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Novel heterogeneous photocatalysts were developed which are able to transfer electrons from excited Ru(ll)
donors within the zeolite framework to Co(lll) acceptor complexes in the exterior. The materials were prepared
and characterized by elemental analysis, electrochemical methods, diffuse reflectance, and raster and
transmission electron microscopy. The catalysts consist of zeolite Y-encapsulated Bu(bmy = 2,2-
bipyridine) sensitizers in close proximity to Tianoparticles on the same support. The photophysical
properties of Ru(bpy}+ within the zeolite supercages were investigated at different loadings of Re{bpy)

and TiQ. The photoexcited MLCT state of the zeolite-entrapped Ru@@pygacts via electron transfer with
Co(dppheng* (dpphen= 4,7-diphenyl-1,10-phenanthroline) in the exterior of the zeolite particles. The relative
guenching of Ru(bpyj" by external Co(dpphes?) increases as the Ti@ontent within the zeolite is increased,
where electron transfer from Ru(bg¥) complexes within the interior of the zeolite are able to transfer
electrons to Co(dpphesiy. This observation indicates that electrons can be transported from the interior of
the zeolite to the surface in the presence of an appropriate electron relay, such, aafidparticles.

Introduction is required for directed electron transfer and enhanced charge
separation within the zeolit®. Until now, such an effective
electron-transfer relay was missing in zeolite photocatalysis, and

. . herefore, th ibl lications of liti m r
of profound importance at the present tifné. Thermal therefore, the possible applications of zeolitic systems were

. ; : . limited.
catalysts have been intensely investigated for this purpose; | ” . he liaht h . d iall
however, the reaction rates of such systems are slow compared n an eflort to improve the light harvesting and especially

to those possible with photoactivation. An advantage of photo- the ﬁlegtro;-trarljsfe; SfflClgncy of zeﬁllte-phcl;tpcatﬁlysts, we
catalysts is their reactivity at various temperatures, including SYNthesized zeolite Y-based systems that combine the sensitizer

25 °C, whereas thermal catalysts typically require high tem- properties of Ru(bpy}™ with the electron conducting properties

peratures for operatiotf In addition, light-activated catalysts of TiO nanocr_ystals. _The present W.Ork describes _the synthesis
can be easily turned “on” or “off’ in the presence or absence of these materials, their characterization, and experiments toward

of a photon source, respectively. The most efficient hetero- the elucidation of their electron-transfer properties. In this
geneous photocatalysts to date consist of doped, Tiich design, it is expected that the TiGanocrystals within the
requires ultraviolet light as an excitation souféore efficient zeolite framework will aid in the transport of electrons via their

. : , .
photocatalysts that operate with visible light are necessary to conduction banéd: Furthermore, nearby Tiknanoparticles can
improve cost efficiency, to utilize solar energy, and to avoid educé photogenerated Ru(lll) complexes, thus providing a
the formation of highly toxic side products, such as dioxins, closed Ré"" redox cycle regenerating the photoactive Ru(ll)

dibenzofurans, and polychlorinated hydrocarbbma complex. On the basis of the observed electron transfer
Great attention has been given recently to the synthesis angProperties, we present a novel *Advanced Oxidation Process

characterization of zeolite-based catalysts for various applica- (AQP)’ \_/vhere these materials are able to use ultraviolet a_nd
tions®-12 The doping of zeolite Y with Ru(bpy3* (bpy = 2,2- visible light energy for photoenhanced electron transfer in

bipyridine) was initially reported in 1980 by DeWilde, Peeters, gquelous medlafl.hAnhluItlrfrrl_at.e fu;]ure goal of this k\‘Nork IS Ithe
and Lunsford?® followed by extensive investigation of their evelopment of highly efficient heterogeneous photocatalysts
physical and photophysical propertiés?’ In general, the light- for the decomposition of xenobiotics.

harvesting efficiency of zeolite-based photocatalysts containing

Ru(bpy)?* or related compounds as photosensitizers is found Experimental Section

to be low if there are no electron relays embedded in their
structural framework4~1° The presence of such electron relays
is necessary since each Ru(ll) complex is confined to a
supercage. Therefore, an effective electron transport medium

The need to remove highly toxic compounds from potential
sources of drinking water with efficient catalytic materials is

General Procedures. All reagents and solvents used
were of the highest purity available and were purchased from
Aldrich and Fluka. HO possessed tridest. quality (UHQ-II).
Co(dpheng* (dpphen= 4,7-diphenyl-1,10-phenanthroline) was
* To whom correspondence should be addressed. prepared by a procedure previously repO&%Hrray.pOWder
t University of Karlsruhe, Engler-Bunte-Institute. diffractograms were recorded at the Institute for Mineralogy at
* Ohio State University. the University of Karlsruhe (Prof. E. Althaus). Raster electron
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microscopy was performed in the laboratories for electron  Ru(bpy}?**t-Doped Zeolite YSlurries of Ru(NH)e—n—m(H20)r-
microscopy at the University of Karlsruhe (Prof. D. Gerthsen). (AIO™),2™™ (10.0 g) and 2,2bipyridine (0.60 g, 3.84 mmol)
For quantitative HPLC analysis, an HP Series Il 1090 Liquid were refluxed fo 3 h in amixture of ethylene glycol (150 mL),
Chromatograph, equipped with a diode array detector and aDMSO (1 mL), and HO (1 mL). During the first hour, Nk{(g)
LiChrospher-100 RP 18 column and precolumn, was used, was released from the boiling mixture. After cooling to room
where the mobile phase was 0.10 MK{&)sN/HsPO, (pH 7.0) temperature, the orange-red solid was collected through filtra-
and acetonitrile (65:35 v/v). TOC was measured by means of tion, washed twice with MeOH (250 mL), and then washed with
an Dohrmann DC-190 analyzer. We thank FISONS for elemen- 500 mL of a 2.0 M NaSQ, solution. The solid product was
tary analysis (ICP/MS). finally washed twice with HO (250 mL), and the powder was
The program “IMAGE” was utilized (developed by the then dried over fOs under high vacuum<10-7 Pa) for 48 h.
National Institute of Health, USA) for the analysis of the results Depending upon the quality of the filters used, the yields ranged
of the raster electron microscopy. The program is able to identify from 90% to 95%.
and count particles of different size (TiGurface nanoparticles The content of Ru(bpy}* within zeolite Y was determined
and zeolite Y particles). Several in-house macros were written, py hydrolysis and HPLC analysis. The first hydrolysis procedure
which identified the size distribution of the TiQarticles. Using  \yas adapted from that reported by Calzaferri and co-workers,
the size, the number per zeolite Y particle, and the averageyhere 25 mg of the Ru(bpy)--doped zeolite Y material was
density of the TiQ particles @ ~ 4.2 g cm®),2* we were able  gfirred in 1 mL of 10% HF aqueous solution in the dark for 1
to estimate their amount on the surface of the zeolite. h.25 After addition of 10 mL HO, the pH was adjusted to 7.0
All electrochemical experiments were performed using a with 4 M NaOH. The total volume of the solution was 20 mL
computer controlled EG&G Princeton Applied Research po- after further dilution with HO. The second hydrolysis procedure
tentiostat/Galvanostat (MOde| 263A) and the EG&G M270 consisted of the addition of 1 mL of Concentrateéﬁ& (100%)
software. Ru(bpyCl/Ru(bpy)(ClOs). was used as an elec-  to 25 mg of the Ru(bpy§™-doped zeolite Y materials and
trochemical standar#.Cyclic voltammograms and differential stirring in the dark for 24 h, followed by neutralization to pH
pulse voltamograms (DPV, 50 mV pulse height) of the standard 7 o and dilution to a total volume of 20 mL. The solutions were
complex were taken using a glassy carbpn working electrode fjjtered using 0.22«tm nylon filters (Roth) and injected into the
versus SSCE reference electrode (sodium saturted calomelypc. The typical retention time of Ru(bpg} was 4.11+
electrode) and a platinum sheet auxiliary electrode. For the g oo min, with a flow of 1.0 mL/min. Commercially available
measurements of the redox potentials of the Ru@@p§0iO,- Ru(bpy}Cl, (Aldrich) was used for calibration.
codoped zeolites, a working electrode was constructed from a Four other reaction products were found: Ru(Bf30)2*
mixture of 200 mg of caybon paste (Mgtrohm) and 100 mg of (RT = 6.12-+ 0.02 min), Ru(bpyXNH2)2" (R.T A 0204
doped or codoped zeolite powder. This mixture was pressedmin)’ and two unidentified products (RE 7.02+ 0.05 min,

of this working electiod Into 0.50 N N&G in water, e RT = 7.33: 0.06 min) featuring UV-vis absorption spectra
measurements were recorded (without ohmic drop correction).SImIIar to tgose of the |der;2f|ed b_|s-b|pyr|d|ne ruthenium(ll)
In control experiments, electrochemical signals due to the COMPlexes? Ru(bpyy(H:0)*" was independently prepared by
undoped zeolite Y composite electrode were identified (see €ating Ru(bpy)Cl, with silver trifluoroacetic acid in DMF,
and Ru(bpy)NH3),2" was synthesized by refluxing Ru(bpg)>

Supporting Information, Figures S54). ¢ 4 NHH-O for 6 h. Both | fied
Steady-state and time-resolved fluorescence measurements’ concentrated NiHO for 6 h. Both complexes were purifie

were performed using an Edinburgh Analytical Instruments usm? d.escg?(c)i:_r:g columln chtrogw?rt]ograpr;y on Sephagex Gt-25
(EAI—-FS/FL900) single-photon-counting instrument, which is employing as an eluent. both complexes were character-

able to fit lifetimes in the range of 500 ps to 5@8. For these ized after drying over 05 under high vacuum for 24 h by

. ; : their typical UV—vis absorption spectra and their correct
experiments, 10 mg of the zeolite samples was predried for 12
h at 100°C, and then 3.0 mL bD was added prior to each elemental (C, H, N) analyses. Note that Ru(bffyHs)(H20)*"

measurement. For the quenching experiments, a Co(dpghen) (RT = 6.23+ 2;02_ min), which was synthesized by treating
stock solution was prepared in EtOH (0.1 mM) and added RU(PPYX(H20)*" with 1.0 M NHy/H.O for 18 h, was not found
stepwise to the zeolite suspension containing the encapsulate@MOng the identified reaction products.
luminescent *Ru(bpyft complex. Control experiments show Ru(bpy)?*/TiO-Codoped Zeolite YSlurries of Ru(bpyy*-
that mixtures of various solvents with water, including ethanol, doped zeolite Y materials (10.0 g) in ethylene glycol (250 mL)
did not result in emission quenching of the Ru(bkgy) were purged with argon fdl h at—60 °C. Varying amounts of
encapsulated within the zeolite. solid TiCl; were added in small portions to the mixture being
Synthesis of Zeolite-Entrapped Materials RU(NH)6_n_r- actively stirred (vigorous reaction!). After warming to room
(H20)n(AIO™)]2-™-Doped Zeolite YA slurry of RuCk-H,0 temperature, the reddish suspension was stirred for 12 h. The
(0.270-1.250 g, 1.1985.54 mmol) in NH/H,0 (=35% NHs reaction mixture was then opened to air and was stirred
per weight, 200 mL) was refluxed for 1 h. After cooling to room continuously for another 12 h. A saturated NaHCflution
temperature, sodium-exchanged zeolite Y (Aldrich, 10.0 g, (150 mL) was added dropwise at°C, and after all the C©
preheated at 200C for 2 h) was added in small portions. Wwas released at that temperature, the reaction mixture was
Concentrated NEI(300 mL) was then added dropwise, and the refluxed for 3 h. The red reaction product was filtered off and
reaction mixture was refluxed again for 2 h. After cooling to was subjected to three subsequent dispersion/filtration cycles
room temperature, the white solid (with a pinkish cast) was employing BO (250 mL). Finally, the zeolite powder was
filtered off and washed twice with #D (250 mL). Finally, the heated fo 1 h at 200°C in an air atmosphere and was then
zeolite powder was dried ovep®s under high vacuum<10-7 stored over FOs under high vacuum<10-7 Pa). Depending
Pa) for 48 h. Depending upon the quality of the filter used, the on the quality of the filters used, the yields ranged from 80%
yields (calculated on the basis of zeolite employed) ranged from to 92%. TiQ-doped zeolite Y was synthesized using the same
95% to 98%. experimental procedure starting with TiGInd zeolite Y.
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Results and Discussion

Synthesis of the Ru(bpy)*"-Containing Zeolite Y.
Ru(bpy)*"-Doped Zeolite YZeolite Y belongs to the faujasite
family and is composed of tetrahedral Si@hd AlO,~ building
blocks which form six-membered rings. The combination of

four- and six-membered rings leads to the formation of large

cavities, the -cages. Zeolite Y, with chemical formula
HsoodNaseAl 56511360634 CONtains eight large cavities per unit
cell 2’ These supercages with diametet.30 nm are connected
to each other by tunnels or “windows” of widest diametér.74
nm. The ratio of cavities to windows in the interior of zeolite
Y is 1:3.

Since Ru(bpy¥" has a diameter of 1.08 nffijts synthesis

must be performed using a “ship in a bottle” technique, where

the supercages of the zeolite Y are doped with*'Rand
subsequently the ligand 2;Bipyridine is added through the
windows of the zeolite structure. The RUNa" ion exchange
was performed in NgIH,O (30% per weight}? using RuC}

as the ruthenium source. Refluxing in MH2O results in a
change in color from black to reddish-pink, which is indicative
of the reduction of Ru(lll) to Ru(Il}#2 During this reaction,
the Ru(ll) complexes Ru(Ns—n-m(H20)(AIO) 2™ are
formed and are stabilized by the AtQyroups of the zeolite,

which serve as the starting material for ligand exchange reactions

with 2,2-bipyridine. Whereas previous procedures for the
synthesis of Ru(bpyj" within the zeolite cavities attempted to
optimize the reaction by variation in temperatfirge dispersed
the zeolite Y particles in appropriate solvents, allowing definition

of the precise reaction temperature by their boiling temperatures

Bossmann et al.

SCHEME 1: Synthesis of the Ru(bpy)?*/TiO -Codoped
Zeolite Y-Based Photocatalysts

NHyH,0

RuCly I ol [Ru(NH3)s]**
T~
[Ru(NHg)g]2* zeolite Y ( [Ru(NHg)e2*

TiOy - (nano)particles

under normal pressure. This experimental procedure also results

in the best reproducibility and provides increased solubility of
the ligand, thus permitting its equal distribution among the
zeolite particles. In refluxing, ethanol (bp 78 °C) Ru(NHs)2-
(bpy)?t is formed, whereas in boiling, ethylene glycol (p
196 °C) Ru(bpy}?" is prepared with very good vyields (80
95%). For technical reasons (filtration, recycling of the photo-
catalysts) relatively large zeolite particles were employed with
an average diameter of 10 10°® m and an average number
of cavities per particle of 5 2 x 1P,

TiO, Nanoparticles in Ru(bpyj-Doped Zeolite Y.The
procedure for the synthesis of Ti@anoparticles within zeolites

cavity. Therefore, no X-ray pattern arising from encapsulated
Ru(bpy}?" was observed. The powder diffraction data is not
consistent with the presence of any crystalline Fitberefore,

we conclude that amorphous Ti@hano)particles are formed
inside and/or on the outside of the zeolite particles.

HPLC Analysis of Ru(bpy)" Formed Within the Zeolite.
Upon dissolving the zeolite Y matrix in 10% HF as described
by Calzaferri and co-worke?s or in concentrated SO,
followed by neutralization with aqueous NaOH, HPLC analysis
of the released complexes was made. Quantitative HPLC
showed that between 100% (low Ru(ll) content) anfi5%

consists of several steps shown in Scheme 1. The initial cation (highest Ru(Il) content) encapsulated Ru(kpy)was formed

exchange process is conducted with Eig3 the titanium source
and ethylene glycol as the solveitAn argon atmosphere is
imperative because of the risk of explosion if only traces of
oxygen are present! The hydrolysis of the titanium(lll) chloride
on the zeolite particles was carried out-&i to 0°C, followed
by the oxidation of the Ti(lll)/Ti(IV) clusters with air and
treatment at high temperature (180) to obtain well-defined
Ti(IV) nanoparticles.

Characterization of the Ru(bpy)s>"/TiO ,-Codoped Zeolite
Y Materials. X-Ray Powder DiffractionThe novel Ru(bpy#t/

during the synthesis. The presence of Ru(bPyyas confirmed

by comparison of the retention time of the released complex to
that of commercially available Ru(bpgl, (Aldrich). The use

of concentrated k8O, led to slightly higher released Ru(bg¥)
than when employing HF. The amount of Ru(bgy)formed
during synthesis inside the zeolite cavities was remarkably
higher than previously report&d(Table 1 and Figure S1). In
employing ethylene glycol as solvent for 2[#pyridine and
also for the dispersion of the zeolite Y particles and in employing
the DMSO-catalyzed reaction of the ligand with the Ru(ll)

TiO,-codoped zeolite photocatalysts were characterized by X-ray precursor complexe®, we achieved a more homogeneous

powder diffraction. All spectra obtained were consistent with
literature reports on zeolite $.No experimental evidence of
the X-ray pattern for crystalline Ru(N§#>", Ru(bpy}?*, or
crystalline TiQ embedded in the zeolite Y structure is avail-
able3! From the X-ray powder diffraction pattern, it may be
concluded that neither the incorporation of Ru(lgy)nor the
subsequent incorporation of Ti@hanges the framework of the
host (zeolite Y) significantly. The cavity of zeolite Y is
considerably largerd = 1.38 nm) than the diameter of
Ru(bpy}?" (d = 1.08 nm), thus permitting many locations and
orientations of the ruthenium complex within the zeolite Y

reaction system than that using the classic powder procedure
previously described. Our interpretation is supported by the
experimental observation by Calzaferri and co-workers, where
repeating the conventional synthetic (powder) procedure for a
second time led to the enhanced formation of the tris-homoleptic
sensitizer> Furthermore, no evidence for the presence of Ru(lll)
complexes was fountf.

Raster Electron Microscopyhe structures of the Ru(bp§}-
doped zeolite Y and Ru(bpy)/TiO,-codoped photocatalysts
were investigated using raster electron microsctpihe six
images presented in Figure 1 are typical for all zeolite Y-based



Ru(bpy)?™/TiO,-Codoped Zeolites

TABLE 1: Emission Lifetime(s) of Ru(bpy)s?* in Zeolite Y
Under Various Loadings of Ru(ll) Complex and TiO,

% Ru(bpy)?* ec % TiOz2 Ti/ns Ad /ns B
6+0.3 0 412 96 54 4
12.5+ 0.2 0 369 98 52 2
18+ 0.2 0 283 87 60 12
235+ 04 0 141 70 40 30
6+0.3 9.5+ 0.5 137 68 37 32
11+ 04 9.5+ 0.5 456 95 59 5
175+ 0.3 9.5+ 0.5 385 93 60 7
22+ 0.5 9.5+ 0.5 278 97 67 3
23+ 0.5 12+ 0.5 253 91 64 9
23+ 0.5 15+ 0.5 231 88 61 12
23+ 0.5 17+ 0.5 228 81 59 19
23+ 0.5 19+ 0.5 224 80 62 20
23+ 0.5 22+ 0.5 248 78 63 22
23+ 0.5 244+ 0.5 219 75 57 25
23+ 0.5 27+ 0.5 205 100
23+ 0.5 29+ 0.5 217 100
23+05 31.5£ 05 227 100
23+ 0.5 34.5+ 0.5 266 100
22+05 37+ 0.5 274 100

aEach data point results from three individual measurements
b Percent by weightt 25.1% loading represents one Ru(lpyromplex
in each supercagé Decays fit to P\ exp(—t/t1) + B exp(—t/z,)]; the
experimental error in the photophysical measurementsti8 rel. %.

photocatalysts synthesized in this work and exhibit a smooth
surface of the heterogeneous Ru(lpiidoped zeolite Y, which

is covered with a increasing density of Ti@anoparticles with
increasing TiQ content. It is clear from the image that the
structure of zeolite Y has not significantly changed during the
doping with Ru(bpy¥". However, upon treatment of the
Ru(bpy)}?™-doped zeolite Y with TiG), the surface of the
photocatalysts undergoes a remarkable change. After thg TiO
doping procedure, nanoscopic LiParticles are present at the

surface. Their average diameter was determined to be in the

1x—5 x 10° m range. A computer assisted analysis of the
images using the program IMAGE led to the estimation that
approximately 20% of the Tig@is located at the surface of the
particles; therefore, 80% of the Tids embedded within the
zeolite framework. According to the geometric features of zeolite
Y and to the experimental fact that most of the cavities are filled
with one Ru(bpy¥*, we conclude that a significant fraction of
the TiO, particles within the zeolite are located inside the
zeolites’ superstructure. However, this finding does not imply
a distinct location of TiQinside the Ru(bpyf*-doped zeolite
Y, which is deposited during synthesis most likely at all
accessible locations.

Transmission Electron MicroscopYhe samples for the TEM
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consistent with those reported by others using conventional
electrodeg® As shown in Table 2, when the complex is
entrapped within the zeolite structure, there is a slight shift in
the oxidation potential to 1.2A/ versus SHE in the absence
of TiO,. Note that the electron transfer within the fully loaded
zeolite Y is reversible. This finding is not consistent with the
previously reported stabilization of the oxidized form of the
complex, Ru(bpyg*, by the zeolite superstructu¥eThis effect

is well established® resulting in cathodic shifts of the redox
potentials of many zeolite-encapsulated metal complék&s.
However, our preparation methods of Ru(kgy)doped and
especially of our novel Ru(bpy)™/ TiO,-codoped zeolite Y
materials are distinctly different from the previously reported
procedures and lead to significantly higher Ru(pyontents

as well a higher purity of Ru(bpyd" inside the zeolite Y
supercage.

An explanation for the reversible electron transfer of
Ru(bpy}?" at high loadings in the presence as well as the
absence Ti@within the zeolites framework is the supramo-
lecular interaction of Ru(ll) complexes occupying neighboring
supercages. This finding is consistent with the theory developed
by Dutta and Kincaid, which postulates a supramolecular
interaction of Ru(bpy"™ complexes occupying neighboring
supercage®’ In several examples of strongly coupled metal
metal systems, an anodic shift of the oxidation potentials is
indeed observed relative to the monomeric analogues, usually
accompanied by an intervalence absorption band in the near-
IR.#1=44 This behavior could be explained by the interaction of
coupled redox centers which lead to the broadening of the
electrochemical waves and, therefore, to a shift of the corre-
sponding redox potentiafs.

The doping procedure of the zeolites with titanium dioxide
using TiCk as titanium source, leads to an excess of protons in
the interior of the zeolite’s framework. Upon immersion igH
a fraction of these protons generated during JT&ynthesis
remain within the zeolite Y framework, most likely adsorbed
onto the surface of the Tinanoparticles.

The electrochemical redox potentials measured by differential
pulse voltammetry (DPV) are summarized in Table 2. Only
redox potentials obtained for the first scan in the anodic direction
of each electrochemical experiments are reported. However,
when the DPV experiments are repeated several times, a
systematic shift of the Ru(bpy®™3* redox potentials at high
Ru(bpy)?™3* loadings occurred. At the same time, the mag-
nitudes of the electrochemical signals are diminishing consecu-
tively. At a redox potential of approximately 1.24 V, the
investigated sample, which was highly loaded with 7{®7 +

measurement were prepared by embedding the particles in0-5%), was reduced to 50% of its original peak height.

PMMA/C and cutting slices with a width o100 nm. These
slices were then probed by TEM, showing black spots only
where TiQ completely blocks the electron beam from the
detector. A typical TEM image is shown in Figure 2. Although
the resolution of the image is not optimal due to the intrinsic
optical resolution of the instrument, we are able to conclude
that TiO, nanoparticles possessing diameter$.5 nm are
symmetrically distributed within the zeolite’s structure. Unfor-

Thus, we interpret our results as follows: In the beginning
of the DPV experiments, residual traces of protons are present
within the zeolite Y frameworks. Therefore, the typical cathodic
shifts of the Ru(bpyf" redox potentials were not detected
during the first DPV scans if Ti@was present. The following
systematic cathodic shifts down to 1.24 V (and even further)
can be interpreted by the loss of intrazeolite protons due to the
leaching process into the bulk electrolyte. Finally, the proton

tunately, this method does not provide a quantitative measureconcentration inside the codoped zeolite Y becames too low to

of the TiO, content as a function of its location within the
zeolite. However, these results show conclusively that, T$O

distributed throughout the doped zeolite Y particles investigated.

Electrochemical and Photophysical Measurementslec-
trochemistry. The oxidation potential of the chloride salt of
Ru(bpy)?", dissolved in 0.5 M Nz5Oy, was measured to be

mediate extrazeolite electron-transfer processes. Consequently,
the electrochemical waves of the Ru(bgy#** redox systems
converge to zero. This behavior is consistent with the work
reported by Ganesan and Ramdfayyho also found that the
zeolite Y framework does not support electron-transfer processes
between Ru(bpyj™ metal complexes synthesized in its interior

1.26; V versus SHE at a carbon paste/Au grid electrode, a value if the zeolite is immersed into aqueous 0.1 M,N&,. However,
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Figure 1. REM characterization of the novel materials. Two images possessing enlargement factors of 40 000 and 100 000 are shown: (a) zeolite

Y (Ru(bpy)?" (23 £ 0.5%), TiQ (15 &+ 0.5%), (b) zeolite Y (Ru(bpyj" (23 £ 0.5%), TiQ (22 &+ 0.5%)), and (c) Zeolite Y(Ru(bpy)" (23 +

0.5%), TiO, (27 + 0.5%)).

Figure 2. TEM characterization of a slice (thickness100 nm) cut

from a particle of Zeolite Y (Ru(bpy}™ (23 £ 0.5%)), TiQ, (27 &+
0.5%)) embedded in PMMA/ graphite.

&

TABLE 2: Observed Redox Potentials (DPV experiments) of
the Ru(Ill/Il) Redox Couple of Ru(bpy) 3?* in Zeolite Y
Under Various Loadings of Ru(ll) Complex and TiO,

peak width peak

% % at 50% peak current
Ru(bpy)?+ @b TiO2 E%pe+/VE  height (mV)  (uA)
235+ 04 0 1.276 185 —1290
11+04 9.5+ 0.5 1.313 180 —280
22+ 0.5 9.5+ 0.5 1.327 153 —-311
22+05 37+ 05 1.283 162 —1390
Ru(bpy)}?* at / 1.265 105 —305

C/Au-grid

apercent by weight? 25.1% loading represents one Ru(kgy)
complex in each supercageversus SHE? Reversible electron transfer
observed? Virtually irreversible electron transfer observed in cathodic
scan direction (DPV)f; = 2.54 x 107* M.

if protons were provided by employing 0.05 M8, as the
electrolyte solution, intense extrazeolite electron transfer be-
tween Ru(bpy¥+ was observed.

Electronic Absorption and Emissiomhe diffuse reflectance
spectra of zeolite Y prior to reaction, Ru(bg3/)-doped, and
Ru(bpy)}?™/TiO,-codoped zeolite Y are shown in Figure 4. As
expected, no absorption in the 350 nm to 800 nm region is
observed in the absence of metal complex and, TiEgure 4).

The characteristic MLCT absorption of Ru(bg?) from 400

to 500 nm is observed in the Ru(bp¥)-doped zeolite samples
(Figure 4), with a maximum at 460 nm. This MLCT ab-
sorption maximum is red-shifted by 8 nm from that of
Ru(bpy}?" in water, consistent with the shift in redox potential
of the Ru(Ill/1l) couple within the zeolité**47It should be noted
that the absorption spectra of the Ru(kpyjdoped zeolites
prepared by the method described here exhibit lower absorption
at 530 nm, which corresponds to Ru(bg¥l, when compared

to spectra of samples prepared by the dry meffiod.

It can be seen in Figure 4 that in the codoped Ru(#py)
TiO, samples the absorption extends into the near-IR, Since
TiO; itself does not absorb in the visible or near-IR regions of
the spectrum, it may be concluded that there must be some
interaction between the Ru(bpy) complexes encapsulated
within the supercages and the Ti@anoparticles located at the
windows. Additional evidence of this interaction stems from
the red shift of the absorption maximum of Ru(bgy)to 478
nm and the increased absorption of the Ru(pyJiO, systems
throughout the 356800 nm range relative to that in the absence
of Ti02.25

Although direct comparisons between the absorption and
electrochemical results are desirable, the diffuse reflectance
experiments only have a penetration depth~df0 um (from
photoacoustic measurement$)n addition, we believe that the
concentration of TiQis greater near the surface than deeper
within the zeolite particles, which are rectangular boxes with
approximate dimensions of 1.0 0.5 x 0.5 um?.

The steady-state luminescence of Ru(kpyHoped zeolite
samples is also red-shiftedsf, ~ 630 nm) compared to that of
the complex in solution/gm ~ 610 nm). This behavior is in
agreement with earlier finding§. The emission maximum
further shifts to 645 nm in the Ru(bpy)/TiO,-codoped
systems, consistent with a Ru(bg¥/)—TiO, interaction. Owing
to the limited light penetration and Tig@oncentration gradient
within the zeolite, quantitative comparisons are not possible.

Emission LifetimesThe lifetimes of Ru(bpyf™doped zeolite
Y differ both with Ru(bpy}?™ loading and TiQ content. The
lifetimes and preexponential factors of various Ru(bpy)
zeolite samples fit to a biexponential decay are listed in Table
1. The lifetimes and their corresponding contribution to the
emission in the absence of TiGhow a decrease of the lifetime
of the long-lived component and its relative intensity as
Ru(bpy}?*" loading increases. The biexponential decay of
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Figure 3. Overlay of differential pulse voltammograms (DP¥50 mV pulse height, 10 mV-$ scan rate). The measurements were recorded
immediately after immersion of the working electrode into 0.50 M34@, in water. The numbers of the showed runs are indicated in the figures.
(A) DPV measurements; first scans in the anodic direction of each electrochemical experiments are reported. (a) Zeolite Y cortaiditg23
(weight percent) of Ru(bpyy™ and 0% of TiQ. (b) Zeolite Y containing 22t 0.5% (weight percent) of Ru(bpy) and 37+ 0.5% of TiG. (c)
Zeolite Y containing 11 0.4% (weight percent) of Ru(bpy) and 9.5+ 0.5% of TiQ,. Experiments ac were performed employing a mixture

of 200 mg carbon paste (Metrohm) and 100 mg of doped or codoped zeolite powder, pressed on both sides of a 15 mm gold grid as
working electrode. (d) Ru(bpy)™ in 0.50 M NaSQ, in water using a 15 mnx 30 mm gold grid/carbon paste/zeolite Y as working electrode. (B)
DPV measurements of zeolite Y containing 23.5% (weight percent) of Ru(bpy?) and 0% of TiQ. The first eight scans each in the anodic as
well as the cathodic direction resulted in stable signals, a consecutive decrease of the DPV-signals is found starting with scan 9. (C) DPV tmeasuremen
of zeolite Y containing 11 0.4% (weight percent) of Ru(bpy) and 9.5+ 0.5% of TiQ,. The recorded signals decrease beginning from the first
scan consecutively. (D) DPV measurements of zeolite Y containing- Z25% (weight percent) of Ru(bpyJ) and 37+ 0.5% of TiG. The
recorded signals decrease beginning from the first scan consecutively.

Ru(bpy}?* within the zeolite Y supercage would be responsible
for the occurrence of a second lifetime component, the relative
contribution of the short-lived component (B) should not change.
Therefore, the observed behavior is consistent with the theory
developed by Dutta, Kincaid, and co-worké&?syhich attributed
the minor luminescence components to Ru(gpyromplexes
occupying neighboring supercages.

In codoped Ru(bpygft/TiO, zeolite Y, the observed decay

Zeolite Y

Zeolite Y [ Ru(bpy);™

Zeolite Y [ Rulbpy);™* [ TiO{

Percent Reflectance
w
(=]

ig is strongly dependent on Tioading (Table 1). However, this
P e ——————————— does not imply a simple or even linear dependency of the
350 400 450 500 550 600 650 700 750 800 850 observed emission lifetimes on the TLiContent. At low TiQ

2 Inm] concentrations, the decay remains biexponential. However,

e - R
Figure 4. Diffuse reflectance spectra of (a) zeolite Y (Ru(bByJ0%), above 274+ 0.5% TiO, loading, the emission lifetime becomes

TiO, (0%)), (b) Ru(bpy¥+-doped zeolite Y (Ru(bpyi* (23 + 0.5%). monoexponential and incrt_aases with Fi€@ncentration. o
TiO, (0%)), and (c) Ru(bpy§/TiO.-codoped zeolite Y (Ru(bpyd* As of yet, we could not discern all of the factors contributing
(23 &+ 0.5%), TiG; (27 £ 0.5%)). to the observed complicated emission behavior of the zeolite Y

embedded Ru(bpy™ as a function of the Ti@ loading.
Ru(bpy}?" encapsulated within the zeolite Y supercages has However, two major contributing factors could be identified
been previously reported and discussed in detail, where the twofrom the literature: (1) KO quenches the excited MLCT state
lifetime components were attributed to complexes residing in of ruthenium(ll)-polypyridyl complexeZ The synthesis of Ti®
different locations within the zeolite supercagéslowever, as inside the zeolites superstructure decreases the water content
it becomes clear from Table 1, the relative contribution of the of the zeolite due to the space (and adsorption site) consumption
minor luminescent component increases with increased loadingsby TiO,. Therefore, the luminescence lifetime of zeolite
of zeolite-entrapped Ru(bpyy. If different locations of Y-embedded Ru(bpyj" should increase if the TiOcontent
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increases. (2) Since Tids known to quench the Ru(bpy) o1 35
excited staté@? the observed emission stems only from Ru(ll)
complexes that are not in direct proximity to TiCsteady-state
experiments show that those Ru(bg3y)complexes located near 257
TiO, within the zeolite do not emit light, since the emission
intensity decreases dramatically while the lifetime remains
constant or increases with added ZiOhese observations are
consistent with static quenching being the only operative 1.03
guenching mechanism of the Ru(bg) excited state by Ti@

The increase in the lifetime observed as well as the change from
a bisexponential luminescence decay to a monoexponential %'?)uouo 000020 0.00020  0.00060  0.00080  0.00100
decay pattern as more Ti@ added to the zeolite is due to the ) ) ) ) ’ ’

h . S [Co(DIP);1** [mol]
presence of less accessible space in the supercages, resulting in
lower Ru(bpy)}?™ mobility. Figure 5. Relative emission intensity quenching by external Co-

. L . . . (dppheny** for similar Ru(bpy)?* loadings (22-23%) with increasing
Finally, the precipitation of amorphous TiGn the interior TiO, content. (a) Ru(bpyddoped zeolite Y (Ru(bpyj* (23 + 0.5%),

of zeolite Y must be regarded as a statistical process. Thereforesrio, (09)), (b) Ru(bpy}*/TiO,-codoped zeolite Y (Ru(bpyd* (23
amorphous Ti@particles may be present inside the zeolite Y's 1+ 0.5%), TiG, (172 0.5%)), (c) Ru(bpy®*/TiO-codoped zeolite Y
framework at various locations. It is known that the quenching (Ru(bpy)?* (23 £ 0.5%), TiG (27 £ 0.5%)), (d) Ru(bpy?*/TiO2-
of the Ru(bpy)?* excited state by Ti@is strongly dependent  codoped zeolite Y (Ru(bpy)" (22 + 0.5%), TiG; (31.5 & 0.5%)),
on the size of the Ti@(nano)particles, which act as electron- and (&) R“(bp%f+”'02":°d°ped zeolite Y (Ru(bpy)’" (22 + 0.5%),
transfer quenchefsThese different statistical distributions of TiOz (37 + 0.5%)).

the formed amorphous Tinano)particles in size and location  TABLE 3: Quenching of the Emission Intensity of

may account for the complicated luminescence behavior sum-Ru(bpy)s?™ (22.1 to 23.2%) in Zeolite Y in the Absence and
marized in Table 1. Note that this behavior is reproducible as Presence of 20uM Co(dpphen);** under Various Loadings
the data from Table 1 result from three independent experimentsOf TiO.

3.07

2,01

1.57

0.5

(synthesis of Ru(bpyt/TiO,-codoped zeolite Y, followed by quenching
the lifetime measurement). % % quenching [Co] = 200uM
Note that the luminescence behavior of zeolite Y possessing RU(bpy}*" *®  TiO#*  [Co]=0uM calculated® observed
6 + 0.3% of Ru(bpy)" and 9.5+ 0,5% of TiQ; is different 23405 17+0.5 1.56 1.90 2.25
from all other investigated samples and obviously does not fit 23+0.5 24+ 0.5 1.68 2.05 2.37
23+ 0.5 31.5+£ 0.5 1.89 2.30 4.15

in the theories presented here for the Ru(bfyYiO2-codoped
zeolite Y photocatalysts. This sample is very low in its 22£05 8705 271 331 455
Ru(bpy}?" as well as its TiQ content. We hypothesize that 2Percent by weight?25.1% loading represents one Ru(kgy)
the protons formed during Tiglhydrolysis lead to the ion complex in each supercage-rom the integrated emission at each 7iO

: loading relative to 0% Ti@ at 23.5% Ru(bpy}" loading.? The
exchange Na versus H and that the strongly polar SiOH emission intensity quenching by 20 Co(dppheng** in the absence

groups are formed, which are able to quench RUBPI) At 5 io, js 11 = 1.22.° Calculated by the division of the observif

higher loadings, more sodium ions are exchanged vers#s Ru  yajues through the quenching of Ru(bgy} by TiO- (in the absence

and T#* already during synthesis, and therefore, the quenching of Co(dpphenf*) at each % Ti@ loading and multiplied by the

effect by SiOH groups is suppressed. quenching by 20tM Co(dppheng** in the absence of Tig(1.22).
Quenching by External Co(dpphegf). The emission of ) ) o )

*Ru(bpy)s?* encapsulated within the zeolite supercages is increases the quenching of the emission intensity of Rugbpy)

statically quenched by Co(dppheH) (Egow3+ =4+033Vvs entr'apped Wlthlp the zeolite supercages'..Further decrease of the

SHE) on the exterior of the particl@34°As the Co(dpphery* luminescence is observed upon addition of Co(dppfien)

concentration is increased, the relative emission intensity of the (Table 3). Itis evident from the calculated and observed values

Ru(ll) complex decreases and finally reaches a plateau (Figureln Table 3 that the quenching measured when both, &

5). From this behavior, we conclude that only the Ru(gly)  Co(dppheny®* are present is greater than that calculated

molecules residing near the zeolite’s surface are quenched byassuming that each component quenches the RufBpginis-

the Co(lll) complex. This observation is consistent with pre- Sion independently from the other.

vious report$95! Since a short-lifetime component due to It may be concluded from these results that a greater fraction

guenched Ru(bpy)" is not observed within the 500 ps time of the Ru(ll) complexes is being quenched by a given

resolution of the single-photon counting instrument, it may be concentration of Co(dpphesi} in the exterior of the zeolite in

concluded that the electron-transfer rate constant from the presence of Ti© This conclusion is consistent with the

Ru(bpy)?** trapped near the zeolite’s surface to Co(dppk®n)  facilitation of electron transfer from Ru(bpg) in the interior

is very fast £ 10'°s™1). Such static quenching from Ru(bg?/) of the zeolite to Co(dpphes?)" at the surface by encapsulated

entrapped near the surface is expected, since the surface offiO,. This increase in the electron-transfer rate with FiO

zeolite Y is negatively charged at pH7.8, resulting in loading may be explained by the intervening Ti@noparticles
electrostatic binding by the cationic Co(dpphéh)to the providing a better coupling between donor and acceptor or acting
exterior of the particles. as a direct electron relay. This explanation is consistent with

The relative emission intensity quenching by external the observed shifts in the redox potential, absorption, and
Co(dppheng* for similar Ru(bpy)}?" loadings (22-23%) with emission of encapsulated Ru(bgy)in the presence of Ti©
increasing TiQ content is also shown in Figure 5. In addition, within the zeolite, clearly indicating a strong interaction between
the values ofl /I in the absence and the presence of 2060 Ru(bpy}*™ and TiO,, which provides a communication
Co(dppheng* for each sample relative to that without TiO  pathway for Ru(bpyt molecules residing in adjacent super-
are listed in Table 3. It is clear that the addition of Fi&@one cages.
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heterogenen Systemen als Grundlage der Entwicklufiggshanologischer
und topologischer ModeljeUniversita Karlsruhe: Karlsruhe, 1997.

The synthesis and characterization of a novel heterogeneous (10) Sanjuan, A.; Alvaro, M.; Corma, A.; Garcia, Bhem. Commun.
photocatalyst is reported. The catalyst consists of the sensitizer!999 1641-1642.

Ru(bpy}*"™ embedded in the cavity of zeolite Y in direct
proximity to amorphous Ti@nanoparticles. The photophysical
and electrochemical properties of Ru(bgy¥ within the zeolite

supercages were investigated. The photoexcited MLCT state of

the zeolite-entrapped Ru(bgy/) reacts via electron transfer with
Co(dpphen®™ in the exterior of the zeolite particles. The
relative quenching of Ru(bpy)" by external Co(dpphegd"
increases as the TiQontent within the zeolite is increased,
where electron transfer from Ru(bg$)* complexes within the

(11) (a) Nasr, C.; Vinodgopal, K.; Fisher, L.; Hotchandani, S.; Chatto-
padhyay, A. K.; Kamat, P. VJ. Phys. Chem1996 100, 8436-42. (b)
Vinodgopal, K.; Wynkoop, D. E.; Kamat, P. ¥nviron. Sci. Technol1996
30, 1660-6.

(12) (a) Reschetilowski, WZeolithische Molekularsiebe in der chemis-
chen TechnikDECHEMA: Frankfurt am Main, 1994; p 27. (b) Szostak,
R. Handbook of Molecular Sies van Nostrand Reinhold: New York,
1992; p 183-227.

(13) DeWilde, W.; Peeters, G.; Lunsford, J. H.Phys. Chem198Q
84, 2306-10.

(14) (a) Dutta, P. K.; Turbeville, WJ. Phys. Chem1992 96, 9410—
9416. (b) Turbeville, W.; Robins, D. S.; Dutta, P. K.Phys. Chenl992

interior of the zeolite are able to transfer electrons to external 96, 5024-9. (c) Borja, M.; Dutta, P. KNature1993 362, 43—45. (d) Dutta,

Co(dppheng*. This observation indicates that electrons can be
transferred from the interior of the zeolite to the surface in the
presence of an appropriate electron relay, such ag m@no-
particles. This finding is of significant importance for the
development of highly efficient AOT catalysts.
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