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Photo-Induced Electron-Transfer Reactions in Heterogeneous Media 

by 

Jer-Ming Yang 

a 

ABSTRACT 

The conversion of solar energy into chemical energy has been 

pursued by two approaches. One is the photo-induced electron 

transfer reactions in heterogeneous media, and the other is the photo-

decomposition of water with liquid-junction solar cells. 

Photo-induced electron-transfer reactions in heterogeneous media 

with colloidal silica or poly-acrylate were studied by flash 

photolysis. The negative surface potential near silica particles 

greatly enhances the fluorescence quenching reaction between excited 

tris-(bipyridine)ruthenium(II) (Ru(bpy)) and N,N'-dimethyl-4,4'- 

bipyridium (MV2 ) by concentrating both on the surface of the 

particles. With propylviologen sulfonate (PVS°) as the quencher, the 

back recombination reaction between Ru(bpy) 	and PVS 7  was considerably 

retarded from a fast diffusion-controlled reaction in homogeneous 

solution (kb = 7.9 x 10 M 1 s 1 ) to a slow reaction in the presence of 

colloidal silica (kb = 5.7 x 10 7  M 1 s 1 ). In addition, the effects of 

surface potential were examined by varying the pH, temperature, and 

ionic strength. All the results are consistent with the existence of 

a high surface potential of about -180 mV near the interface. Similar 

effects were observed in the solution containing poly-acrylate, but 

the effect of electrostatic interactions on ionic reactions was not as 

strong. This is explained in terms of the lower surface potential on 

this poly-electrolyte. 



II 

As a sensitizer, zinc tetra (N-methyl -4-pyri dyl )porphyri n 	 - 

(ZnTMePyP4 ) has not only a long-lived excited triplet state but also a 

high quantum efficiency of product separation from the solvent cage. 

By cyclic voltametric measurement, the reduction potential of 

ZnTMePyP5 /ZnTMePyP4  was determined to be +1.22 V versus saturated 

calomel electrode in acetonitrilee Such a high reduction potential is 

attributed to the difficulty in removing an electron from the porphyrin 

ring with four positively charged pyridinium substituents. 

In an effort to illustrate that small band-gap semiconductors can 

be protected from photo-corrosion through surface modification, the 

surface of polycrystalline ZnO was chemically coated with zinc phthalo-

cyanine and the electron-transfer process across the coated ZnO-

electrolyte interface was studied by photo-electrochemical techniques. 

The results indicate that the polycrystalline photo-electrode retains 

most of the features of single crystal material as far as solar energy 

conversion is concerned, and electron transport through the space-

charge layer of the semiconductor as well as across the solid-liquid 

interface can be influenced by surface modifications. 

Since manganese complexes have been suggested to be the most 

probable candidate for the oxygen- formati on catalyst in water 

decomposition and the epoxidation of organic substrates, the electro-

chemistry of manganese-containing porphyrins was studied by electro-

chemical techniques including a thin-layer, optically transparent 

electrode. From the absorption spectrum of the oxidized Mn(III) 

porphyrin and the heterogeneous electron-transfer rate constant, it was 

deduced that in the oxidation the electron originates from the central 



Mn atom or a ligand orbital that interacts strongly with the central 

Mn atom. 
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CHAPTER 1 

INTRODUCTION 

Since the dawn of our living world, the sun has continuously 

furnished us with all the energy necessary for survival and growth. 

- 	 In the past, the supply of solar energy was more than enough, and the 

excess was cleverly saved as fossil fuels through photosynthesis. 

However, as our society evolves with the expanding population, the 

energy demands will soon no longer be met by the current energy supply 

from photosynthesis and other resources such as the depleting fossil 

energy. Now, it is time for us to seek ways of increasing the rate of 

solar energy harvesting before we can develop and securely handle 

nuclear energy [1. 

In this study, I have been interested in converting solar energy 

into chemical fuels either via the electronic excitation of dye 

molecules in solution or via the band-gap excitation of semiconductors. 

Following these excitations, many possible reactions may ensue to 

store energy. Among them, the decomposition of water (eq.1) into 

hydrogen and oxygen will be emphasized mainly because water is ubi-

quitous and hydrogen is a non-polluting fuel. 

However, water decomposition is not as simple a reaction as it may 

look. Because water is transparent to solar radiation in the ultra-

violet and visible region, a direct photolysis is not feasible and the 

reaction must be sensitized by redox dye catalysts. After the photo-

induced electron-transfer reaction takes place between the excited dye 

and a quencher, at least two more continuing reactions are necessary 

1 



to split water, i.e. 

2A+2H20 	'. 2A+20E1+H2 	 (2) 

4D+2H20 	4D+4H+02 	 (3) 

These involve a two-electron reductive reaction and a four-electron 

oxidative reaction, respectively. Without wasting some electro-

chemical energy in driving the reactions forwards or without some 

specific catalysts present, they will not proceed at practical rates. 

Recently, a number of homogeneous and micro-heterogeneous 

solutions with ultrafine catalysts have been reported to produce 

hydrogen from water under solar irradiation in the presence of a 

sacrificial electron donor [2]. These ultrafine catalysts (-30 A) can 

be evenly dispersed in aqueous solutions so that reaction 2 may 

proceed with a near diffusion-controlled rate.' So far, reaction 3 for 

the oxygen evolution still is the limiting factor in this approach. 

Although this reaction was found, to be catalyzed by Pt0 2 , 1r02  [3], 

and Ru02  [4], the rates were low. In order to complete the cycle of a 

dye-sensitized photo-decomposition of water, more specific homogeneous 

catalysts such as polynuclear complexes should be designed and 

synthesized to participate in this multi-electron-transfer reaction [5]. 

In addition to the dye-sensitized decomposition of water, several 

cyclic chemical reactions have been discussed by Baizani et al. [6]. 

Using water or its dissociated ions as the quencher, they have 

determined the threshold energy of 420'nm for the cycles involving 

binuclear complexes and of 841 nm for those with hydrido complexes. 

Alternatively, Bolton and others propose a system with two photo-

chemical centers, which is in analogy to natural photosynthesis [7]. 

For this coupled process, the threshold energy even including an 

2 



unavoidable loss of 0.8 eV for the driving force can be shifted toward 

the near-infrared region ('-877 nm). 

My approach is to carefully and individually study each of the 

reactions involved in a dye-sensitized photodecomposition of water so 

that an optimized system can be designed later on. In studying 

these electron-transfer reactions, several techniques and instruments 

are essential, e.g., the measurement of the excited-state lifetime of 

a sensitizer by a nanosecond flash lamp, the study of excited-state 

quenching reactions with a fluorimeter, the investigation of fast 

redox reactions by a flash photolysis setup, and the determination of 

the redox potentials of reactants by electrochemical techniques. Most 

of these will be surTinarized in chapter 2 as a general experimental 

reference to other chapters. 

In chapter 3, some photo-induced electron-transfer reactions in 

homogeneous solutions will be examined. From the results obtained in 

this simple system, one realizes that the back electron-transfer 

reaction (eq. 6) following the initial quenching reaction (eq. 5) is 

the most serious obstacle to achieving a higher conversion efficiency. 

Dye + h v 	*Dye 	 (4) 

Dye + A 	 Dye + A 	 () 

Dye + A 	ip Dye + A 	 () 

In order to retard the undesired back reaction and to allow the 
a 

- 	 reactants to react selectively, heterogeneous media are introduced and 

the photochemistry in such media is discussed in chapter 4. In my 

experiments, heterogeneous media with either colloidal silica or poly-

acrylate were found to influence the ionic reactions strongly. These 

media typically consist of two sub-phases with a charged interface. 
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For instance, the solution containing dispersed colloidal silica has a 

micro solid phase, a bulk phase, and a charged silanol interface in 

between. Through the electrostatic interactions, ions can be 

concentrated near the interface or repelled away into the bulk solution. 

In this way, the course of reaction is guided and the reaction rates 

can be accelerated or retarded at will. More importantly, the 

inclusion of a second micro phase allows us to have more freedom in 

designing the system.. For example, the hydrophobic core in the micelle 

permits the solubilization of organic reactants in the aqueous micellar 

solution, and the semiconducting properties of dispersed semiconductor 

particles help the charge separation in dye-sensitized reactions [8]. 

In chapter 5, liquid-junction solar cells for converting solar 

energy into chemical fuels will be discussed. These solar devices 

consist of a semiconductor electrode immersed in a liquid solution 

containing a conducting counter electrode. The circuit is completed 

by connecting an external wire between these two electrodes. In such 

a device, photo-generated electron-hole pairs in the space-charge 

layer of the semiconductor are effectively separated by the built-in 

electric field. For instance, in an n-type semiconductor, the electron 

is first swept into the bulk of the semiconductor and then travels 

through the external conducting wire to reach the counter electrode. 

If the semiconductor is properly chosen with a flat-band potential more 

negative than that of the 	couple, this electron may reduce 

water on the counter electrode. In the mean time, the photo-generated 

hole is attracted to the semiconductor surface, where it may oxidize 

water or other substrates. In this study, I am particularly interested 

in protecting small band-gap semiconductors from photo-dissolution so 
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that they can be utilized in absorbing solar energy while staying 

intact in aqueous solutions. 

In chapter 6, heterogeneous electron-transfer reactions between 

manganese porphyrin and metal electrode are examined by cyclic 

voltametric techniques and a thin-layer optically transparent 

- 	 electrode. From the measured heterogeneous electron-transfer rate 

constant and the optical spectrum, some indication of whether the 

oxidized manganese porphyrin is composed of a Mn(IV) with an intact 

porphyrin ring or a Mn(III) with an oxidized porphyrin ring will be 

discussed. 



References 

M. Calvin, 'Synthetic Chioroplasts' in Faraday Discussions of the 

Royal Society of Chemistry, 70, 383 (1980). 

(a) P.-A. Brugger, P. Cuendet, and M. Grtzel, J. Amer. Chem. Soc., 

103, 2923 (1981). 

(b) M. Kirsch, J. M. Lehn, and J. P. Sauvage, Helv. Chim, Acta, 

62, 1345 (1979). 

J. Kiwi and M. Grtzel, Angew. Chem., mt. Ed. Engi., 17, 860 

(1978). 

(a) J. Kiwi and M. Grhzel, Angew. Chem,, 91, 659 (1979). 

(b) J. M. Lehn, J. P. Sauvage, and R. Ziessel, Nouv. J. Chim., 3, 

423 (1979). 

J. P. Coilman, P. Denisevich, V. Konai, M. Marrocco, C. Koval, and 

F. C. Anson, J. Amer. Chem. Soc., 102, 6027 (1980). 

V. Balzani, L. Moggi, M. F. Manfrin, F. Bolletta, and M. Gleria, 

Sci.ence, 189, 852 (1975). 

J. R. Bolton, Science, 202, 705 (1978). 

(a) M. T. Spitler and M. Calvin, J. Chem. Phys., 66, 4294 (1977). 

(b) I. Izumi, W. W. Dunn, K. 0. Wilbourn, F.-R. F. Fan, and 

A. J. Bard, J. Phys. Chem., 84, 3207 (1980). 

1.1 



CHAPTER II 

GENERAL EXPERIMENTAL 

1. Electrochemistry 

In the past ten years, electrochemical techniques have been 

increasingly used in the studies of photo-sensitized reactions on 

semiconductors and electron-transfer reactions on polymer- or catalyst-

coated electrodes in addition to the traditional applications in the 

various fields of chemistry. Their versatility and popularity are 

established on the advent of the well-developed transition-state theory 

of electrode processes and modern electronic instrumentation. Through 

these quantitative treatments, detailed characterization of chemical 

species and dynamic processes in the solution phase is made possible. 

Since electron-transfer reactions are of primary concern in 

this study, the determination of the redox potentials as well as the 

reversibility of a redox reaction will be stressed. With regard to 

these two aspects, cyclic voltammetry is considered to be the most 

convenient and informative tool among all the possible electrochemical 

techniques. 

The theory of cyclic voltammetry on the stationary electrode 

applied to reversible, quasi-reversible, and irreversible systems has 

been developed by Nicholson and Sham [1].  Those results on the first 

two systems will be summarized here as a general background for the 

- 	 subsequent electrochemical studies. 

A. Reversible charge transfer 

First, consider a system with a reversible redox couple in the 

solution containing an excess of supporting electrolyte. 

Ox+ne 	Red 

FA 



The concentrations of the redox couple, Ox and Red, on the surface of 

electrode are determined by the Nernst equation. Solving the boundary 

value problem of a semi-infinite linear diffusion, one obtains the 

following two equations which express the concentrations of electro-

active species in terms of the current at time t, i(t), and other 

parameters [2]. 

-i±c) oft 
C0(O,t) = 	- 	

FA (TTD. {t—eJ) 

C0 	- C4 + 
	-ijCt) d -c 

R ,t) - R 	fo 	F(7TDR(t—t})Vz 
where C and CR denote the concentrations of the oxidized and reduced 

species, and Cand Care the concentrations in the bulk phase, 

respectively; the electrode area is given by A, n is the number of 

electrons transferred per molecule, D 0  and DR  are the rates of 

diffusion of the electrode-active species in the solution, and F is the 

Faraday constant. 

In the linear voltage sweep or cyclic voltammetric experiment, the 

relation of the applied potential versus time is given by 

E(t) 	= 	E - vt for OtX 

E - 2v?+ vt for t 	;k 

where E 	 is the initial potential, v is the rate of potential 	scan, and 

1. is the time at which the scan is reversed. For a reversible 

reaction, the peak current is deduced to be 

'I 
= 2,69x10 nZA D02C0 * v y 2 	 at 25°C, 

which is often called the Randles-Sevcik equation with i in J4amperes, A 

in cm2 , n in faradays, D in cm 2/sec, C in millimoles/liter, and v in 

volts/sec. From the general solution of this boundary value problem, 



several features of a reversible charge-transfer reaction are derived 

as listed below [3a]. 

The peak potential, Ep.  and the peak separation, E- E= 59/n mV 

at 25°C are independent of the scan rate v. a and c stand for 

• 	 the anodic and cathodic scans. 

i / vis independent of v. 

i/ i 	is unity and independent of v. 

The relations between the peak potential, half-wave potential, and 

the formal electrode potential, E 0'  , are 

E 	= Ey - 28.5/n mV 

EY = E°'- o.o4 	
at 25°C 2. 

B. Quasi-reversible charge transfer 

The above derivation and features are for a system comprised of a 

reversible redox couple. The current or the electrons transferred 

through the electrode are solely controlled by the diffusion of 

molecules near the interfacial boundary. In a quasi-reversible charge-

transfer reaction, the current is controlled by the charge-transfer 

kinetics as well. Consequently, absolute rate theory must be 

considered instead of the Nernst equation. Since the charge transfer 

rate is potential dependent, the net current is expressed as: 

i(t)/nFA = C 0 (O,t) k sexP( 	{E(t) - E°J) 

- CR(O,t) k5exp(fE(t) - E 0 ) 

RT 

where k 5  is the charge-transfer rate constant at the standard potential 

E° of this redox pair, 'is the charge transfer coefficient of the 

reduction step, and 	= 1 - 	. oC is a symmetry factor which 



determines what fraction of the electrical energy resulting from the 

displacement of the potential from the equilibrium value affects the 

rate of electrochemical transformation. o( is typically around 0.5 [3b]. 

The characteristics of a cyclic voltametric curve derived from the 

general solution are the following: 

E shifts with scan rate v, and E - E may approach 60/n mV at 

low v but increases as v increases. 

i ! vz is virtually independent of v. 

i/i C  equals unity only for o( = 0.5 

The cyclic voltammogram approaches that of an irreversible charge 

transfer as v increases. 

In addition to these two cases, other types of charge-transfer 

mechanisms and kinetics, which have been well discussed by Brown and 

Large [31, will not be described here. 

Apparatus 

A. Cyclic voltametry 

A three-electrode cell, which consists of working, auxiliary, and 

reference electrodes, is used in this study. This kind of controlled-

potential voltametry is preferred because the problem of iR drop 

across the solution can be largely avoided and the potential of the 

working electrode can be accurately monitored by a reference electrode. 

On the contrary, the polarization effect of the reference electrode and 

IR drop have seriously hampered the prospect of two-electrode cells 

especially in non-aqueous solutions. 

Cyclic voltametric measurements were obtained with a Princeton 

Applied Research (PAR) Model 173 potentiostat and a PAR Model 175 uni-

versal progranvner. 	Usually, an isolated platinum wire served as the 

10 



auxiliary electrode and a Beckman 39270 fiber-junction saturated 

Calomel electrode (SCE) as the reference electrode, which was separated 

from the sample solution by a salt bridge. In non-aqueous solutions, 

the fiber junction of the SCE was easily clogged by the precipitated 

potassium perchiorate, so a Beckman 40250 sleeve-junction SCE was used 

instead. A medium porosity sinter frit was occasionally used to 

separate the solution in the salt bridge from the solution of interest, 

but in most cases a PAR Vycor tip fitted inside a heat-shrinkable 

teflon tubing was chosen. Special care was paid to these tips since 

they cracked very easily on exposure to a different environment, 

i.e. iniiiersed in an organic solvent but the salt bridge filled with an 

aqueous solution. It is possible to prevent the tip from cracking by 

equilibrating the tip for a few hours in a mixture of the two 

environments prior to the dip in the non-aqueous solution. 

The selection of the working electrode depends on what kind of 

solvent is used and what potential range is under study. In non-

aqueous solutions, a Beckman 39273 platinum inlay electrode was chosen, 

while in aqueous solutions a hanging mercury electrode was used to 

study the redox reactions in a potential range below the on-set 

potential for the oxidation of mercury. 

In order to prevent the mass transport of electrode-active ions 

in an electric field and to provide a conducting medium, an inert 

supporting electrolyte was added to all solutions studied. A 

simplified schematic diagram of the potentiostat and the three-

electrode cell used are shown in Figure la 

11 
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Figure 1. 	(a) Simplified schematic diagram of a potentiostat and an 

electrochemical cell with three-electrode 

configuration. WE: working electrode; CE: counter 

electrode; RE: reference electrode 

(b) Thin-layer, optically transparent electrode (OTE). 

The half-cell with the reference electrode is 

separated from that with working electrode by a salt 

bridge fitted with a vycor tip. 
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B. Thin-layer, optically transparent electrode 

With a potentiostat, the potential in the sample compartment can 

be varied such that the oxidation state of a compound may be 
o. 

controlled. Aftercomp1ete electrolysis, the optical characteristics 

of the oxidized or reduced species can be followed by retrieving a 

small aliquot of solution and recording its absorption spectrum 

with a spectrophotometer. However, this requires a lot of manipulation 

and cautions. If one is dealing with an oxidized sample with a high 

reduction potential, partial conversion of the sample back to the 

original oxidation state is unavoidable. 

A thin-layer, optically transparent electrode (OlE) is frequently 

used to alleviate these difficulties and to record the spectral 

changes in situ. Several have been designed, but the most useful one 

is shown in Figure lb. It was made by pyrex glass with a narrow 

spacing of 0.2 millimeters in the optically flat region. A platinum 

mesh of 0.18 nuii thick and 70 wires per inch was inserted in between to 

serve as the working electrode. This cell has an optical transmission 

of about 50%. If a higher light transmission and faster electrolysis 

is desired or if the medium is an aqueous solution, a gold mesh with 

200 wires per inch, 0.0044 inches thick, and 78% transmission from 

Buckbee-Mears Company (Saint Paul, Minnesota) may be useful. 

14 



2. Excited-state Lifetime Measurements 

The measurement of the excited-state lifetime of a sensitizer is 

essential to the understanding of its photochemistry. Knowing this 

parameter in conjunction with other steady-state experiments allows 

- 	 one to picture the dynamics of the internal de-activation and other 

external quenching processes. Because excited-state lifetimes range 

from milliseconds down to a few nanoseconds, experimental methods for 

obtaining these decayconstants vary accordingly. Among the various 

methods [4], pulse fluorometry was chosen for this study. 

In this particular technique, the excitation is a recurrent light 

pulse of short duration, which approximates a delta-function, and the 

fluorescence from the excited sample is followed by a photomultiplier. 

Since the decay of luminescent intensity normally follows a first-order 

rate law after the extinction of the excitation pulse, data reduction 

consists simply of making a semi-logarithmic plot of the luminescent 

intensity versus time. From the reciprocal of the slope,the mean 

lifetime cna be calculated. 

I = I * exp(-t/) 	or 

d in I/dt = - t/t 

Deconvolution is usually necessary when the excitation flash is 

not much shorter than the decay time of the excited sample. Many 

procedures to deconvolute the data have been well examined by 

- 

	

	 J. N. Demas [5]. The particular curve simulation used, in the 

deconvolution is outlined as follows. 

D(t) = K * exp( -t/t 
) 

fX.O 
F(x)exp( x/Z ) dx 

D(t) = F(t) = 0 	for t.0 

where D(t) and F(t) are the observed sample decay curve and the 
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observed flash profile, respectively. With acomputer or programmable 

calculator, the experimental curves can be fitted by the following 

equations. 

DCJC (t n ) = Cf M(t -r ) + B+ exp(- t/t) CM(r- t,) 

B)} + D(t_ 1  ) exp( -t/e) 

	

M = 	[F(t) 	F(t.. 1  )J / ( t- t) 
Bn  = F(t) - Mt 

	

where 4t = t,, 	t 1 .., and F(t 1  ) = D(t,) = 0 

In this fitting, the flash profile is digitized at arbitrarily spaced 

n points with t 1  set to the beginning of the flash. 

Apparatus 

Two different instruments were set up for the measurements of 

excited-state lifetime. One measured the decay in the range of tens of 

nanoseconds and longer. The other was the dye-laser flash photolysis 

apparatus (see the next section). The latter measured the excited-state 

lifetime by monitoring the decay of the absorption of excited species, 

and it had its useful range of a microsecond and longer. 

A TRW 31A nanosecond spectral source system (TRW Instruments, 

El Segundo, Calif.) was used for those samples with short excited-state 

lifetimes. Although it is no longer available from the manufacturer, 

several of its components can be modified and assembled into a new 

apparatus, which will be discussed later. The block diagram is shown 

in Figure 2. A N 2  lamp which emitted 140 Watts into a line spectrum 

extending from 297.8 nm to 399.8 nm was used for all experiments. The 

particular N 2  lamp chosen had a pulse duration at half-width of 28 ns, 

which was measured by the same external photomultiplier by light 

scattering. This duration was longer than that rated by the 

16 
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Figure 2. 	Block diagram of TRW Model 31A Nanosecond Spectral Source 

System used for the measurement of fluorescent decay time. 
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manufacturer, but it was certainly dependent on the convolution of all 

measuring devices and coaxial cable used. The relay lens assembly 

contained an adjustable quartz collimating lens system (f/1.5 with 

aperture 4.8 millimeters). A RCA 931A photomultiplier with a 1.6 nsec 

risetime powered by a variable voltage source was attached to the 

oscilloscope via a 50-Ohm coaxial cable for fluorescence signal 

recording. Appropriate filters were used to separate excitation light 

from the luminescence. 

A storage oscilloscope, Tektronix Type 564B equipped with Type 

31776 sampling dual-trace plug-in (rise time .0.4nsec) and Type 31777 

sampling sweep unit, was used to record the fluorescence decay signal; 

a Tektronix oscilloscope camera Type C-12 with Polaroid 3000 speed 

films was used for permanent data recording. The Type 3T77 unit also 

provided ci sweep mode to an external x,y-recorder. With this option, 

data could be handled more accurately as compared to those obtained 

from photographic films. Generally, the pulse repetition rate was 

adjusted to be about 500 or 1000 Hz for the sampling measurements. 

Since replacement parts for the TRW Model 31A radiation source are 

no longer available, a new version which utilizes parts of the old 

system has been designed. The N 2  lamp can be replaced by a Xenon Model 

437A nanopulser (Xenon Corporation, Medford, Mass.) equipped with a 

Type N-789B high intensity nanolamp, which has a half width of 20 

nseconds and emits 5 K watts into a continuum extending from 175 nm 

into the near infrared. The fluorescent decay signal can be 

synchronized with the flash pulse by feeding part of the excitation 

light into the internal photomultiplier inside the TRW 31A via an 

optical fiber glass. 
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3. FLASH PHOTOLYSIS 

In the study of photo-induced electron transfer reactions, flash 

photolysis is the most informative technique. It provides an intense, 

short light flash to populate the desired excited state of a sensitizer, 

and then it monitors the decay processes subsequent to excitation 

either by flash spectroscopy involving measurement of a complete 

absorption spectrum at a pre-set time after the flash, or by flash 

kinetic spect ro photometry, where changes in transient absorption with 

time are followed by a photodetector at a fixed wavelength. 

Upon excitation of a sensitizer, the time scale of, the decay 

processes ranges from picoseconds (for the vibrational relaxation in 

condensed media) to milliseconds (for triplet decay). In order to 

compete with these decay processes and retain the absorbed light 

energy in the form of chemical energy, quenchers are usually added into 

the solution as electron donors or as electron acceptors together with 

some accessory components, such as catalysts and a charged interface. 

With enough quenchers, electron transfer reactions may dominate and the 

highly concentrated intermediates involved can be easily followed. By 

analyzing the decay transients as functions of time and other 

experimental parameters, one can obtain kinetic and mechanistic data. 

Since the first appearance of the flash photolysis system designed 

by Norrish and Porter in 1948, the instrumentation and techniques used 

have been progressively improved. Especially, the development of 

pulsed lasers pushes the time resolution of flash photolysis down to 

nanosecond range and even further to a few picoseconds by using mode-

locked lasers. These submicrosecond excitation light sources allow 

direct studies of fluorescence decays, quenching events, energy 
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(A) excitation source, (B) monitoring source and optics, and (C) 

detector. 

(A) The excitation source consists of 

flashlamp-pumped dye laser (Candela SLL-66A), 

power supply (PS-25-10), 

trigger generator and delay (DT-20), and 

dye circulation system (DC-4L). 

All these parts are from Candela Corp., Natick, Mass. A modified 

quadraxial lamp dye laser with the dye cell separated from the water 

jacket by a concentric evacuated annulus (of borosilicate glass) was 

chosen (Figure 4). It has been shown that the addition of an 

insulating jacket between the dye solution and the flashlamp cooling 

water in a coaxial dye laser provides an increase in beam quality and 

stability that is as good or better than that obtained by precision 

temperature control of the cooling water in a triaxial system [6]. 

While in the triaxial configuration the temperature of cooling water 

has to be held within ±0.05°C of the optimum value (usually, several 

tenths of a celsius cooler than the dye cell), the temperature 

difference can be as great as 3°C in the quadraxial configuration. A 

pair of diffusers, which direct dye solution in a smooth axially 

symmetric manner into the cell and thus reduce the effects of pressure 

fluctuations, pressure gradients, and thermal gradients, are used as 	 * 

the end caps in conjunction with two broadband dye cell windows (with 

anti-reflection coating on one side). One broadband Max Reflector 

(Candela BBMX) and one broadband output coupler with 40% reflection 

(Candela BBOC-40) are used for the resonator. In cases where monochro-

matic laser beam is required, a prism tuner with a 60° adaptor should 
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Figure 4. 	Modified quadraxial flashlamp used in Candela 66A 

dye laser. 
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be substituted for the rear reflector. 

This SLL-66A laser is driven by a low inductance, spark-gap 

switched electric driver. Although this type of driver provides higher 

power, it introduces more noise. To decrease this interference, a 

second home made shielding case was constructed. With this shielding 

case, the noise transmitted through space could be largely eliminated, 

and the fear of saturation of some amplifiers in the detecting system 

is thus relieved. However, even without this shielding case, the noise 

lasts only 2 microseconds. 

(B) Monitoring source and optics 

A 75 watt xenon lamp (US K-i kinectic arc lamp, Xenon Co.) was 

used as the monitoring light source and was dc powered by two 12-volt 

batteries (US-Model G). This small lamp provides satisfactory light 

intensity between 400 and 850 nm as long as the solution under study 

has low absorbance (A0.2). The stability of intensity (in terms of 

the light falling on the entrance slit of monochromator) is mostly 

limited by arc wandering and external mechanical vibrations (caused by 

motors and mechanical pumps nearby). In order to examine the spectral 

region where the sample has high absorbance, a power supply (Oriel) 

used for 1000 watt xenon lamp was modified such that a capacitor bank 

can be inserted to smooth out the line cycles. Also, a 150 watt xenon 

lamp was occasionally used. 

On top of theA-foot precision, high stability optical bench 

(Oriel) were mounted a few focussing lenses, sample holder, xenon lamp 

housing, electronic controlled shutter, filter holders, beam splitter, 

monochromator (Oriel 7240 grating monochromator with a 7271 gratings, 

6.4 nm/mm), and detector. If temperature regulation is necessary, 
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the simple sample holder should be replaced by a thermostated copper 

block with a sample compartment and four windows. It is important to 

mount all the above components on a optical bench so that after optics 

adjustment they can be displaced together as wish. A few diffusing 

glass plates to homogenize the laser beam were also prepared by 

grinding sand powders between two glass plates. Care should be taken 

concerning the surface roughness. Too rough a surface will cause 

severe beam scattering instead of homogenization. 

(C) Detector 

Our first detector is almost the same as that designed by J. A. 

Van Best and P. Mathis [7],  and its circuit is shown in Figure 5. 

This ac detector has a convenient linear time-response from O.Sj.&s 

up to 1 ms and a linear voltage output at least up to 400 mV. It 

has a 22-volt battery to bias the photodiode (United Detector Tech- 

nology, PIN-8LC Schottky barrier photodiode) and a pair of rechargeable 

NiCd batteries for powering transistors and operational amplifier. By 

virtue of these internally stored power sources, the noise level in the 

output is only 5 milli-volts (mostly high frequency noise generated by 

the operational amplifier). 

UV-enhanced PIN-8LC is a low capacity device and has a good 

spectral response from 350 to 1000 nm with its specified linear 

response from 10_ 12  to 10 watts. Typically with the mono-

chromator set at 1n (1..= 600 nm), the photocurrent generated by the 

light from a 75 watt xenon lamp was measured to be 6 micro-amperes 

(60 milli-volt across a 10 K-ohm resistor) [8]. 

In most experiments, changes in absorbance were in the.range of 

io_2 to 10. With the assumption that photocurrent is 
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Figure 5. 	Schematic diagram of the fast transient detector. 

The sensor is a PIN-8LC photodiode (United Detector 

Technology) 
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proportional to light intensity and with a typical I = 10,uA,oI is 

about 10 8A. Such a small variation in photocurrent is brought up to 

a measurable voltage by the ac amplifier in our detector, which has a 

total substitution impedance of 710 K-ohms in the present condition. 

An Explorer lilA digital oscilloscope with a 204A plug-in unit 

- 	 monitors the output (AC-OUT) from the detector via a triaxial 50-ohm 

cable and a 10K-ohm resistor. With this 204A plug-in, Explorer lilA 

has two channel capability, 8-bit resolution, and a 20M Hz sampling 

rate. Its 4096 words can be halved or quartered so that a maximum of 

four scans can be stored in the memory. These stored data are then 

recorded on an X-Y recorder (Hewlett-Packard 7004B). One of the most 

useful features of this digital scope is its cursor triggering mode,, 

which allows viewing of the signal prior to the triggering. 

With this set of detecting and recording components, many photo-

induced electron transfer reactions in homogeneous solutions were 

carried out. However, when heterogeneous systems were studied, it was 

necessory to have a detector capable of following the transients up to 

a fraction of a second. So, a second detector was home-built. It 

consists of two photo-diodes; one monitors the sample beam, the other 

monitors the light intensity of the measuring light source (Figure 6). 

With such a configuration, one does not have to worry about the line 

- 	 cycle and the intensity fluctuation of the light source. Figures 7(a-d) 

show the circuit diagrams of this detector. In contrast to the first 

detector, this one has a dc amplifier and is powered by an external 

source. As a dc detector, it measures thetotal light intensity and 

the transient response through the same dc amplifier; the dc level is 

offset by a signal from the reference photodiode when measuring the 
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Figure 6. 	Schematic diagram of flashlamp-pumped dye laser with a 

fast doubi e-beam spectrophotometer. 
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Figures 7. 	Circuit diagrams of the transient detector with a wide 

bandwidthfrom 1 MHz down to a few Hz. Two photodiodes 

are used. One senses the sample beam, the other monitors 

the reference beam from a beam splitter. 

Preamp of the fast photodetector. 

Signal processing unit. 

Shutter and laser control logic unit. 

Modifications of associated commercial equipments. 

Left: 	control on Ealing shutter supply 

Right: interlock on Candela SLL dye laser 
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transient response. Because the detector has a very wide 

bandwidth, three operational amplifiers, and an external power supply, 

the noise level is unavoidably several times higher than that of the 

first detector. In order to make use of this detector, a signal 

averager was also constructed. It adds signals and transmits the 

accumulated data to the computer located at the Melvin Calvin 

Laboratory. Through the averaging, noise and other interferences such 

as line cycle and arc wandering can be largely eliminated. Furthermore, 

with this signal averager the data can now be stored and displayed on a 

graphical terminal to facilitate curve analysis. 

Operational procedures 

Although some instructions are given in the manuals provided by 

manufacturers, they do not contain enough details. The following 

should provide more useful guides. 

(a) Laser alignment 

The laser head is first assembled with two dye-cell windows and 

fittings for tubings of the dye solution and coolant. Then, this head 

is carefully installed inside the laser housing. After attaching 

the tubings, circulate dye solution and cooling water at proper flow 

rate to check for any possible leakage. 

The Model A version of the SLL laser is based on a three-foot 

- 	 cavity. To have low beam divergence, it is necessary to use its 

maximum spacing. However, if a higher power output and an easier 

alignment are desired, the length of laser cavity may be shortened to 

between 2 and 3 feet. In our experiment, because space is limited 

and the optical bench for detecting system, the sample holder and 

monitoring system were placed very close to the laser head. This eased 
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the stringent requirements of beam quality. 

For the first-time alignment, a 0.5 mW Spectra-Physics Model 155 

He-Ne laser should be used. Support this laser on two jacks at a 

distance of about 2 feet from the SLL laser housing, and align the 

He-Ne laser beam through the output hole, front coupler (40% R), front 

dye-cell.window, dye cell with the two plexi-glass end cups provided by 

the manufacturer and rear window, and finally allow the beam to reach 

the center of therear coupler. A piece of cardboard with a small hole 

(with a diameter slightly smaller than that of the He-Ne laser beam so 

that only the center most concentrated beam passes through) is then 

taped on the inner side of the output hole. The most important align-

ment now is to turn the rear coupler carefully so that the reflected 

beam from the rear coupler falls back on the same small hole drilled on 

the cardboard. After this adjustment, the beam will travel through the 

dye-cell twice in the same line. Make sure that the dye solution is 

flowing in the dye cell when aligning these optics. Next, bring the 

reflected beam from the back side of the front coupler through the 

center of the dye cell to the same spot that the laser beam first hits 

on the rear coupler. These two steps will assure that most of the 

light travels within the cavity through the same line and the lasing 

condition can be quickly established. Efforts to bring the other 

reflected beams from cell windows back in line are not critical since 

they represent only a minor loss. 

After these adjustments, test the laser to see if the alignment is 

properly done. If the laser cannot lase at this point, another more 

careful alignment should be performed. If it lases, use a blank 

developed high-speed Polaroid film to check the beam quality. A well- 
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aligned laser beam should be able to burn a hole the size of the dye 

cell tubing. To facilitate the final fine adjustments, some of the 

safety interlocks may be disarmed, providing proper precautions and 

safety rules are observed. After masking the laser head, one may then 

slowly turn first the rear coupler to optimize the beam quality and 

then the front coupler until a round hole is burned evenly on the 

Polaroid film. One caution should be mentioned here. If an organic 

solvent is used and the lamp blows up, high voltage across electrodes 

might trigger a fire. 

This laser uses an air-filled spark gap to hold the high voltage. 

Without pressurizing the spark gap, it can hold up to 15 kV. In order 

to increase the light intensity from xenon plasma and have a higher 

laser output, a higher voltage up to 25 kV may be supplied. This is 

made possible by pressurizing the spark gap 1 atm more for each 1 kV 

increment above 15 kV. Use only a minimal possible pressure so that 

the jitters of triggering may be minimized. Fill the spark-gap only 

with dry nitrogen to retard the aging of electrodes. Generally, 18 kV 

is enough for lasing with a rhodamine dye solution, and 21 kV for a 

coumarin dye. Voltage up to 25 kV may be used, but the lamp may age 

faster (the lamp has rated lifetime of about 100 k shots) [9]. Never 

trigger the laser when the voltage is below 12 kV because doing so will 

damage the circuit components. 

- 	 Before firing the laser, circulate both dye solution and coolant 

- 	 for about 15 minutes to avoid any air bubbles trapped in the tubing, 

and check leaks. Also, flush the laser housing with nitrogen gas to 

avoid any possible fire. At the optimal concentration of dye, the 

laser burns a round hole evenly. If the concentration is not high 
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enough, the hole is burned mostly in the center. On the other hand, if 

the concentration is too high, a doughnut shaped spot will be seen 

because the light from the coaxial xenon lamp is mostly absorbed in 

theouter layer of the dye solution. The smaller the diameter of the 

dye cell, the higher the concentration of dye solution that should be 

used. 

Since all dyes bleach gradually, the dye solution has to be 

replaced after a certain number of shots. For example, the coumarin 

450 provides 25 to 40 Kjoule/liter, If 50 joules per shot is assumed, 

2 liters of coumarin 450 dye solution lasts roughly 1000 to 1600 shots. 

Other dye solutions may degrade more slowly. In any event, it is better 

to replace the dye solution completely instead of adding a fresh one to 

a aged one, because the degraded dye may compete with the new dye to 

absorb light from xenon plasma or otherwise interfere with the lasing. 

For this laser, two types of lamps are compatible. 

CL-50 1cm I.D. by 7 cm arc length. A quadrax dye cell can be fitted 

to this lamp and can be interchanged between lamps. 

CL-66 6 mm I.D. by 10 cm arc length. The quadrax cannot be fitted to 

this lamp. 

The manufacturer does not recommand the triax configuration though. 

With the quadrax adaptor used, the CL-50 lamp has only 3 mm I.D.. 

(b) Optics alignment 

The best way is to insert one lens after another. At each 

insertion, make sure that the center spot of the light from the measur-

ing lamp is still at the entrance slit of the monochromator. While the 

beam should be finally focussed on the entrance slit, its first 

focussed point should be at the middle of sample cell. One trick to 
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- 	 simplify the alignment is to fill a Ru(bpy)3 2+  solution in the 

sample cell since this solution fluoresces strongly in the orange. 

With this solution,the light path can be easily visualized. 

Our 75 watt xenon lamp did not come with the specifications of 

rated optimal current and voltage, so the voltage across the lamp was 

first measured and the current necessary to provide 75 watt energy 

consumption was computed to be 5.8 amperes. This lamp is powered by 

two auto batteries, which have to be charged after each use and checked 

periodically for fluid levels. Cooling for the lamp is not necessary, 

but an exhaust system should be provided to avoid ozone accumulation. 

Be careful that the cooling fan does not introduce more mechanical 

vibrations and noise. One thing, which most people are not aware of, 

is that it takes about 10 to 15 minutes for the xenon lamp to stabilize. 

itself. 

In case fluorescence of the excited sample causes problems, a 

monitoring lamp with higher intensity should be substituted. This 

allows us to use a smaller slit width, and thus the amount of fluore-

scence which reaches the detector decreases. 

The accuracy of the monochromator is checked by a set of inter-

ference filters. At present, setting A = 495.6 nm on the monochromator 

allows the light band peaked at 7= 500 nm to pass through. This 

indicates that there is a -4.4 nm shift on the actual readings. Occa-

sionally, the screw controlling the slit may come loose and it has to 

- - 
	 be checked and then re-tightened. 

Because all of the above optics and lamp are mounted on the same 

optical bench, they are displaced together. This allows us to position 

the laser beam through the center of the sample cuvette by simply 



moving the optical bench. Again, a Ru(bpy) 2,+  solution is used for 

alignment of these two crossed beams. In most experiments, the laser 

beam was first expanded to a larger area by a beam expander and then 

confined to a fixed width by a slit so that the lxi cm cuvette cell 

could be used and the alignment could be simplified. 

(c) Detector 

While the Dc-OUT on the detector is used to measure the total 

intensity after passing through the sample, the AC-OUT is for measure-

ment of the intensity variation after photolysis. With a 10 K ohm 

resistor and a digital voltmeter, the linearity of DC measurement is 

assured (at least up to 200 mV across the resistor at 2¼ = 600 nm). The 

total substitution impedance of this detector was found to be 720 ±10 

K-ohms as measured by deleting the photodiode and feeding some known 

current into the amplifier by a power supply and a 10 M-ohm resistor 

(Figure 8a). Another method to measure the total substitution 

impedance is shown in Figure 8b. In addition to the 75 watt xenon 

lamp, a 5 mW He-Ne laser (Jodon Engineering Associates) was also used. 

This method is slightly less reliable because it takes a finite time to 

open up the shutters. Nevertheless, the value wasfound to be 690±30 

K-ohms, which is in good agreement with the number obtained by the 

first method. 

The biasing of the operational amplifier in the detector should be 

checked occasionally by illuminating the detector over a period longer 

than its recovery time. If the two ac outputs corresponding to the 

starting and the ending of the light pulse have more or less same 

heights, one can be sure that the dc level of the output is set at the 

middle of the linear range. 
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Figure 8. 	(a) Circuit diagram for the measurement of total 

substitution impedance of fast transient detector in 

figure 5 with the photo-diode removed. 

(b) Schematic diagram for the measurement of total 

substitution impedance with the photo-diode installed. 

Two probing light sources may be open or close 

separately. 
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Triggering of the laser is provided by a home-built unit, which 

serves both as the main amplifier and the power supply for the afore-

mentioned second detector (see apparatus section) and controls the 

duration of electronic shutter and the delay of laser triggering. 

Normally, the delay is set to at least half a second after the opening 

of the electronic controlled shutter because it takes that long to 

restore the first detector to within its linear range. It is not 

necessary to have such a long delay for the second detector. 

Triggering of the digital scope can be best achieved by a 

separate photodiode which senses the lasing beam via a beam splitter. 

In most of our runs, however, the pulse generated in the laser trigger 

system is used. 

Some notes for the flash photolysis study 

As long as the laser beam stays within the sample cuvette, the 

area where it hits the sample is not important. In the optimal 

condition, however, the beam should be expanded and homogenized to a 

circle with diameter b corresponding to the area of the sample cell 

illuminated. 

A spacer inside the cuvette sometimes helps to improve the signals. 

For example, if, before the flash, A = 0 at2., the wavelength where the 

detector monitors, it makes no difference whether the spacer is 

installed or not. But, if A is not zero at 2i, setting the thickness 

of a spacerequal to the width of laser beam improves the signals. 

- 	 However, if the quantum yield of the desired product is low and 

absorbance at A is not zero, setting the steady-state absorbance to be 

around 0.4 would optimize the signals. 

A signal averager is still useful for the measurement of second- 
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order rate constants, because fluctuations in laser intensity within 

30% will cause only a minor error in the derived constant. 
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CHAPTER III 

PHOTO-INDUCED ELECTRON TRANSFER REACTIONS IN HOMOGENEOUS SOLUTIONS 

Some of the experiments in this chapter were carried out in 

collaboration with Professor Tetsuya Sakai. 

Solar radiation falling on our planet consists mainly of two 

parts, visible and infrared. Either of these can be separately 

harvested. For example, radiation in the infrared region can be 

conserved by exciting the vibrations of molecules in the air or in the 

sea, and the absorbed energy may then contribute to our geothermal and 

Thydro energies. While chemists are aware of the advances in the 

technology of thermal solar heating developed by engineers, we also 

try to apply photochemistry in aqueous solutions to tapping solar 

energy in the visible region via the familiar electronic excitation of 

dye molecules as an alternative to the existing solar cells. But, why 

after all are we interested in working with colored compounds instead 

of the well-studied semiconductors? It is true that physicists have 

almost perfected the use of semiconductors as solar cells to convert 

visible light into electricity. Nonetheless, the concentration of 

solar irradiation and expenses of the fabrication of solar cells still 

pose practical problems. If a dye molecule and some other chemicals in 

a solution can be managed to perform a task similar to that found in 

photosynthetic chioroplasts, i.e. converting light energy into chemical 

energy, those problems associated with semiconductors are alleviated 

since solutions can be spread into a larger area and costs may not be 

as high. 

Typically, after a dye absorbs an impinging photon, its excited 

state returns rapidly to its ground state either by emitting a red 
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shifted photon or by radiationless deactivation. In order to capture 

this absorbed light energy and convert it into chemical energy rather 

than the less useful thermal energy, the following photochemical 

processes are frequently pursued. 

S+hi 	 (1) 

S + heat 	 (2) 

S + hv' 	 (3) 

S +A 	t> S 	+J\ 	 (4) 

+ - ____ 
S +A 	' S + A 	 (5) 

D + S
+ 	 + -4 D + S 	 (6) 

whereS (S = sensitizer) is the excited dye, A an electron acceptor, 

and D an electron donor. S is called a sensitizer since it has to be 

recycled like a catalyst. Reactions 2 and 3 are the radiationless and 

the radiative decay ofS , respectively. Reaction 4 is an electron-

transfer reaction, in which an electron is transferred from the excited 

S to A. The overall photochemical reaction is 

A + D 	 A + D 	 (7) 

In this way, a large fraction of the absorbed photon energy could be 

saved in terms of the higher total chemical energy of the photo-

products, A and D+. 	However, these photo-products usually 

react rapidly with each other and return to the starting reagents to 

cause the undoing of the efforts. 

A + D 

In the next chapter, some approaches 

undesirable back reaction (Eq. 8) will be 

store the temporarily saved chemical ener 

photochemical reactions (Eq. 1-4) and the 

(8) 

to preventing this 

discussed. Before trying to 

y, we should first examine 

ensuing dark thermal 
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reactions (Eq. 5, 6 and 8) carefully. Given enough detailed kinetic 

and mechanistic data, one may then optimize the reaction parameters and 

better design some system to convert solar energy into a preservable 

chemical form. 

In this chapter, some photo-induced electron-transfer reactions in 	- 

homogeneous solutions were examined with tris-(2,2'-bipyridine)-

ruthenium(II) complex as the sensitizer, methyl-viologen (1,1 1 -dimethyl-

4,4'-bipyridinium2 , MV2 ) as the electron acceptor, and ethylene-

diamine-N,N,N',N'-tetraacetate (EDTA) as the electron donor. The 

ruthenium complex has a high extinction coefficient ( emu = 14300 

Mcm) peaked at 452 nm. While its oxidized complex, Ru(bpy), has 

been shown to oxidize water in the presence of oxygen catalysts (e.g. 

Ru02 ), its excited complex is capable of reducing water since it is 

both a strong reducing agent and a moderate oxiding agent (Figure 1). 

Below pH 7, the excited ruthenium complex can first reduceMV2+,  and 

the resulting MVt radical in turn reduces water to form H 2 , a fuel with 

the highest energy per unit weight using oxygen as the oxidant, in the 

presence of hydrogen catalyst (e.g. Pt). The high extinction coeff 1- 

cient (4= 11300) of MV enables us to follow its growth and decay 

easily. EDTA decomposes irreversibly after its oxidation and thus 

drives the reactions forward so that the photochemical reaction can be 

studied by a simple continuous photolysis. Eventually, a more 

available electron donor such as water should be substituted. 
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Figure 1. 	Formal reduction potentials of both the ground state and 

the excited state of Ru(bpy), and of MV2  and water at 

pH 7 and at 25°C. 

NHE: normal hydrogen electrode. 
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EXPERIMENTAL 

(1). Materials 

Unless otherwise specified, materials were obtained from 

comercial supplies and were used without further purification. Water 

was deionized first, then was twice deionized by a Millipore, Milli.Q 

Water Purification System. 

Tris-(bipyridine)ruthenium(II) chloride (G. F. Smith Co.) was 

crystallized from water by addition of saturated KC1 solution. Methyl 

viologen was from Aldrich. EDTA solutions at different pHs were 

prepared by adjusting the pH of disodium (ethylenedinitrilo)tetra-

acetate ('Baker Analyzed' reagent) solution. 

(2) Experimental procedure 

Absorption spectra were taken using a 1.0 cm optical path quartz 

cuvettes or glass cuvettes on a Gary 118 Spectrophotometer or on a 

Hewlett-Packard 8450A UV/VIS Spectrophotometer with a HP 7225A Graphics 

Plotter. Fluorescence spectra were recorded on a Hitachi Perkin-Elmer 

MPF-2A Spectrophotometer with a 150 W Xenon lamp and a red-sensitive, 

Type R-136 photomultiplier tube (Hamarnatsu TV Co.). 

Continuous photolysis was carried out with a collimated beam from 

either a 1000 watt or a 450 watt Xenon arc lamp (Oriel). Infrared 

was removed by passing the light through a 10-cm aqueous cupric sulfate 

solution and visible light was restricted to a narrow band from 400 to 

540 nm by two glass filters; one had a sharp UV cut-off at 400 nm, the 

other was a Corning 5-57. 

De-aerated sample solutions were first carefully evacuated and 

followed by bubbling Ar gas (which was purified by active copper at 

150°C) several times and then purged for at least 20 minutes. All 
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experiments were performed at room temperature. 

The flash photolysis apparatus is as described in the previous 

chapter. Dye solution used was Coumarin 450 in 1:1 methanol and water 

mixture, and it lased at around 450 nm when 21 Ky, 60 joule electrical 

energy was dissipated in the Xe plasma. 
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RESULTS AND DISCUSSION 

Fluorescence quenching experiments 

The metal-to-ligand charge transfer excited state of Ru(bpy) 2-f- 
3  

complex fluoresces strongly in the orange (Figure 2a). The excited 

state has some triplet character due to the nature of heavy element Ru. 

Consequently, it decays more slowly than a usual singlet state does. 

The lifetime (lie time) was reported to be 0.6 microseconds [1], and was 

measured with our nanosecond spectral source to be. 0.61 As in a 

deaerated aqueous solution and 0.39s in an air-saturated solution. 

From the ratio of these two values, the quenching constant k q  of oxygen 

dissolved in aqueous solutions at room temperature (22±1°C) is 

estimated to be 3.5 x 10 M 1 s 	by the following equation, 

= 1 + [k q/k0 ] x [02] 

where t,t0  are the excited state lifetimes with and without the 

quencher oxygen respectively, k0  is the intrinsic decay constant in the 

aqueous solution and is the inverse of the sum of knr  and  kr•  With 

MV2+ as the quencher, the quenching constant, k q  is calculated to 

be 8.1 x 108  Ms 	at 22°C from the Stern-Volmer plot 

(Figure 2b). It is slightly slower than diffusion-controlled due to 

the static repulsive interaction between the ruthenium complex and MV2+ 

(Figure 2b). 

Continuous photolysis studies 

Figure 3 shows the accumulation of MV•
+  
 radicals under continuous 

photolysis in the solutions at pH 7 containing 3.3 x 10_ 6  M of 

Ru(bpy), 1.2 x 10_ 2  M of MV2 , and three different concentrations of 

EDTA, 0.1, 0.01, and 0.001 M. The overall mechanism was first proposed 
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Figure 2. 	(a) Fluorescence spectrum of Ru(bpy) 	in aqueous 

sol ution. 

(b) Stern-Volmer plot of the excited Ru(bpy) 	by 

methyl viologen at 22°C in aqueous solution. Is/I 

is the ratio of fluorescence intensities in the absence 

of quencher to that in the presence of quencher. 
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Figure 3. 	Formation of MVt radicals under continuous photolysis 

in the solutions at pH 7 containing 3.3 x 10_ 6  M of 

Ru(bpy), 1.2 x 10_ 2  M of MV 2 , and three 

different concentrations of EDTA, 
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as follows. 

Ru(bpy) 
:ç, 	

Ru(bpy) (to) 

Ru(bpy) D. Ru(bpy) 

Ru(bpy)2+ + MV _____ 
Ru(bpy) 	+ MV ('z) 

Ru(bpy) 	+ MVt Ru(bpy) 	+ MV2 (13) 

Ru(bpy) 	+EDTA Ru(bpy) 	+ EDTAOX  ((4) 
From this mechanism, the variations of reactants, intermediates, and 

products are derived, 

d[Ru2]/dt = 'ab - k 0  x £Ru2 i - kq  x [MV2 ] x [*R u2+] (t) 

d[MV]/dt = kq  x[MV2 ] x [Ru2] - x [Ru3 ] x [MV  

d[Ru 3 ]Idt = k q  x EMV2 J x ['Ru2 ] -k2  x [Ru 3 ] x [MV] 

- k4  x tRu3 :J x [EDTA] 	 (1'7) 

Assuming that [*Ru2i and [Ru 3 ] reach steady-state after a very short 

while, we have 

d[MV]/dt- 	
Ia 	 I 
_________ 	 (18) - 	 a 

	

+ 	 I + - C1 Th3 

It is obvious from Figure 3 that the initial slopes at three different 

concentrations of EDTA are different and thus the contribution from the 

second term in the above equation should not be neglected. Integrating 

the above equation, one has 
4 K' t = [MV] + 	

2

4(PT43 
) [MV]2 	 (t4) 

where K= I/+ 	4 0 

In order to see the effect of the quadratic term on the initial slope, 

the following coordinate transformation is used. 

T=t-t0 	 (20) 

X = [MVt] - [MV] 0 	 (zI) 



Equation 19 becomes 

	

(2i 	
]0  + 	•( 	) x2  0 	 ) 4 ( D1A) 

[MV 	 (zz) K (1 + t) = X (1 
+ 	 1 

In our experiments, small variations of [MVt] (1O_6 M) were not easy 

to record and also time interval less than one second could not be 

resolved. 	Equation 22 suggests that the initial slope should be 

K / (1 + 
	

•[MV] 0 ) 	 (23) 

instead of K. 

By substituting k 2  = 10 Ms', k4 = 10 6  f1 1 s 1 , and [MV] = 

10_ 6  M into the apparent slope function and varying the concentration 

of EDTA, we find that the calculated slopes comform to our experimental 

results, as shown in Figure 4. However, if [EDTA] is smaller than 

10 	M, the steady-state assumption of [Ru(bpy)] cannot hold 

+ and [Ru(bpy) 33+  ] decreases rapidly as MV' radicals build up. 

(3) Flash photolysis studies 

To obtain the rate constant k 2  of the back reaction (equation 13) 

and k4  of the reductive reaction of EDTA (equation 14) simultaneously, 

the following experiments were carried out. In a cuvette containing 

3.3 x 10 	M of Ru(bpy), 1.2 x i 2  M of MV2  

	

Y 	 , and 0.8 mM of EDTA 

aqueous solution at pH 7, the decay of MVt was first recorded without 

pre-illumination, and then after several exposures of this cuvette to 

sunlight a set of decay curves of MV'
+  
 were acquired at different 

concentrations of pre-generated MVt. By curve simulation with the 

following rate equations derived from the proposed mechanism, 
• - 
	 d[MV]/dt = -k 2  [MV] [Ru(bpy)] 

d[Ru(bpy)J = -k 2  [MV] 	 - k4  [Ru(bpy)33 ] [EDTA] (25) 

we have estimated k 2  to be 2.3 x 10 Ms 	and k 4  to be 8 x 106  

Ms 	from Curve 1 in Figure 5. A general purpose program used is 
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Figure 4. 	Calculated slope as a function of EDTA concentraion. 
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Figure 5. 	Transient absorption changes ofMVt radicals followed 

as 602 nm. 

[Ru(bpy)7] = 3.3 x 10 	M 

[MV2 J = 1.2 x 10 2  M 

[EDTA1= 0.8 mM 

The pre-generated [MV] was 

(i) '0 M 

() 2.4 x 10 	M 

.94 x 10 	M 

6.5 x 10 	M 
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attached in the appendix of this chapter. These values are very 

reasonable and in fairly good agreement with the data obtained from the 

experiment with a different electron donor, triethanol amine, reported 

in the literature [2]. But, we could not fit the other experimental 

data with these same two constants. The decay of MV was too slow and 

the residual amount of MV was too high. We concluded that the simple 

mechanism proposed above was not enough to represent the actual details. 

a. Two-component system,---- Ru(bpy),  and MV2  

EDIA was first eliminated from the above solution so that the back 

reaction (equation 13) could be separately studied. Although the back 

reaction should be simply bimolecular, it might be complicated by the 

existing photo-generated MV; e.g., complexation or dimerization in 

the experimental conditions. To find out this, we introduced MVt on 

purpose into the solution without any added reducing agent. Usually, 

MVt was chemically reduced by dithionite, but the residual reductive 

agent might interfere the reaction. In our experiment, MVt was first 

produced on a gold electrode by electrochemical reduction and then 

added into Ar-purged solutions. Any possible interference of the 

oxidative product from the other electrode was avoided by separating 

the copper anode with a glass frit (PAR, Vycor tip) such that Cu ions 

were all confined to a separate compartment. 

From the decay curves monitored at 602 nm, we found that the back 

reaction followed a simple bimolecular reaction kinectics up to 

7.2 x 10 	M of MV (OD 0.8 at 602 nm)4 k 2  was estimated to be 

1.3 x 10 Ms (Figure 6a). With the introduction of 0.1 M salt 

NaCl, k 2  increased to 2.5 x 10 M's. This increase is expected 

since the electrostatic repulsive interaction between Ru(bpy) 3  and MV 

.I. 



is reduced by increasing the ionic strength (Figure 6b and 6c). The 

quantum yields in terms of the maximal MVt generated in the flash 

together with a summary of these experiments (#2-3) are tabulated in 

Table 1. The decrease of the initial photo-induced MVt in the presence 

of higher concentration of electrochemical generated MV
+ 
 might be 

attributed to the statistical static reduction of Ru(bpy) 	by nearby 

thermalized MV radicals. Also, increasing the ionic strength might 

decrease the probability of cage separation of Ru3+  and W. However 

these suppositions cannot be resolved with our photolysis system. 

b. Three-component system, ---- Ru(bpy), MV 2 , and EDTA 

In the presence of 0.1 M of pH 7 EDTA, photo-induced MVt does not 

decay at all and the yield is about twice the amount produced in a 

solution without EDTA (Figure 7a and Table 1). This indicates that a 

second reduction might occur. Actually, a second growth of MVt could 

be clearly seen when the scan rate increased. It followed very closely 

the initial instantaneous jump of photochemically generated MV, as shown 

by comparing Figure 7b and 7c. In order to have a better look at this 

second non-photochemical production of MVt, a smaller amount of EDTA 

(1mM) was added into Solution 1 of the previous experiment (see Table 1, 

Solution 1') so that the second growth could be slowed down. Also 

examined was a solution having 0.1 M of pH 5.15 EDTA (Solution 5) to 

confirm this possibility. Both showed a visible second growth of MV 

within 10s after the laser flash (Figure 8). 

The fact that a slower thermal growth of MV
+ 
 at pH 5.15 can be 

observed (as compared to that in a pH 7 solution) is attributed to a 

decrease of the effective concentration of reductive EDIA, which should 

have at least one non-protonated N center to be a good reducing agent, 

M. 
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TABLE 3 - 1 - 

QUANTUM YIELDS OF PHOTO-INDUCED MVt IN FLASH PHOTOLYSIS EXpERIMENISa 

# Ru(bpy) MV2  MVt EDTA NaCl EMVax 

[MM] [mM] [IM] [M] [M] [M] [%] 

(A) TWO-COMPONENT SYSTEMS 

1 29.4 5.0 2.42 8.2 

2 30.0 5.0 30.8 1.97 6.5 

3 30.0 5.0 72.4 1.70 5.6 

2' 28.5 4.6 27.0 0.1 1.64, 5.8 

(B) THREE-COMPONENT SYSTEMS 

30.0 5.0 1 mM(7) ,60 12.0 

1 30.0 5.0 82.0 1 mM(7) 2.00 6.7 

4 32.5 5.0 0.1 	M(7) 5.40 16.7 

5 32.4 5.0 0.1 	M(5.1) - 2.80 9.2 

3 30.6 5.0 24.5 2.10 7.0 

3 29.5 5.0 .83mM(7) 3.00 10.1 

3 29.5 5.0 29.3 0.8mM(7) 2.10 7.1 

3 29.5 5.0 45.1 .78mM(7) - 1.84 6.2 

3 27.3 4.6 .75mM(7) 0.1 1.62 5.9 

3j 27.3 4.6 30.2 .72mM(7) 0.1 1.40 5.1 

a. In calculating the quantum yields, we assume that all 	 - 

Ru(bpy) 	are excited by laser flash. A = 0.43 at 450 nm, 

and the intensity of laser flash is high enough to 

saturate ruthenium complex in the solution. 
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Figure 6. 	Transient absorption changes of MVt  followed at 602 nm. 

All solutions contained 

[Ru(bpy)] = 2.94 x 	lvi 

[MV2 i = 5 mM 

simple two-component system: 0 M of MVt 

with MVt  generated by electrochemical method. 

[MVt] = 3.08 x 10 	M 

[MV] = 2.7 x 10 	M 	and 

0.1 lvi of NaCl. 
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Figure 7. 	Transient absorption changes of MV followed at 602 nm. 

All solutions contain Ca. 3 x 10 	lvi of Ru(bpy) 	and 

5 mM of MV 2 . 

with 0.1 M EDTA (pH 7.0), 

same as (a) except a higher digitizing rate. 

with 0 M of EDTA. 
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Figure 8. 	Transient absorption changes of MVt followed at 602 nm. 

1 and 2 were with a solution containing 3 x 10 	M of 

Ru(bpy), 5 mM of MV2 , and 1 mM of EDTA at pH 7. 

3 was in the same solution as 1 and 2 except it 

contained pre-generated 8.2 x 10 	M of MVt. 

both 1 and 2 contained 3.25 x 10 	M of Ru(bpy), 

5 mM of MV 2 , and 0.1 M of EDTA at pH 5.1 except 

the digitizing rate of 2 was ten time faster. 
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- C H2. ,-, •. 	HCH_COOe 
N - ( cH2) 

S OOC_CHZ/  

From the pKs of EDTA, the fraction of effective EDTA in a solution at 

20°C and having an ionic strength of 0.1 is calculated to be 8.9% at 

pH 5.15 and 87.3% at pH 7 [3]. 

Keller, et al. have proposed the following mechanism for the 

decomposition of EDTA after its first oxidation [4], 

. ,CH2C00° - 	 CH2  co 0  

HJ O 

(2n 

_ ee 	 CN-000 ( - 	
- 

	

'CH2 _CoOê 	 CR2-GOO 

The net photo-chemical reaction thus can be described as 

,CK 2-COO6 	 ______ 	
4-+2MV +2O 

- 	 ______ 

2 7) 
With this and also our observations, the reaction mechanism should be 

modified to be 

Ru3 	+ Mvt 
12 

%b.  Ru 	+ MV2 
(28) 

Ru3 	+ EDTA ) Ru2 	+ EDTAOX (2) 

EDTAox  + MV - EDTA + MV2  (3o) 

EDTA ox  -' (EDTA) - " (31) 

(EDTA)_H + MV2 - (EDTA) + Mvt (32) 

The inclusion of equations 30 and 31 was suggested by a similar 

oxidation mechanism found with triethanol amine [5]. 



Even with this modification of the reaction mechanism, we 

still were not able to explain some of the qualitative features observed 

in the decay curves of MV. For example, the fact that the second 

reduction (eq.32) takes place so fast, in the first 10ps after the 

laser flash, implies that reactions 31 and 32 proceed much faster than 

reactions 28 and 30. Why can we observe the decaying section after MV 

reaches its maximum (Figure 8a)? Why could not all Ru(bpy) 	react with 

EDTA to produce two equivalents of MVt? (See Figure 8b and Solution 5 in 

Table 1.) 

Apparently, following the decays at 602 nm only, where MVt 

absorbed, could not tell us the complete story. Simultaneous monitoring 

of the decaying behavior of Ru(bpy) 	at 452 nm was necessary and was 

carried out with Solutions 1', 4, 5, as well as Solution 3 without and 

with added EDTA (Solution 3'). The results are shown in Figure 9 and 

Figure lOb-lOd. From the decays monitored at 452 nm, we first 

estimated k4  to be 8t1  x 1O7  M 1 s, which was in good agreement 

with the reported value, 1.1 x 10 8  M 1 s 	[4]. To obtain this 

result, probing light at around 452 nm had to be allowed to pass 

through the cuvette at least for half a second with our present 

detecting system, and it created 10 	M of MV within that small 

probed area at the time when laser was triggered. However, this will 

only speed up the recovery of Ru(bpy) 	slightly as proved by computer 

simulation, so k 4  remains valid. 

By comparing the curves monitored at 452 nm and 602 nm, we can 

conclude that reactions 31 and 32 proceed very rapidly after the first 

oxidation of EDTA because the second growth of MVt  follows very closely 

3+ the recovery of Ru(bpy)3  in each case. Lower limits of these two rate 

Ii 
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Figure 9. 	Transient absorption changes of MVt followed at 602 nm 

(shown on the left hand side of page) and Ru(bpy) 2  at 

452 nm (on the right hand side). 

[Ru(bpy)] = 3.06 x 10 	M 

[MV2 j = 5 mM 

[MV] = 2.45 x 10 	M. 

[Ru(bpy)] = 2.95 x 10 	M 

[MV2 J = 5 mM 

[EDIA] = 8.3 x 10 	M at pH 7 

(b) plus 2.93 x 10 	M of MVt 

[U(py)4 
= 2.73 x 10 	M 

[MV2 ] = 5 mM 

[EDTA] = 7.5 x 10 	M at pH 7 

[NaCl] = 0.1 M 

(d) plus 3.02 x 10 	M of MVt 
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Figure 10. Transient absorption changes of Ru(bpy) 	followed at 

452 nm. 

noise due to light scattering and other electronic 

artifacts from flashlamp. 

All the following solutions contained ca. 3 x 10M of 

Ru(bpy), 5 mM of MV2  and 

with 0.1 M of EDTA at pH 7.031 

with 0.1 M of EDTA at pH 5.0, and 

with 0.7 mM of EDTA at pH 7.0. 
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constants, k 5  and k6 , are estimated to be 8 x 10 6  S 	and 1.6 x 10 

respectively. 

In order to account for the slow decay of MV after MV reaches 

its maximum in solution 5 and other solutions with lower concentration 

of EDTA, we have tried to add some reactions into the above proposed 

- 	 mechanism, but we found none of our trials could fit the data well. 

Finally, we had to conclude that a secondary reaction between MVt  and 

an oxidized intermediate of EDTA might take place after EDTA donated 

its second electron and before the oxidized EDTA was hydrolyzed. Such 

a secondary back reaction might be prevented in a solution having right 

pH and with a large excess of EDTA. One more point we noticed 

in experiments with Solution 3 (Figure 9) was that by increasing the 

concentration of inert salt, NaCl, the initial second growth of MV± 

was largely suppressed and the recovery of Ru3+ was slowed down. This 

might be due to the decreased interaction between Ru 3  and EDTA2  in 

the present of a large excess of chloride ions. With a rate constant 

much smaller than a diffusion-controlled, the encountering molecules 

(Ru(bpy) 	and EDTA31 in reaction 29 must be in a right geometry and 

in a close distance in order to effect the desired reaction. 

Although we have left several un-resolved reactions in this 

chapter, we feel that enough information has been collected to pursue 

- 	 our further experiments in heterogeneous solutions. In this chapter, 

- 	 the fluorescence lifetime and some quenching constants of excited 

Ru(bpy) 	have been measured, and the mechanism as well as the 

kinetics of the reductive reactions of EDTA have been studied to 

certain extent. That unknown secondary reaction decreases the overall 

quantum yield in terms of the amount of MVt  radicals generated, but 



the nature of the intermediate involved is certainly not of our primary 

concern at this moment. 



APPENDIX 
PROGRAM CURSIM4 

C THIS IS USED TO SIMULATE THE DATA OBTAINED FROM FLASH PHOTOLYSIS 

C THE EQUATIONS ARE 	-dX/dt = k2*X*Y - K5*Z + K7*X*Z 

C 	-dY/dt = k2*X*Y + K4*Y 

C 	 -dZ/dt = _k4*Y + k5*Z + K7*X*Z 

C 

REAL XINIT ,YINIT,K2,K4,K5,K7,DT,K2XY ,QXEXT,QYEXT,QOPTLEN 

REAL XTEMP,YTEMP,P,Q,R,XSCALE,YSCALE,XORIG,XO,YO 

INTEGER N, NSTEP,NMORE,XEXT,YEXT,OPTLEN,NGAP,NWRONG 

DIMENSION X(4001),Y(4001),Z(4001),TIME(4001) 

CHARACTER*1 ANSWER1,ANSWER2,ANSWER3,ANSWER4,ANSWER5,XPN,YPN 

CHARACTER*1 ANSWERO 

C 

C READ IN SOME PARAMETERS FOR THE ABOVE' EQUATIONS. 

WRITE (6,13) 

13 FORMAT(/,' INPUT THE EXTINCTION COEFS OF X,Y,AND THE OPTICAL 

1 LENGTH OF CURVETT.',/,'$XEXT,YEXT,OPTLEN(mm) 	[216,12] : 

READ (5,16) XEXT,YEXT,OPTLEN 

16 FORMAT(216,12) 

C 

WRITE (6,402) 

402 FORMAT(/,' TELL ME WHETHER X & Y ARE POSITIVE OR NEGATIVE?',!, 

1 ' TYPE IN N IF ABSORPTION INCREASES,P IF ABS DECREASES.',!, 

2 '$X[P!N],Y[P!N]  ARE [2A1] (Type in PN, NP, PP, or NN) 

READ (5,403) XPN,YPN 

403 	FORMAT(A1,A1) 

C 

1 CONTINUE 

WRITE (6,100) 

100 F0RMAT(/','$XINIT & YINIT, AND ZINIT [3E12.0] : 

READ (5,101) XINIT,YINIT,ZINIT 

101 FORMAT(3E12.0) 

WRITE (6,104) 

104 FORMAT(/,'$TIME INCREMENT DT, 	[E12.0] 

READ (5,105) DT 

105 FORMAT(E12.0) 

F1 



C TO CALCULATE THE DELTA X ONLY 

XORIG=XINIT-YINIT-ZINIT 

C 

2 WRITE (6,102) 

102 FORMAT(/,'$K2, K4, K5, AND K7 [4E12.0] : 

READ (5,103) K2,K4,K5,K7 

103 FORMAT(4E12.0) 

1030 WRITE (6,106) 

106 FORMAT(/,' THE DIMENSIONS OF BOTH X,Y,AND Z ARE 4001 !',/, 

1'$HOW MANY STEPS TO COMPUTE? [14] 

READ (5,107) NSTEP 

107 FORMAT(14) 

WRITE (6,1071) NSTEP 

1071 FORMAT(' THE NUMBER OF STEP IS : ', 14) 

IF (NSTEP.EQ.0) GOTO 3001 

C 

WRITE (6,108) 

108 FORMAT('$DO YOU HAVE ANY MISTAKE IN THE INPUT DATA?[Y/N] : 

READ (5,109) ANSWER1 

109 FORMAT(A1) 

IF (ANSWER1.EQ.'Y') GOTO 1 

C 

C STORE THE INITIAL PARAMETERS IN FILE FOR003.DAT 

WRITE (3,199) 

199 FORMAT(' ****** 	PROGRAM CURVE-SIMULATION 	******1) 
WRITE (3,200) XINIT,YINIT,K2,K4,DT 

200 FORMAT(//,' XINIT =,E12.5,/,' YINIT =',E12.5,//,' K2 =',E12.5 9  
1/ 1 ' K4 =',E12.5,//, TIME INTERVAL DT =',E12.5) 

WRITE (3 9 2011) ZINIT, K5,K7 

2011 FORMAT(/' ZINIT =',E12.5/' K5 =,E12.5/ K7 =,E12.5) 

WRITE (3, 18) XEXT,YEXT,OPTLEN 

18 FORMAT(/,' EXT COEF OF X IS: 116/S  EXT COEF OF V IS: ',16, 

1/,' OPTICAL LENGTH IS: ',I2,'MILLIMETERS') 

C 

C MODIFIED EULER METHOD IS USED TO DO THE NUMERICAL ANALYSIS. 

X(1)=XINIT 

m. 



Y(1)=YINIT 

Z(1)=ZINIT 

TIME(1 )=O 

N= 2 
GOTO 299 

C 

280 CONTINUE 

WRITE (6,281) 

281 FORMAT(/,'$HOW MANY MORE STEPS DO YOU WANT? [14] : 

READ (5,282) NMORE 

282 FORMAT(14) 

N STE P =N STE P +NMORE 

WRITE (6,648) NSTEP 

WRITE (6,8544) DT 

C STARTS COMPUTATION 

299 CONTINUE 

DO 300 I=N,NSTEP+1 

K2XY=K2*X(I_1)*Y (Ii) 

P=X(I_1)_DT*(K2XY_K5*Z(I_1)+K7*X(I_1)*Z(I_1)) 	* 

Q=Y (I_1)_DT*(K2XY+K4*Y(I_1)) 

R=Z(I_1)+DT*(K4*Y(I_1)_K5*Z(I_1)_K7*X(I_1)*Z(I_1)) 

IF ((P.LE.0.0).OR.(Q.LE.O.0).OR.(R.LT.0.0)) GOTO 999 

X(I)=X(I_1)_0.5*DT*(K2xY+K2*P*Q_K5*z(I_1)_K5*R+K7*P*R 

+K7*X(I_1)*Z(I_1)) 

Y(I)=Y(I_1)_0.5*DT*(K2XY+K4*Y(I_1)+K2*P*Q+K4*Q) 

Z(I)=Z(I_1)+0.5*DT*(K4*Y(I_1)_K5*Z(I_1)FK4*Q_K5*R_ 

K7*X(I.1)*Z(I.1)_K7*P*R) 

TIME (I)=TIME (I-1)+DT 

300 CONTINUE 

3001 N=NSTEP+2 

WRITE (6,301) 

301 FORMAT('$MORE STEPS? [YIN] : 

READ (5,302) ANSWER2 

302 FORMAT(A1) 

IF (ANSWER2.EQ.'Y') GOTO 280 

C 

RN 



WRITE (6,400) 

400 FORMAT(/,' NOW YOUR DATA ARE IN MOLAR! DO YOU WANT TO CONVERT 

1THEM INTO RESULTS',/,'$IN TERMS OF THE INTENSITY OF SIGNAL? 

2 [YIN] 	: ') 
READ (5,401) ANSWER3 

401 FORMAT(A1) 

IF (ANSWER3.EQ.'Y') THEN 

C CHANGE X INTO DELTA X 

C 

DO 4030 I=1,NSTEP+1 

X(I )=X(I)-XORIG 

IF (X(I).LT.0.0) GOTO 999 

4030 CONTINUE 

C 

IF (XPN.EQ.'N') THEN 

DO 4031 I=1,NSTEP+1 
X(I)=_1.0*X(I) 

4031 	CONTINUE 

ENDIF 

IF (YPN.EQ.'N') THEN 

DO 4032 I=1,NSTEP+1 
Y(I)=_1.0*Y(I) 

4032 	CONTINUE 

ENDIF 

WRITE (3 ,4O51) 

4051 FORMAT(/,' $$$ THIS SECTION USE A SIGNAL INTENSITY UNIT !!') 

WRITE (3,4052) XORIG 

4052 FORMAT(/,' [X] BEFORE FLASH = ',E12.5) 

QXEXT=FLOAT(XEXT) 

QYEXT=FLOAT(YEXT) 

QOPTLEN=FLOAT(OPTLEN)/10..0 

C 

DO 500 I=1,NSTEP+1 
XTEMP=X(I )*QXEXT*QOPTLEN 

YTEMP=Y (I )*QYEXT*QOPTLEN 

X(I )=_1.011O**XTEMP 

.r. 



Y(I )=_1.O+1O**YTEMP 

500 CONTINUE 

ENDIF 

C 

IF (ANSWER3.NE.'Y') THEN 

DO 5990 I=1,NSTEP+1 

X(I)=X(I)-XORIG 

IF (X(I).LT.O.0) GOTO 999 

5990 CONTINUE 

ENDIF 

C 

C COMPARE YOUR DATA WITH THE ACTUAL EXP DATA AND DETERMINE WHAT 

C CONVERSION FACTOR YOU NEED FOR THE CURVE SIMULATON. 

WRITE (6,599) 

599 FORMAT(/,'$DO YOU NEED SCALING FACTORS? [YIN] : ') 

READ (5,5991) ANSWER4 

5991 FORMAT(A1) 

IF. (ANSWER4.EQ.'Y') THEN 

WRITE (6,600) 

600 FORMAT(//,' THE FOLLOWING DATA ARE FOR THE DETERMINATION OF 

1 SCALING',!,' FACTORS YOU NEED TO SIMULATE DATA !',/,6X,'XXXX' 

2,15X,' 	YYYY') 

WRITE (6,601) (X(I),Y(I),I=1,4) 

601 FORMAT(1X,E12.5,10X,E12.5) 

WRITE (6,6011) 

6011 FORMAT(' WHAT IS THE X(0) AND Y(0) YOU LIKE TO SCALE UP ? 

1[2F12.0]',/,'$X(0) , Y(0) 

READ (5,6012) XO,YO 

6012 FORMAT(2F12.0) 

XSCALE=XO/X(1) 

YSCALE=YO/Y(1) 

WRITE(3,6031) XSCALE,YSCALE 

6031 FORMAT(/, ' THE SCALING FACTORS CHOSEN ARE ',/,' XSCALE 

1E12.5,/,' YSCALE : ',E12.5) 

DO 6030 I=1,NSTEP+1 

X(I)=XSCALE*X(I) 



reTal 
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Y(I)=YSCALE*Y(I) 

6030 	CONTINUE 

END I F 

C 

C STORE THE RECORD IN FILE FOR003.DAT 

WRITE (6,648) NSTEP 

648 FORMAT(' TOTAL It OF STEPS IS : ',14) 

NGAP=1 

WRITE (6,649) 

649 FORMAT('$DO YOU WANT TO PRINT'0UT THE COMPLETE FILE OR NOT ? 

1 [V/N] 	t) 

READ (5,6491) ANSWERO 

6491 FORMAT(A1) 

IF (ANSWERO.NE.'Y') THEN 

WRITE (6,6492) 

6492 FORMAT('$WHAT IS THE # OF STEPS BETWEEN THE DATA TO 

1RECORD ? [14] ') 

READ (5,6493) NGAP 

6493 FORMAT(14) 

ENDIF 

WRITE (6,650) 

650 FORMAT(' YOUR DATA FILE IS FOR003.DAT !') 

WRITE (3,700) NSTEP 

700 FORMAT(/,' TOTAL It OF STEPS IS : 
WRITE (3,750) 

750 FORMAT(5X,hTIMEI,16X,sXXXXXXs,16X,YYYYYYI  ,16X,'ZZZZZZ' 

WRITE (3,800) (TIME(I),X(I) ,Y(I),Z(I),I=1,NSTEP+1,NGAP) 

800 FORMAT(1X,E12.3,1OX,E12.5,1OX,E12.5,1OX,E12.5) 

C 

WRITE (3,801) 

801 FORMAT(//,' ******** END OF A SECTION *********I) 
WRITE (6,802) 

802 FORMAT('$DO YOU WANT TO TAKE A LOOK AT YOUR DATA? [YIN] ') 

READ (5,803) ANSWER5 

IF (ANSWER5.EQ.'Y') THEN 

WRITE (6,750) 



WRITE (6,800) (TIME(I ),X(I),Y(I),Z(I),I=1,NSTEP+1,NGAP) 

ENDIF 

GOTO 9991 

C DT MUST BE TOO LONG TO BE ACURATE 

• 	 999 CONTINUE 

NWRONG=I 

WRITE (6,9990) 

9990 FORMAT(//,' 	I AM AFRAID THAT THE TIME INTERVAL IS NOT 

1ADEQUATE 1!',!,' TRY A SHORTER DT !') 

WRITE (6,8544) DT 

WRITE (6,802) 

READ (5,803) ANSWER5 

IF (ANSWER5.EQ.'Y') THEN 

WRITE (6,750) 

WRITE (6,800) (TIME(I),X(I),Y(I),I1,NWRONG) 

ENDIF 

C 

9991 CONTINUE 

WRITE (6,845) 

845 FORMAT( DO YOU LIKE TO CHANGE THE TIME INTERVAL DT ONLY AND 

1 1 ,/,'$COMPUTE THE WHOLE SET OF DATA AGAIN ?[Y/N] : 

READ (5,803) ANSWER5 

IF (ANSWER5.EQ.'Y') THEN 

WRITE (6,104) 

READ (5,105) DT 

WRITE (6,8544) DT 

8544 FORMAT ( DT IS : ' ,E12.5) 

GOTO 1030 

ENDIF 

WRITE (6,849) K2,K4,K5,K7 

849 FORMAT(/' K2 =',E12.5/' K4 =',E12.5/' K5=',E12.5/' K7 =',E12.5) 

WRITE (6,850).. 

850 FORMAT(/,'$DO YOU LIKE TO TRY THE OTHER SET OF K2,K4, 

1 K5, AND K7 ?[Y/N] : 

READ (5,803) ANSWERS 

IF (ANSWERS.EQ. 'Y') GOTO 2 

91 
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WRITE (6,900) 

900 FORMAT(/,'$DO YOU WANT TO START THE COMPUTATION AGAIN ? 

1 [YIN] : 

READ (5,803) ANSWER5 

803 FORMAT(A1) 

IF (ANSWER5.EQ.'Y') GOTO 1 	 : 
STOP 

END 
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CHAPTER IV 

PHOTO-INDUCED ELECTRON-TRANSFER REACTIONS IN HETEROGENEOUS MEDIA 

While studying photochemistry in homogeneous solutions, one 

appreciates that if solar energy is to be conserved efficiently 

via electron-transfer reactions in an artificial photosynthetic system, 

the reactants used must satisfy the following requirements: 	 . 

The sensitizer should be reasonably stable and have strong 

absorptivity within the.solar spectrum.. Its excited state should 

be energetic enough to carry out the desired reactions. 

An appropriate excited-state quencher should be added to intercept 

the intrinsically decaying pathways, and the products of this 

quenching reaction should retain most of the light energy gained. 

In other words, thermal energy released during the quenching 

reaction must be minimized. 

The photoproducts should effectively escape from the solvent cage 

where they encounter each other, and their subsequent recombination 

reaction should be retarded, 

Catalysts, which interact with those unstable, energetic photo-

products to provide more stable ones, should be carefully designed 

to maximize the rates of desired reactions. 

Apparently, the performance of each component critically influences the 

overall yield of an artificial photosynthetic system, as is illustrated 

in Figure 1 using solar decomposition of water as an example. - 

It is clear that Figure 1 shows only those productive reactions 

which lead to water splitting. Actually, when a photochemical reaction 

is carried out in a homogeneous solution, several back reactions and 

side reactions can take place simultaneously so as to severely hamper 
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Figure 1. 	General scheme for water photodecomposition. S represents 

a sensitizer, A an electron acceptor, 0 an electron donor, 

and C 1 , C2  are catalysts for water splitting. 

Two possible mechanisms are shown. One starts from an 

oxidative quenching, the other from a reductive quenching. 
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the completion of a desired process. For instance, unless there exists 

a high energy barrier, most photo-products will recombine exothenlially. 

Also, most of the intermediates created in electron-transfer reactions 

11 either react without selectivity or decompose by reacting with solvent. 

In order to have better control of the reaction pathway, one frequently 

resorts to heterogeneous solutions which generally consist of two sub-

phases and a charged interface. In these solutions, one or more of the 

reactants and products can be manipulated to make selective 

interactions possible. In fact, photo-induced electron-transfer 

reactions in many such solutions have been explored, e.g. micelles, 

reverse micelles, microemulsions, and polyelectrolytes E11. In 

addition to the concentration effect, these heterogeneous solutions 

have also been found to influence the course of reaction through the 

electrostatic interactions between reactants and the surface charge, 

if any, on dispersed colloids or on polymers. Following the initial 

charge separation, charged radicals or ions thermalize in the electric 

field according to the Boltzmann law. If reactants are properly chosen, 

back reaction can be considerably slowed down by this kind of spatial 

distribution. 

In this chapter, photochemical reactions with ionic reactants in 

heterogeneous media with colloidal silica or the polyelectrolyte poly-

acrylate will be studied. The effects of the charged interface on 

fluorescence quenching, charge separation, and product recombination 

are individually examined, and ways to optimize the conversion of solar 

energy into chemical energy will be suggested. 



Experi mental 

Materials 

Colloidal silica dispersion with a trade name of Nalcoag was from 

Nalco (Oak Brook, Illinois). Particle size ranging from 4 nm to 1 
0 

micron was available. Nalcoag 1115 with 15%, 40 A colloidal silica in 

aqueous solution was chosen for all experiments. 

N,N'-dipropyl-4,4'-bipyridium sulfonate (PVS°) was synthesized 

from 4,4'-bipyridine and 1,3-propane sultone by Ford in our group [2]. 

0 C) 
Is 

Zinc meso.-tetra(4-pyridyl) porphyrin (ZnTPyP 4 ) was synthesized by 

first refluxing zinc acetate and tetrapyridylporphyrin (Strem product) 

in dimethylformamide. Methylation was achieved by stirring the 

precipitated product in an excess of methyl iodide overnight [3]. 

Zinc tetra(N_methyl_4_pyridyl)porphyrin chloride was obtained by 

exchanging its iodide complex in AG 248 anion exchange resin (chloride 

form). Its perchiorate and tetrafluoroborate salts were obtained by 

precipitating the iodide salt with silver perchlorate or AgBF 4  and then 

recrystallizing from saturated NaC104  or NaBF4  aqueous solutions. 

All other chemicals have been described in the previous chapter. 

Experimental procedures 

Typically, 20 1Al concentrated 15% silica solution was aclaeci into 

a 3 ml solution containing all other necessary chemicals. The pH of 

the solution was then measured by a Corning pH meter and was adjusted 

by adding concentrated NaOH or HCl. 



Spectra of oxidized compounds were taken using a thin-layer, 

optically transparent electrode (OlE) under potentiostatic condition. 

Details of OTE have been described in Chapter 2. The excited-state 

lifetime of Ru(bpy) 	was measured using a nanosecond spectral source. 

The time profile of fluorescence intensity was recorded on a storage 

oscilloscope and analyzed by the method described in Chapter 2. 

Flash photolysis studies as well as the recording of absorption 

and fluorescence spectra were carried out in the same way as described 

in the previous chapter. In continuous photolysis experiments, a 450 W 

xenon lamp was used, and the excitation light was limited to between 

400 and 550 nm by a 10-cm CuSO 4  solution (100 g/l), a Corning 5-57 

filter, and a UV filter with cutoff at 400 nm. 

(3) Chemical actinometry 

Actinometry with Reinecke salt (K[Cr(NH 3 ) 2 (NCS) 4]) was chosen for 

the measurement of light intensity [4]. 0.15 g of Reinecke salt was 

dissolved in 10 ml deionized water, and the solution (0.045M) was 

filtered right before use. Its pH was then adjusted to about 3.5 by 

adding H2SO4  against a pH paper. Since this salt underwent slow but 

noticeable thermal dissociation, a portion of the solution was kept in 

the dark to be used as a reference. After a certain period of 

illumination, an aliquot of 0.1 ml was withdrawn from both the 

illuminated and the dark solutions and each added into a 2.9 ml 

solution of 0.1 M Fe(NO 3 ) 3  in 0.5 M H2SO4* 
 The absorption spectrum 

was taken using the dark solution as the reference. Throughout the 

illumination, stirring must be provided to prevent any excess accumu-

lation of products in the illuminated area. With the present 450 W 



xenon lamp, the total flux of photons impinging on the solution was 

measured to be 2.9 x 10 	einstein/s and the light intensity was about 

2.4 x 	einstein/cm2.sec. The spectral data provided by the lamp 

manufacturer aided in assigning the number of photons in every 10 nm 

interval. Finally, the number of photons actually absorbed by the 

sensitizer could thus be calculated from its own absorption spectrum 

combined with the above two quantities. 

100 



Results and Discussion 

PART A. Photochemistry in colloidal silica 

Since colloidal silica has not been used frequently in the past, 

its characteristics will be discussed first. This brief shall help 

understand the role it plays in the subsequent photochemical studies. 

(1) Characteristics of colloidal silica 

Nalco uses an ion exchange method in preparing colloidal silica, 

whereby silicic acid is fed at a controlled rate into a sodium 

silicate solution. Growth and concentration are accomplished 

simultaneously. Details of this and other methods of colloidal silica 

manufacturing can be found in Ralph her's "The Chemistry of Silica" 

[5]. The stability of these solutions can be explained as a function 

of Brownian movement and electrical properties. While the Brownian 

motion of these 40 A particles helps keep them from settling out, it 

also affords an opportunity for the particles to collide and agglo-

merate. It is their surface charges which prevent the agglomeration 

from occurring. At pH above 7, some surface silanol groups become 

ionized and, thus, colloidal silica particles are charged. This 

negatively charged surface attracts positive ions and repels those 

ions of the same charge. As a result,an electrical double layer 

responsible for the stability of the colloidal dispersion is induced. 

Figure 2a displays the stability of silica particles as a function of 

pH [6]. At lower pH, particles are metastable because there are fewer 

hydroxyl ions present to catalyze the reaction which leads to 

gel formation, as shown in Figure 2b. 

In this study, I am particularly interested in utilizing the 

high surface potential of colloidal silica in electron-transfer 

101 
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Figure 2. 	(a) Effect of pH on the gelling of colloidal silica. 

(b) Formation of siloxane bonds between two colloids. 

Hydroxide ion is a catalyst for this gelling process. 
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reactions to separate photoproducts by virtue of coulombic 
0 

interactions. Since the number of ionized sites on a 40 A silica 

particle has been determined to be "60 [7],  the surface potential can 

be estimated by the Gouy-Chapmann relation [8], 

= 2.66 x 10 	[DRT]C ' sinh( ----  ) 	 ( I) 

where 5 is the surface charge density (C'm 2 ), L13 the surface 

potential (volt), D the dielectric constant, R the universal gas 

constant (8.3 J.mole 4. deg), F the Faraday constant (96500 Coulombs 

mo1e), T the absolute temperature (°K), and C the concentration 

of 1-1 electrolyte. ij is calculated to be about -170 mV at a salt 

concentration of 0.01 M. This number compares favorably with those 

found in micelles of similar size [9]. In micellar aggregates, 

because the binding force between surfactants consists of weak 

hydrophobic interactions, most of the charged head groups must bind 

counter ions closely in the Stern layer so that the repulsive 

interaction between head groups can be largely diminished. Thus, the 

number of ionized sites found in micellar aggregates is usually small, 

e.g., only 1/6 of the head groups. On the contrary, the binding force 

in colloidal silica is the much stronger covalent force, and the number 

of the apparent ionized sites is almost equal to the total surface 

silanol groups. 

	

In order to show the existence of such high surface potential 	 - 

and demonstrate that the back reaction may be retarded by the charge 

interface, positively charged Ru(bpy) 	or porphyrins are chosen as 

the sensitizer and a neutral propylviologen sulfonate as the electron 

acceptor. Before we continue to discuss their photochernistry in 

colloidal silica, the redox properties of these compounds should be 



examined first. 

Electrochemistry 

The reduction potential of propylviologen sulfonate was measured 

with a hanging mercury electrode in unbuffered aqueous solution with 

1 M KC1. From the cyclic voltammogram shown in Figure 3a, the half-

wave potential, Ey was calculated to be -0.652 V vs SCE or -0.410 vs 

NHE. Efor the second reduction was at -0.751 V vs NHE. The cyclic 

voltanunogram of methyl viologen was also recorded and shown in Figure 

3b. Eof V2 /MV was measured to be -0.44 V vs NHE, which was 7.  

exactly the same as that reported by Krasnovskii and Brin [10]. 

Pre-waves were noted and were attributed to some adsorbed viologen on 

the mercury electrode. The introduction of two sulfonate groups shifts 

the reduction potential only slightly upwards. 

The optical spectrum of PVS 7  radical was taken by reducing a 

freshly prepared PVS° of 5 x 10 	M with 20-50 JA1 of 0.1 M Na 2 SO4in 

0.1 M Tris(hydroxymethyl)aminomethane buffered at pH 8.06 (Figure 4). 

The extinction coefficient at 602 nm, 
'max'  was measured to be 

1.41 x 104 M 1 cm 1 . Similarly, the Emax  of MV at 602 nm was 

measured in an aqueous solution containing the same buffer to be 

1.18± 0.04 x 104  Mcm 1 , which was the same as that reported by 

Trudinger [11].  Care was taken not to irreversibly reduce viologen 

further to a colorless compound, MV°. 

Excited-state lifetime measurements 

In the presence of 3.8 x 10 	M silica particles, the excited- 

state lifetime of Ru(bpy) 	was found to increase both in a de-aerated 

solution and in an air-saturated solution. They are 0.71 and 0.49ps, 
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Figure 3. 	(a) Upper curve: Cyclic voltammogram of PVS° in aqueous 

solution with 1 M KC1 as the supporting electrolyte 

(scan rate 100 mV/s). 

WE: hanging mercury electrode 

CE: Pt wire 

RE: SCE 

Lower curve was taken under the same conditions as the 

upper curve except it was driven toward slightly lower 

potential so that the second reduction can be 

observed. 

(b) Cyclic voltammogram of MV 2 . 

Experimental conditons are the same as that in figure 

3(a). 
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Figure 4. 	Absorption spectrum of PVS 7  radical. 

[PVS°] = 5 x 10 	M in 0.1 M of Tris buffer at pH 8.06. 

Reducing agent was 0.1 M Na 2 S204 . 

a. 
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respectively, in the presence of silica particles, compared to 0.61 

and 0.39s found in my previous experiments in homogeneous solutions. 

By increasing the concentration of silica particles to 1.1 x 10 	M, 

the lifetime r in an aerated solution was further lengthened to 0.52ç..is. 

- 	 But, adding 0.1 M NaCl into the solution containing 3.8 x 10 	M 

colloidal silica decreased t to 0.42 ps in aerated solution. One 

cannot attribute the variation of z to differences in ionic strength or 

pH, because -r is almost the same in a 0.5 M ammonium acetate 

solution as in a pH 12 aqueous solution. Although it should be 

possible to tell whether there are two different values for the 

excited-state lifetime by analyzing the decay curves, the bad condition 

of our fluorescence detecting system prevented us from doing so. Since 

c is the inverse of the sum of k nr  kr and Z.k q [Qj] 

one of these factors must decrease in the presence of silica particles 

to account for the results obtained. 

In addition to these excited-state lifetime measurements, I also 

compared the fluorescent intensities with and without colloidal silica 

under the steady-state condition. The emission intensity was found to 

increase in parallel to the trend observed above in silica solutions, 

as shown in Figure 5. Even though there were no discernible 

differences in the wavelength dependence of the absorption and 

fluorescence spectra, these experiments made me speculate that knr 

might decrease in silica solution due to the adsorption of Ru(bpy) 

on silica particles. In the future, constructing a new system using a 

simple ns N 2  pulse laser for fluorescence lifetime viteasureilient [12] 

should help resolving this point. 

ill 
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Figure 5. 	Variation of fluorescent intensity atdifferent 

concentrations of silica particles. 

All three solutions have 3.3 x 10 	M of Ru(bpy)'. 

[silica particle] = 0 M 

[silica particle] = 3.8 x 10 	M 

[silica particle] = 1.1 x 10 4  M 
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(4) Fluorescence quenching studies 

A. With methyl viologen as the quencher 

In order to illustrate the concentration effect caused by the 

electrostatic potential near the surface of silica particles, the 

excited-state quenching of Ru(bpy) 	by MV2  was studied. 

Ru(bpy) 	+ MV2 1c . Ru(bpy) 	+ MVt 

The quenching constant k q  in a homogeneous solution was found to be 

8.1 x 108  M 1 s 	in the previous chapter. Since both reactants are 

positively charged, one would expect that the quenching rate constant 

should be increasedby increasing the ionic strength of the media. 

This is attributed to the decrease of coulombic repulsive force between 

the reactants. Recently, I have repeated this reaction again very 

carefully and the results are shown in Figures 6 and 7. Indeed, k q  

increases from 5 x 108  M 1 8 1  at low ionic strength to 1.3 x 10 M 

in the presence of 0.5 M ammonium acetate. 

In the presence of 3.8 x 10 	M silica particles (or 2.5 mM in 

terms of surface sites), the Stern-Volmer plot (Figure 8) was 

drastically modified as compared to that in a homogeneous solution. 

With over 1 mM MV 2+ , colloidal silica started to gel as the result of 

a decrease in surface potential and an increase in gelling process. 

This was expected since only 2.5 mM surface sites were available in 

the solution and each MV2+  might associate with two surface sites. 

However, to account for the peculiar shape of the curve found in 

Figure 8, one must include the process of 'quenching reversal' into 

the quenching mechanism [14].  At a low concentration of MV2 , the 

local concentrations of reactants near the surface of a particle are 

very high because they are attracted and confined onto small particles. 
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Figure 6. 	Stern-Volmer plots of the quenching of excited Ru(bpy 

by MV2+ in homogeneous aqueous solutions. 

[Ru(bpy)] = 3.3 x 10 	M in 

0.5 M of ammonium acetate 

0.4 M of amonium acetate 

0.25 M of ammonium acetate 

without added amonium acetate. 
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Figure 7. 	Stern-Volmer constant as a function of salt concentration. 

[Ru(bpy) 	= 3.3 x 10 	M 

ks =k v 	q t 

= k q  x (0.4 x 10-6) 
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Figure 8. 	Stern-Volmer plots of the quenching of excited Ru(bpy) 2+3 
o 

by MV 2+ in the presence of 3.8 x 10 -5 
 M of silica 

particles (pH=9.8). 	[Ru(bpy)] = 3.4 x 10 	M in 

0. 	M of NaCl 

0.02 M of NaCl 

0.1 M of NaCl 

0.5 M of NaCl 
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The apparent quenching constant k q  was estimated to be 4.7 x 1010 

Ms4 , which was about 100 times higher than that in homogeneous 

2+ 
solutions. As [MV 

2+  i ] ncreased, more and more Ru(bpy)3  were 

displaced from the silica surface to the bulk solution and then the 

quenching took place mostly in the bulk instead of near the interface. 

Upon further increase of [MV2 ], the curve in Stern-Volmer plot went 

downward first and then curved up again and behaved as in a normal 

quenching process found in homogeneous solutions (Figure 8A). 

Comparing the hundredfold increase of quenching rate constant with 

the small percentage of volume occupied by the particles in the 

solution (ca. 1/2000 assuming the density of colloidal silical was 2.2 

gram/cc), one may qualitatively conclude that at a low [MV 2 ] most of 

these two reactants are confined within 54 A from the center of a 

2+ 
silica particle, or 34 A from the surface if MV 	is not adsorbed on 

the surface. The radius of this reaction zone is comparable to the 

thickness of the Stern layer for such charged particles (-22 A 

estimated by Gouy-Chapman treatment) [8a. Certainly, one may as well 

attribute the difference between 1/100 (apparent quenching constant/ 

quenching constant in a homogeneous solution) and 1/2000 

(volume occupied by colloidal silica/total volume) to a decrease in the 

mobility of those ions adsorbed on silica surface. We have a good 

reason to suspect that Ru(bpy) 	is bound on the surface since the 

presence of colloidal silica actually lengthens its fluorescent 

lifetime (vide supra). In addition, the gelling of particles in only 

1 mM MV2  suggests that MV2+  is also bound on the surface. Shown also 

in Figure 8 is the effect of the salt concentrations on quenching 

constant. The apparent quenching constant reverts to that 
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found in a homogeneous solution by increasing the ionic strength to 	- 

swamp the reactants out of the surface and possibly to decrease the 

surface potential. With 0.1 tI NaCl, k q  was measured to be 1.7 x 10 

In the future, a calculation of k q  for two dimensional 

quenching process on the surface of silica particles should be carried 

out. The results can be compared with the experimental data obtained 

from the fluorescence quenching studies at different concentrations of 

MV2+ and on various sizes of silica particles with a nanosecond laser 

photolysis setup. 

B. With propylviologen sulfonate (PVS°) as the quencher 

To utilize the property of highly negative surface potential 

of colloidal silica to retard the undesired back reactions, PVS° was 

chosen because of its zero net charge and its high solubility in 

water. Once PVS° is reduced, it bears a negative charge and will be 

expelled away from the area where Ru(bpy) 	resides. This allows both 

photoproducts to interact at leisure with catalysts. 

Figure 9b and 9a show the results of quenching experiments with 

and without 3.8 x 10 	M silica particles. k q  was calculated as 

1.2±0.1 x 10 Ms 1  in the presence of colloidal silica and 

1.4 x 10 M' 1 s 	in homogeneous solutions without any 

added salt. Adding 0.25 M ammonium acetate caused only a slight 

increase in k q  to 1.5 x 10 M 1 s 1  in homogeneous solutions. As 

compared to methyl viologen, PVS° may be regarded as a neutral acceptor 

in electron-transfer reactions. 

(5) Flash photolysis studies in solutions containing colloidal silica 

With PVS° as the electron acceptor, several flash photolysis 
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Figure 9. 	(A) Quenching constants of excited Ru(bpy) 	by PVS° 

as a function of added salt, ammonium acetate. 

[Ru(bpy)3 2+ ] = 3.3 x 10' M 

(B) Stern-Volmer plot of the quenching of excited 

Ru(bpy) 	by PVS° in the presence of 

3.8 x 	M of silica particles (pH=9.8). 

[Ru(bpy)j = 3.3 x 10 	M 
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experiments were carried out in solutions with and without silica 

particles. Figure 10 sumarizes the results. In a homogeneous 

solution, the back reaction 

Ru(bpy) 	+ PVS 	Ru(bpy) 	+ pvs° 	 (3) 

followed a second-order kinetics, and the rate constant kb 	was 

calculated to be 7.9 x 10 Ms 1  (Figure 10A). This is ten times 

faster than that of Ru(bpy) 	and MV. Obviously, the back reaction 

is greatly facilitated by the electrostatic interaction between the 

oppositely charged reactants. However, in the presence of 3.8 x 10 

M silica particles (p1-I 9.8), the undesired back reaction was 

drastically retarded (Figure lOB). kb  was estimated to be 5.7 x 107  

M 1 s. It is reasonable to use a second-order kinetics for all 

the calculations of the rate constant between Ru(bpy) 	and PVS 7  

in heterogeneous media in this chapter as long as the number of 

ruthenium complex per particle is less than one and the mean diffusion 

distance (4 	= 1) is much larger than the average center-to-center 
distance between silica particles. Experimentally, it was found that 

most of the PVS 7  survived over 1 ms. The mean diffusion distance 

in 1 ms is two orders of magnitude larger than the average distance 

between particles in the experimental conditions. In any case, whether 

thetreatment of such a reaction to be second order is valid can be 

easily justified by using the other detector which is specifically 

designed to recordslow reactions (see Chapter 2). According to the 

result from the fluorescence lifetime measurements and quenching studies 

with MV2 , we favor that almost all Ru(bpy) 	are adsorbed on the 

surface. ( The spatial distribution should obey the Boltzman 

distribution, n+ = n exp(_2e 1P/kT) ) Thus, it is reasonable to further 
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Figure 10. Transient absorption changes of PVS T  followed at 602 nm. 

Arrow indicates the laser flash. 

[Ru(bpy)] = 3.6 x10 5  M 

	

[PVS°J = 4 x 10 	M 

In a homogeneous aqueous solution, pH = 9.8. 

In a 3.8 x iO 	M (or 0.2%) silica colloid, pH = 9.8. 

In a 3.8 x 10 	M silica colloid, pH = 9.8 with 

added 0.1 M NaCl. 

In a 3.8 x 10 	M silica colloid at pH 4.5. 
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assume that Ru(bpy) 3+
3  is tightly bound on the surface and the slowness 

of the back reaction is due to the inability of PVS to surmount the 

potential barrier. 

Similar experiments were also carried out with ZnTMePyP4+  as the 

sensitizer. The decay curves were monitored at both 602 and 650 nm. 

Since the actual extinction coefficient of this porphyrin in aqueous 

solution is not yet available (see part B(1)), we can only approximate 

the rate constants by using the data of ZnTPPt for ZnTMéPyP 5 . They 

are 4.5 x 10 M 1 s 1  and (2.1-8.4) x10 9  M 4 s 	with and without silica 

solution. The actual values may be off by a factor of 2 at most. 

Again, the second-order kinetics should be applicable to the present 

experiment in heterogeneous media. In any case, the back reaction is 

about hundredfold retarded in the presence of silica particles. Figure 

11 shows a difference spectrum for a 1.9 x 10 	Fl ZnTMePyP 4  solution 

with 1.0 x 10 	M silica particles in the absence of a quencher, which 

was taken at 50 jus after the laser flash. The peak at 460 nm and the 

broad band in the red can be assigned to the triplet-triplet absorption 

spectrum because similar triplet-triplet absorption spectra have been 

found in several metalloporphyrins [23]. 

In the past, micelles have been widely used in the studies of 

heterogeneous solutions to effect the course of reaction by a combined 

hydrophobic and electrostatic interaction. kb  of reaction 3 was 

determined to be 2.4 x 10 Ms 	in 1.5 x 10_ 2  Fl sodium lauryl 

sulfate solution in this study. Since both reactants are hydrophilic 

and should stay in the aqueous side of the interface, the inefficiency 

in retarding this back reaction may be attributed to its low surface 

potential ('85 mV [15]) as compared to that on silica particles (vide 
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Figure 11. Difference spectrum taken at 50 ps after the flash. 

The solution contained 6.9 x 10 6  M of ZnTMePyP 4  and 

1 x 10 	M of silica particles. 

129 



0 

0 

Lfl 

N. 
O a 
LC) - - 

-J 
co > 

0 
0 
co 

0 
LO 

0 

C 

0- 
L() I 

z 
w o -J 

ow 

cx 
- 

x 

0 

LO 

0 
0 
U, 

0 	 - 
co 	w 	 ('J 

00 	Q 	Q 
a 	C5 0 	0 

130 

F 
/ 

MA 



supra). Such a result is expected based on a simple kinetic argument 

assuming that the surface potential is the main energy barrier for the 

back reaction (see the suniiary at the end of this chapter). 

Effect of ionic strength 

With 0.1 M NaCl in the silica solution, the rate constant, kb ,  

of the back reaction of Ru(bpy) ,  and PVS (reaction 3) was found to 

increase to 4.3 x 10 8  Ms 	(Figure bC). Since it is known that 

adding 0.1 M NaCl decreases the fluorescence lifetime of Ru(bpy) 	from 

0.49 to 0.42s in silica solution, Ru(bpy) 	may be forced to stay 

mostly outside in the bulk. This suggests that ions with two or less 

positive charges are able to diffuse easily through the potential 

barrier, at higher salt concentration. In fact, the potential barrier 

(or the Debye length, L = J_ET , where CO is the concentration of 
,'j &rre 2 C 

the electrolyte in the bulk [161) at 0.1 M NaCl is more than halved as 

compared to that in the solution containing only silica particles. 

This helps the back reaction to speed up by allowing either reactant to 

diffuse through the Stern layer more easily. 

Effect of pH 

As the pH of an alkaline colloidal solution is quickly lowered to 

4.5, the gelling process is not fast enough to interfere with my 

experiments and the solution is in its metastable state. At this pH, 

since all surface silanol groups are protonated and the potential 

- 	 barrier is no longer there to retard the back reaction, kb increases 

-. to 2.6 x 10 Ms (Figure bUD). Rate constants at other pH values 

were similarly determined. The results are sumarized in Figure 12. 

Let a smooth curve be drawn through the data points. kb is found to 

increase to be almost diffusion-controlled at a pH around 5.5, which 
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Figure 12. Back reaction rate constant (kb) as a function of pH 

in a 3.8 x 	M colloidal silica solution 
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corresponds to the PKa  of the silanol groups on colloidal, silica [5]. 

Effect of Temperature 

In order to further prove that surface potential keeps the 

reduced PVS radicals away from the surface, reaction 3 was studied 

at several different temperatures. Experimental results are 

sumarized in Table 1 and two of them are shown in Figure 13. 

Apparently, raising temperature increases the thermal energy of PVS 

to better overcome the potential barrier. When these data are fitted 

by the Arrhenius equation, 

kb = A exp(_E a/RT) 

Ea is estimated to be 4.2± 0.3 kcal mole 	(Figure 14). This 

corresponds to 180±20 mV for a singly charged reactant, which is in 

good agreement with the value estimated from Gouy-Chapmann equation. 

From this result, we may conclude that the surface potential 

contributes predominantly to the retardation of the back reaction 

between oppositely charged reactants. 

Separation of products from solvent cage 

Up to now, almost all factors which affect the reactions leading 

to the separated products have been detailed. Combining all these 

individual reactions together, we may express the quantum efficiency 

of the reduction of viologen by excited Ru(bpy) 	as 

4 v= 4'•4'• 4' 	, 
where 	is the quantum yield for the formation of charge-transfer CT 

excited Ru(bpy), 1% is the probability of quenching, and 	is the 

probability of the formation of separated photoproducts from the 

quenching encounter. 	has been determined to be practically unity by
CT 

the measurements of absolute luminescence quantum yield and excited 
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TABLE 4-1 

THE RATE CONSTANTS OF RECOMBINATION REACTIONS 

IN THE PRESENCE OF COLLOIDAL SILICA 

Ru(bpy),  + PVS 	kb > Ru(bpy)+ PVS° 

pHb NaCl 	added [M] T (°K) kb (Msec) 

9.8 0.025 295 2.7 x 108  

9.8 0.1 295 4.3 x 108  

9.8 0.2 295 5.2 x 108  

8.2 ---- 295 3.9 x 108  

6.5 ---- 295 6.9 x 108  

4.5 ---- 295 2.6 x 10 

9.8 ---- 295 5.6 x 107  

9.8 ---- 301 6.5 x 10 7  

9.8 ---- 321 9.0 x 10 7  

9.8 ---- 334 1.5 x 108  

Calculated from the decay curve of PVS 7  measured at 

= 602 nm. All decay curves are assumed to follow 

second order kinetics (see text). 

Adjusted after all components are included in the system. 
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Figure 13. Transient absorption changes of PVS 7  followed at 602 nm 

at different temperatures with a constant intensity laser 

flash. (A) 293°K, (B) 333°K. 

2+-, 	 - 

	

[Ru(bpy)3  j = 3.6 x 10 	M 

[PVS°J = 4 mM 
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Figure 14. Arrhenius plot of log kb  vs l/T, where kb  is 

the rate constant of back electron transfer reaction. 
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state lifetime [17,.24]. This indicates that almost all excited 

Ru(bpy) 	complexes relax to their metal-to-i igand charge transfer 

excited states. Under my experimental conditions, the quenching 

probability of excited Ru(bpy) 	by PVS° in the presence of 

silica particles can be calculated as follows. 

[PV51 
= 

C(,2 ~ 10 ) (+ 153) + 
AP 71X 10-4)) 

where k 0  = 1.41 x 106  sec4  is the decay rate constant of 

excited Ru(bpy) 	in the presence of silica particles, but in the 

absence of the quencher. From my flash photolysis experiments, 

was estimated by taking the ratio of the maximal amount of PVS 

produced after the laser flash over the concentration of the ruthenium 
Pvs e  

complex present in the solution to be about 0.04"0.05. Thus IP 5
is 

estimated by eq. (6) to be 0.05-0.065, while that of 
5 

V  wasO.i3. 

These results are expected because electrostatic attraction between 

oppositely charged ions promotes geminate recombination, whereas 

electrostatic repulsion between two positively charged products helps 

them separating from the surrounding solvent cage. 

To further study the nature of the cage effect, I have measured 

the quantum yield of viologen reduction in silica solutions at several 

different temperatures. Using constant laser flash intensity, j....was 

found to be 0.06 at 60°C and 0.04 at 22°C. This suggests that thermal 

energy helps with the separation of photoproducts from the solvent 

Pvso  
cage. In other word, 45 increases with increasing temperature. This 

50% increase can not be due to the variation of 	, because4 is close 
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to unity and k 0  decreases with increasing temperature. 

At present, there is no evidence that the surface potential 

contributes to the separation of photoproducts from the cage. In the 

future, these experiments have to be repeated in a homogeneous solution 

so that any possible interference of silica particles can be avoided 

and the cage effect can be better characterized. 

C. With PVS° as the primary electron acceptor and Fe(CN) 	as the 

secondary electron acceptor 

Since the potential energy barrier on the silica surface is equal 

to the product of the charges on the incoming ions and the electric 

potential near the surface, the higher the number of negative charges 

on the ion, the more difficult it is for the ion to approach the 

surface. With the single negative charge on PVS, the surface 

potential has already retarded its reaction with Ru(bpy) 	by at least 

a hundredfold relative to that in homogeneous solutions. If further 

retardation is desired, one must use a multiply charged ion such that 

it can rarely reach the surface. However, having multiple charges 

implies that its oxidized form must have at least one negative charge. 

Based on our experimental results in this chapter, such a quencher 

cannot be expected to quench excited sensitizer efficiently when the 

Stern layer is thick and the surface potential is high. In order 

to get around this dileirma, an overall neutral electron acceptor such 

as PVS° should be used as an electron carrier to shuttle between 

the excited sensitizer and the anion with multiple charges. In this 

way, the electron from the excited sensitizer is uni-directionally 

transported to a multiply charged ion located only in the bulk. Thus 

the back reaction is further slowed down. 
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Indeed, with 0.1 mM Fe(CN) 	as the secondary electron acceptor 

and 4 mM PVS° as the primary acceptor and electron carrier, the 

results of flash photolysis experiment showed no obvious decay of 

Ru(bpy) 3+3  at 470 nm over 1 ms interval and a rapid disappearance of 

- 	 PVS (t 	5 ps) at 602 nm (Figure 15). This indicates that within 

- 	 the first 5 ps the reduced PVS 7  radical was first ejected into the 

bulk by the surface potential and then its extra electron was quickly 

picked up by some Fe(CN). Thus, through the coupling of two 

electron acceptors, an otherwise diffusion-controlled exothermic 

reaction between Ru(bpy) 	and Fe(CN) 	was drastically slowed 

down [18].  Without PVS° as the primary acceptor, Ru(bpy) 	was not 

observed using Fe(CN) 63  as the quencher in the time scale of our 

experiment. 

A schematic diagram representing these coupled electron-transfer 

reations is shown in Figure 16. This experiment not only demonstrates 

the principle but also provides a guideline for future design of 

electon acceptors. Also, since Fe(CN) 	is not sensitive to 

oxygen oxidation, using the Fe(CN)/Fe(CN) 	couple as electron 

carriers between two photo reaction centers might prove useful. 



Figure 15. Transient absorption changes of the intermediatephoto-

products formed by flashing a solution containing Ru(bpy) 

(4.2 x 10 	M), PVS° (4 mM), and 0.1 mM of Fe(CN) 3 . 

Decay of PVS 7  produced is followed at 602 nm. 

Bleaching of Ru(bpy) 	is followed at 470 nm. 
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Figure 16. Schematic presentation of the function of colloidal 

silica in the separation of photoproducts with coupled 

electron acceptors. 
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(6) Summary 

In the previous sections, heterogeneous solutions with colloidal 

silica have been shown to exert both concentration and electrostatic 

effects on each step of electron-transfer reactions. By concentrating 

ionic reactants on the charged surface, the reaction rates can be 

increased by a hundredfold, as in the quenching reaction of excited 

2+ 	2+ Ru(bpy)3  by MV . Also, by proper selection of reactants, the same 

electric field on charged particles substantially retards an undesired 

reaction. But, electrostatic interaction itself cannot enhance the 

forward reaction and slow down the backward reaction simultaneously. 

In order to optimize both, one component may be chosen to bind onto 

surface by forces other than electrostatic, e.g. hydrophobic or 

specific adsorption, whereas the other is concentrated on the surface 

by electrostatic attraction. This will increase the rate of the forward 

reaction. After electron-transfer reaction takes place, the oxidized 

or reduced former compound may then move out of the reaction center 

by virtue of its changed polarity and the repulsive interaction between 

it and the charged interface. 

Recently, Wiliner in our group has carried out the continuous 

photolysis experiment with Ru(bpy) 
2+3  and PVS° using triethanolamine 

(TEQA) as the sacrificial electron donor. His results showea that the 

rate of PVS 7  formation in silica solution (*= 0.04) was eightfold 	 - 

higher than that in a homogeneous solution (4= 0.005) [19].  Putting 

all these results together, we may schematically represent the photo-

chemical reactions in this heterogeneous silica solution in Figure 17. 

Currently, efforts are devoted to depositing Ru02  as small islands on 

these particles so that the oxidized Ru(III) may quickly transfer its 



Figure 17. Schematic function of colloidal silica in the separation 

of photoproducts formed in the photo-induced electron 

transfer reactions. 
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oxidizing power to this oxygen catalyst to oxidize water. Since silica 

particles are only stable in alkaline solutions and PVS radicals 

cannot reduce water at pH above 7.0, some other electron acceptors with 

lower reduction potential should be designed to substitute for PVS°. 

In the presence of a hydrogen-formation catalyst, which may dissolve 

either homogeneously (e.g. hydrogenase and its model compounds) or 

heterogeneously (e.g. colloidal Pt), the solar splitting of water may 

then be accomplished in this colloidal solution. 

151 



Part B. Photochemistry in polyelectrolytes 

As compared to homogeneous solutions, heterogeneous solutions have 

offered three additional features to chemists for the manipulation of 

solution chemistry. They are the charged interface between the 

dispersed phase and the bulk phase, two reaction media with different 

polarities, and a high surface-to-volume ratio. In part A, some of 

these features in colloidal silica have been explored. However, the 

instability of silica particles at lower pH and the absence of a 

hydrophobic phase have prompted us to search for better hetero- 

geneous solutions. Since the contribution of surface potential to 

both charge separation and the concentration of reactants has been 

revealed, an ideal heterogeneous solution must not only show the afore-

mentioned features but also be capable of sustaining a high surface 

potential near its interface. Micellar solutions can certainly 

satisfy the former, but their surface potentials are typically low. 

In order to hold a higher surface potential, the rigidity of these 

micelles must be strengthened (e.g. by polymerization). This suggests 

that a micro-sphere latex with most of its surface groups ionizable 

may be the best choice. 

In this second part, some photo-induced electron-transfer 

reactions in poly-acrylate will be examined. Polyelectrolyte was 

chosen because it might serve as the prototype of charged micro-sphere 

latex particles. In addition, the electrochemistry of water soluble 

ZnTMePyP4  will be discussed. 

(1) Electrochemistry of ZnTMePyP 4  

Cyclic voltammogram of ZnTMePyP.(C104 ) 4  was taken with a platinum 

inlay electrode in acetonitrile solution with 0.1 M tetraethylammonium 
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perchiorate (lEAP) as the supporting electrolyte (Figure 18). Ey7 was 

measured as +1.22 volts vs SCE. This value is about 0.5 volts, higher 

than that of zinc tetraphenylporphyrin (ZnTPP). It is not surprising 

to find such a high reduction potential for ZnTMePyP 4  since the 

presence of its four positively charged pyridinium groups makes it 

very difficult to place an extra positive charge on the porphyrin 

ring. If this explanation is correct, then it may explain the point 

expressed recently by A. Harriman et al. [20]. From spectroscopically 

measured triplet energy, they estimated the ground state redox 

514 potential E. of ZnTMePyP 	couple to be in the range of +0.9 to 

1.1 eV instead of the value +1.20 V (vs NHE ?) reported by 

Kalyanasundaram and Grtze1 [21]. (Actually, Grtze1 referred the 

value +1.2 V to Newmann-Spallart's unpublished result.) I expect that 

the first ring oxidation potential of ZnTMePyP 4  should differ 

depending on which counter ion is used and also on which solvent it is 

dissolved in. In aqueous solution with a high ionic strength, this 

oxidation potential should be lower. 

Efforts to obtain the optical spectrum of ZnTMePyP 5+ from 

total electrolysis were not successful due to the high reduction 

potential of this porphyrin and difficulties in removing trace water 

and impurities from the solvent. Thus, a thin-layer optically trans-

parent electrode was used. Figure 19a shows the spectrum of ZnTMePy5  

recorded in situ. As compared to the known spectrum of ZnTPP (Figure 

19b), it displays similar blue absorption bands and an extended visible 

and red absorption. It should be pointed out here that since all 

recent publications used the absorptivity of ZnTPPt [22] for 

ZrITMePyP 5 , their calculated rate constants should be viewed only as 
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Figure 18. Cyclic voltamrnogram of ZnTMePyP.(C10 4 ) 4  in acetonitrile 

solution containing 0.1 M TEAP as supporting electrolyte. 

Scan rate: 100 mV/s. 
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Figure 19. Absorption. spectra of (a) ZnTMePyP.(C104 ) 4  --_,and 

its oxidized product ZnTMePyP 5  ------in acetonitrile 

solution containing 0.1 M lEAP as supporting electrolyte; 

(b) ZnTPPt from reference 22. 

ZnTPP 

ZnTPP ------- - n CH2C12. 
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approximate values. One should also be aware that their referred 

spectrum was obtained in an organic medium in the same way as that 

acquired in my study and the actual spectrum might be different in an 

aqueous solution. In the future, the optical spectrum of ZnTMePyPS+ 

should be taken using a flash photolysis setup and an excess europium 	 - 

nitrate as the quencher, because reduced europium ion is colorless in 

the spectral region of interest. Also, the variations of the redox 

potential of a charged sensitizer in different media deserve further 

exploration. 

(2) With Ru(bpy) 2+3 as the sensitizer 

In a pH 9.8 aqueous solution containing 1.5 x 10 	M poly-  

acrylate (or 1.04 x 102  M in terms of monomer), the Stern-Volmer plot 

of the excited state quenching by MV 2  was found to behave abnormally 

(Figure 20). It first reached a maximum at about 1 mM MV 2+ , and then 

it decreased upon further increase of [MV2 1. Again, quenching 

reversal is recalled to explain this abnormality. At a low 

concentration of MV2+,  both  MV2+  and Ru(bpy) 	are concentrated around 

the charged polymers by electrostatic interaction so that the rate of 

quenching reaction is grea 

constant kq  was calculated 

the excited-state lifetime 

tration of MV 
2+ 
 increases, 

displaced from the surface 

where they resume a normal 

ly enhanced. The apparent quenching 

to be 2.45 x 10 10  Ms 	by assuming that 

of the sensitizer is 0.4 "s. As the concen-

adsorbed Ru(bpy) 	complexes are gradually 

of polymer chains into the bulk solution, 

quenching as in homogeneous solutions. 

With PVS° substituted as the quencher, a regular Stern-Volmer plot 

was observed and k q  was calculated to be 1.52 x 10 M's 1  (Figure 

20). Addition of 0.38 M NaCl increased k q  only slightly to 1.85 x 10 



Figure 20. Stern-Volmer plots of the quenching of excited Ru(bpy) 

by (a) 	 MV2 ; (b) 	 PVS°. 

All solutions (pH 9.7) contained 

[Ru(bpy)] = 3.4 x 10 	M 

[Poly-acrylate] = 1.5 x 10 	M polymer 

= 1.04 x 10_ 2  M monomer. 
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In the continuous photolysis experiments, 2.5 x 10_ 2  M tn-

ethanolamine and 1 mM MV2  or PVS° were added as the sacrificial 

- 	 electron donor and electron acceptor, respectively. The results are 

- 	 sumanized in Figure 21, and the quantum yields are tabulated in Table 

2. As shown clearly in this figure, the results can be nicely 

explained by the concentration and electrostatic effects discussed in 

part A. The solution containing Ru(bpy) 	and PVS° in poly-acrylate 

has the highest yield because the back reaction (k q  = 2.5 x 109  M 1 s 1 ) 

is retarded by the surface potential, whereas the solution containing 

Ru(bpy) 	and MV2  in poly-acrylate has the lowest yield because the 

reactants of the back reaction are unfavorably confined near the 

surface despite of the fact that the quenching reaction is enhanced. 

When comparing these data, however, one must be aware that the quantum 

yield 4 of product separation from quenching encounter with MV2+  as 

the quencher is more than twice that with PVS° as the quencher 

(part A and Figures 21D and B) and that all these yields should depend 

on the ionic strength of their media because ionic reactants are 

involved in these reactions. 

(3) With ZnTMePyP 4  as the sensitizer 

Water-soluble ZnTMePyP4  was investigated not only because 

porphyrins and their analogs play important roles in the respiratory 

chain and in photosynthesis but also because thisparticular porphyrin 

with its extended visible spectrum is potentially capable of splitting 

water. These characteristics render ZnTMePyP 4  especially attractive 

as a sensitizer. 

Continuous photolysis experiments were similarly carried out with 
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Figure 21. PVS 7  formation as a function of the total light absorbed 

under continuous illumination. 

[Ru(bpy)] = 7 x 10 	M 

[PVS°] or [MV2 J 	1 mM 

[TEOAJ = 2.5 x 10 2 M 

[poly-acrylate] = 1.1 x 10_2  M monomer 

with polymer, Ru(II), PVS°, TEOA; 

with 1.1 x 10 2  M sodium acetate, Ru(II), PVS°, TEOA; 

with polymer, Ru(II), MV 2 , TEOA; 

with 1.1 x 10 2  M sodium acetate, Ru(II), MV 2 , TEOA. 

All experiments at pH 9.8 and at 22°C. 

The number of photons actually absorbed by the sensitizer 

was 2.16 x 10 	einstein/s and the illuminated area was 

about 1.2 cm2 . The abscissa shows the total amount of 

photons absorbed by the ruthenium complex. 
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TABLE 4 - 2 

QUANTUM YIELDS OF VIOLOGEN FORMATION UNDER CONTINUOUS ILLUMINATION* 

A. WITH Ru(bpy) as the sensitizer a 

[Ru(bpy)] = 7 x io M; 	[TEOA] = 2.5 x 10 2  M 

PVS° [mM] 	MV2  [mM] poly-acrylate [M] 	NaOAc [M] 

 1 •i.i 	x 	io 6.5% 

 1 1.1 	x 	10 .2  34 0% 

 - 1 1.1 	x 	10 2  1.2% 

 - 	 1 1.1 	x 	10 2  4.0 0%, 

B. WITH ZnTMePyP 4  as the sensitizer b 

[ZnTMePyP4 ] = 6 x 10 6  M; 	[TEOA] = 2.5 x 10 2  M 

PVS° [mM] MV2 	[mM] 	poly-acrylate [M] NaOAc [M] 

1 1.2 x 	10 2  38 0%, 

1 1.2 x 10_ 2  20 00' 

 1 	1.2 x 10_ 2  75°' 

(0) 1 	_______ 1.2 x 	102 930/ 

Total absorbed photons = 2.16 x 10 	moles/s. 

Total absorbed photons = 1.3 ± 0.2 x 10 	moles/s. 

* These quantum yields are calculated from the results shown in 

Figure 21. 



6 x 10 M ZnTMePyP4  as the sensitizer and 2.5 x 10 2M triethanolamine 

as the electron donor. The results are shown in Figure 22, and the 

quantum yields are tabulated in Table 2. These results are quali-

tatively similar to those data obtained with Ru(bpy) 	as the 

sensitizer except that the quantum yields here are about 6 times 

higher and also in homogeneous solution the quantum yield of photo-

induced viologen radicals with PVS° as the electron acceptor is higher 

than that with MV2  as the acceptor. The latter may be ascribed to a 

small quenching constant k 

7 	
q 	

4+ 	2+ 
of excited ZnTMePyP 	by MV 	[k,. = 

1.8± 0.2 x 10 M 
1  s  1  from ref. 20] and a higher quantum yield 4 of 

product separation from the cage with PVS° as the acceptor. Since the 

quenching efficiency 4,in my experimental conditions with Ru(bpy) 

as the sensitizer was calculated to be 0.77in part A, the higher 

overall yield with ZnTMePyP4  must be attributed to a higher 	for 

the product separation from the solvent cage. In fact, a lower limit 
ruso 

for 	is estimated to be 0.4 from my laser photolysis studies. 

Also, the quenching constant k q  of excited ZnTMePyP 4  by PVS° is 

estimated from Stern-Volmer equation (to/t = 1 + k q c[PVS ° ]) to be 

3 x 10 Ms 1  by monitoring the decay of the triplet state at 825 nm. 

In order to find out whether the surface potential contributes to 

the retardation of back reaction between ZnTMePyP 5  and PVS, the 

decay of both species after the laser flash was monitored at 650 nm 

with and without poly-acrylate (Figure 23). Although the real 

extinction coefficient of ZnTMePyP 5  at 650 nm is not available for 

the time being, the comparison can still be made and the ratio of 

their rate constants in the solution with and without polyacrylate is 

calculated to be 1/4. The surface potential has slowed down the back 
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Figure 22. PVS 7  formation as a function of the total light absorbed 

under continuous illumination. 

[ZnTMePyP4 J = 6 x 10_ 6  M 

[PVS°] or LMV2 ] = 1 mM 

[TEOA] = 2.5 x 10_ 2  M 

[poly-acrylate] = 1.2 x 	M monomer or 

= 1.7 x 10 M polymer 

with polymer, ZnTMePyP 4 , PVS°, and TEOA; 

with 1.2 x 10_ 2  M of sodium acetate, ZnTMePyP 4 , 

MV2 , and TEOA; 

with polymer, ZnTMePyP 4 , MV2 , and TEOA; 

with 1.2 x 10_ 2  M of sodium acetate, ZnTMePyP 4 31  

MV 2 , and TEOA. 

All experiments at pH 9.8 and at 22°C. 

The number of photons actually absorbed by the sensitizer 

was 1.3 x 10 	einstein/s and the illuminated area was 

about 1.2 cm2 . The abscissa shows the total amount of 

photons absorbed by the zinc porphyrin. 
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Figure 23. 	Decays of PVS 7  and ZnTMePyP 5  monitored at 650 nm. 

with 1.2 x 10 2  M of poly-acrylate; 

without polymer. 

Both have [ZnTMePyP 4 ] = 6.9 x 10 6  M 

and [PVS°] = 5 mM in pH 9.6 solutions. 
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- reaction only slightly as compared to the case in silica solutions (see 

part A(5)). 

(4) Summary 

I have shown that the effect of polyelectrolyte on photo-induced 

electron transfer reactions is similar to that of colloidal silica. 

However, the surface potential in poly-acrylate is not as high. If we 

assume that the rate constant is solely dependent on the surface 

potential, the rate constant kb  may be expressed as 

kb = A exp[-eV/kT] 

where A is the frequency factor, k is the Boltzmann constant, e is the 

electronic charge, and V is the surface potential. While the rate 

constant in colloidal silica is a hundredth of that in homogeneous 

solution, that in poly-acrylate is only one fourth. Substituting 

these ratios into equation 8, one has 

lo 	[(1/100)/(1/4)] = [170 + V]/kT 

where V is the surface potential of poly-acrylate. V is calculated to 

be "87 mV, which is a typical value found in micellar solutions. 

4+ 
As compared to Ru(bpy) 

2+  
3  as a sensitizer, ZnTMePyP 	not 

only extends the absorption spectrum to 600 nm but also has a higher 

overall quantum yield (Table 2). The latter may reflect the 

structural differences in these two encounter complexes. While 

Gr'tzel and Harriman preferred to interpret the slowness of the 

reaction between excited ZnTMePyP4+  and  MV2+  in terms of a modest 

thermodynamic driving force [20, 21],  it might be better to explain 	 - 

this in terms of the difficulties in forming an effective encounter 

complex. 
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CHAPTER V 

LIQUID-JUNCTION SOLAR CELL 

5.1. INTRODUCTION 

The conversion of solar energy into chemical energy with a semi-

conductor as the mediator has been shown to be promising as a result of 

the tremendous research efforts in the past decade. Since the work of 

Honda and coworkers in 1969 [1], many technical problems concerning the 

practical application of liquid-junction solar devices have been 

recognized. They are sunarized as follows [2]: 

The band-gap energy of a semiconductor chosen for such a 

purpose should be near that for the optimum utilization of 

solar radiant energy, which is about 1.1 to 1.3 ev. 

The flat-band potential of a n-type semiconductor should be as 

negative as possible to increase its reducing power. 

The semiconductor should be stable when in contact with the 

surrounding solution both in the dark and under illumination. 

Polycrystalline materials with good efficiency should be used, 

so the high cost of the fabrication of single crystals can be 

avoided. 

Doping level should be adjusted with respect to the 

absorption coefficient of a semiconductor so that most of 

the light is absorbed within the space-charge region. 

Many of these requirements can be fulfilled by a careful selection of 

materials and by chemical conditioning processes, as was demonstrated 

by Parkinson et al. [3]. They achieved a 12% solar-to-electrical 

energy conversion efficiency with a 

n-GaAs / Se2Se2 -0H / C 
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liquid junction solar cell [3]. However, the technology of a direct 

solar-to-chemical energy conversion is not yet well resolved, except 

with a few not very practical, wide band-gap semiconductors, e.g. 

SrTi031  which absorb only in the ultraviolet region. Almost all 

small band-gap semiconductors undergo surface decomposition under 

illumination [4]. 

Recently, McGregor in our group has reported that a thin chemi-

sorbed Zinc-Phthalocyanine (ZnPc) film on ZnO polycrystalline 

electrode protects the electrode from photo-anodic dissolution (eq. 1) 

(Zn0) + 2 h -+ Zn2  + 112 02 	 (1) 

by providing a more favorable pathway by which the holes can reach the 

electrolyte [5]. The proposed mechanism is as follows. 

(ZnO)c _- (Zn0) + h + e 
	

(z) 

2 H 2  0 + 4 h -' 4 H + 02 
	

(3) 

ZnPc + h+ 	> ZnPc 	 (4) 

4 ZnPc + 2 H20 	02 + 4 H + 4 ZnPc 	 (S) 

Later, Wrighton also showed that the surface derivatization by 

ferrocene could protect semiconductors from photo-destruction [6]. 

These results together indicate that a substantial improvement of the 

durability of semiconductors used in liquid-junction solar cells may 

be achieved, and redox processes on the interface may be directed. 

In this chapter, the experiment which McGregor investigated 

brief ly was followed up, and some further characterization of ZnPc-dyed 

ZriO will be discussed. ZnO was chosen because of the ease of 

fabrication and its well-studied photo-dissolution chemistry in aqueous 

solution under UV irradiation. In addition, electron-transfer 



processes across the ZnO-electrolyte interface will be elaborated. 

5.2.1 SOME BASIC NOTIONS ON SEMICONDUCTORS 

As atoms condense to form a solid with a periodic lattice, atomic 

orbitals are perturbed and rearranged into energy bands of the solid 

as a whole. The schematic energy diagram of a model system consisting 

of a linear array of six atoms is shown in Figure 1A [7]. Depending 

on the bonding properties of its constituent atoms and lattice 

structure, every solid shows its characteristic resistivity towards an 

external applied electric field. At room temperature, the electric 

resistivjtjes of metals are of the order of 	to 10_ 6  ohm-cm, 

whereas those of insulators range from 10 22  to 1010  ohm-cm. 

Semiconductors span between metals and insulators and generally have 

resistivities from 10 to 10 	ohm-cm. 

In the solid, electrons fill up the allowable electronic orbitals 

in energy bands according to the Pauli exclusion principal and Fermi-

Dirac distribution function, 

f(E) = 
	 1 

f(E) expresses the probability of an orbital of energy E being occupied 

at temperature I and is independent of the physical nature of the 

system involved. EF is the Fermi energy, or the chemical potential, 

at which f(E) is 1/2. At absolute zero temperature, all the levels up 

to the Fermi energy are occupied and all levels above are vacant. 

With a given density of energy states N(E), the concentration of 

- - 

	

	 electrons n(E) can be calculated by the following equation (see also 

Figure 1B): 

n(E) = f(E)•N(E)•dE 

175 



176 

Figure 1. 	(A) Energy diagram of a model system consisting of a 

linear array of six atoms. (Taken from W. Shockley, 

'Electrons and Holes in Semiconductors', Princeton, 

D. Van Nostrand Co., Inc., 1950) 

(B) Schematic band diagram, density of states, and 

Fermi-Dirac distribution function for an intrinsic 

semiconductor at thermal equilibrium. 

At ordinary temperature, only very few electrons are 

excited into conduction band. 
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- 	In the case of a metal, because the highest occupied energy band 

is half empty, electrons are free to drift when they are subjected to 

an electric field. As for an insulator, the highest occupied energy 

band, usually called valence band, is filled with electrons and the 

next available empty band, called the conduction band, is well separated 

by a large band gap, Eg, so that only a negligible number of electrons 

can be thermally excited from the valence band into the conduction 

band at a normal temperature and, consequently, the conductivity is 

exceedingly small. In between these two types of solids, the semi-

conductor, with the valence bands filled but having a narrower band 

gap, possesses a noticeable number of electrons in its conduction band 

either excited by thermal energy or by photons in the infrared or in 

the visible region. Upon excitation, not only the electrons in the 

conduction band serve as charge carriers; the vacancies, or holes, 

left in the valence band may also function to conduct electricity. 

Generally, the mobilities of these two charge carriers are quite 

different from each other [8]. 

If a semiconductor has conductivity caused by only the two 

aforementioned modes of excitation, it is an intrinsic type. Several 

lattice defects contribute extrinsic conductive property to a semi-

conductor. The most common one is impurity doping produced by 

introducing electron acceptors or donors into the lattice, as the way 

n-type or p-type silicon is manufactured. Others are the Frenkel 

defect and Schottky defect. A Frenkel defect is caused by some atoms 

leaving their lattice sites and squeezing into positions which are not 

lattice points called interstitial sites. Schottky defect is caused by 

an excess or a deficiency of constituents. 



Since the lattice defects are more-or-less isolated from each 

other, they add new energy levels but not continuous bands into a solid. 

Some energy levels, which are closer to the conduction band and whose 

dopants can be easily ionized to provide conductive electrons, are 

called donor levels. Some are acceptor levels, since they receive 

thermally excited electrons from valence band and thus generate the 

hole carriers. These levels modify the density-of-energy-state 

function N(E) and shift the Fermi level of an intrinsic semiconductor. 

Excess doping of a semiconductor with electron donors makes it n-type. 

The schematic band diagram, Fermi-Dirac distribution function, N(E) 

and carrier concentrations are shown in Figure 2 [9].  At thermal 

equilibrium, the filling of these dopant levels follows the Fermi-Dirac 

distribution function. 

5.2.2. ELECTROCHEMISTRY OF ZINC OXIDE 

Because polycrystalline Zinc Oxide was investigated in this study, 

some of its characteristics are discussed here. ZnO is a semiconductor 

with a band gap of 3.2 eV. Its photo-conductivity can be observed 

easily only in the ultra-violet region, ?< 400 nm. ZnO is crystallized 

in a hexagonal wurtzite lattice, in which the oxygen ions are arranged 

in closest hexagonal packing and the zinc ions occupy half of the 

tetrahedral interstitial positons and have the same relative arrange-

ment as the oxygen ions (Figure 3A). As ZnO powder is prepared by 

vapor deposition without intentional doping, it is always a n-type 

semiconductor because of the interstitial Zinc atoms within the lattice 

[10]. The band diagram of non-stoichiometric ZnO is shown in Figure 

3b. An allowed level, which is associated with the excess zinc, is 

located within the band gap approximately 0.05 eV below the bottom of 
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Figure 2. 	Schematic band diagram, density of states, Fermi-Dirac 

distribution function, and the carrier concentrations for 

a n-type semiconductor at thermal equilibrium. 
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Figure 3. 	(A) The hexagonal wurtzite lattice of ZnO. 

Larger circle: 0 

Smaller circle: Zn 

(B) Schematic energy diagram of ZnO near the solid surface. 

Some electrons are trapped on the surface either by 

surface states or adsorbed molecules at thermal 

equilibrium. 

Zn i  represents the interstitial zinc atom. 

E g  is the band-gap energy. 
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the, conduction band. In the dark, the conductive electrons originate 

almost exclusively from these shallow donor levels, since the 

probability of thermal excitation across a large band gap is very small 

at room temperature [11]. 

Most of the bulk properties of semiconductors can be easily 

understood when this simple energy band diagram is recalled. But, when 

studying the physics of semiconductor devices or liquid-junction solar 

cells, one must have a thorough understanding of the effects of the 

surface state and the distribution of charge and potential at the 

interface. Because of the discontinuity of a lattice structure right 

on surface, surface atoms have unsaturated bonds and thus different 

energy states. These surface states may act as traps for charge 

carriers, or they may interact with some foreign molecules and then also 

form traps. In either case, a semiconductor by itself develops an 

electric field and band-bending near the surface, as shown in Figure 3B. 

The physical picture of a typical n-type semiconductor electrode when 

immersed in an aqueous solution under anodic bias is shown in Figure 4A 

[12]. 

The conventional energy-band presentation is shown in Figure 4B, 

where the potential drops across the interface may be subdivided into 

three parts, namely, in the dense part of the ionic double layer, also 

called Helmholtz layer, in the space-charge region inside the 

semiconductor and in the diffuse part of the double layer in the 

electrolyte, known as Gouy layer. The Helmholtz layer consists mainly 

of oriented solvent dipoles and some strongly adsorbed ions. Both in 

the ionic diffuse layer and in the space-charge layer, the equilibrium 

concentrations of charge carriers are determined by two opposing 
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Figure 4. 	(A) Schematic diagram of charge distribution near the 

surface of a n-type semiconductor when it is 

anodically biased. 

Itshows also the dielectric and adsorbed ions in the 

double layer located at interface. 

(B) The conventional energy-band diagram shows the 

distribution of potential [(x)] at the semiconductor-

electrolyte interface. 	is the ionized electron 

donor site localized in the space-charge layer. 

In this n-type semiconductor, the concentration of 

holes near the surface is very small at thermal 

equilibrium. 

E ,  Ev, and  EF  are the energies at the bottom of 

conduction band, at the top of valence band, and at 

Fermi level, respectively. EFB  is the fermi level 

at flat band condition. E ° is the E  when at 

flat-band condition. 
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forces, the thermal motion of these carriers and the electric field 

either intrinsic or applied externally. 

The quantitative relation between charge and potential distribution 

can be solved by starting with the Poisson equation 

-- 

where4(x) is the potential at x, p(x) is the charge density, and eis 

the dielectric constant of medium. The charge density at point x in a 

semiconductor is expressed as 

(x) = e [-n(x) + p(x) + ND - NA 

where ND  and  NA  are the concentrations of donor levels and 

acceptor levels. In this equation, it is assumed that the donors and 

acceptors are completely ionized. At thermal equilibrium, the 

concentrations of the free carriers in a semiconductor follow the 

Boltzmann distribution function, so 

n(x) = n °  exp, 	
eE)-3J J 

p(x) =p exp r____________ 

where n° , p°  and 	are the concentrations of electrons and holes, and 

the potential in the bulk of semiconductor, respectively. A detailed 

derivation under several boundary conditions is given by Myamlin and 

Pleskov 1131. Two important conclusions from the derivation used for 

this study are the following: 

a. In an electrochemical cell consisting of a moderately doped semi-

conductor and an aqueous solution with at least 0.01 N of added 

salt, the electric potential across the semiconductor-electrolyte 

interface drops mainly in the space-charge layer. 



b. The differential capacitance, which is defined as 

where 	= 	is the total potential drop across the phase .12 

boundary, 	is the potential in the bulk of the electrolyte, 

and Q is the total charge on each side of this 'capacitor', is 

determined by a series of capacitors across the solid-liquid 

interface. With a lightly, or moderately doped semiconductor, C is 

determined by the capacitance C 1  of the space charge layer in a 

semiconductor because C 1  is the smallest part among the series. A 

Mott-Schottky plot of C 1 2  versus the applied bias then provides 

the flat-band potential Vfb  and the dopant concentration. Vfb 

is the particular electrode potential when there is no energy band 

bending from the interior of the solid up to the surface, as shown 

in Figure 4B. 

In solid-state physics, the potential E is always referred to the 

level of an electron in a vacuum. When dealing with electrochemistry, 

however, chemists generally use a standard hydrogen electrode as a 

convenient reference. These two scales are correlated by [14] 

E = -4.5 - e U 

where U is the conventional electrochemical reduction potential. 

When ZnO is exposed to UV light, the photo-generated holes are 

swept to the surface of the semiconductor by its built-in potential, 

and they cause both electrochemical dissolution of the surface and 

oxygen evolution. The mechanism is described as follows [15]. 

2 ZnO + 4 h 4 	> 2 Zflq) + ° 2(g) 

4OW+4h—H20+02 ) 

In order to use this semiconductor material for solar cells and to 



overcome its instability, efforts in the past years were concentrated 

on the dye-sensitization process [16].  However, the dye-sensitized 

process can be effective only for the first one or two monolayers of 

dye. Further deposition of dye causes an increase of resistivity and 

no enhanced photocurrent. Realizing this difficulty, Tsubomura has 

succeeded in raising the quantum yield to 1.5% energy conversion by 

using a porous ZnO electrode [17].  Our initial attempt was to adopt 

this new approach and sensitize ZnO by some stable dyes which are 

capable of oxidizing water after its photo-oxidation. 

Me 
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5.3. EXPERIMENTAL 

A. Sample preparation 

Sintered pellets of ultrapure grade zinc oxide (Alfa Inorganics) 

were prepared similarly to the technique used by McGregor[5]. ZnO 

powder was pre-dried at 60°C in a vacuum oven overnight and pressed 

into pellets of 1 m in thickness and 1.32 cm in diameter at 740 

kg.cm 2 . Then, these pellets were sintered at 1100°C for 16 hours in 

air and doped with zinc by heating the sintered disc in a pyrex ampoule 

sealed together with excess zinc metal at 10 torr for 24 hours at 

580°C. Before each experiment, the pellet was etched for 5 minutes in 

concentrated H3PO4  followed by a wash with doubly de-ionized 

water, a 10 second dip in 0.32 M HC1 and a final water rinse. 

Electrical contacts to these pellets were provided with silver epoxy 

paste and a copper wire. 

Dyed-ZnO polycrystalline pellets were first fabricated as above. 

However, after etching, the pellet was resealed in a pyrex ampoule 

with 30 mg reagent-grade phthalonitrile (Eastman Kodak). The degree of 

surface coloration depended on the duration of heating at 170°C. 

Usually, a visible faint blue-green color developed evenly on the 

surface in two hours. 

A few experiments were carried out with CdS single crystals. 

Before each run, CdS was polished with 1.A1 203  and etched in 3 N HC1 

solution for one minute. Then, it was fitted into the photoelectro- 

chemical cells consisting of aerated pH 7, 1 N KNO 3  aqueous solution 	 - 

and a platinum wire as the counter electrode. CdS cells with the 

surface coated by a thin film of manganese porphyrin were prepared by 

the vacuum deposition method. The thickness of the thin film was 



determined by a Kronos thickness monitor Model QM-311. 

B. Photo-el ectrochemi cal characterization 

The photocurrent was measured under the potentiostatic condition 

with a Princeton Applied Research (PAR) 173 potentiostat and a Beckman 

saturated calomel electrode (SCE). Platinized Pt was used as the 

counter electrode. Solutions were prepared with doubly deionized water 

and buffered either by phosphate or by borax. They all contained 1 M 

KNO3  as the supporting electrolyte. Light from a 450 W Xenon lamp 

was monochromatized by a Bausch and Lomb 33-86-07 monochromator. The 

light beam was modulated at about 5 hertz and the photocurrent was 

detected using a PAR HR-8 lock-in amplifier to remove the dark current. 

The differential capacitance at the semiconductor-electrolyte interface 

was measured with a universal bridge (General Radio 1650A) at a 

frequency of 1 kHz. Schematic diagrams of the set-up are shown in 

Figure 5 and Figure 6. 

Constant voltage coulometry with a PAR 179 digital coulometer was 

carried out on both dyed and undyed ZnO pellets. After UV irradiation, 

aqueous solutions in contact with ZnO electrodes were collected, and 

the concentrations of zinc ions were analyzed by a Perkin-Elmer Atomic 

Absorption Spectrometer, Model 360. 
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Figure 5. 	The experimental apparatus used in the measurement of 

photocurrents. M: monochromator, F:filter, C:chopper, 

ND: neutral density filter, BS: beam splitter, 

Iph: photocurrent, It ot: the sum of 'ph  and dark current. 

A simplified circuit diagram is shown in the bottom figure. 
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Figure 6. 	Schematic diagram for capacitance measurements. A bias 

supplied by the dry cell is internally imposed on the 

circuit by the impedance bridge. 
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5.4. RESULTS AND DISCUSSION 

The physical properties of sintered ZnO pellets were similar to 

those determined previously [5], yet some additional properties were 

noted. As previously reported, pellets prepared without further doping 

had resistivities larger than 108  ohm-cm and about 100 ohm-cm when 

doped with excess zinc. In this study, the density of sintered pellets 

is found to be only 56% of the value calculated from X-ray diffraction 

measurement [18]. This suggests that the pellets are very porous and, 

consequently, a large dark current results. The highly adsorptive 

nature of dyestuff on these pellets is due to the hydrophilic surface 

of ZnO and the high porosity, which allows the dye solutions to 

penetrate into the interior easily. This is supported by the scanning 

electron micrograph. Figure 7 shows a very convoluted surface 

structure. Although this kind of rough surface is essential to achieve 

a high quantum yield for the sensitized photocurrent of ZnO [19], a 

more compact surface is certainly more desirable when the protection of 

surface is concerned. After pellets were dyed with phthalonitrile, 

ZnPc spread all over the surface and inside of these pellets. In some 

cases, excess coverage of dye decreased the conductivity dramatically. 

Figure 8 shows the dependence of the quantum yield of photo-

current versus the applied potential on both dyed and bare ZnO. The 

photocurrent of dyed ZnO saturates rapidly as compared to that of a 

bare ZnO. Two explanations are considered. One is that the number of 

defects or recombination centers in the space-charge region in dyed ZnO 

is considerably smaller than that in the undyed ZnO. The other is that 

the concentration of donors is higher in bare ZnO. This decreases the 

depth of the space-charge layer in bare ZnO and causes a higher pro- 
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Figure 7. 	Scanning electron micrograph of a sintered ZnO. 
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Figure 8. 	Quantum efficiency of photocurrent versus applied 

potential on sintered ZnO in 1 N KNO3  aqueous 

solutions buffered at pH 10. (A) dyed, (B) bare. 
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bability of the back tunnelingof electrons to recombine with holes 

on the surface. Both explanations are consistent with the present 

experimental results. 

The spectral response of the sintered semiconductors is shown in 

Figure 9. Dyed ZnO extends its action spectrum slightly towards 

longer wavelength when compared with that of a single crystal. No 

noticeable sensitized photocurrent was detected in the region where 

ZnPc absorbed light. The variation of the onset potentials at 

different pWs is shown in Figure 10. This variation is a result of 

the amphoteric dissociation of -ZnOH surface group [15].  Normally, an 

undyed single crystal of ZnO has a slope of -0.059 Volt/pH unit. This 

is not the case here. The ZnPc apparently modifies the sensitivity of 

the surface to external pH changes. Theoretically, the onset potential 

of photocurrent should be the same as the flat-band potential. At the 

flat-band potential, there is no band bending near surface to separate 

the electron-hole pairs generated by band-gap illumination. If the 

surface coating shifts the flat-band potential in the right direction, 

as may be the situation here, this will greatly improve the performance 

of semiconductors in energy conversion. 

To examine the band model of polycrystalline dyed ZnO, electron 

transfer processes at the interface are studied with cyclic voltam-

metric technique. Because the concentration of holes at the surface is 

very small in the dark for a n-type semiconductor and the electron 

tunneling from aqueous solution into the conduction band is prevented 

by a large potential barrier, negligible oxidation of water is observed 

up to +1.5 Volts (versus SCE), as is shown in Figure ha. On the other 

hand, the reduction of water and other chemicals in the solution starts 
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Figure 9. 	The spectral response of ZnO. 
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Figure 10. The variation of photocurrents at three different pHs in 

aqueous sol utions. 
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Figure 11. Cyclic voltannriograms of sintered dyed-ZnO in 1 M KNO 3  

aqueous solution (pH 10). Sweep rate: 200 mV/sec. 

0 M Fe(CN) 3 , 

and (c) 1.2 mM Fe(CN) 3  

All solutions are in the dark. 1 indicates the first 

scan, and 2 is the second scan. (b) and (c) are of the same 

kind of voltaninetric scans except in the slightly different 

potential ranges. 

The small well-behaved cyclic voltammogram in (c) is with 

a platinum electrode. 
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readily at about on-set potential. With the addition of ferricyanide, 

reduction of Fe(CN) 63  at a potential just below the flat-band 

potential is observed. However, no oxidation of Fe(CN) 64  shows up 

until a very positive potential is applied (Figure lib). This kind of 

redox behavior indicates the operation of a band model in such a 

sintered dyed ZnO electrode, as is schematically shown in Figure 12. 

On the contrary, two well-defined redox waves are observed in the 

cyclic voltammogram of Fe(CN) 63 ' on a Pt wire (Figure lic). This 

demonstrates that many features of the single crystal material with a 

direct band-gap are retained by its polycrystalline substrate. But the 

important points here are that the polycrystalline electrode is cheaper 

and easier to fabricate, and a good junction can be spontaneously formed 

between an aqueous solution and the semiconductor. However, in order to 

achieve a high efficiency with a polycrystalline material, the grain 

dimension and the thickness of the depletion layer must match the light 

absorption length, and the resistivity of the boundaries between grains 

must be low enough to conduct electronic flow [20].  To fulfill these 

requirements, a simple hydrolytic pressing and high temperature 

sintering were adopted here. 

A similar experiment was performed with the bare sintered ZnO. One 

notices that the cathodic and anodic waves get closer in water as 

compared to a dyed ZnO (Figure 13a). The surface changed irreversibly 

during the excursion, as was shown by the shift of the first scan to 

the eighth scan. This might involve the oxidation of Zn atoms and 

loosely bound 02' or some impurities adsorbed on the surface. With 

the addition of ferricyanide, two additional peaks are observed. These 

waves are not reversible in an electrochemical sense, whereas a 
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Figure 12. Schematic energy level diagrams of sintered ZnO immersed 

in an aqueous solution containing Fe(CN) 3  and Fe(CN)4  

couple. (a) at equilibrium, (b) under anodic bias, 

(c) under cathodic bias. 
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Figure 13. Cyclic voltaniiiograms of sintered bare ZnO in pH 10, 1 M 

KNO 3  aqueous solutions. (a) and (b) were with 

different sintered pellets, and were run in the dark. 

Figure to the right hand side of (a) was with the same 

electrode as (a) except the experiment was run one day 

3  later. All experiments were with 1.2 mM Fe(CN)6. 
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reversible single electron redox couple has two peaks spaced by 0.059 

volts. Additional voltanimograms with another sintered bare ZnO are 

also shown in Figure 13b. Why can one observe these small re-oxidation 

peaks of Fe(CN) 54  in Figure 13, but not in Figure 11 with dyed ZnO? 

Again, because the concentration of donors in a bare ZnO is higher, 

electrons have a higher probability to tunnel through the thinner 

barrier in space-charge layer. In addition, the number of the surface 

states and defects may be higher in undyed ZnO to facilitate electron 

transport. 	The higher dark current in Figure 13b is due to a 

continuous penetration of aqueous solution into these porous discs and 

thus the increasing contact surface. It has nothing to do with the 

concentration of defects and surface states, as illustrated by the 

wider space between the anodic and the cathodic curves in Figure 13b as 

compared to that in Figure 13a. 

The existence of defect states and a higher concentration of 

dopants is reinforced by the measurements of differential capacitance 

in these two kinds of sintered ZnO. From Mott-Schottky plots (Figure 

14), 
2 

= 	t'J 	
(v- Vb - 

the density of donors in the bare ZnO is measured to be6.4x10 20 /R2  

cm 3 , and that in dyed ZnO is 1.0 x10 20 /R2  cm 3 , where C is the 

differential capacitance (F.cm 2 ), q is the charge on an electron (1.6 x 

10 	C), E is the dielectric constant of the semiconductor (F.cm) 

and ND  is the donor density (cni 3 ); V is the biased potential (volt), 

VfbiS the flat-band potential, k is the Boltzrnann's constant and T is 

the absolute temperature. Because the surface is so rough, only the 

apparant surface area can bemeasured, and R must be introduced as the 
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Figure 14. Mott-Schottky plots [1/C 2  vs V ZnO1for (A) -D 

undyed but sintered ZnO and (B) .—.,dyed and sintered ZnO. 

Both at a frequency of 1 kHz and in 1 N KN0 31  pH 10 

aqueous solutions. The counter electrode is a platinized 

platinum electrode. 
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ratio of the real surface area to the apparent surface area. For a 

concentration of the donors equal to 10 20  cnf 3 , the thickness 

of the space-charge region is calculated to be 36 A [21]. With some 

surface states and interband defects, electron can easily hop across the 

surface barrier in addition to the moving by quantum-mechanical 

tunnel i ng. 

After having some feeling about the physical nature of these 

sintered ZnO electrodes, we then asked whether the surface was actually 

protected from photo-dissolution by the thin chemisorbed ZnPc. This 

problem was first attacked by exposing the ZnO electrode to UV light 

and measuring the concentration of zinc ions that appeared in the 

aqueous solution under constant bias potential. Data obtained from 

constant voltage coulometry and atomic absorption spectrometry are 

sumarized in Table 1. It is clear at this point that neither bare nor 

dyed ZnO electrodes buffered at pH 10 show any significant dissolution. 

This is not consistent with results reported previously by McGregor [5]. 

Since bare ZnO does dissolve under band-gap illumination, this result 

can be interpreted only as a precipitation of zinc ions on the highly 

convoluted surface. At pH 14, a large excess of zinc ions with respect 

to the charge passed was observed for both dyed and bare ZnO. These 

zinc ions might come from some surface dissolution and mostly from 

loosely bound ZnO powders. Changing the buffers used in the contacting 

solutions and using a more compact ZnO electrode should clarify some of 

these suppositons. 

Can an oxidized ZnPc oxidize water to form oxygen? The redox 

potential of ZnPc/ZnPc is +0.68 volt versus SCE [23].  Such a redox 

potential is generally not high enough to oxidize water unless with 
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TABLE 5 - 	1 

SUMMARY OF THE RESULTS FROM A.A. MEASUREMENTS 

AND COULOMB COUNTS FROM CONSTANT VOLTAGE COULOMETRY a,b 

TYPE c pH COULOMB COUNT (C) [Zn2 ]*(ug/m1) [Z fl 2+]ml) 
meas 

1 DYED-ZnO 10 6.012 x 10 2  3.310 0.050 ± 0.020 
(fa i n t) 

2 DYED-ZnO 10 8.046 x 10 2  4.432 0.038 0.050 

3 n-ZnO 10 4.516 x 10_ 2  2.233 0.000 0.020 

4 n-ZnO 10 8.181 x 10_ 2  4.016 0.016 0.015 

5 DYED-ZnO 10 8.949 x 10_ 2  4.592 0.006 0.020 

6 DYED-ZnO 10 0 0 0.000 0.020 
(dark) 

7 DYED-ZnO 7 4.043 x 10 0.201 ( 0.1 

8 DYED-ZnO 14 2.0 x 10 2  1.004 110 

9 DYED-ZnO 14 2.0 x 10 2  1.011 - 	98 
(faint) 

10 DYED-ZnO 14 2.002 x lo 2  0.997 - 	57 

11 DYED-ZnO 10 2.001 x 10 2  0.874 < 0.02 

12 n-ZnO 14 2.011 x 10 2  0.973 - 	56 

All the experiments were carried out in air-saturated solutions. 
that all 

* Assuming 	current wS used to dissolve ZnO surface. 

The potentials of ZnO were all biased at 0.0 V vs SCE. 

The color of dyed-ZnO is typically of blue-greenish. Two with 

(faint) mark indicate less coloration. One is highly colored. 
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some efficient oxygen catalyst present. In spite of this, the 

possibility that the chemisorbed ZnPc can be stabilized on a solid 

surface and at the same time be able to oxidize water at higher pHs 

certainly should not be excluded. Moreover, the nature of a monolayer 

of ZnPc assembly on a surface is expected to be different from that of 

an individual molecule floating in the solution. 

Although there are doubts about whether the surface of ZnO is 

protected from photo-corrosion by ZnPc, some preliminary trials were 

carried out to apply the same principle to the smaller band-gap semi-

conductor CdS and silicon single crystal. These small band-gap semi-

conductors absorb a larger fraction of solar radiation, but they photo-

corrode rapidly when iimiersed in aqueous solution. For example, 

CdS + 2 h 	Cd2  + S °  

Si + 40W + 4 h—'SjO2  + 2 H20 

Both S °  and Si02  left on the surfaces of the photo-corroded semi-

conductors act as an insulation layer and thus block the photocurrent. 

In these trials, a thin layer of manganese porphyrin (Mn(TPP)OAc) 

was deposited on the surface of a CdS single crystal either by solvent 

sublimation or by vacuum deposition. Because only the surface 

protection was of the main interest, this thin layer was about 100 A in 

thickness. Comparing the decay rates of the photocurrent between the 

protected and bare CdS electrodes, we found no obvious difference. In 

the mean time, Wrighton has derivatized the surface of a silicon 

crystal with ferrocene and succeeded in slowing down the photo-

corrosion rate [24]. Such a procedure apparently passivated almost all 

the surface active sites, whereas our coating method inevitably left 

some pinholes over the surface. This lesson suggests that only a 
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- 	 chemically prepared protecting layer will provide an adequate and 

extensively modified semiconductor surface for a photo-electrode. With 

some experience of preparing ZnPc-dyed zinc oxide, a Si single crystal 

covered with a chemisorbed SiPc layer was also manufactured, but no 

further study has been carried out yet. If this electrode can survive 

in an aqueous solution with a redox mediator, then with some oxygen 

catalyst deposited on the surface as small islands chemical fuel might 

be evolved under the sunshine. 

In this study, our efforts have been focussed on the splitting of 

water into hydrogen and oxygen using a semiconductor as the photo-

electrode. We have learned that a pressed and sintered polycrystalline 

material can be used as photo-electrode. Its instability can be 

improved by a chemically modified surface, and its depletion width can 

be varied by different levels of doping. Surface chemical treatment 

can on one hand modify the flat-band potential and on the other hand 

reduce. the undesirable defects and recombination centers on the surface 

or on the grain boundary. In the future, stable molecules with high 

reduction potentials will be substituted for ZnPc to function both as a 

hole catcher and as an oxygen catalyst. Since a simple coating cannot 

be perfected, surface derivatization should be more favorable. An 

- alternative approach is to use semiconductor powders as light absorber 

[25]. But, the intrinsic problems will be the same as those involved 

in the semiconductor solid electrode, i.e. the instability of powder 

under irradiation and the difficult selection of stable dyes used for 

sensitization. In these few years, significant advances have been made 

in research on coordination complexes suitable as the water splitting 



catalyst. Immobilizing or attaching these complexes as a functional 

surface monolayer onto semiconductors should enable the liquid-junction 

cell to split water or to generate chemical fuel under solar radiation. 
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CHAPTER VI 

ELECTROCHEMICAL STUDIES OF MANGANESE(III) PORPHYRIN 

The recent discovery that manganese porphyrin may provide reactive 

oxygen atoms for the oxidation or epoxidation of substrates has 

stimulated this further investigation of the redox chemistry of 

manganese porphyrin [1]. The specific objective of this study is to 

characterize the oxidation product of Mn(III) porphyrin by electro-

chemical techniques. Prior to this study, the oxidation product of 

manganese hematoporphyrin IX in alkaline aqueous solution was assigned 

to be Mn(IV) porphyrin based on the absorption spectrum of the oxidized 

product, whereas that of MnOEP(OH) in butyronitrile was assigned to be 

a porphyrin cation based on the separation of the reduction potentials: 

of the first ring oxidation and reduction [2].  Since both assignments 

were based mainly on empirical reasons, the difference might be 

ascribed to the different media or different axial ligands used [3]. 

Experimental 

Materials 

Tetrabutylaninonium perchlorate (TBAP, Eastman Chemical Co.) was 

recrystallized twice from ethylacetate and vacuum dried over P 20 5  

at room temperature. Methylene chloride ('Baker Analyzed' HPLC 

reagent) was used without further purification. MnTPP(CH 3CO2 ) 

was from Strem Chemical Inc. and MnTPP chloride was synthesized by the 

method of Adler et al. [4]. 

Experimental procedure 

Cyclic voltammetric measurements were obtained with a PAR Model 

173 potentiostat and a PAR Model 175 universal programmer. IR 

compensation was applied in most cases. Details of this technique and 
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the use of thin-layer optically transparent electrodes have been 

described in Chapter 2. 

Spectral measurements were made on a Cary 118 Spectrophotometer. 

All spectral and electrochemical measurements were carried out with 

solutions containing 0.1 M TBAP. All the potential data reported here, 

were taken with SCE as the reference. 

Results and Discussion 

Cyclic voltaninograms of MnTPP (OAc) were recorded at several scan 

rates. They displayed two quasi-reversible electron-transfer waves 

(Figure 1). Ey of Mn(III)/Mn(II) in CH2C1 2  is located at -0.30 V 

(vs SCE), and that of Mn(IV)/Mn(III) is at +1.18V. They are called 

quasi-reversible electron transfer reactions because the current is 

controlled by both the diffusion of reactants and their charge transfer 

kinetics. In this case, the concentrations of the electro-active 

species on the electrode surface must be expressed by absolute rate 

theory instead of the usual Nernst equation. -The separation between 

oxidation and reduction peaks, 4E v . can be used to calculate the 

rate of electron transfer [5] by a numerical solution of the integral 

equation, which correlates AE with a dimensionless function 4) 
given by 

14) =l.k°/j'D 

where 7' is the square root of the ratio of the diffusion coefficients 

D0  and D r 	the transfer coefficient, n the number of electrons 

transferred from the reactant to the electrode, v the scan rate, k° 

the heterogeneous rate constant (cm/s), and D the diffusion coefficient 

of the electroactive species. k° represents the charge transfer rate 

constant at the standard potential, E°, of the redox couple, and it 
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Figure 1. 	Cyclic Voltammograms of Mn(III)TPP'(OAc) 

with 1 mM of MnTPP.(OAc) in CH 20 2  solution containing 

0.1 M of TBAP at a scan rate of 100 mV/s. 

at 1.25 V is —40 uA. 

same as (A) except at several scan rates. 

20 mV/s (i p = 20 pA) 

---- i 	50 mV/s (i = 30 pA) 

100 mV/s = (i p 44 pA) 

200 mV/s (i 	= 62 pA) 

Both 	(A) and 	(B) were IR compensated. 
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- 	is writen as k 5  in the discussion of the quasi-reversible charge 

transfer in Chapter 2. Given the value of experimental 	k° can be 

calculated simply by substituting the value of 	tabulated in the 

original paper into equation 1. 

- 	 If D is assumed to be 5 x 10 	cm2/s, the heterogeneous 

rate constant, •k°, of reaction (2) 

e + Mn(III)TPP.(OAc) . 	- Mn(II)TPP.(OAc) 	 (2) 

can be estimated to be 0.93 0.09x10 3  cm/s, and that of reaction (3) 

Mn(III)TPP.(OAc) 	Mn(IV)TPP or Mn(III)TPPJ + e 	( 

is 1.8±0.2 x 107 cm/s (Table 1). 

At present., actual D is not yet available, but it can be measured with 

a rotating disk electrode. Since D has been reported to be 1 x 10 6  

cm2/s for Mn(p-Cl)TPP (Cl) in dimethyl sulfoxide [7], our actual D 

should be reasonably close to this number. By comparing these two 

rate constants with those Df other metalloporphyrins [6],  they are 

about one or two orders of magnitude lower. For example, k° = 8 x 10 2  

for ZnOEP/ZnOEPT , 4 x 10 2  for ZnTPP/ZnTPP, and 0.1 cm/s for 
.4. 

MgOEP/MgOEP'. However, my data are comparable to the rate constant of 

Mn(II)OEP/Mn(III)OEP (k° = 6 x 10 3  cm/s) and that of 

Mn(III)(p-Cl)TPP.(Cl)/Mn(II)(p-Cl)Tpp in CH 2 C1 2  (k° = 3 x 	cm/s 

from ref. 7). In order to explain this large difference in the rate 

constants, factors like re-orientation of solvent molecules, change of 

axial ligands, changes in spin state, and changes in the position of 

central metal ion must be carefully considered. 

Since both Mn(II) and Mn(III) are in their high-spin states and 

a non-bonding CH 2 C1 2  solvent is used, the most probable factor, 

which contributes to the slowness of electron-transfer process, is the 



TABLE 6-1 

* 
CALCULATION OF HETEROGENEOUS ELECTRON-TRANSFER RATE CONSTANTS 

e 	+ Mn(III)TPP'(OAc) 	, Mn(II)TPP + OAc 

Scan rate (V/s) 	(mV) 	'1' 	k°  (cm/s) 

	

0.200 	 144 	0.24 	0.84 x 10 

	

0.100 	 116 	0.43 	1.07 x 10 

	

0.050 	 104 	0.52 	0.91 x 10 

	

0.020 	 90 	0.82 	0.91x 10 

Average 	0.93t0.09 x 10 

Mn(III)TPP.(OAc) 	> Mn(IV) or Mn(III)TPPt + e 

Scan rate (V/s) 	4E (mV) 	1' 	k °  (cm/s) 

	

0.200 	 114 	0.45 	1.58 x 10 

	

0.100 	 90 	0.82 	2.04 x 10 

	

0.050 	 84 	1.00 	1.76 x 10 

	

0.020 	 74 	1.85 	2.05 x 10-3  

Average 	1.8±0.2 x 10 

228 

* In these calculations, 	is assumed to be 0.5. 



large out-of-plane movement of Mn atom. 

that the rate constant of Mn(III)/Mn(II 

imidazole mixed solvent is dependent on 

and varies between 1 x 10 cm/s in the 

4 x 10 6  cm/s at 0.1 M imidazole. Both 

It has been shown recently 

in dimethyl sulfoxide- 

the imidazole concentration 

absence of imidazole and 

axial movement of Mn atom and 
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the displacement of the fifth ligand were suggested to be responsible 

for the slowest rate constant [7]. 

The observation of a quasi-reversible wave at +1.18 V seems 

inconsistent with the data given in a recent paper [8], which reported 

no additional oxidation or reduction of MnTPP(Cl) up to 1.2 V. None-

theless, the cyclic voltamrnogram of MnTPP(Cl) was taken and found a 

wave at +1.13 V, which was close to the reported reduction potential 

of the first ring oxidation of MnOEP(OH), +1.12 V [9]. 

Because all of the ring oxidations and reductions of metallo-

porphyrins reported (including the ring reduction of MnOEP(OH)) have 

their k°s larger than 2 x 10 2  cm/s, it has been proposed that 

reactions which involve removing an electron from or donating it to the 

conjugated iT-ring system proceed more rapidly than those in which the 

electron is added directly to or removed from the central metal [10]. 

Since the heterogeneous electron-transfer rate constant for the 

oxidation of Mn(III)TPP 4  is found to be 1.8 0.2 x 10 	cm/s in 

methylene chloride in this experiment, the rate determining step in the 

oxidation of Mn(III)TPP(OAc) is deduced to be the removal of an 

electron from central Mn atom or from a ligandir-orbital which 

interacts strongly with the d-Tr orbitals of manganese atom. 

In conjunction with electrochemical studies, the optical spectrum of 

the oxidized product of Mn(III)TPP(OAc) was recorded in situ with a 



thin-layer, optically transparent electrode. Within the thin layer 

electrode, a complete electrolysis of Mn(III)TPP(OAc) could be 

achieved within a few minutes (Figure 2). The spectra of both Mn(II) 

and Mn(III) are consistent with the previous data, while that of the 

oxidation product of Mn(III)TPP(OAc) is unlike that of manganese 

hematoporphyrin IX in an alkaline aqueous solution [11]. Our spectrum 

shows broadened and decreased UV bands and a rather broad band between 

550 and 700 nm. These features are similar to their-cations of many 

metalloporphyrins except that there are two broad UV bands. This 

doublet seems to be a characteristic of manganese porphyrin and may be 

attributed to a strong interaction between the 71 orbital in the ring 

and the d-IT orbitals in the central Mn. 	Furthermore, when Mn(III) 

was oxidized or when the oxidized product was reduced back to Mn(III), 

the absorption at 390 nm first increased and then decreased. This 

suggests that this electron transfer reaction may not be a single-step 

process [12 and note]. 

Since electron spin resonance has been frequently used in the past 

for the assignments of the oxidation products of porphyrins [13],  the 

epr spectrum of the oxidized Mn(IV)TPP (or Mn(III)TPP) was once 

measured. But, no obvious signal down to a liquid nitrogen temperature 

was observed. In the future, an epr experiment at helium temperature 

should be performed. Other possible tools for the assignment of the 

electronic structure are NMR and Raman spectrometry. 
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Figure 2. 	Optical spectra of Mn(III)TPP (OAc) and its electro- 

chemially oxidized or reduced compounds in CH 2C1 2 . 

, [Mn(III)TPP] •(OAc) 

-----,[Mn(II)TPP] 

- -------- [Mn(IV)TPP] 2  or [Mn(III)TPP] 

The insert (D) is taken from reference 1(d) for comparison. 

O=Mn(IV)TPP is synthesized by oxidizing Mn(II)TPP with 

i odosobenzene. 
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