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Highly reactive layer-by-layer (LbL) films have been developed as protective coatings intended for
application on fibers worn by military personnel. In this work, the anionic species are titanium dioxide
nanoparticles ranging from 5 to 10 nm in size, which are prepared in a stable colloidal solution specifically
designed for this application, while the cationic species can be one of several traditional synthetic
polycations, including weak and strong polyelectrolytes. The resulting coatings are mechanically stable
and offer selective protection when the wearer is exposed to UV radiation (e.g.,sunlight); whereas the
inherent water transmissive nature of the multilayers allows for much greater water vapor transport rates
as compared to an inert rubber barrier material. Permeation tests of coated materials were conducted in
a specially engineered cell by exposing the materials to a CWA simulant. In the extreme case, when a
coated material is subjected to a saturated vapor of the CWA simulant, UV exposure resulted in a 95%
decrease in toxic agent permeation. Furthermore, the coating can be deposited via a spray-LbL technique
developed specifically for rapid, uniform deposition over large areas of textile materials at ambient
temperatures and moderate pressures.

Introduction

Increasing concern over the use of chemical warfare,
combined with more frequent potential exposure to toxic
chemical environments faced by soldiers and emergency care
providers, has heightened the need for new protective
measures. Although traditional protective gear for toxic
cleanup or exposure has relied on thick layers of dense rubber
and/or activated charcoal liners, which act primarily as
diffusive barriers to resist mass transfer, this strategy is not
tenable for routine daily duty. Reactive coatings, which are
able to selectively degrade toxic chemicals, including chemi-
cal warfare agents (CWAs) and environmental toxins such
as NOx and SOx, whereas still affording the wearer a high
degree of water vapor permeability and thus greater comfort,
are an interesting strategy for protection against low to
moderate level exposure. Such coatings could also provide
a route to self-cleaning or decontaminating surfaces or fabrics
for military or commercial use.

One means of eliminating airborne toxins that has received
attention involves the photocatalytic degradation of toxic
organic compounds using titanium dioxide1–4 to generate

superoxide anions, or mixed TiO2/SiO2 catalysts5–7 to
increase the material’s bandgap and aid in volatile compound
adsorption. Although these strategies exhibit excellent deg-
radative capabilities, the technique of depositing unbound
powders or nanoparticles on a surface does not form a
sufficiently robust coating for application on personal protec-
tive equipment. Titania has also been introduced directly into
fibers via electrospinning,8 or into bulk films via traditional
sol–gel routes.9 Unfortunately, as the size of the titania entity
increases, it becomes more difficult to introduce the particles
into a mechanically stable polymer film. The work reported
here presents a strategy to achieve the success demonstrated
by prior titania based systems from an ultrathin, transmissive,
and mechanically stable coating that can be readily deposited
on traditional military clothing and packaging, as well as a
variety of other substrates including electrospun materials.
Such a coating can be tuned for its mechanical and chemical
properties via the choice of polyamine and the incorporation
of other polyelectrolytes so as to achieve the reactive
protection described above, while existing in a form that is
durable enough to withstand the rigors of daily activity and
sufficiently discrete so as not to hinder the performance of
the underlying material. We have developed a coating that
can be readily deposited by the versatile layer-by-layer (LbL)
deposition method10 and provides a reactive barrier of more
than 99% efficiency against a saturated environment of the
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sulfur mustard simulant compound chloroethyl ethyl sulfide
(CEES) when exposed to ultraviolet radiation. Although
similar recent approaches have been taken to introduce titania
nanosheets into photocatalytic LbL films,11–13 the resulting
coatings were shown to degrade organic hydrocarbons at
relatively low quantities over time scales on the order of
days; personal protective equipment, on the other hand, must
have degradative properties on the time scale of minutes, at
most, to be of any practical use. Furthermore, there is general
concern that titania containing coatings suffer decreased
chemical stability on exposure to UV. However, we have
found the systems reported here to remain intact even after
high-yield conversions of simulant agent.

The process of LbL film deposition involves the sequential
exposure of a charged substrate to an alternating series of
solutions of oppositely charged species. Upon exposure to
each solution the effective charge exhibited by the surface
is reversed, through adsorption of charged species, before
proceeding to the next solution. The cycle can be repeated
any desired number of times to develop a highly uniform
coating of precisely controllable thickness on the substrate.
This method typically employs polyelectrolytes adsorbed
from dilute aqueous solutions; however, charged colloidal
species can also be incorporated into the films.14,15 In some
instances, charged rigid nanoparticles can take the place of
one16 or even both17 of the charged polyelectrolytes. It is in
this manner that we have been able to incorporate reactive
titanium dioxide nanoparticles of very small diameter, and
therefore large reactive surface area, into a mechanically
cohesive film coating. In our approach an automated spraying
method is used,18–20 allowing us to rapidly coat a variety of
complex substrate geometries and materials including, but
not limited to, cotton textile and protective plastic film.

Experimental Section

LbL Solutions. Poly(dimethyldiallylammonium chloride) (PDAC,
MW ) 100 000), and sodium chloride were purchased from Aldrich
and used to make a solution of 20 mM concentration with respect
to the repeat unit of PDAC, and 10 mM with respect to NaCl, in
DI water. Colloidal titania nanoparticles were synthesized by slowly
combining a solution of 1 part tetrabutyl ammonium hydroxide and
50 parts absolute ethanol with a solution of 1 part titanium (IV)
isopropoxide and 6 parts absolute ethanol by volume as shown in
Scheme 1. The combined solution was then slowly diluted with
DI water to 4 times its original volume under rapid stirring, and
refluxed for 3 days at 100 °C. All chemicals were used as purchased

from Aldrich. The resulting colloidal solution was analyzed using
a Brookhaven Instruments Corp. ZetaPALS Zeta-potential analyzer
and, upon evaporation, a Rigaku Powder X-ray Diffractometer.

Coating Deposition and Analysis. LbL deposition was con-
ducted on Saran 8 plastic sheeting (12.7 µm thickness) used as
purchased from Dow Chemical. Prior to deposition the plastic
sheeting was rinsed with methanol and exposed to an oxygen plasma
(Harrick PCD 32G) for 5 min to clean and hydroxylate the surface.
Both solutions as well as rinsewater were titrated to pH 10 using
HCl. Deposition was conducted using an automated spray-LbL
system.18 All solutions were delivered by ultrahigh purity Argon
gas regulated to 50 psi. PDAC was sprayed for 3 s and allowed to
drain for 17 s, before spraying with water for 10 s and allowing it
to drain for 10 s. The half-cycle was repeated for the colloidal titania
solution resulting in an 80 s cycle, whereas the full cycle was
repeated 50 times to create the final coating tested here. Film
thickness was determined on a Woolam XLS-100 spectroscopic
ellipsometer and checked using a Tencor P10 Profilometer, whereas
titania composition was determined using a TA Instruments
TGAQ50 thermogravimetric analyzer.

Permeation Testing. Permeation testing was conducted in a
stainless steel cell using ultrapure compressed air for the sweep
gas. The contaminated stream was analyzed using a Gow-MAC
Instrument Co. Series 23–550 total hydrocarbon analyzer equipped
with a flame ionization detector. The detector was calibrated for
CEES using a certified working class calibration standard 100 ppm
mixture of chloroethyl ethyl sulfide in nitrogen (Scottgas). UV
illumination was provided by a Blue Wave 200 (Dymax) UV spot
source filtered to ∼100 mW/cm2. Samples were challenged using
chloroethyl ethyl sulfide (CEES) available from Aldrich. CEES is
a vesicant compound which can cause blisters if it comes in contact
with the skin. Although it is a less toxic simulant for mustard gas,
extreme caution should be exercised particularly when working with
CEES vapors. FTIR testing was conducted using a Nexus 870 FTIR
ESP (Thermo Nicolet) in a quartz gas cell with a 10 cm path length.

Film Construction. We begin by synthesizing titanium dioxide
nanoparticles via a controlled hydrolysis utilizing a modified sol–gel
process. By limiting the rate at which the hydrolysis reaction
converts titanium(IV) isopropoxide into titanium dioxide, we are
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Scheme 1. (a) Reaction Scheme by Which Colloidal Titania
Solution Is Created;a (b) Charged Species Deposited

Alternately in Film Construction

a Upon generation of the stabilized nanoparticles in a solvent mixture
of water, ethanol, and isopropanol, the alcohols can safely be removed by
continued heating resulting in a stable aqueous solution of colloidal particles.
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able to create a monodisperse colloidal suspension of titanium
dioxide nanoparticles exhibiting 5–10 nm diameters. Further
investigation with X-ray diffraction indicates that the particles are
of the anatase phase, which is preferred for the nanoparticles to
act as a photocatalyst. Zeta-potential analysis by phase analysis
light scattering (Zeta-PALS) indicates that the particles carry a mean
surface charge of roughly -34 mV, implying the solution conditions
are far enough removed from the isoelectric point of the amphoteric
titania to ensure that the suspended particles are more than
sufficiently charged to participate in LbL deposition.

A photocatalytic coating can then be deposited by alternating
adsorption between the synthesized colloidal solution and a solution
of a polycationic material, which in this case is poly(dimethyldial-
lylammonium chloride), chosen for its strong polyelectrolyte
properties and thus the independence of its degree of ionization
with respect to solution pH. Because a spray-LbL system is
utilized,18–20 the coatings are developed at the rate of one “bilayer”
cycle every 80 s, allowing for the creation of a 50 bilayer film in
slightly more than one hour of process time.

Results and Discussion

Multilayer coatings were generated via the alternating
misting of a 10 wt % solution of titanium dioxide nanopar-
ticles and a 20 mM solution of PDAC. All solutions,
including rinsewater, were titrated to pH 10 prior to
deposition. As shown in Figure 1, the growth of the (TiO2/
PDAC)n films proceeds linearly at a constant rate of
approximately 10 nm per deposition cycle, suggesting that
TiO2 particles are adsorbed to the developing surface as a
monolayer during each exposure to colloidal solution. An
example thermogravimetric analysis (TGA) performed on
one such film constructed under these conditions can also
be seen in Figure 1. Starting at ambient conditions, we find
that approximately 2.6% of the film’s weight at equilibrium
is water, whereas 41% of the film is combustible organic
material. Upon heating to 800 °C and holding for several
hours, it is observed that titania comprises approximately
56% of the film by weight.

The resulting film is mechanically stable, as a result of
the strong electrostatic interactions between the charged

species. Hence, even though it is comprised of 56 wt % rigid
nanoparticles, it is able to resist gentle rubbing. This result
can be attributed to the strong charge observed on the surface
of the synthesized colloidal nanoparticles, as well as the
intermolecular entanglements of the codeposited polyion.

Permeation Testing. To conduct the desired reactive mass
transfer tests a stainless steel permeation cell, represented
schematically in Figure 2, was specifically designed and
engineered. A coated substrate sample is sandwiched, along
with a 1/16 in. butyl rubber gasket of the same outer diameter
as the sample and 13/16 in. inner diameter, between the face
of a stainless steel plug and the base of the cell. The plug
has been bored through to accommodate a second smaller
plug, which then encloses a vapor space of known volume
above the coated sample. It is into this vapor space that a
specific dose of condensed phase CEES is introduced as
shown in Scheme 2. As simulant vaporizes from the
condensed source, the concentration of CEES in the vapor
space is maintained at its saturation vapor pressure (Csat ≈
5000 ppm) for an extended period of time until the source
is consumed and the test is complete. The smaller plug is
capped with a quartz wafer providing negligible adsorption
of radiation in the ultraviolet wavelengths down to 200 nm.
One face of the sample material is exposed to a known
concentration of CEES vapor, whereas below the sample, a
stream of ultrapure carrier gas is passed at a flow rate that is
sufficiently large to ensure the partial pressure of simulant
on the permeant side of the sample is negligibly small. Thus
a known cross-sectional area of the sample is exposed to a
saturated environment of CWA simulant creating a driving
force for mass transfer in the form of a concentration

Figure 1. Characterization of as deposited (colloidal TiO2/PDAC)n films.
Depositing all solutions at pH 10 results in a film that is ∼56% TiO2 at
ambient conditions as determined by thermogravimetric analysis. This film
is deposited at a linear rate of ∼10 nm per bilayer (inset). Reported
thicknesses are averages taken from several data points on a silicon wafer
and vary by less than (10 nm across the matrix.

Figure 2. Permeation cell in which photocatalytic testing was conducted.
The cell design restricts mass transfer to one dimension through the coated
material (represented by yellow arrows), whereas the entire surface area
through which permeant is passing can be uniformly exposed to ultraviolet
radiation.

Scheme 2. Testing Method by Which Spray-LbL Deposited
Coatings Are Tested for Photocatalytic Degradation of

Volatile Organic Compounds

Coatings are deposited, dried, and mounted in a sealed test chamber
where they are exposed to the VOC and UV radiation.
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gradient. The exposed cross-sectional diameter has been
chosen so as to eliminate edge diffusion effects (i.e., sample
thickness , cross-sectional diameter) simplifying the analy-
sis by causing mass transfer to be predominantly unidirectional.

Vaporized CEES from the vapor space dissolves into the
LbL coating of the sample which may or may not be
photocatalytically active during the test. CEES, or the
appropriate products of degradation, then diffuse through the
inert substrate before leaving the sample into the carrier gas
on the permeant side of the substrate. The carrier gas is then
analyzed by combustion in the hydrogen/oxygen flame of a
total hydrocarbon analyzer equipped with an FID capable
of contaminant detection at 0.01 ppm levels. Similarly, the
test can also be run in conjunction with an ultraviolet spot
source, equipped with a mercury vapor lamp to mimic
sunlight. The lamp is capable of illuminating the exposed
portion of the sample through the quartz cap above the vapor
space, eliminating the risk of contamination between the UV
lamp and the vapor space.

The mass flux of contaminant through the sample can then
be determined by measuring the concentration of contaminant
in the sweep gas, as well as the flow rate at which the sweep
gas is passing under the sample. Similarly, the rate at which
contaminant passes through the sample can be normalized
by the cross-sectional area through which mass transfer is
allowed to occur, specified by the cell geometry, and the
driving force for mass transfer in the form of a partial
pressure gradient. Termed the permeance, the normalized flux
can be calculated, P ) q / A∆p ) f(Fcarrier,ppmCEES) , by
measuring the flow rate of carrier gas as well as the
concentration of CEES contaminant in the stream. The
calculation gives a thickness independent interpretation of
the exposure a user would expect to experience while under
the protection of such a coated substrate.

Photocatalytic Capabilities. For the purpose of testing
the photocatalytic capabilities of the (PDAC/TiO2)n, a 50-
cycle deposition was performed using the spray-LbL tech-
nique. The film was constructed on a 12.7 µm thick
nonporous poly(vinylidene chloride) sheet available under
the trade name Saran 8 from the Dow Chemical Company.
This substrate material was chosen for several reasons. The
inherent negative surface charge on the plastic sheet enables
the adherence of the first few monolayers to the substrate
via electrostatic interactions. Further, by choosing a nonpo-
rous substrate with easily characterizable gas permeation
properties, it is possible to determine mass-transfer charac-
teristics of the uncoated substrate to serve as a benchmark
for future comparisons with the coated material. Saran is a
biaxially oriented monolayer barrier film which is moderately
CEES permeable, a property that is quantified below. It is
also inert to chlorinated compounds such as CEES, making
it an ideal substrate for permeation testing of (PDAC/TiO2)n

reactive coatings.

The coated sample was then mounted in the permeation
cell, and 3 µL of condensed phase CEES were introduced
into the vapor space above the sample. As the vapor
permeated through the sample it was collected and swept
away to the Total Hydrocarbon Analyzer (THA) which was
calibrated for CEES identification. The resulting mass flux,

in grams of CEES per minute, can be seen in Figure 3.
During the first 15 min of testing no contaminant is observed
in the permeant vapor. After this breakthrough time, tb,dark,
however, the concentration of CEES in the sweep gas
continues to increase as the sample becomes loaded with
CEES. The parabolic downturn occurs as the condensed
source of CEES in the vapor space becomes depleted and is
no longer able to maintain a constant vapor pressure above
the sample. A maximum concentration of CEES in the
permeant stream is observed at 33 ppm. The test is conducted
for 2 h, which is sufficient for the large majority of the CEES
to exit the system.

Upon complete evacuation of CEES from the system,
further testing can be conducted. An identical film was
subjected to a similar 3 µL loading. This time, however,
ultraviolet light was passed through the quartz cap of the
cell, illuminating the area of the coated sample simulta-
neously exposed to the saturated atmosphere of CEES. Again,
permeant vapor is removed by the sweep gas and analyzed
by the THA. The observed instantaneous mass flux can also
be seen in Figure 3. In this scenario, no contaminant is
detected by the THA prior to a shorter 8 min breakthrough
time, tb,UV. This can be explained by the solution-diffusion
mechanism by which CEES transfers across the material.
Permeability is typically expressed as the product of the
diffusivity of a molecule through the solid matrix and the
solubility of the vapor molecule in the solid.21 As the intense
UV radiation falls on the titania particles some of the energy
is used to generate electron–hole pairs that eventually result
in the superoxide anions that make titania useful as a
photocatalyst. The remainder of the energy is absorbed as
radiant heat, slightly increasing the temperature of the
underlying solid material. This rise in temperature will serve
to increase both the diffusivity and the solubility of CEES
throughout the sample. A slight increase in permeation rate
is thus not surprising, and the contaminant molecules appear
twice as rapidly in the permeant stream.

Aside from the temperature-induced decrease in resistance
to mass transfer, it is clear that the overall CEES permeation

(21) Wijmans, J. G.; Baker, R. W. J. Membr. Sci. 1995, 107, 1.

Figure 3. Mass flux of CEES through a coated sample as measured in the
carrier gas passing below the sample. Identical samples were exposed to 3
µL loadings of CEES and allowed to permeate. The test was conducted
both with (X) and without (O) UV illumination.
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has been greatly reduced. This effect becomes even more
pronounced as time passes. The peak concentration of CEES
in the permeant vapor occurs at roughly the same elapsed
time, but the degradation of CEES vapor in the photocatalytic
coating has reduced this peak value to less than 1.5 ppm.
Thus the reduction in maximum CEES concentration on the
permeant side of the sample membrane was decreased by
more than 95% when subjected to UV light. It is also
beneficial to analyze the protective capabilities of the film
from a net exposure standpoint. Because these tests have
been conducted with 3 µL loadings of CEES, a stoichiometric
constraint imposed by the amount of oxygen present in the
vapor space available to participate in the photocatalytic
reaction at the titania surface, this type of analysis is only
appropriate up to the point where the condensed CEES source
appears to run out. After this time, the vapor space is no
longer maintained at the saturation concentration as CEES
is reactively consumed by the film, and the partial pressure
gradient driving mass transfer begins to decrease. This
appears to occur at approximately 40 min of test time. Up
to this point, only 5.1 µg of CEES have passed through the
photocatalytically active (i.e., exposed to UV light) sample.
This corresponds to less than 1% of the 3.21 mg of CEES
introduced into the vapor space. A more thorough under-
standing of the net flux over longer periods of time is
necessary to fully evaluate this material and will be obtained
in the future after some modifications to the test cell.
However, it can be concluded from these preliminary results
that the (colloidal TiO2/PDAC)50 coating, when illuminated
by UV light, can exhibit reactive protection for at least 40
min of more than 99% from a saturated environment of
CEES.

The net mass flux over the 1 h time frame displayed in
Figure 3 can also be calculated by integrating the instanta-
neous flux over the length of the test. In the dark membrane
test, this net flux corresponds to 104 µg, while the UV
illuminated test results in 8.2 µg net permeation. By forming
a ratio of the net flux observed in the presence of UV light
to that observed without UV light, a 10-fold reduction is
seen. This 10-fold reduction can then be expected in further
testing independent of the fact that a steady state scenario
was never actually reached in these tests. As mentioned
above, a benefit of using a nonporous substrate such as Saran
8 is that material mass transfer properties can be determined
using this type of permeation cell by simply increasing the

condensed CEES loading until a steady state diffusion
scenario is obtained. The increased loading provides a larger
condensed phase source capable of maintaining the saturated
vapor space until the sample reaches diffusional equilibrium.
Prior to these tests it was determined that the steady-state
concentration of CEES observed in the sweep gas, of
identical flow rate, below a sample of uncoated Saran 8 was
152 ppm. This uncoated control test corresponds to a steady
state mass flux of CEES through Saran 8 of 32.7 µg/min,
five times greater than the largest rates observed in either of
these tests. We can thus assume that the multilayer coating
provides a significant portion of the resistance to mass
transfer across the sample.

It has been suggested by previous work that ultraviolet
illumination of LbL constructed films composed of titania
nanosheets and PDAC will elicit the photocatalytic decom-
position of the PDAC in the film, producing inorganic
multilayers composed only of the titania nanosheets and
charge balancing ammonium ions.12 The resulting coating
would presumably have a marked decrease in mechanical
stability, as well as a change in film permeability over time
as the structure collapses and the titania sheets are freed of
the PDAC. If this were the case the formation of NH4

+ upon

Figure 4. FTIR spectra of (a) the as-deposited (colloidal TiO2/PDAC)50

coating on IR transparent silicon, and (b) the same coating after 60 min of
UV exposure.

Figure 5. FTIR spectra collected during a closed cell batch analysis. The
cell contained a sample of coated material, equal in size to the exposed
surface during permeation testing, and 3 µL condensed CEES. The entire
cell was then irradiated by UV light and spectra taken at 10 min time
intervals.
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UV illumination, generated from the decomposition of
PDAC, would be readily observable in the film via FTIR
analysis as a sharp peak around 1427 cm-1 as well as three
broad peaks in the 2800–3300 cm-1 range. As can be seen
in Figure 4, UV exposure of the (colloidal TiO2/PDAC)50-
coating for 60 min does not appear to generate these results.
Although the sharp peak at 1107 cm-1 is clearly visible,
because of Si-O-Si stretching from surface oxides on the
silicon wafer, no peaks have been generated at 1427 cm-1.
Three very small peaks at 2861, 2934, and 3029 cm-1 can
be seen, indicating that a small portion of the available PDAC
has been photocatalytically decomposed, but this does not
appear to have had an effect on the mechanical stability of
the coating. Furthermore, it has recently been demonstrated
that NO3

- ions are a reasonable degradation product of short-
chain alkyl amines as well.22 However, no increase in
absorption in the 1410–1340 cm-1 region is observed upon
UV exposure. Even after intense UV exposure for 60 min
the film still resists rubbing indicating that it has not
undergone collapse of the interpartical galleries as a result
of PDAC decomposition.

Photocatalytic Confirmation. It should be noted in Figure
3 that the tail of the data collected from the “dark” test
extends for prolonged times at low values, as ever decreasing
amounts of CEES desorb from the once-saturated film, and
diffuse into the sweep gas over several hours. As less CEES
is dissolved in the sample, the driving force to leave the solid
and enter the gas stream decreases, and the appearance of
several parts per million CEES for some time is to be
expected. Rather than attempting to quantify the amount of
CEES accounted for in these tails, we have chosen to focus
the previous discussion on the peak dosage allowed during
the early portions of the test. Thus, to confirm the presence
of a photocatalytic degradation reaction and not simply a
strong absorption of CEES with slow desorption over
extended time periods, further testing was conducted on the
UV-illuminated sample. A batch FTIR test was constructed
by mounting a 0.51 in.2 swatch (i.e., identical to the exposed
cross-sectional area within the permeation cell) of coated
sample in a sealed quartz gas cell. Again, 3 µL of condensed
CEES were introduced into the cell through a septum and
allowed to vaporize for 10 min, simulating the breakthrough
period afforded by the sample in the permeation cell. The
sample was then illuminated by the same UV source, and
the vapor in the cell analyzed at ten minute intervals over a
thirty minute test period. The simplified mechanism by which
superoxide anions (O2

•-) and surface hydroxyl radicals (OH•)
are generated and CEES is subsequently decomposed is as
follows

TiO2 + hνf e-+ h+ (1)

O2 + e-fO2
•- (2a)

H2OfH++OH- ⇒ OH-+ h+fOH• (2b)

CEES+ 7.5O2
•-f 4CO2 + 3H2O+H2SO4 +HCl

(3)

The gas phase decomposition has been investigated and it
has been shown that there are a variety of less toxic
intermediate byproducts which are also observed.2,3 When
a photocatalytic reaction is occurring, the appearance of
compounds such as ethylene, chloroethylene, acetaldehyde,
chloroacetaldehyde, and carbon dioxide should be readily
observable in the resulting vapor. Portions of the FTIR
spectra taken initially and after 10, 20, and 30 min of UV
irradiation can be seen in Figure 5.

Two broad peaks are observed in the 2750–2700 cm-1

range, while a strong triplet centered around 1750 ( 50
wavenumbers is observed to increase as the test proceeds.
These suggest the presence of the carbonyl stretching band
of acetaldehyde as well as chloroacetaldehyde.23,24 Neither
of these regions exhibit any IR absorption in gaseous CEES.
A sharp peak appears at 950 cm-1 which is also clearly not
present in the initial spectra containing only gaseous CEES.
This band is present in an IR-fingerprint of ethylene as the
ν7 band, but may also be a result of chloroethylene present
in the vapor.25 The increase in absorbance at 668 cm-1 is
indicative of the ν2 band of carbon dioxide,26 suggesting the
increasing presence of one of the final products throughout
the duration of the test. The conclusion can then be drawn
that even in a saturated atmosphere the surface of the titania
remains active for at least 30 min. A weak signal of several
peaks is also observed at wavenumbers slightly less than
3000 cm-1, similar to those recorded in previous photocata-
lytic degradation studies,2 suggesting some HCl to be present
in the gas phase. The relative weakness of this signal is not
of concern, however, as most of the hydrogen chloride and
sulfuric acid generated by the reaction is expected to remain
bound to the titania surface. Typically these products can
be responsible for the fouling and eventual elimination of
the catalytically active sites on the titania surface; however,
the observed steady increase of several byproducts in the
gas phase indicate this has not succeeded in stifling the
reaction over the course of this test.

Conclusion

These results present a unique way to synthesize and
introduce titanium dioxide nanoparticles into a mechanically
stable coating capable of the photocatalytic degradation of
the chemical warfare agent simulant chloroethyl ethyl sulfide.
The entire coating process, from synthesis to deposition, can
be conducted at ambient temperatures and moderate pres-
sures, and does not require expensive specialized equipment
to produce. The process is readily scalable and can be
conducted on substrates of limitless dimension and geometry
based on the spray-LbL method by which the coating is
applied. Sample coated plastics have been shown to provide
more than 99% protection from a saturated atmosphere of
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simulant when subjected to ultraviolet radiation with a
spectrum resembling that of sunlight. Similarly, the polar
ionic complex nature of LbL films allows the material to
have much greater water vapor transport properties when
compared to inert rubbers capable of similar protective
properties. The coating is optically clear and can be deposited
on materials without compromising their underlying func-
tionality. Finally, because the titania is deposited as part of
an exterior coating there is less risk that superoxide anions
developed even under intense UV light will degrade the
underlying material. While small portions of the polycation

in the film are degraded by the photocatalytic activity of the
titania, the mechanical stability of the coating is not
compromised.
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