common methods of
dispersing particles are electrostatic repulsion and steric
stabilization. Electrostatic repulsion is common in aqueous
dispersions of titania, where either a modulation of the pH of
the continuous phase relative to the isoelectric point of titania
results in a charged particle surface or through the addition of
charged polyelectrolytes.19 Steric stabilization is entropically
driven and may include the use of neutral or charged species as
dispersants or as chemically grafted moieties; moreover, this
approach is more amenable to dispersed particles in organic
media. Hybrid molecules such as polyhedral oligomeric
silsesquioxanes (POSS), possessing both inorganic and organic
attributes, may be employed as dispersants and can be
synthetically designed for aqueous and nonaqueous formula-
tions.20−23 The amphiphilic nature, steric bulk, cage-preorga-
nization, and presence of reactive groups all contribute to
POSS’s success as a particle dispersant.24−26Trisilanol isobutyl
POSS molecules, Figure 1, possess isobutyl groups on the cage-
like structure to provide steric stabilization and organic solvent
compatibility. Simultaneously, the three silanol groups (Si−
OH) can associate with the dispersed particles via covalent and
noncovalent bonding interactions creating a high-surface-area
structure.27,28Bond-forming condensation reactions with sur-
face Ti−OH groups produce covalent linkages, while hydrogen
bonding and dipole−dipole interactions among polar groups,
although noncovalent, are also significant.29

Our group desires to produce stable titania dispersions
suitable for spray-coating which are characterized by excellent
coating properties and photocatalytic activity, both in the
hydrophobic−hydrophilic transition and in the photodegrada-
tion of organic surface contaminants. The coating would
eventually be applied as a high-performance top-coat,
potentially for retrofitting of common infrastructures. To
provide the fundamental physical coating characteristics, such
as adhesion, a thiol-ene matrix was chosen. The thiol-ene
reaction is based on a free-radical, step-growth polymerization
mechanism.30 The reaction’s selectivity, high monomer
conversions, insensitivity to molecular oxygen, and few
competing reactions are many of the reasons for the popularity
of this thiol-ene “click” reaction.31,32 A large number of

commercially available thiols and enes permits the tailoring of
polymer network properties for a variety of applications.33 The
attractive polymerization rates and uniform polymer networks
produced make the thiol-ene matrix an ideal choice for
polymer−particle composite coatings.31−33 One recent example
from our group is the incorporation of gold nanoparticles into
photocured thiol-ene matrices to produce optically clear
antistat coatings for electronic components.34 Additional
systems explored by Hoyle et al.31,32 included fundamental
ways to incorporate POSS and silica as coating constituents of
thiol-ene networks.
The primary goal of the research effort described herein is

the synthesis and preliminary characterization of POSS-
containing, titania-thiol-ene composite coatings. Of particular
interest is the effect of dispersant and matrix components on
coatings performance, such as the hydrophobic−hydrophilic
transition and the related photocatalytic activity. Prepared
dispersions and the resulting composite coatings are charac-
terized using a variety of standard techniques as a function of
irradiation wavelength, time, and composition. During this
effort, a custom photoreactor was assembled to facilitate
environmental control of samples during treatments. This work
is a representative effort of our larger mission to advance the
application of thiol-ene polymerizations to the preparation of
novel particle−polymer composites.

2. EXPERIMENTAL SECTION
2.1. Materials. Powder particles of titania (VP Aeroperl P25/20,

titanium(IV) oxide/anatase) with vendor reported average particle
sizes of 20 μm and 25 nm were obtained from Evonik and Sigma-
Aldrich, respectively. Nanopowder silica particles (10−20 nm) were
also obtained from Sigma-Aldrich and used as a reference non-
photocatalytic material. The free-flowing white powder trisilanol
isobutyl polyhedral oligomeric silsesquioxane (SO1450, POSS) was
obtained from Hybrid Plastics, Hattiesburg, MS. The solvent, acetone
(99.5%), trimethylolpropane tris(3-mercaptopropionate) (TMPMP,

Figure 1. Chemical structures of the dispersant and monomers used in
formulations: trisilanol isobutyl polyhedral oligomeric silsesquioxane
(POSS); trimethylolpropane tris(3-mercaptopropionate) (TMPMP);
pentaerythritol allyl ether (APE); 1,3,5-triallyl-1,3,5-triazine-2,4,6-
(1H,3H,5H)-trione (TTT).
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96−99%), pentaerythritol allyl ether (APE, 70%; remaining 30%,
monoene), and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TTT, 98%), was purchased from Sigma-Aldrich. All samples were
used as received.
2.2. Dispersion Preparation and Characterization. The titania

and POSS compositions were held constant at 10:1 wt/wt % in the
following procedure. Using a Flacktek speed mixer, titania and POSS
solids were combined and placed under high sheer for 5 min. Acetone
was added to the solids to achieve a 5 wt % solids dispersion. With a
combination of the speed mixer and a Fisher Scientific Model FS110
FS 20 sonicator, the dispersion was alternatively placed under high
shear with glass beads (diameter 3−4 mm) followed by sonication in 5
min increments each for three cycles. Monomers were added to the
dispersion and speed mixed for an additional 5 min. Glass beads were
mechanically removed prior to the transfer of the dispersion to the
sprayer.
Dynamic light scattering (DLS) analysis was conducted using a

Microtrac instrumentation suite, including Zetatrac and S3500 models.
The titania particles were treated as irregular shaped with a refractive
index of 2.55 (anatase titania). A refractive index of 1.36 and a
dielectric constant of 21.0 were used for acetone in these
measurements. Particle sizes were obtained on the dispersions. Particle
sizes were reported as volume average (MV) distributions, where MV
is more sensitive to the presence of a larger molecular weight fraction.
2.3. Physical and Chemical Characterization of Dispersions.

Dispersions were characterized using thermal and chemical analysis
techniques. Thermal characterization was obtained via thermogravi-
metric analysis (TGA) using a TA Instruments Q500. Samples of
approximately 5−10 mg were evaluated in platinum pans over the
temperature range 0−800 °C with a heating rate of 20 °C/min under a
nitrogen atmosphere. Fourier transform infrared spectroscopy (FTIR)
was used to identify the changes in chemical bonding of dispersed
particles. Spectra were acquired in the 4000−400 cm−1 range with a
Nicolet 6700 FTIR spectrophotometer using an ATR accessory
(diamond crystal). Small aliquots of the dispersions were applied to
Formvar carbon film on 300 mesh copper grids, purchased from
Electron Microscopy Sciences, and the solvent was removed by
evaporation. Images were acquired on a Zeiss EM-900 transmission
electron microscope (TEM), operated at 50 kV and magnifications of
140 000×. Solid state 29Si NMR data was obtained at a frequency of
79.5 MHz using a Bruker MSL-400 NMR spectrometer equipped with
a CP/MAS double air bearing probe. Ground samples were packed in
4 mm fused zirconia rotors and sealed with Kel-FTM caps. All
chemical shifts were referenced to the downfield peak of tetrakis-
(trimethylsily1)silane (−9.8 ppm with respect to TMS).
2.4. Coating Preparation and Characterization. The dis-

persions were transferred to an Iwata Eclipse Gravity Feed Airbrush-
CS-Size: 0.35 mm/Testors Blue Mini Airbrush with compressor,
adding IRGACURE 651 at 1 wt % monomers. The substrates,
aluminum Q-panels (3 in. × 6 in.), glass microscope slides (3 × 1 ×
1.0 mm3), silicon wafer chips, and glass slides were sprayed with the
dispersions in an interlaced spray-pattern at a distance of 30 cm. A
horizontal pass plus one vertical pass over the substrate is considered
one coat, and a total of 10 coats were applied. Coatings were dried
between each coat in a Fisher Isotemp oven at 50 °C for 2 min,
producing thin 3−5 μm coatings. Alternatively, dispersions were cast
in Teflon molds to permit easy removal for DSC analysis; thickness of
cast samples ranged 100−200 μm. All coatings were stored in a
desiccator at ∼2% RH followed by UV curing for 90 min at 350 nm,
unless otherwise noted. Substrates varied according to the
experimental protocols, aluminum for contact angle and adhesion,
silicon wafers (Ted Pella, Inc.) for scanning electron microscopy, and
glass for crystal violet degradation studies. The crystal violet dye (3.5
g/L) was applied to the titania coating on glass and stored in a dark
desiccator prior to use. An FEI Quanta 200 environmental scanning
electron microscope (ESEM) and an NT-MDT Vita atomic force
microscope (AFM) were employed in the analysis of the surface
topology of prepared films. Images at various magnifications were
obtained and recorded. The TA Instruments modulated differential
scanning calorimeter (DSC) Q2000 instrument was used to monitor

the samples over the temperature range −50 to 50 °C in a heat/cool/
heat cycle at 3 °C/min. Tg information was taken from the second
heating cycle.

2.5. Photochemical Studies and UV Treatment. A photo-
reactor chamber was constructed to easily facilitate environmental
control of samples (temperature, purge gas, and relative humidity) and
increase user safety (light exposure) during irradiation. A more
detailed description and images of the photochemical chamber are
provided in the Supporting Information, Figures S1−S3. The unit is
equipped with a sealed aluminum sample holder with a quartz window,
connectors for 5 UV lamps, an exhaust fan, and power controls.
Relative humidity (RH) of the sample holder purge flow is measured
with an installed capacitance-based 10−95% relative humidity range
sensor. Temperature is measured via a type K thermocouple with a
range −200 to +1250 °C. Coating interrogation for surface studies was
conducted at 313 and 350 nm at a constant temperature of 25 °C and
RH of 31 ± 2%, respectively.

2.6. Surface Analysis through Water Contact Angle. The
relative surface energy characteristics of the prepared coatings were
observed via water contact angle measurements. Changes in contact
angle were monitored at 25 °C using a VCA 2500-AST goniometer,
equipped with a light source, camera, and flat horizontal support for
sample substrates. Typical water drops of 5 μL were deposited on the
substrate, and the static contact angle between the spreading front
edge and the substrate was calculated. Both sides of the drop were
included, and five drops were applied to the substrate for a total of 10
contact angle measurements per data point.

3. RESULTS AND DISCUSSION
Since the hydrophobic−hydrophilic transition is primarily a
surface phenomenon, the physical and chemical attributes of

the surface are of paramount importance.1,7,35−47 Reported
surface characteristics of coated samples and their resulting
photocatalytic activity are linked to the quality of the
dispersions from which they are prepared. This relationship
between particle size, size distribution, film preparation
method, and other film characteristics such as self-cleaning
activity must be defined experimentally, since the packing of the
particles into the solid state and the resulting film topology is
heavily dependent on these variables. Our current study probes
the hydrophobic−hydrophilic transition of sprayed films
prepared from a combination of titania particles (micron, M
and nanoscale, N) and a POSS derivative as dispersant, with
select thiol and ene monomers for polymerization, Figure 1.
Compositions prepared during this study are provided in Table
1 with brief descriptions. Both common constituents of thiol-
ene coatings, APE and TTT, were selected to explore
structure−property relationships.31 In general, 2 wt % acetone

Table 1. Compositions of POSS-Containing, Thiol-Ene
Composite Samples Prepared from the Dispersant and
Monomers Illustrated in Figure 1

dispersed
particle, no
monomersa

dispersed particle, thiol
(TMPMP), and ene

(APE)b

dispersed particle, thiol
(TMPMP), and ene

(TTT)b

M M/TMPMP/APE M/TMPMP/TTT
N N/TMPMP/APE N/TMPMP/TTT
S S/TMPMP/APE S/TMPMP/TTT

aFilm control samples were prepared from dispersed particles (1.6 wt
%) containing POSS (0.2 wt %), without monomers. bComposite
components were mixed in acetone solvent to achieve a final
composition of particle, M, N,or S (1.6 wt %); POSS (0.2 wt %);
and total monomer, thiol + ene in 1:1 mol equiv (0.2 wt %); all
coatings were prepared from dilute dispersions by spray-coating.
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dispersions, suitable for spray-coating, contained titania (1.6 wt
%), dispersant (0.2 wt %), and thiol-ene monomers (0.2 wt %),
and this combination produced dispersions having long-term
stability, with a representative sample in Supporting Informa-
tion Figure S4. The presence of the POSS dispersant was found
to be critical to dispersion stability. Dispersions were also
prepared from silica particles (S), using the same combinations
and concentrations of dispersants and monomers, to allow a
direct comparison to a nonphotoactive material.
DLS and TEM techniques were combined to probe the

effects of particle size and size distributions of the dispersions in
the presence of the POSS dispersant and the thiol-ene
monomers used for polymerization, but prior to actual film
preparation. An initial concern was that, by adding organic
monomers to the prepared dispersions, an onset of
agglomeration would be observed. The particle size and
particle size distributions of prepared dispersions fluctuated
over the sample series, in their respective ranges (micron versus
nano, for example), but were not increased by the addition of

monomers. For example, N and S dispersions exhibited an
expected decrease in average particle size from 0.7 and 1.1 μm
to 0.2 and 0.1 μm, respectively, after the addition of dispersants,
which did not increase after the addition of monomer. Raw
DLS data can be found in Supporting Information, Table S1. In
general, TEM data is consistent with DLS; however, it identifies
the presence of larger aggregates in the N samples, Figure 2,
which becomes important in film preparation. Overall, the
addition of monomers does not promote agglomeration in the
dispersion, and samples retain the long term stability required
for film preparation.
The POSS dispersant chosen for this study contains three

silanol functionalities, which leads to a number of different
theoretical bonding interactions between the particle and
POSS, Figure 3. These potential bonding states include the
noncovalent electrostatic interactions of charged functional
groups and the hydrogen bonding made possible among the
OH groups presenting at the particle surface and POSS.
Different binding motifs, monodentate, bidentate, and
tridentate-like binding, resulting from covalent bonds between
the particle and POSS silanols are also likely. Prior to
dispersion in solvent, titania and POSS solids are mixed
under high shear, where a significant increase in temperature of
the post-sheared samples is noted. Enhancement of the
bonding strength between particle and POSS was anticipated
through thermally driven condensation reactions of POSS
silanols (Si−O−H) with surface titanols (Ti−O−H).
Using previously published methods as a guide,29,48 a

combination of IR, 29Si NMR, and TGA techniques were
employed to ascertain the extent of bonding interaction
between the particle and POSS in the dispersed phase. The
presence of new chemical bonds was probed using IR spectra,
Supporting Information Figure S5, obtained on the POSS-
treated particle samples (M, N, and S) when compared to the
pure materials. Titania, silica, and POSS present characteristic
spectra, including the Ti−O−Ti at 480 cm−1, isobutyl groups

Figure 2. TEM images of dispersed particles and composite samples prior to coating application, left to right: A1 = pure particle, no dispersants or
monomers; A2 = M, dispersed particle, no monomer; A3 = M/TMPMP/TTT, composite dispersion; followed by the analogous silica S (B1−B3)
and nanoscale titania N (C1−C3) series.

Figure 3. Potential binding states of dispersed particles via the silanol
groups of POSS: (i) electrostatic attraction, (ii) hydrogen bonding,
(iii) monodentate binding, (iv) bidentate binding, and (v) tridentate
binding.
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CH (2952 cm−1), CH3 (2867 cm−1), and the indicative silicate
and silanols at 1081 and 1227 cm−1. The modified titania
composite samples exhibit the expected characteristics of both
starting materials; however, a shift and reduction in the silanol
band (1097 cm−1) is observed due to the interfacial binding
occurring at the titania surface. In samples prepared from silica,
S series, Si−OH and Si−O−Si bonds are prevalent in both
starting materials and composites, yielding little information in
the composite IRs. Solid state 29Si NMR, Supporting
Information Figure S6, was employed as a second means to
support the changes in POSS silanols upon thermal treatment
with titania. The 29Si NMR spectrum of POSS, provided in
Supporting Information, is characterized by the T2 and T3 units,
in which T2 (−60.14 ppm) represents silanols and T3 (−67.83
and −69.42 ppm) is assigned to cage siloxanes. The signals

observed are similar to the values reported in literature at −58.6
(T2), −67.9, and −68.4 (T3) ppm.49,50 Spectra were compared
between sheared (thermally treated) and vortexed (ambient
mixed) POSS-treated particle representative samples (M), and
a decrease in intensity is observed for the silanol relative to cage
siloxanes for sheared samples, supporting the IR results.
Provided that the IR and NMR suggest that bonding between
the particles and dispersant may have covalent character, a
detailed study of the bonding in the POSS-treated particle
samples was pursued using TGA. Particle modification was
found to have a significant impact on thermal behavior of the
correlating samples. TGA probes weight loss as a function of
increasing temperature and is reported as a mass fraction.
Powder composite samples were prepared under high shear as
described previously and washed aggressively in hexane to
eliminate loosely or nonbonded POSS. TGA was conducted on
the washed and unwashed POSS-treated samples, M, N, and S,
and reference TGA were obtained on the pure particle samples
for comparison. In general, each powder sample contained 5−
10 wt % of POSS to provide complete particle surface coverage,
and representative plots of TGA data are provided in Figure 4.
TGA plots of reference unmodified particles indicate the
presence of adsorbed water at T < 100 °C, which is most
pronounced in the silica sample and suggests larger water
uptake from this solid under ambient conditions.
In a comparison of the washed and unwashed plots

corresponding to the POSS-treated titania samples, Figure
4A,C, similar and interesting results present. Regardless of
whether 5% or 10% of POSS is added to these samples, roughly
3% is strongly bound in the composite sample and resists
removal by solvent washing. However, in the case of the silica
sample, Figure 4B, virtually all of the added POSS is strongly

Figure 4. TGA analysis of POSS-treated powder samples before
(unwashed) and after (washed) washing with hexane solvent: (A)
micron titania particle series, M; (B) silica, S; and (C) nanotitania, N.
Pure particle samples, prior to modification with POSS, are provided
for comparison.

Figure 5. Representative SEM images of coating area residing inside
the crosshatch, post-adhesion-test via ASTM D3359, for dispersed
particles and composite coatings: (A1) M; (A2) M/TMPMP/TTT;
(B1) S; (B2) S/TMPMP/TTT; (C1) N; (C2) N/TMPMP/TTT.
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bound to the surface, suggesting a higher efficiency for surface
functionalization. Similar results were demonstrated recently by
Wheeler et al.29 in a study which included the preparation and
characterization of a titania/POSS blend for dispersion in a
polypropylene matrix.
The hydrophobic−hydrophilic transition in titania-contain-

ing films is shown to be heavily dependent upon the physical
characteristics of the coating surface.36,40−42 There is an
optimal range of surface roughness, intermittent between
smooth and obviously larger grain, that produces films
possessing some microstructure and enhanced transition rates
of hydrophobic−hydrophilic behavior. Sprayed films naturally
produce interesting topologies, due to the nature of the
application method. Solvent evaporation during application is
likely a key contributor to film microstructure, along with the
physical attributes of the dispersion, e.g., average particle size
and the presence of dispersants. Titania-thiol-ene coatings were
prepared on aluminum coupons from the monomer-containing
dispersions using industry standard spray techniques and
radiation cured to produce visually uniform films. The
mechanical properties of the prepared composite films were
evaluated using SEM, DSC, and AFM.
SEM was conducted to interrogate the coating topology and

assess the results of the adhesion studies. In general, coatings
were characterized by a uniform and heavily textured surface. A

goal of this work is the incorporation of thiol-ene monomers
designed to provide adhesion and mechanical strength to the
composite photocatalytic coating. Since films prepared from the
flexible ene composition, e.g., M/TMPMP/APE, were more
easily marred through macroscopic mechanical etching, only
those films prepared from the more rigid ene composition, e.g.,
M/TMPMP/TTT, were evaluated by adhesion tests and were
selected as the preferred composition. Adhesion tests on
prepared coatings were conducted using a standard crosshatch
method ASTM D3359, and the coatings were evaluated after
the adhesion test using SEM techniques. SEM inspection of
residual coating material between hatch marks reveals that there
is a significant improvement in adhesion via the incorporation
of the polymer matrix. Example samples, imaged just after the
adhesion test, reveal that less coating is removed in polymer
networked samples, Figure 5.
Since we are attributing the mechanical integrity of the

composite coating to the presence of the thiol-ene network
created around the titania particle, a glass transition temper-
ature (Tg) was acquired. The DSC plots of the thiol-ene
network prepared using the preferred composition M/
TMPMP/TTT and control samples TMPMP/TTT and
POSS/TMPMP/TTT are included in the Supporting In-
formation, Figure S7. The composite sample M/TMPMP/
TTT is characterized by two transitions. The first transition, Tg,

Figure 6. AFM topographic images of 10 × 10 μm2 areas of coatings prepared from (A) TMPMP/TTT, (B) M/TMPMP/TTT, (C) S/TMPMP/
TTT, (D) N/TMPMP/TTT. All samples were prepared from 2 wt % acetone dispersions, suitable for spray-coating, containing particle (1.6 wt %),
dispersant (0.2 wt %), and thiol-ene monomers (0.2 wt %) except for sample A, which was prepared without particle or POSS.

Figure 7. Illustration of the readily observable increase in surface wetting with exposure time of composite samples, M/TMPMP/TTT, T = 27 °C,
λmax = 350 nm: (A) t = 0 h, (B) t = 1 h, (C) t = 2 h, (D) t = 3 h.
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appears at a characteristic temperature for an inorganic-thiol-
ene hybrid composite material, as described by recent
literature.51,52 A shift in the observed Tg at 37 °C from what
is expected from the pure controls, polymer network TMPMP/
TTT at 21 °C, and polymer plus POSS, POSS/TMPMP/TTT
at 23 °C, is consistent with the significant doping by inorganic
particle components. Our Tg value of 21 °C for the thiol-ene
control TMPMP/TTT is comparable to the reported value of
∼22 °C by Shin et al.53 However, due to the large excess of
photocatalytic titania relative to polymer, we attribute the
second transition at approximately 49 °C to polymer material
that has undergone enhanced cross-linking and other potential
photodegradation reactions to produce a more rigid network at
the particle surface. Tg’s for the nanoscale materials, S and N
polymer networks, were not readily resolved.
A topographic AFM analysis was conducted for each

composite coating. In general, AFM results reinforce the
rough surface suggested by SEM analysis, as displayed in Figure
6. Roughness values (RMS) were determined for the series, and
M/TMPMP/TTT, N/TMPMP/TTT, and S/TMPMP/TTT
yielded roughness values of 45.1, 239.0, and 217.0 nm. The
thiol-ene control TMPMP/TTT yielded an RMS of 4.25 nm. It
is important to note that SEM data covers a significantly larger
area, which complicates a direct comparison. The spray method

of film application combined with a relatively volatile carrier
phase may produce rough films on the submicrometer scale,
which may be further enhanced by large particles or particle
aggregates present in the dispersions. AFM results indicate that
composite coatings N/TMPMP/TTT and S/TMPMP/TTT
possessed larger features compared to the M/TMPMP/TTT
coating. This was surprising since M is sold as a micron-scale
particle, while S and N are nanoscale. TEM images supported
the presence of large aggregates in N dispersions, which when
combined with solvent evaporation during coating application
could lead to the particle packing arrangements and cavernous
topology observed. Although not as obvious in TEM analysis,
perhaps a similar aggregation occurs in S samples, leading to
comparable AFM images. A critical finding of this work is that
although prepared using the same procedures, M-containing
composite coatings are more uniform and less rough. Since a
link has been established between surface microstructure and
the hydrophobic−hydrophilic transition of photoactive coatings
containing anatase titania, we probed the change in surface
energy using water contact angles under continuous UV
exposure.
A coated surface is considered wetted if a liquid spreads

evenly over the surface without the formation of droplets and
presents a contact angle <90°, implying that the surface
interactions between the liquid and surface are stronger than
the cohesive forces of bulk liquid. Conversely, a nonwetting
surface is typically characterized by a contact angle >90°. When
the solvent is water, the terms hydrophobic and hydrophilic are
used to define these two wetting states. A more extreme
scenario is the superhydrophobic and superhydrophilic
conditions, which are characterized by water contact angles of
>150° and <10°.2,16

All composite coatings prepared in this study presented
superhydrophobic surfaces initially, and were characterized by
high water contact angles. The transition from hydrophobic to

Figure 8. Change in static water contact angle measurements of
POSS-containing M, S, and N composite coating series with increasing
350 nm exposure time (A) TMPMP/TTT, (b) TMPMP/APE, (c)
TXMPMP/APE at 10 and 20 wt % monomer compositions with
dispersed micron particle, M.

Table 2. Change in Static Water Contact Angle with
Continued Irradiation

sample name λ (nm) initial CAa final CA time (h)

M 313 >150 0 1
M 350 149.1 0 2
M/TMPMP/APE 313 159.1 8.7 4
M/TMPMP/APE 350 156.2 9.1 8
M/TMPMP/TTT 313 >150 0 1
M/TMPMP/TTT 350 155.5 5.5 2
N 313 >150 0 1
N 350 >150 6.8 2
N/TMPMP/APE 313 >150 7.8 4
N/TMPMP/APE 350 159.3 10.2 8
N/TMPMP/TTT 313 >150 10.3 5
N/TMPMP/TTT 350 143.1 10.4 11
S 313 155.2 131.4 36
S/TMPMP/APE 313 >150 >150 48b

S/TMPMP/TTT 313 >150 153.6 48b

aWhere enhanced superhydrophobicity prevents the acquisition of a
static contact angle measurement due to bead movement, a value of
>150 is reported. bIndicates coating maintained superhydrophobic
state after 48 h of continuous UV illumination; irradiation times of
coatings applied to aluminum Q-panels; T = 27 °C; all samples were
prepared from 2 wt % acetone dispersions, suitable for spray-coating,
containing particle (1.6 wt %), dispersant (0.2 wt %), and thiol-ene
monomers (0.2 wt %) except for samples M, N, and S, which were
prepared without monomers for comparison.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01488
ACS Appl. Mater. Interfaces 2015, 7, 12639−12648

12645

http://dx.doi.org/10.1021/acsami.5b01488


hydrophilic surface was probed for composite coatings by
taking time dependent water contact angles under continuous
irradiation. An example progression from superhydrophobic to
superhydrophilic of a M/TMPMP/APE coating is provided in
Figure 7. Samples were placed in a custom environmentally
controlled photoreactor sample chamber, irradiation at either
313 or 350 nm at a constant temperature and RH of 25 °C and
31 ± 2%, respectively. Samples were removed on the hour
marks, and water contact angle obtained, until samples became
superhydrophilic. Figure 8 illustrates the progression of surface
characteristics of composite coatings from superhydrophobic to
superhydrophilic. In all cases, the superhydrophobic character
of silica-containing coatings persists over 48 h of continuous
illumination.
In all cases, the coatings containing photocatalytic titania

were converted to superhydrophilic surfaces. In many cases this
conversion was complete within the first hour of exposure. Our
composite coatings contain polymer to provide the “coating”
characteristics of the composite, such as adhesion, cohesion,
and mechanical integrity. In general, the presence of polymer
delays the onset of superhydrophilicity, but does not prevent it.
An increase in this induction time is noted as the polymer
composition is increased, Figure 8C. As-produced coatings in
many cases were so severely superhydrophobic that initial
contact angles could not be obtained, since the water droplet
preferred to adhere to the needle unless coaxed to fall, which
resulted in the drop moving around on the surface and
preventing the collection of a static contact angle. These points
are denoted by a contact angle of >150 in Table 2.
The hydrophobic−hydrophilic transition of all particle−

polymer combinations, M/TMPMP/APE, M/TMPMP/TTT,
N/TMPMP/APE, N/TMPMP/TTT, S/TMPMP/APE, S/
TMPMP/TTT, were exposed to continuous irradiation until
superhydrophilic or 48 h. Several expected trends present.
Hydrophobic−hydrophilic transitions occur more quickly at
313 nm, since a greater percentage of the photons exceed the
band gap energy of the photocatalyst. The presence of
polymers does not prohibit the transition, nor does the
presence of monomer TTT seem to retard the transition
appreciably more than APE despite its more competitive
absorption characteristics. After coated panels reached a
superhydrophilic state, samples were placed in a dark box to
examine the rate at which the coatings regained their initial
contact angles, i.e., returned to their hydrophobic state. Contact
angles were obtained periodically until measurements were
comparable to their values prior to irradiation. All coatings
reverted to or maintained a hydrophobic state, greater than 90°,
following 4−6 months of storage in complete darkness, 40−

50% RH, and 27 °C. Given the slow rates of return, the
superhydrophilic state is considered persistent with minimal
light exposure. Similar to results obtained by Wynne and co-
workers, where a surface energy switching composition of block
polymers having hydrophilic and hydrophobic side chains was
employed, the ability to tune surface interactions with the
environment while maintaining good bulk mechanical proper-
ties and adhesion is of paramount importance to coatings
applications.54

Anatase titania also serves as an effective photocatalyst for
the degradation of organic pollutants.55 In an effort to
determine if the presence of the polymer additive will prohibit
the photocatalytic activity, apart from the hydrophobic−
hydrophilic transition, of the titania-containing composite
coatings, the photocatalytic decomposition of crystal violet
dye (pollutant proxy) was observed on controls with and
without polymer, Figure 9.
Given that the photocatalytic degradation of surface-bound

organics and the hydrophobic−hydrophilic transition is
currently assumed to be synergistic,56 we expected to observe
the progression of the brightly colored crystal violet dye from
purple to colorless upon irradiation. The M/TMPMP/TTT
and POSS-treated M coatings were chosen as starting point
compositions for comparison to pure crystal violet controls.
Coatings were prepared as previously stated and exposed to UV
light, 40−50% RH, and 27 °C for 2 h prior to the application of
crystal violet dye. Via visual inspection, comparable color
changes had occurred within 3 min for POSS-treated M coating
and 30 min for the M/TMPMP/TTT coating, respectively.
Similar to the hydrophobic−hydrophilic transition, the
presence of polymer matrix retards the onset of photocatalytic
activity, but does not prevent it. We are currently performing a
detailed study into the rates and mechanisms of the
photocatalytic degradation of crystal violet and other organic
compounds of interest, including select chemical warfare agent
stimulants, on our POSS-containing titania-thiol-ene composite
photocatalytic coatings.

■ CONCLUSIONS

In summary, stable titania-thiol-ene dispersions at approx-
imately 2 wt % solids were prepared using a combination of
high-shear mixing and sonication in acetone solvent from
photocatalytic anatase titania particles and trisilanol isobutyl
polyhedral oligomeric silsesquioxane (POSS) dispersant. The
presence of the POSS dispersant was critical to long-term
dispersion stability. Interactions between the dispersant
molecule and the particle surface were expected to vary from
electrostatic to covalent in nature. Moreover, TGA and IR

Figure 9. Representative samples illustrating photocatalytic degradation of crystal violet dye; from left to right: control (CV dye only), M, and M/
TMPMP/TTT @ 20 wt % polymer (A) before UV exposure, T = 0, and (B) after UV exposure, T = 5 min.
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analysis supports that a portion of the molecular dispersant
(roughly 3 wt %, wt/wt) is strongly bound to the particle
surface, and this quantity is independent of the initial mass of
dispersant added in the range 5−10 wt %. Although an initial
concern, the addition of monomers to the dispersions does not
promote agglomeration and samples retain the long term
stability required for film preparation. Coatings were prepared
from the dispersions using standard spray techniques to
produce films having a uniform and heavily textured surface
characterized via SEM and AFM analysis. In general, the
presence of polymer matrix provided mechanical integrity of
the coating, specifically adhesion, without significantly com-
promising or prohibiting other critical coating performance
characteristics, such as film processing, photocatalytic degrada-
tion of adsorbed contaminants, and the hydrophobic−hydro-
philic transition. In all cases, coatings containing photocatalytic
titania were converted to superhydrophilic surfaces, whereas
those that contained silica particles as reference materials
remained superhydrophobic. The superhydrophilic state of
samples was considered persistent, since long time durations in
complete darkness were required to observe any significant
hydrophobic return.
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