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Abstract. An intramolecular charge transfer (ICT) molecule, p-N,N-dimethyl-
aminobenzoic acid (DMABA) has been studied in zeolite and colloidal media. The
ratio of ICT to normal emission (ICT/LE) isgreatly enhanced in zeolites compared to
that in polar solvents. ThelCT emission of DMABA was quenched by increasing the
concentration of TiO, colloids, while the normal emission was slightly enhanced.

Upon illumination of the heteropoly acid (HPA) incorporated TiO, colloids,

interfacial electron transfer takes place from the conduction band of TiO,to the
incorporated HPA which is also excited to catalyze the photoreduction of Methyl

Orange. It isfound that the interfacial electron transfer mechanism of HPA/TiO,is
quite anal ogous to the Z-scheme mechanism for plant photosynthetic systems. In
DMABA-adsorbed TiO,/Y-zeolite the ICT/LE ratio of DMABA is quite small

implying that electron transfer takes place from DMABA to the conduction band of
TiO,. Thisresultsin drastic enhancement in the photocatal ytic activity of DMABA-
adsorbed TiO./Y-zeolite compared to free TiO,/Y-zedlite.

Keywords. Semiconductor; photocatalytic; photosensitive molecule; intramolecular
charge transfer; TiO,/Y-zeolite.

1. Introduction

The consumption of energy has grown exponentidly over the last two decades due to
rgpid indudridization and better living dandards throughout the world. Among the
vaious forms of energy avalable on the eath, solar energy has the grestest potentia
because it is avalable in adequate quantity in dmost dl parts of the world. In nature,
solar energy is utilized efficiently by plants through the process of photosynthesis. Many
ressarch groups have tried to mimic this naturd process in their laboratories during the
past decades. One of the approaches in this direction is by employing semiconductors as
the light-harvesting unit. Semiconductors under band-gap excitation produce dectron-
hole (6-h") pairs, which initiste the oxidation and reduction processes of the adsorbed
substrates. Severd meta oxides'™ and chalcogenides® % have been invedtigated for their
photophysica and photocatalytic properties till date. They have been used to study the
redox reactions of subdrates like biologicd molecules'™*? dyes*'* acohols™®® etc.
Colloidd semiconductors have aso been employed for the decompostion of toxic
substances present in wastewater. The photocatalytic degradation of 4-chlorophenol,*’

* For correspondence
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2-chlorophenal 8 1,10-dichlorodecane’® carbaryl®® and insecticides®® have been reported
recently.

Zeolites are crystalline AI-O-Si materials containing pores of molecular dimensions,
interconnected by smaller windows. By using zeolites as hosts it is possible to synthesise
well-defined clusters inside these pores. They have recently been used for the preparation
of semiconductors like CdS*2? and TiO,?* Zeolites possess unique properties like rigidity
and polarity and therefore attract further studies for the clear understanding of the
behaviour of the semiconductor particlesin their cavities. There have been several reports
on the photocatalytic activity of semiconductors entrapped in zeolite cages.>?® Photo-
sensitive molecules like p-N,N-dimethylaminobenzoic acid (DMABA) have attracted
considerable attention due to the formation of an intramolecular charge transfer (ICT)
state which is characterised by a phenomenon of dual fluorescence. In the present paper
the photoinduced intramolecular charge transfer of DMABA in zeolite and colloidal
media has been discussed. The enhanced photocatal ytic efficiency upon additional incor-
poration of photosensitve moleculesin semiconductor based colloidal and zeolite systems
has al so been described.

2. Experimental
2.1 Preparation and spectroscopic characterisation of colloidal samples

Colloidd TiO, was prepared by the method described by Grétzel et al®® One gram of
titanium (1V) tetraisopropoxide was dissolved in 20 ml of 2-propanol. A 10 ml sample of
this solution was slowly dropped into 100 ml of acidified water (pH 1%6). This mixture
was stirred until it was virtualy clear. After vacuum evaporation of the solvent, a
transparent solution of colloida TiO, particles was obtained.

The absorption spectra were measured on a Cary 3E UV-Vis spectrophotometer. A
high-pressure Hg arc lamp in conjunction with a monochromator or 450 W Xe lamp with
cutoff filters (1 3 320nm) were used as the light source. The steady-state fluorescence
spectra were recorded on a scaning SLM AMINCO 4800 spectrofluorometer.  Huore-
sence  lifetimes were meessured by a time-corrdated single photon counting (TCSPC)
method, employing a dud-jet ps dye laser (Coherent; Modd 702) synchronoudy pumped
by a modelocked Ar-ion laser (Coherent; Innova 200). Transent absorption measure-
ments and laser flash photolysis experiments were caried out usng a Q-switched nano-
second Nd: YAG lasr (10Hz, pulse width 7ns) with 355nm exdtdion ligt and a
250 W tunggten lamp as the monitoring light source. The monitoring light was oriented
perpendicularly to the exciting laser beam, passed through a grating monochrometor and
detected with a photomultiplier (Hamamatsu R-928) and a storage oscilloscope (LeCroy
9310A, 400MHZz). The laser flash photolyss with DMABA samples was performed
usng a dye laser (Spectron) synchronoudy pumped by a Q-switched nanosecond
NAdYAG las.

2.2 Preparation and characterisation of zeolite samples

The titanium-exchanged zeolite was prepared by a method of ion exchange of HY zeolite
with an agueous solution of ammonium titanyl oxalate monohydrate, (NH,4),TiO
(C304)2.H20 (from Aldrich). The HY zeolite was synthesized by ion exchanging NaY
zeolite (Si/Al =247, from Aldrich) with 02 M NH4CI. After rinsing the zeolite with
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triply distilled water several times, calcination was carried out at 500°C for 15h. The
temperature of the sample was elevated with a rate of 38 C/min. The amount of the
exchanged titanium cation in the zeolite was calculated by taking the amount of TiO; left
in the supernatant liquid. The ion-exchanged zeolite had 752 Ti species per unit cell. The
TiO,/Y-zeolite was characterised by X-ray diffraction and IR spectroscopic measure-
ments (figure 1). TiO,/Y-zeolite was transferred to a Pyrex cell and activated at 200°C
for 2h under vacuum (10°° Torr). Then it was shaken with a certain volume of solvent
containing the photosensitive molecule for 12-15 h. To remove the solvent the solid was
dried under vacuum for 18 h. The dried solid was transferred to quartz cell under vacuum
for the spectroscopic measurements. The photosensitive molecule adsorbed-TiO,/Y -
zeolite was directly mixed with the aqueous solution of the probe molecule (Methyl
Orange) under argon gas flow. The samples were irradiated in a merry-go-round
equipped with Xe-arc lamp. After a certain period of irradiation, the sample was filtered
with 022 nm PV DF filter to remove the zeolite and its absorption spectra measured.
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Figurel. (a) The X-ray diffraction pattern of TiO,/Y-zeolite, and (b) the IR spectra
of HY and TiO,/Y-zeolite.
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3. Resultsand discussion

3.1 Photoinduced intramolecular chargetransfer of p-N,N-dimethylaminobenzoic  acid
in zeoliteand colloidal media

In cetan molecules like dimethylaminobenzonitrile derivetives, a photoinduced intra-
molecular charge trandfer (ICT) tekes place from the initidly locd excited date (LE)
resulting in the formation of an ICT dae with a large dipole moment. The formation of
the excited ICT dae is characterised by a phenomenon of dud fluorescence exhibiting a
laage Stokes dhifted emisson in addition to the normd emisson from the LE date We
have invedigated the excited date intramolecular charge transfer properties of p-N,N-
dimethylaminobenzoic acid (DMABA) in NaY and HY zeolite by Steady-state and time-
resolved fluorescence® The ratio of the ICT/LE emission is greatly enhanced in zeolites
compared to that in homogeneous polar solvent (ecetonitrile) as shown in figure 2. The
time resolved fluorescence experiments showed that the decay times of ICT emisson are
increesed from 14 to 2 ns with a rise time of about 20 ps. This is in accordance with the
steady-date fluorescence results. The ICT/LE emisson is reduced upon illumination of
DMABA in NaY zeolites, which is attributed to the efficient dectron tranfer from the
excited state of DMABA to the NaY zeolite through hydrogen bonding interaction.

The photoinduced intramolecular charge trandfer in DMABA was ds0 invedtigated in
the pressnce of colloidd TiO,3' The ICT emisson of DMABA was quenched by
increesing the TiO, concentration, while the norma emisson was dightly enhanced. The
fluorescence lifetimes and reative amplitudes of the ICT emisson of DMABA ae little
affected by the addition of colloida TiO,, while those of norma emisson are gresly
changed. An examination of the postion of energy leveds of LE and ICT dates of

Fluorescence Intensity (a.u.)

330 375 420 465 510 555
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Figure2. Fluorescence emission spectraof DMABA in acetonitrile (———) and NaY
zedlite(........ ). The excitation wavelength is 310 nm.
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DMABA and conduction band of TiO, reveds that the ICT date of DMABA is energe-
ticaly lower than the conduction band edge of TiO, wheress the LE date is energetically
higher than it. This indicates that the quenching of ICT emisson by TiO, is not due to
dectron transfer and the quenching is datic in nature. Thus the participation of the ICT
date of DMABA in the dectron transfer can be ruled out. In order to further ducidate the
dectron trandfer process between DMABA and TiO,, ns timeresolved transent absorpt-
ion spectra of DMABA were measured at various concentrations of TiO, in acetonitrile.
For this purpose a dye laser pumped by a Q-switched ns Nd-YAG (10 Hz, pulse width
7ns) was used as the excitation source. The output of the dye laser was frequency
doubled to give a laser pulse of 300nm. These spectra displayed two different pesks at
435 and 500nm. The pesk a 435nm was atributed to the triplet state of DMABA, while
the 500 nm peek originated from the cation radicd of DMABA. The lifetime of the triplet
sate of DMABA was little affected by the presence of TiO, colloids as can be seen in
figure 3 indicaing that the posshility of the participation of the triplet state in the
dectron transfer process can be ruled out. These results support the conclusion that the

i (a)
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Figure 3. (a) The decay profiles of 04 mM DMABA in acetonitrile, and (b) in
acetonitrile containing 4~ 10° M TiO, colloids. (I & = 300 nm.)
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dectron transfer into the TiO, colloids tekes place from the snglet excited date of
adsorbed DMABA.

3.2 Heteropoly acid-incorporated TiO, photocatalytic system

Various research groups have tried to increase the photocatalytic activity of the colloidal
semiconductor system by using coupled semiconductors,* doping with different transit-
ion metal ions® etc. Recently Grétzel et al** have developed the dye-sensitized meso-
porous TiO, solar cells with the highest photon-to-electron conversion quantum yield
(33%). We attempted to incorporate photoreactive heteropoly acid (HPA) such as
HsPW 1,04 into TiO, colloids in aqueous polyvinyl alcohol (PVA), 04% solution.®®
Upon illumination of the HPA/TIO, system with near UV light (300-375nm), the
interfacial electron transfer takes place from the conduction band of TiO, to the
incorporated HPA. The nanosecond laser flash photolysis of deaerated TiO, solution in
the presence of PVA showed a transient trapped conduction electron (120 ng) at 600 nm
as observed by Bahnemann e al,* while in the presence of HPA it is quenched by
generating a longer lived transient with maximum absorption around 450 nm (~40 ms)
instead of the trapped electron (figure 4). The extent of the photoreduction of the HPA
adsorbed on TiO, particles depends on the concentration ratio of the HPA and TiO,
colloids, irradiation wavelength and intensity of radiation. The enhancement results can
be best explained if one were to assume that the electron transfer proceeds via two
photochemical reactions as the ‘Z-scheme’ mechanism for the plant photosynthetic
system shown in (@) of scheme 1. In scheme 1, (b) shows how the electron transfer in
HPA/TiO, system proceeds via two photochemical reactions pathway. The near-UV

—~ ——Ti0, + HPA

s1@ TiO,
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Figure 4. (a) Transient absorption spectra of 5° 103 M HPA with colloidal TiO,
(59d/l) in 04% PVA agueous solution; time profiles of the absorption at 450 (b)
and 600 nm (c).



599

New photocatalytic systens

@

_>£

VdH i

auizepAH
A‘ fdH \_, »

aBueip Wby

«HdH ~

1
1
HET hueny aasin BN
3 " A%
! /
1

*JOUOP U0J1399 Ue Se W Ad %<0 JO 80ussaid ay) Ui spio]|0d 2011 /VdH Jo
LonounfoseIRY SU) e IBJSU..) U0JI P PeINpUIoloud (q) ‘siteld UeelB ulsisayluAsoloud (8 weibeip ABleug T aweyds

‘o1l

~>£

a0

{®)
T
%%§ i
cmwﬁ_ _.?_.-
KL/
%5
n_E oy
'q + dav 4940
‘mpmmm_éﬁ_\,\l
v \ +dawN
P q WO p4
div J /onv \<
'q+ n_a<



600 Minjoong Yoon and Devendra P SNegi

illumination of HPA/TiO; in the presence of PV A results in the charge separation in TiO,
as well as the excitation of HPA. Thus the formation of heteropoly blue (HPB) occurs by
direct electron transfer from the TiO, conduction band to the ground state of HPA aswell
as by photoreduction through the excited state of HPA. The catalytic activity of the HPA/
TiO, colloids was assessed by carrying out the photoreduction of Methyl Orange in
agueous medium. When anaerobic aqueous solutions of Methyl Orange (5° 107° M) in
the presence of naked HPA, TiO, or HPA/TiO, colloids were illuminated with near-UV
radiation (cutoff 3 320 nm), the visible absorption band of Methyl Orange at 502 nm
started to disappear without a wavelength shift while no bleaching was observed in the
absence of the colloid or HPA. Figure 5 shows the comparison of the photoreduction rate
of Methyl Orange in the three cases. From this data, the catalytic activity of HPA/TiO,
colloids (100% bleaching within 20 min) is tremendously increased as compared to that
of naked TiO, or HPA itself (only 60% bleaching within 60 min). On the basis of the
above results and using the following expression for quantum efficiency (f),

f = no. of photoreduced methyl orange molecules/no. of absorbed photons,

the photon-to-electron conversion yield in the presence of HPA/TiO, was amost 34%
with 320 nm monochromatic light. This yield is higher than that reported by Gréatzel &
a**. Furthermore, it was found that upon additional illumination with visible light (400~
600 nm), the photocatalytic reduction of methyl orange was much faster as compared to
the results obtained by near-UV light only (320-390 nm). This is consistent with the two
photochemical pathways shown in scheme 1.

3.3 Photosendtive molecule incorporated TiO,/Y-zeolite photocatalytic system

We incorporated an ICT molecule p-N,N-dimethylaminobenzoic acid (DMABA) in the
TiO,/Y-zeolite framework.>® The fluorescence spectrum of DMABA in TiO,/Y-zeolite
exhibited dual emission bands. However the ratio of ICT emission to the local emission
(ICT/LE) was quite small as compared to that of DMABA in polar zeolite cavity® or
SO, colloidal solution.®” This implies that there is a certain photochemical interaction
between DMABA and TiO,/Y-zeolite. The photochemical interaction should be an
electron transfer from DMABA to the conduction band of TiO, attached inside the nano-
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Figure5. Photoreduction of Methyl Orange in the presence of HPA, naked TiO,, or
HPA/TIO, in 04% PVA agueous solutions as a function of irradiation time by Xe
lamp (I 3 320 nm). [TiO,] =5" 10°M, [HPA] =5  10°M.
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Methyl Orange

Hydrazine

Y Zeolite

Scheme 2. Schematic diagram showing the reduction of Methyl Orange by
DMABA adsorbed TiO,/Y-zeolite.

pore frame of the zeolite. The photoinduced electron transfer from the locally excited
singlet state of DMABA to the conduction band of TiO, has been observed earlier in the
DMABA-adsorbed TiO, colloidal system.* This could result in the enhancement of
electron transfer efficiency to the frame of TiO,/Y-zeolite and the electron should be sub-
sequently accessible for the reduction of a substrate outside the zeolite framework. In
order to test the above speculation the photoreduction of Methyl Orange (5 107° M) was
tried using DMABA-adsorbed TiO,/Y-zeolite as the photocatalyst with light of I3
320nm. The photocatalytic activity of DMABA-adsorbed TiO,/Y-zeolite was found to
be six times higher than that of free TiO,/Y-zeolite. The reduction of Methyl Orange is
shown in scheme 2. The quantum efficiency of the photocatalytic reduction of Methyl
Orange was about 34% with 320 nm light. This is same as that obtained with colloidal
HPA/TiO, system. Similar experiments with Nile Red-adsorbed TiO,/Y-zeolite showed
the photocatalytic activity of about eight times higher than free TiO,/Y-zeolite®® This
indicates that Nile Red-adsorbed TiO,/Y-zeolite is even more efficient than the DMABA-
adsorbed TiO,/Y -zeolite system.

Incorporation of heteropoly acid (HPA) in the TiO,/Y-zeolite pores has been carried
out in our laboratory and the photocatalytic efficiency of this new catalyst is currently
under investigation. We anticipate that this photocatalytic system will be highly efficient
for both water purification and recovery capability. We aso plan to use MCM-41 mole-
cular sieves as support for photocatalytic systems. These materials have hexagonal
channels of size tunable between 15 to 100 A Thus they can be used to trap bulky mole-
cules which cannot be encapsulated in zeolite cavities. The determination of the photo-
catalytic activity of DMABA adsorbed colloida TiO; isaso under consideration.

4. Conclusions

The intensity ratio of ICT emisson to norma emisson of DMABA is dependent on the
nature of chemicd environment. In the HPA incorporated TiO, colloidd system an inter-
facid dectron transfer occurs from the conduction band of TiO, to the HPA upon illumi-
nation by near-UV light. The photonto-dectron converson efficiency of HPA/TIO,
system is 34%. The Nile Red-incorporated TiO./Y-zedlite is more efficient than
DMABA-adsorbed TiO,/Y-zeolite. Such photocatalytic systems would be useful for the
detoxification of water usng the ultraviolet and visible portions of the sunlight. The
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photolysis of water to produce hydrogen by employing such systems can dso help to
solve our future energy problems. Further research is underway to develop more efficient
photocatalytic systems.
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