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Photostabilization of phenosafranin dye on poly(styrenesulfonate)-capped TiO2 nanoparticles has been
investigatedusing diffuse reflectance spectroscopy. The dye degrades oxidiatively onanativeTiO2 surface
under visible light excitationas the excited dyeparticipates in the charge injectionprocess. The interaction
of the dye with the semiconductor surface can be significantly reduced by capping the TiO2 particles first
with poly(styrenesulfonate). The increase in fluorescence emission and decrease in dye degradation rate
with increasing polymer capping suggest the protective role of poly(styrenesulfonate) capping. Diffuse
reflectance laser flashphotolysis studies further elucidate surfacephotochemical processes ofphenosafranin
on native and polymer-capped TiO2 nanoparticles.

Introduction
Semiconductor oxide supports suchasTiO2 are reactive

and can directly participate in a photochemical reaction
with the adsorbed substrate under UV or visible light
(see for example refs 1-5). In fact the photodegradation
of dyes on semiconductor nanoparticles is an important
aspect that needs to be addressed in the development of
paints and pigments. The photostability of dyes in TiO2

pigments is usually achievedby coating theTiO2 particles
with a thin layer of SiO2. The organic dyes thus are
shielded from coming in direct contact with the TiO2

particles. SinceSiO2 isan inert support, itdoesnotdirectly
participate in the photochemical reaction. The silica-
coated TiO2 particles are often the choice of the industry
in development of photostable paints and pigments.

The surface photochemical processes onTiO2 is usually
initiated by direct absorption of the incident photons.
Usually UV excitation is necessary to induce the band
gap excitations in metal oxide semiconductors. Such a
photoactivity of the semiconductor support has been
beneficially utilized to degrade harmful organic com-
pounds of air and water.6-11 The semiconductor support
can also participate in a photochemical reaction by
quenching of the excited state of theadsorbed substrate.3,4
This concept, which is often referred to as photosensiti-
zation, is favorably employed in imaging technology12-14

and photochemical solar cells.15,16

In our earlier studies we have shown that organic
compounds such as phenoxazine,17 xanthene,18 or textile

azo dyes19,20 undergo photodegradation of organic dyes on
the TiO2 surface with visible light irradiation. Charge
injection from excited dye into the conduction band of the
semiconductor has been shown to be the primary photo-
chemical event leading to the oxidative degradation of
the dye. If the TiO2 particles are capped with a polymer
chain, we can suppress the charge injection process and
cause the excited dye to deactivate by radiative and
nonradiative routes. The excited processes of a dye
molecule (S) on a bare TiO2 and polymer-capped TiO2

particles are illustrated in Scheme 1.
Photochemistry of dyes in a polymer host has been the

subject of many recent investigations.21,22 Since poly-
(styrenesulfonate) is a nonreactive polymer, we do not
expect any chemical interactionbetween the polymer and
the dye. Such polymer chains usually facilitate microen-
capsulation of dye molecules and stabilize the excited
states. The excited state processes of phenosafranin,23
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Scheme 1. Excited State Processes of a Sensitizer
Dye (S) on Bare TiO2 and Polymer-Capped TiO2

Nanoparticle
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(e.g., Nafion and poly(4-vinylpyridine) have been inves-
tigated in our earlier studies. It would therefore be
interesting to see whether a nonreactive polymer such as
polystyrene can be used to cap the semiconductor nano-
particles so that it can improve the photostability of the
adsorbed dyes. Since the dye, phenosafranin, is photo-
stable under normal laser irradiation conditions and its
excited state properties have been characterized in our
previous studies,23,27,28 we chose this dye to investigate
the interfacial electron transfer in polymer-capped semi-
conductor particles. The diffuse reflectance laser flash
photolysis studies that address the role of poly(styrene-
sulfonate) capping in improving the photostability of the
dye/semiconductor systems is presented here.

Experimental Section
TiO2, product name P25, and Al2O3 powders were obtained

fromDegussaCorporation. TiO2 has a particle size of 30nmand
a surface area of 150 m2/g. Al2O3 has a particle size of 20 nm
and a surface of 100 m2/g. Silica, product name SilicAR, was
obtained from Mallinkrodt. The silica was 60-200 mesh and
has a pore diameter of 15 nm. Poly(sodium 4-styrenesulfonate)
(CH2CH(C6H4SO3Na))n was obtained fromAldrich (average mol
wt 70 000). Phenosafranin, 3,7-diamino-5-phenlyphenazinium
chloride (PHNS), was obtained from Sigma and was purified
chromatographically over a silica column.17

Sample Preparation. The TiO2 particles were first coated
with poly(styrenesulfonate) by the addition of a known amount
of the polymer to an aqueous suspension of TiO2 particles. The
concentration of poly(styrenesulfonate) (PSS) was varied from
0to150mg/1g ofTiO2. The suspensionwas sonicatedandstirred
before removal of the water on a Rotovap. The polymer-capped
TiO2 powder was first dried in the oven at 353 K overnight. This
sample was then resuspended in ethanol containing the desired
amount (3.25mg ofPHNS/1g ofTiO2) ofdye andpolymer-capped
TiO2 particles. Note that the low solubility of the poly-
(styrenesulfonate) in ethanol kept most of the polymer capping
intact. Some fraction of the dye may have been solubilized by
the swelled polymer. The ethanol was evaporated off to obtain
thedrypowderofdye-modifiedTiO2particles. A similarapproach
wasalsoused topreparedye-modifiedAl2O3particles, butwithout
polymer capping.

OpticalMeasurements. The diffuse reflectance absorption
spectra of the samples were recorded using a Milton Roy
Spectronic 3000 diode array spectrometer equipped with a
Labsphere RSA-MR 30 diffuse reflectance attachment. Spectra
were recordedusingsamplespressedbetween2.5 cm2microscopic
slides. Steady state photolysis was carried out with the same
cells, using a visible light beam (24 W halogen lamp) from a
Fiber Lite Model 190 fiber optic illuminator. Corrected fluo-
rescence spectrawere recordedwith anSLMmodel 8000photon-
counting spectrofluorimeter.

Diffuse Reflectance Laser Flash Photolysis Experi-
ments. Time-resolved diffuse reflectance laser flash photolysis
experiments were carried out in vacuum tight 3 ⇥ 6 ⇥ 40 mm2

rectangular cells.29 Degassed samples were subjected to 3-5 h
of vacuumprior to the experiment. The 532 nm laser pulse from
a Nd-YAG laser (Quanta Ray DCR-1)was used as the excitation
source, and a 1000 W Xenon lamp was used as the monitoring

source. The diffusely reflectedmonitoring light fromthe sample
was collectedand focusedonto themonochromator thatwas fitted
with a photomultiplier tube, and the photomultiplier outputwas
input toaTektronix 7912Adigitizer.17,18 Before each laser pulse
was triggered, the sample was shaken to expose a fresh surface
for excitation. Air-equilibrated samples were obtained after
exposure of the previously degassed samples to air for about 30
min.

Results and Discussion

Absorption and Emission Characteristics of Phe-
nosafranin on TiO2. Phenosafranin-coated TiO2 par-
ticles are pink in color and exhibit strong absorption in
thevisible. Theabsorptionandemissionspectra ofPHNS
adsorbed on TiO2 nanoparticles are shown in Figure 1.
Whenadsorbed on theTiO2 surface, PHNSexhibits broad
absorption maximum around 500 nm and an emission
maximumaround600nm. Theemissionband ofadsorbed
dye is relatively weak (⇠5%) compared to the emission
intensity of the dye when adsorbed on Al2O3 particles.
Theemissionband is red-shifted compared to the emission
maximum in water. These differences in the spectral
features are indicative of the influence of dye interaction
with the support material. The influence of support
material on the excited state behavior of the dyes has
been discussed elsewhere.30-32 The absorption spectrum
ofphenosafranin coated onpoly(styrenesulfonate)-capped
TiO2 particles was also similar to the one observed on
bare TiO2 particles. Because of the broad nature of the
absorption band, we could not resolve any possible
influence of polymer environment on the absorption
properties of the dye.

Steady State Photolysis of PHNS Absorbed on
Bare and Polystyrene-Capped TiO2 Nanoparticles.
Thedye-coatedTiO2particleswhenexposed tovisible light
undergo irreversible degradation. Theabsorptionspectra
in Figure 2A show decreased PHNS absorption following
the photolysis. These experiments were carried out by
irradiation of the sampleswith visible light (24Whalogen
lamp adapted with a gooseneck type fiber optic bundle)
and the absorption spectra recorded at various time
intervals. Inorder toascertain the roleof supportmaterial
in promoting the surface photochemical process, we
compared these results with dye-coated Al2O3 samples.
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Figure1. Absorptionandemissionspectra ofPHNS/TiO2 (3.23
mg of PHNS/1 g of TiO2). (The left hand y-axis is represented
as Kubelka-Munk units.)

Organic Dye Photostabilization on TiO2 Nanoparticles Langmuir, Vol. 13, No. 12, 1997 3125



The absorption spectra recorded following the photolysis
of PHNS-coated Al2O3 samples (Figure 2B) indicate that
the dye molecules do not undergo any significant photo-
degradation on the Al2O3 surface. Since Al2O3 is an
insulator,wedonot expect it to interact itwith the excited
PHNS and influence the deactivation pathways of the
excited states. These steady state photolysis experiments
further establish the fact that the photostability of the
dye molecules is quite good on insulator materials such
asAl2O3 but rather poor on semiconductormaterials such
as TiO2.

As discussed in the Introduction, the excited dye
molecules directly interact with semiconductor surfaces
suchasTiO2 and inject electrons into the conductionband
of the semiconductor. The charge injection from the
excited dye into the conductionband of the semiconductor
is thermodynamically favored on the energetic grounds.
The oxidationpotential of thePHNS*(S1)which is around
-1.25 V versus NHE is more negative than that of the
conductionbandof theTiO2 (-0.5VversusNHEatneutral
pH). If not regenerated quickly, the dye cation radical
undergoes irreversible oxidation. The excited state de-
activation of the dye on TiO2 particles is summarized in
reactions 1-8.

Thephotostability of thedyemolecules canbe improved
byprecoatingTiO2nanoparticles,withpolystyrene. These

polymer-cappedTiO2 samples decrease the amount ofdye
degradationwhenphotolysiswas carriedoutundersimilar
experimental conditions as in Figure 2. The decay of the
dye absorption (monitored at 500 nm) of phenosafranin
on polymer-cappedTiO2 nanoparticles is shown inFigure
3. Increasing the polymer coverage on the TiO2 particles
had a beneficial effect in improving the photostability of
the dye molecules. The decay rate of PHNS decreased
with increasing polymer coverage. The photostability of
the dye in the samples with highest polymer coverage
(150 mg of PSS/g of TiO2) was slightly lower than that
observed on alumina particles.

Fluorescence Properties of Phenosafranin on
Al2O3,TiO2,andPoly(styrenesulfonate)-CoatedTiO2

Particles. The excited singlet of PHNS undergoes
radiative and nonradiative deactivation in solutions and
on neutral surfaces such as alumina. However, on
semiconductor surfaces such as TiO2, the heterogeneous
electron transfer to a semiconductor (reaction 4) is a
dominant process that competes with the radiative decay
(reaction 2). If indeed the polymer capping should act as
a barrier to the charge injection process by a reduction in
the interaction between the dye and the semiconductor,
one would expect to see decreased contribution from
reaction 4 to the overall deactivation of the dye. This
wouldresult inanenhancedemissionyield inTiO2samples
capped with poly(styrenesulfonate).

Figure 4 shows the fluorescence emission spectra of
phenosafranin on TiO2 samples with different poly-
(styrenesulfonate) coverages. The fluorescencemaximum
ofPHNS isabout the same (⇠620nm) in all these samples.
This shows that the poly(styrenesulfonate) host does not
influence theenergeticsof theelectronic transition in these
systems. However, a significant enhancement in the
fluorescence emission of PHNS could be seen in TiO2

samples containing 150 mg of PSS/g of TiO2. However,
the fluorescence yield of this sample was still lower than
that of Al2O3. This indicated that some deactivation of
the excited state via the charge injection process is likely
occurring in the samples with highest polymer coverage.

Diffuse Reflectance Laser Flash Photolysis. The
excitedstatebehaviorofphenosafraninonpolymer-capped
TiO2 nanoparticles was further probed by diffuse reflec-
tance laser flash photolysis. The principle of diffuse
reflectance laser flash photolysis has been established
earlier.33-35 If the exciting light is totally absorbed by the
sample, the intensity of thediffusedmonitoring light from
the sample can be used to estimate the fractional absorp-
tion (Ad) of the transient formed at the surface: Ad ) ln-
(Ia0/It) where Iao and It are the incident and unabsorbed
fraction, respectively, of analyzing light intensities at the
solid sample. For small fractional absorption (Ad, 1),Ad

is proportional to the concentrationof the transient formed
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Figure 2. Absorption spectra of phenosafranin-coated TiO2
and Al2O3 nanoparticles (3.23 mg of PHNS/1 g of support)
following the steady state photolysis with visible light. (A)
PHNS/TiO2 at time intervals: (a) 0 min, (b) 90 min, and (c) 180
min of photolysis. (B) PHNS/Al2O3 at time intervals: (a) 0 min
and (b) 180 min of photolysis.

dye + hÓ f 1dye* f 3dye* (1)

1dye* f dye + hÓ′ (2)

3dye* f dye + heat (3)

1dye* or 3dye* + TiO2 f dye+• + TiO2(e) (4)

dye+• + TiO2(e) f dye + TiO2 (5)

TiO2(e) + O2 f O2
-• + TiO2 (6)

dye+• f products (7)

dye+• + O2
-• f products (8)
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after the laser pulse excitation. The transient absorption
spectrum was recorded by the changes in Ad being
monitoredat differentwavelengths. Since oxygen is quite
efficient in quenching excited PHNS and scavenging the
photoinjected electrons, we compared the measurements
carried out under degassed and air-equilibrated condi-
tions.

a. PHNS/Al2O3 System. The transient absorption
spectrum of the degassed PHNS/Al2O3 sample (spectrum
a in Figure 5) exhibited absorption maxima around 390
nm and at wavelengths greater than 600 nm. The
bleaching of the dye at 480-560 nm confirmed that the
transient absorption originated from the absorbed dye.
This transientabsorptionwassimilar to that of the excited
triplet of PHNS.17 The transient decay profile at 500 nm
indicated complete recovery of the dye in about 100 µs.

The transient absorption significantly decreased in
magnitude when the diffuse reflectance spectrum was
recordedafter equilibration of the sample inair (spectrum
b in Figure 5). The characteristic transient bleaching in
the 500 nm could not be observed. The quenching of
3PHNS* by O2 in the air-equilibrated samples makes it
difficult to observe the triplet excited state on the time
scale of this experiment. The absence of permanent

bleaching in the 500 nm region rules out the formation
of any long-lived photoproduct under these experimental
conditions. However, some degradation of the dye could
be seenathigh laser intensities. Multiphotonicprocesses
are expected to dominate at high laser intensities.

b. PHNS/TiO2 System. The transient absorption
spectrumof thedegassedsampleofPHNS coatedonnative
TiO2 particles shows characteristic bleaching of the dye
at 500 nm and a strong absorption around 390 nm and at
wavelengths greater than 600 nm (spectrum a in Figure
6). This transient absorption spectrum in the degassed
sample is similar to the one observed with the PHNS/
Al2O3 sample. Theoverlappingabsorption fromthe triplet
excited state, cation radical ofPHNSand trapped electron
makes it difficult to resolve this spectrum. However, in
air-equilibrated samples the triplet excited state gets
quenched by O2 and only the PHNS+• species survive on
the time scale of our measurements.

The transient absorption spectrum recorded after
equilibration of the sample with air exhibits bleaching in
the 500 nm region and an absorption in the IR region. We
attribute this transient absorption to the formation of
PHNS+• which ultimately leads to the irreversible deg-
radation of the dye. In fact this approach is considered
to be suitable for the degradation of textile azo dyes on
semiconductor surfaces. The degradation is more domi-
nant in air-equilibrated samples as it scavenges away the
injected electrons and thus increases the probability of

Figure 3. Effect of poly(styrenesulfonate) capping on the
photodegradation of PHNS on TiO2 nanoparticles. (Samples of
3.23 mg of PHNS/g of TiO2 with different concentrations of
polymer capping were irradiated with visible light. The y-axis
shows decreased absorption of the dye at 500 nm.) Photodeg-
radation of PHNS on Al2O3 is also compared.

Figure 4. Effect of poly(styrenesulfonate) capping on the
emission spectra of PHNS. Emission spectra of phenosafranin
on TiO2 nanoclusters (3.23 mg of PHNS/1 g of TiO2 ) precapped
with varying amounts of poly(styrenesulfonate)were recorded
using an excitation wavelength of 450 nm. The concentration
of PSS is indicated in the figure.

Figure 5. Time-resolved transient absorption spectra of (a)
degassed (9) and (b) air-equilibrated samples (O) of PHNS on
Al2O3 (3.23 mg of PHNS/1 g of Al2O3) recorded immediately
following the 532 nm laser pulse excitation.

Figure 6. Time-resolved transient absorption spectra of (a)
degassed (9) and (b) air-equilibrated (O) samples of PHNS on
TiO2 (3.23 mg of PHNS/1 g of TiO2) recorded 65 µs after 532
nm laser pulse excitation.
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product formationvia reaction7. In thedegassed samples
weexpect thebackelectrontransfer (reaction5) to compete
with the irreversible product formation (reaction 7) and
hence the photodegradation is relatively less when we
exclude oxygen.

The PHNS adsorbed on poly(styrenesulfonate) coated
TiO2 samples also exhibited transient absorption similar
to the one observed with PHNS/TiO2 samples. The
transients such as triplet excited state, trapped electrons
and PHNS+• were found to contribute to the transient
absorptionspectra. Thespectrumrecordedat longer times
exhibitedbroadabsorption characteristics similar to those
of PHNS+• in the 400 nm region and did not decay upon
exposure to an oxygen atmosphere. This indicated that
some photooxidation of PHNS occurred even on the
polymer-coated samples. Theextent towhich thepolymer
capping can suppress the photodegradation of PHNS is
discussed in the next section.

Influence of Poly(styrenesulfonate) Capping on
the Transient Bleaching. Since the bleaching of the
dye at 500 nm is a good measure to probe the extent of
dye degradation, we recorded transient absorption of
different samples under degassed and air-equilibrated
conditions. These transient absorption-timeprofiles are
compared in Figure 7. In the case of degassed samples
all the samples except that of PHNS/TiO2 show complete
recovery of the bleaching, indicating no significant per-
manent degradation of the dye.

As discussed in the previous section, the triplet excited
state is the major transient produced in the PHNS/Al2O3

sample which is observed following 532 nm laser pulse
excitation. The triplet excited state decays to regenerate
the ground state within a time period of 100 µs. In the
case of PHNS/TiO2, the recovery is partial, suggesting
some irreversible degradation following the laser pulse
excitation. As indicated above, PHNS+• is the major
transient formed on TiO2 nanoparticles as a result of the
charge injection process (reaction 4). In the absence of an
electron scavenger such as O2, back electron transfer
between PHNS+• (reaction 5) and an injected electron
competes with the breakup of PHNS+•. The residual
bleaching observed in Figure 7A (trace d) suggests some
irreversibledegradation. In the caseof thepolymer-coated
samples, the permanent degradation was small as most
of the dye bleachingwas recoveredas in the case ofPHNS/
Al2O3. This further asserts the protective role of poly-
(styrenesulfonate) in enhancing the photostability of the
dye molecules on the semiconductor surface in degassed
samples.

The air-equilibrated samples exhibited significantly
different behavior toward the bleaching recovery at 500
nm. In the case of PHNS/Al2O3, the recovery of the
bleaching was fast (<1 µs) as the triplet excited state was
deactivatedbyO2. Nopermanent bleachingwas observed
in this case. On the other hand, the PHNS/TiO2 sample
(trace d) exhibited relatively small recovery of bleaching
at 500 nm. The irreversible degradation of PHNS
dominated in this sample. Since the injected electrons
are scavenged by O2, the PHNS+• undergoes irreversible
changes. The charge injection from the excited dye into
TiO2 particles (reaction 4) is the primary photochemical
event leading to the irreversible degradation. The condi-
tions are most suited for the formation of photoproducts.
The polymer-coated samples also show some permanent
bleaching, but to a lesser extent than the one observed in
native TiO2 particles. These results show that in air-
equilibrated samples polymer capping of TiO2 particles
provides onlypartial stability towardphotooxidation.The
polymer chains that surround the TiO2 particles are not
able to break the dye-semiconductor interaction com-
pletely. Any fraction of the dye that is solubilized by the
polymer may thus come in direct contact with the
semiconductor surface. In contrast, amore rigid capping
such as silica (e.g., silica-capped TiO2 particles in paints)
successfully prevents the direct interaction between the
dye molecule and the semiconductor. However, in the
case of polymer-capped TiO2 particles this protection is
partial as some excited dye molecules can still interact
with the semiconductor surface and participate in the
surface-promoted photochemical process.

Conclusions
The dyes adsorbed on TiO2 nanoparticles readily

undergo degradation under visible light irradiation. The
charge injection fromexcited dyes intoTiO2nanoparticles
is theprimaryphotochemicalevent leading to theoxidation
of the dye. By capping the TiO2 nanoparticles with poly-
(styrenesulfonate), it is possible to suppress the charge
injection process and thus improve the photostability of
the dyes. The diffuse reflectance experiments discussed
in this study have enabled us to point out some important
issues that need to be addressed while achieving photo-
stabilization of dyes on semiconductor surfaces.
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Figure 7. The bleaching recovery of PHNS monitored at 500
nm: (A) degassed samples and (B) air-equilibrated samples.
Transient absorption-timeprofiles ofphenosafranin adsorbed
on (a) Al2O3, (b)150 mg of PSS/g of TiO2, (c) 50 mg of PSS/g of
TiO2, and (d) bare TiO2 are compared. (Please note that the
residual bleaching represents the fraction of dye that undergo
permanent degradation.)
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