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Chapter 1: Introduction  1

1. Introduction  

Photoionization plays an important role in biological processes [1-7] e.g., light 

interaction in chloroplasts during photosynthesis [8] and photoionization of dihydronicoti-

namide adenine dinucleotide (NADH) [9]. Laser excitation of deoxyribonucleic acid, DNA, 

may produce breaks, either in a single strand or in complementary double strands [10, 11]. 

Therefore, photoionization of a variety of organic molecules in polar solvents upon 

visible and UV-laser excitation has been of considerable interest for kinetic and mechanistic 

studies [12-26]. Photoejection of an electron occurs via different mechanisms, depending on 

the available photon energy, the excited state properties of the substrate, and the nature of 

the solvent [27-31]. If the photon energy of the excitation wavelength is greater than the 

photoionization threshold, a mono-photonic electron ejection from the relaxed or unrelaxed 

lowest excited singlet state is energetically feasible [32-34]. In other words, increasing the 

excitation photon energy causes a change from a two-photon into a one-photon ionization 

process with an increase in the photoionization quantum yield [34]. 

The two-photon ionization is a relatively common process with visible or near-UV 

light excitation, where the substrate absorbs the first photon to give the excited state which 

in turn is ionized by the second photon [35-37]. Laser flash photolysis (LFP) with optical 

detection is widely used to distinguish between mono- and biphotonic ionization. The non-

linear behavior of the electron yield upon variation of the laser intensity indicates a 

biphotonic ionization [38, 39]. More precisely, the electron yield increases linearly with the 

square of the laser intensity [40, 41]. 

Real-time observation of a chemical reaction, which constitutes a primary key for 

understanding reaction mechanisms, still remains a challenge. Laser techniques are not only 

important for their study, but have also developed into pivotal tools in science and 

technology, with significant applications in industry, communication, and medicine. One 

important example is multi-photon spectroscopy [42], where a high-intensity laser with 

short pulses causes the absorption of two or several photons. 

Multilaser flash photolysis can be used to: 

• generate new reactive intermediates, 

• give more information about photoreaction mechanisms, 
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• identify the chemical species during the reaction pathway, and 

• open up new reaction pathways. 

In addition, the selectivity of lasers allows the multilaser method to be applied to biological 

activities such as photodynamic therapy [43].  

Two-laser chemistry has been extensively investigated by various groups [44-51]. 

Goez and his group have reported that photoinduced electron transfer between ketones 

(such as 4-carboxybenzophenone [52] or 1,5-anthraquinonedisulfonate [53]) and donor 

molecules produces radical anions and radical cations by the first laser (308 nm). The 

radical anion absorbs a second photon from the second laser excitation (387.5 nm) giving 

the original ketone as well as the hydrated electron. The use of two-color laser flash 

photolysis allows the investigation of the reaction pathways of transient intermediates. The 

first pulse is adjusted to generate the intermediate, which can then be selectively excited by 

the second pulse at different wavelengths. The observed bleaching of emission or 

absorption signals resulting from the second laser stems from the excited state that takes 

part in the photoionization. The lifetime of either both excited states or one of them must be 

long enough to absorb the second photon. The resulting reactions can be studied in a 

qualitative and/or quantitative manner.  

Laser excitation can be combined with different detection methods [54, 55] to obtain 

more information about the photoreaction system. The radical ions resulting from electron 

transfer and photoionization processes can be studied by transient photoconductivity [56], 

electron paramagnetic resonance (EPR) [57,58], and chemically induced nuclear 

polarization (CIDNP) [59,60].  

In this work, we studied the photoionization mechanisms of some heterocyclic 

compounds in the presence of a sacrificial electron donor. In addition to the verification of 

known linear photoionization mechanisms, the main goal of this thesis is to investigate the 

cyclic photoionization mechanisms which were first observed through our experiments. Our 

measurements were based on applying the nanosecond laser flash photolysis technique 

(LFP) with optical detection. We also compared the behaviour of the detectable species 

resulting from cyclic photoionizations with that in linear photoionizations.  

This thesis is organized into two parts. The first part contains a description of the 

experimental methodology and the theoretical analysis: Chapter 2 describes the nanosecond 

laser flash photolysis apparatus with optical detection used in our experiments and discusses 
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the physical properties of the examined substrates (e.g., quantum yield and lifetime of the 

triplet state). In Chapter 3, we analyse the light intensity dependence of the concentrations 

of the excited states, radical ions, and electrons. In this analysis, we distinguish between 

linear and cyclic photoionization mechanisms. The solution of differential equations for the 

kinetic models usually gives a closed form expression that can be fitted to the experimental 

data. In some of our measurements, the solution of these kinetic equations was cumbersome 

and we used a mathematical software package (Mathematica 4.0) to fit the numerical 

solutions to the experimental data.  

The second part comprising Chapters 4 to 8 includes the main results of this thesis on 

complex cyclic and linear photoionization mechanisms of acridine derivatives and 

xanthone. Whereas acridine derivatives serve solely as electron donors in our 

investigations, we used xanthone both as donor and acceptor depending on the experimental 

conditions. We will show that the high laser intensities open new reaction pathways of 

photoionization. For instance, the electron yield in the photoionization for an electron donor 

(e.g., acridone derivatives) in aqueous sodium dodecylsulfate (SDS) micellar solutions 

exceeds the initial concentration of the substrate due to a cyclic mechanism (Chapter 4). 

Furthermore, the radical cation produced during the photoionization process exhibits 

saturation behaviour at high laser intensities while the electron yield increases linearly. 

These observations are inconsistent with the linear two-photon ionization process reported 

previously [36-40, 51], where the concentrations of both electron and radical cation must be 

identical under the same experimental conditions. 

Chapter 5 describes the catalytic cyclic photoionization mechanism of xanthone in 

aqueous SDS micellar solution, while its photoionization in alcohol-water solution proceeds 

via a linear two-photon ionization process. In order to give a complete description of the 

effect of SDS concentration on the photoionization mechanism, we compared the electron 

yield of the photoreaction system in various SDS concentrations as well as in alcohol-water 

solution i.e., studied the electron yield as a function of the laser intensity in micelle 

concentration above and below the critical micelle concentration (cmc). 

In addition to the cyclic photoionization of the triplet state (in the case of xanthone) or 

the singlet state only (in case of acridone derivatives), we will also show that the cyclic 

photoionization of acridine and proflavine proceeds via both singlet and triplet states 

(Chapters 6 and 7).  
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In Chapters 5 and 8, we compare the results of two-laser excitation of the examined 

systems with those obtained from single laser excitation under similar experimental 

conditions. Chapter 8 is devoted to the cyclic photoionization of an electron acceptor in the 

presence of an electron donor. We studied the effect of the amines triethylamine (TEA) and 

1,4-diazabicyclo[2.2.2]octane (DABCO) on the photoionization of xanthone. The presence 

of the amine in this system leads to an electron transfer. The photoionization of 

xanthone/amine systems at high laser intensity is interesting, as the electron yield is much 

higher than in the absence of amine under the same experimental conditions. Finally, in 

Chapter 9 summary of the results of this thesis is given. 
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2. Experimental section  

2.1. Steady-state measurements  

UV-visible absorption spectra were measured using a Shimadzu UV-2102 

spectrophotometer. The absorption was measured directly before irradiation and there was no 

sign of any chemical interaction between the components in their ground states. The 

absorption spectra of the examined compounds can be compared to known spectra as reported 

in the literature. In all cases, the Beer-Lambert plots were found to be linear in the measured 

range of the ground state concentrations. The concentration of the samples for transient 

absorption measurements was adjusted to give an absorbance less than 0.2 at the excitation 

wavelengths in the 1-cm optical path length of the cell. 

Steady state fluorescence measurements were carried out using a Perkin-Elmer LS50B 

spectrometer. The fluorescence quantum yields and the fluorescence lifetimes of the 

examined substances are known.   

2.2. Laser flash photolysis  

The transient absorption and fluorescence spectra were measured using a laser flash 

photolysis apparatus with an excimer laser (Lambda Physik LPX-210i, 308 nm, laser pulse 

duration 60-80 ns, maximum energy approximately 60 mJ per pulse) and/or a Nd:YAG laser ( 

Continuum Surelite II-10; 355 or 532 nm with a pulse width of 6 ns ; the maximum energy 

was approximately 52 mJ/pulse for 355 nm and 80 mJ/pulse for 532 nm) as the excitation 

sources. The intensity of excimer laser was varied by using metal-grid filters while the 

intensity of the Nd:YAG laser was changed by varying the voltage on the flash lamp pumping 

the laser head. A part from intensity dependent measurements, the filters were used to 

suppress second-order reactions, or to minimize the photoionization of the reaction system, 

when desired. The dimensions of the excited volume were 2 x 4 x 2 mm, and the optical path 

length of the detection system was 4 mm. 

For the two–laser pulse experiments, a home-made delay generator was used. The delay 

between the pulses could be chosen in the range of a few nanoseconds to several 

microseconds.  The laser pulses passed through the optical cell in a collinear geometry. 

The laser flash photolysis setup is shown schematically in Figure 2.1. The dimensions of 

the laser pulse at the front of the cell were 3 x 4 mm, from which the central part was selected 
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by an aperture. The laser pulse impinges on the cell at 90o with respect to the monitoring 

beam and was optimised for homogeneous illumination of the detection volume. 
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Figure 2.1. Diagram of the experimental setup for nanosecond laser flash photolysis 

The detection system measures the change in the photocurrent due to emission or 

differential absorption of the transient versus time at a selected wavelength. By plotting the 

intensity of signals versus the monitored wavelength a transient spectrum can be obtained 

which characterizes this species. A negative absorption by the transient corresponds to a 

bleaching, where the absorption of the products and/or transients produced in this reaction is 

smaller than that of the starting materials. The transient spectra obtained under our 

experimental conditions can be compared to known spectra. Detection of absorbance is done 

with a high pressure xenon lamp, suitable optical system, filters to suppress the stray light, 

monochromator, and a photomultiplier with an increased sensitivity in the red (Hamamatsu R 

928). The xenon arc lamp for monitoring is used with a shutter to protect the sample from 

undue photolysis. The shutter was controlled by the PC. 

The side-on photomultiplier tube (PMT) is placed at the exit slit of the monochromator, 

and generates an electrical signal corresponding to the light intensity striking the cathode of 

the PMT; the photocurrent is amplified in the PMT, controlled by the voltage applied to the 

dynodes. A digital oscilloscope (Tektronix) is used to convert the PMT output to a digital 

signal, and to transfer the data to a computer for analysis and storage. The time response of 

the detection system is 5 ns. 
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These experiments were generally carried out using a flow system in order to avoid 

depletion of reactants or accumulation of products. The flow rates were chosen such that each 

laser shot excited fresh solution, and were maintained during the experiments. Depending on 

the magnitude of the absorption changes, the transient signals were accumulated at least 64 

times in order to obtain a sufficient signal to noise ratio. 

The solutions were prepared using ultrapure Millipor MilliQ water (resistance 18. 2 MΩ 

cm-1). Despite its unique properties and obvious biological relevance, one of the major factors 

that limit the photochemical studies of organic compounds in aqueous solutions is their poor 

solubility in this medium. Anionic micelles of sodium dodecylsulfate, SDS, can overcome 

this problem. In all experiments, the micelle concentrations were at least 10 times higher than 

the substrate concentrations. This ensures that no micelle contains more than one molecule 

[61, 62]. The micelle concentration [Ms] is given by Equation (2.1) 

g

t
s N

cmc][S][M −
=                                                                                         Eq. (2.1) 

where [St], cmc, and Ng are the concentration of SDS, the critical micellar concentration (8 x 

10-2 M [62]), and the aggregation number of SDS (60-62 [62]), respectively. 

All experiments were carried out at room temperature in neutral solution or basic 

solution, where the pH values were adjusted by the addition of NaOH. Simulation fits of the 

kinetic models were performed by software packages (Origin 6.1 and Mathematica 4.0). 

2.3. Materials  

Most of the chemicals were obtained commercially in the highest available purity and 

used without further purification. N-Methylacridone, xanthone, triethylamine, 1,4-

diazabicyclo[2.2.2]octane, and benzophenone-4-carboxylate were purchased from Aldrich. 

Acridone was purchased from Lancaster. Acridine was obtained from Acros. Methylviologen 

(1,1`-dimethyl-4,4`-bipyridinium chloride) was a Sigma-Aldrich product. Sodium 

dodecylsulfate was obtained from Sigma. Sodium hydroxide, methanol, and proflavine 

hemisulfate dihydrate were obtained from Fluka. Xanthone and acridine were crystallized 

several times from aqueous methanol. 
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2.4. Determination of triplet-triplet extinction coefficients 

2.4.1. Relative actinometry 

The extinction coefficient of triplets was determined using the comparative technique 

[63-66]. This method of determination is valid only if a small fraction of the molecules is 

excited, so that the absorbance changes remain linear with the laser energy. A substance 

whose quantum yield (ϕT) and extinction coefficient (εT) of the triplet state are known is used 

as the standard, i.e., as an actinometer. In these experiments [67], the concentrations of 

standard and substance studied are chosen to yield the same optical density at the excitation 

wavelength. Then, for any given laser energy the number of photons absorbed by each of the 

two solutions will be identical. Hence, the quantum yield of triplet formation of the substance 

studied is proportional to the triplet concentration, and Eq. (2.2) can be used to estimate the 

triplet extinction coefficient of the substance under study, M, or its quantum yield, depending 

upon which of them is known. 

]st[
]M[

*3

*3

st

M

=
T

T

ϕ
ϕ

                                                                                                      Eq. (2.2) 

where  are the quantum yield and triplet concentration of the 

substance under study, quantum yield and triplet concentration of standard substance, 

respectively. Replacing concentrations with absorbances according to Lambert-Beer’s Law in 

Eq. (2.2) will give 

]st[and,],M[, *3st*3M
TT ϕϕ

M
T

st
T

st
T

M
Tst

T
M

T .
.
ε
ε

ϕϕ
E
E

=                                                                                            Eq. (2.3) 

where , , , and are the triplet extinction coefficients and the maximum 

absorbances of the triplet state 

st
Tε M

Tε st
TE M

TE

2.4.2. Energy transfer 

The excited triplet state of the examined substance can be generated by energy transfer 

from the excited triplet state of a sensitizer [63, 68, 69]. To be an appropriate donor for an 

energy transfer experiment, its triplet state should be at least 8-5 Kcal/mol higher than that of 

the acceptor [70]. In this case, the reverse transfer can be neglected. The triplet life of the 

donor should be long, and the intersystem quantum yield should be relatively high.  Its 
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extinction coefficient, εD, should be large at the observation wavelength in order to obtain 

accurate measurement values. 

DD*3 ⎯⎯ →⎯ isck                                                                                                          Re. (2.1) 

*3*3 ADAD +⎯→⎯+ qk
                                                                                        Re. (2.2) 

In this experiment, the solution contains both D and A. Only D should be excited to its 

singlet state, which converts rapidly to the triplet state which then undergoes triplet-triplet 

energy transfer. The acceptor molecules should absorb as little as possible of the excitation 

light, in order to improve the accuracy of the calculations. The decay of the sensitizer triplet 

will be accompanied by the growth of the transient absorption due to the acceptor triplet. 

Assuming the two decay pathways of (2.1), and (2.2), for the sensitizer triplet 3D* the 

efficiency of energy transfer TEnη  (i.e., the probability that the triplet donor reacts with 

acceptor through energy transfer) is  

1D
0 )(]A[

]A[
−+

=
τ

η
q

q
TEn k

k
                                                                                        Eq. (2.4) 

where [A] is the acceptor concentration and τ0
D is the triplet lifetime of the donor in the 

absence of the acceptor. TEnη  approaches unity if kq[A] >> (τ0
D )-1 which shows that [A] 

should be as high as possible. The concentration of the acceptor triplet formed via energy 

transfer, is given by Eq. (2.5). 

1D
0

*3*3

)(
]D[]A[

−+
=

τobs

obs

k
k

                                                                               Eq. (2.5) 

where kobs is the decay rate of  the donor triplet in the presence of the acceptor [71]. By 

expressing concentrations in terms of absorptions, one can calculate the triplet extinction 

coefficient of the examined substance as with Eq. (2.6), 

obs

obs

k
k

E
E 1D

0

D

DA
A

)(
*3

*3*3

*3

−+
=

τε
ε                                                                             Eq. (2.6) 

where  ,  , *3E D A D*3E *3ε  and *3 Aε  are the absorptions of donor and  acceptor triplet and the 

extinction coefficients, respectively. 
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2.5. Determination of extinction coefficients and quantum yields of 
radical ions 

Time-resolved laser flash photolysis permits the direct observation of radical ion 

intermediates. It is easy to determine the extinction coefficients of radical ions by an electron 

transfer reaction [72-74], if the extinction coefficient of the other radical ion formed in that 

process is known. In these experiments, the concentrations of radical cations and radical 

anions are equal. Therefore, the extinction coefficient of one radical ion can be calculated by 

application of the Lambert-Beer’s Law as in Eq. (2.7), 

−•

−•+•

+• =
A

AM
M E

E ε
ε                                                                                                   Eq. (2.7) 

where +•M
ε , −•A

ε , and are the radical cation and radical anion extinction 

coefficients and the maximum absorbances for the radical cation and radical anion, 

respectively. The absorption of the radical ions should be monitored at the wavelength of their 

maximum absorptions to give more accurate results. 

+•M
E −•A

E

The quantum yield of the electron transfer can expressed as in the Eq. (2.8) [75,76] 

ETET ηϕϕ .T=                                                                                                    Eq. (2.8) 

where Tand ϕϕET are the quantum yield of electron transfer process and intersystem 

crossing , respectively. ηET is the efficiency of electron transfer. 

2.6. Analysis of triplet state decay kinetics 

2.6.1. First-order decay 

In dilute solution and in the absence of a quencher, the triplet state 3A* will decay by 

interaction with solvent molecules. This gives a unimolecular decay rate constant, k1st, 

according to the following reaction 

AA 1*3 ⎯⎯ →⎯ stk
                                                                                                Re. (2.3) 

Since the difference in absorbance of triplet and ground state, ΔE (3A*), is directly 

proportional to [3A*], it follows  

]exp[)A()A( 1
*3

0
*3 tkEE st−Δ=Δ                                                                           Eq. (2.9) 

where  is the initial absorbance difference, i.e., at t = 0. )A( *3
0EΔ
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By fitting the experimental absorption decay curve to Eq. (2.9), the rate constant for 

decay of the excited triplet state, k1st, is obtained. 

2.6.2. Self-quenching  

For excitation at low laser intensity in the absence of quencher, the excited triplet state 

will decay according to first-order, but the decay rate increases with an increase of the 

substrate concentration under the same experimental conditions, i.e., the triplet state can be 

quenched by the substrate in a pseudo first-order process (Re. (2.4)) [77]. The experimental 

absorption of the triplet can be fitted as a mono-exponential decay (Eq. (2.10)) with an 

observed decay rate constant (kobs), 

A2AA*3 ⎯⎯ →⎯+ sqk
                                                                                       Re. (2.4) 

]exp[)A()A( *3
0

*3 tkEE obs−Δ=Δ                                                                        Eq. (2.10) 

where                                                                                           Eq. (2.11) ]A[1 sqstobs kkk +=

The rate constant of self-quenching, ksq, can be determined from the slope of a plot of kobs 

as a function of the substrate concentration. The intercept of this plot yields the intrinsic first-

order decay constant k1st.  

2.6.3. Triplet-triplet annihilation  

At high laser energies, a significant concentration triplet is generated. Their transient 

absorbance no longer exhibits a mono-exponential decay, and the decay rates are increased by 

an increase in laser intensity, the reason is that in addition to the described first-order and 

pseudo first-order deactivation processes, triplet-triplet annihilation occurs [78-82] according 

to Re. (2.5). 

A2AA *3*3 ⎯⎯ →⎯+ −TTk                                                                                      Re. (2.5) 

For mixed first- and second-order decay kinetics, Eq. (2.13) is applicable. The decay rate 

of 3A* is the sum of the individual rates, 

2*3*3
01

*3

))A((
.

)A(])A[()A( E
d

kEkk
dt

Ed TT
sqst Δ

Δ
+Δ+=

Δ
− −

λε
                           Eq. (2.12) 

⇒    
)A(

.
)exp()A(

.

)A(
)A(

*3
0

*3
0

*3
0*3

E
d

ktkE
d

kk

Ek
E

TTTT Δ
Δ

−
⎭
⎬
⎫

⎩
⎨
⎧

Δ
Δ

+

Δ
=Δ

−−

λλ εε

                        Eq. (2.13) 

where  and k])A[( 01 sqst kkk += T-T  is the rate constant of the triplet-triplet annihilation. 
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If only triplet-triplet annihilation reaction occurs, the decay should follow simple second-

order kinetics, 

 
tk TT 0

*3
0

*3
*3

]A[1
]A[

]A[
−+

=                                                                                            Eq. (2.14) 

where [  is the triplet concentration immediately after the end of the laser pulse. 0
*3 ]A

2.7. Determination of electron absorption 

The difference between the absorption signals obtained in argon- and in N2O-saturated 

solutions under otherwise identical experimental conditions is taken as the true electron 

absorption signal as shown in Figure 2.1 (as an example).  

Calculation of the concentration of the hydrated electron was carried out using a 

literature value of 18500 M-1cm-1 for the molar extinction coefficient at 720 nm in aqueous 

solution [83]. All measurements based on the study of the electron formation were carried out 

by measuring its transient absorbance at 830 or 829 nm, because the emission intensities of 

Xenon lamp at these wavelengths are much higher than that at the absorption maximum of 

electron (720 nm), i.e., at these wavelengths, the signal/noise ratio is more better than that at 

720 nm. The relative extinction coefficients at 720 and 829 (830) nm were determined 

experimentally. In N2O-saturated solution, the electron absorption signals are quenched in a 

few nanoseconds due to Re. (2.6)[83, 84]. 
•−−• ++→++ OHOHNOHeON 22aq2                                                                        Re. (2.6) 

When necessary, the hydroxyl radicals produced in Re. (2.6) were removed by adding 

tert-butanol (0.5 M), which reacts with OH• producing a non-reactive radical [85]. 
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Figure 2.1. Kinetic traces recorded at 

829 nm of 1.6 x 10-4 M xanthone in 

methanol-water (1:2 v/v) following a 

308 nm laser pulse (827.7 mJ/cm2). 

(a) in argon-saturated solution , (b) in 

N2O-saturated solution, and (c) the 

difference of them. 
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3. Linear and cyclic photoionizations – Analysis of light 
intensity dependences 

Photoionization at high laser intensities can occur by other mechanisms than at low 

intensities, e.g., with acridone derivatives [86] or the tris-2,2´-bipyridyl ruthenium (II) ion 

[87, 88], xanthone [89] or benzophenone-4-carboxylate [90] in the presence of the electron 

donor. This chapter describes different linear and cyclic photoionization mechanisms. We 

distinguish between these mechanisms kinetically by studying the dependences of the 

concentrations on the light intensity.  

3.1. Kinetic formulation of light absorption 

The ground state molecule (A) absorbs a photon to give its excited state (A*) as 

expressed in Re. (3.1). 

*AA →+ hv                                                                                                  Re. (3.1) 

The rate, ri, of conversion of the ground-state molecules into their excited state by light 

of wavelength λ, depends on the rate 
td

Id abs  of light absorption by the ground state and on the 

quantum yield ϕi, of the reaction [91] 

V
1]A[

td
Id

dt
dr abs

ii ϕ=
−

=                                                                                    Eq. (3.1) 

where V is the excited volume. The total intensity I of the exciting light is given by 

∫=
τ

0

)( dttII                                                                                                            Eq. (3.2) 

where τ  is the duration of the laser pulse and. I(t) is the envelope of the laser pulse. 

All solutions in our experiments are optically thin, so all the absorption steps can be 

treated as first order processes. The Lambert-Beer law can be linearized to give 

dII abs ]A[303.2 λε=                                                                                          Eq. (3.3) 

where ελ,, and d are the extinction coefficient of the substrate at the excitation wavelength and 

the optical path length of cell. Inserting Eq. (3.3) into (3.1) yields 
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]A[
303.2

A

I
NchA

r
l

i
i

λεϕ λ=                                                                               Eq. (3.4) 

where λ and A are the wavelength of the laser pulse and the irradiated area. NA, cl, h are the 

Avogadro number, speed of the light and Planck’s constant. 

Therefore, the rate ri of any photoinduced reaction step is proportional to the 

concentration of the species that is excited and the light intensity. The associated rate 

“constant” ki is time dependent because it depends on I(t), 

)()( tItk ii κ=                                                                                                         Eq. (3.5) 

where κi  is a constant of proportionality. By comparison with Eq. (3.4), the relationship 

between a kinetic constant κi and the quantum yield ϕi of the corresponding process is given 

by Eq. (3.5) [90]. 

A

303.2
NchA l

i
i

λεϕ
κ λ=                                                                                        Eq. (3.6) 

The constant of proportionality κi has the dimension of a reciprocal light intensity, area 

per energy (cm2/mJ). It is directly proportional to the pertaining extinction coefficient and 

quantum yield. 

In our calculations, we will assume a rectangular laser pulse i.e.,  

τ/)( excItI =                                                                                                          Eq. (3.7) 

where Iexc is the total laser intensity. With that solutions of the kinetic equations can be 

obtained in a closed form and depend only on Iexc. Thus the rate constant of a light-driven step 

can be expressed as a true constant with Eq. (3.8). 

τ
κ exc

ii
I

k =                                                                                                           Eq. (3.8) 

3.2. Linear photoionization processes  

In this section, we will classify the examined substrates as either an electron donor (D) 

or an electron acceptor (A), depending on the experimental conditions. D absorbs a photon to 

generate its excited state (D*) that can be ionized by a further photon. The excited state of an 

electron acceptor (A*) in the presence of an electron donor (e.g., an amine) is quenched by 

electron transfer to produce the radical anion (A•-), which can be ionized by a second photon. 
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3.2.1. Consecutive two-photon ionization 

In this process [92-94], the molecule is excited to give D* by the absorption of one 

photon with rate constant κ0 I(t). Absorption of the second photon by D* results in formation 

of an electron and the radical cation (D•+) with rate constant κ1 I(t). The mechanism of that 

ionization is depicted in Scheme 3.1, which consists of the sequence of two first-order 

reactions by which the excited state builds up and decays. 

(hv)
+D e+ _

aq
(hv)

D*D
κ0 κ1

 

Scheme 3.1 

The solution of the differential rate equations of this scheme is given by Eqs. (3.9) and (3.10). 

{ )exp()exp(]D[
10

01

0

0

*

excexc II
c

κκ
κκ

κ
−−−

−
= }                                                      Eq. (3.9) 

)exp()exp(1]D[]e[
1

01

0
0

01

1

00

aq
excexc II

cc
κ

κκ
κ

κ
κκ

κ
−

−
−−

−
−==

+•−•

                      Eq. (3.10) 

The kinetic constant κ0 of formation of the excited state can be directly calculated using 

Eq. (3.6), because the absorption quantum yield is usually equal to unity and the extinction 

coefficient of the substrate ( groundε ) at the excitation wavelength can be determined 

experimentally. The kinetic constant κ1 for photoionization of the excited state could be 

calculated in the same way, if the extinction coefficient of the excited state, excitedε , at the 

excitation wavelength and the quantum yield of photoionization were known. Experimentally, 

κ1 is obtained by fitting Eqs. (3.9) and (3.10) to the experimental data. Equation (3.10) shows 

that the concentrations of both electron and radical cation are identical. Therefore, the 

measurement of either concentration suffices. The electron curves are identical when κ0 and 

κ1 are interchanged, as shown in Figure 3.1. Also, the form of the curves for D* remains the 

same, so they only way to determine which constant is the larger of the two is by measuring 

the absolute concentrations of D*. 
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Figure 3.1. Concentrations c of the excited state (D*), and the electron (e•-
aq) relative to the substrate 

concentration c0 as functions of the laser intensity Iexc for consecutive two-photon ionitzation. The 

curves were simulated with Eqs. (3. 9) and (3.10). The parameters of simulation were κ0=0.05 

cm2/mJ, κ1 =0.005 cm2/mJ, solid lines; κ0=0.005 cm2/mJ κ1 = 0.05 cm2/mJ, dashed lines. The electron 

curves are identical in these two cases. 

At low laser intensity, the electron curve shows what is called an induction period in a 

kinetic plot (Figure 3.1), because electron formation requires the formation of an intermediat 

first. Therefore, in order to distinguish between mono- and biphotonic processes, the laser 

intensity dependence of the electron yields should be measured at low laser intensities. 

However, more reliable information is obtained from the concentration of the intermediate at 

high intensities. 

For the special case κ0 = κ1, the intensity dependences of the concentrations are given by 

Eqs. (3.11) and (3.12) for Scheme 3.1.  

)exp(]D[
00

0

*

excexc II
c

κκ −=                                                                                   Eq. (3.11) 

)1)(exp(1]D[]e[
00

00

aq
excexc II

cc
κκ +−−==

+•−•

                                                       Eq. (3.12) 

The actual light intensity experienced is affected by D or D*, other absorbing species 

(i.e., by an inner filter effect) or re-absorption of emitted radiation, especially when a 

substance exhibits a high fluorescence quantum yield. When κ0 is treated as an adjustable 

parameter in a fit to the experimental data, the best-fit value of κ0 may be difference from the 

 



Chapter 3: Analysis of light intensity dependences 18

calculated value because of these effects. However, Eq. (3.6) can be used as chemical 

actinometer for all light-driven steps [90]. Assuming that the quantum yield of excitation of 

the ground state is unity, the quantum yield of ionization ( ionϕ ) in Scheme 3.1 can be 

calculated from Eq. (3.13). 

excited

ground

0

1
ion ε

ε
κ
κ

ϕ =                                                                                                   Eq. (3.13) 

Also, Eq. (3.6) can be used to obtain the ratio of the quantum yield of photoionization for 

the same system at different excitation wavelengths as represented in Eq. (3.14) 

)excited(

)excited(

)ground(
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01

01

,ion

,ion

1

2

2

1

2

1

2

1 ..
)/(
)/(

λ

λ

λ

λ

λ

λ

λ

λ

ε
ε

ε
ε

κκ
κκ

ϕ
ϕ

=                                                              Eq. (3.14) 

The described two-photon ionization process may be accompanied by deactivation 

processes of the excited singlet state such as fluorescence emission and triplet state formation 

(3D*) with rate constants kf  and kisc, respectively. The appropriate modification of Scheme 3.1 

is shown in Scheme 3.2.  

D
kf

D D

D

e+ _
aq

*

*1

3

+
 κ1 (hv)(hv)

kisc

κ0

 

Scheme 3. 2 

The laser intensity dependence based on Scheme 3.2 for the singlet and electron 

concentrations are given by Eqs. (3.15) and (3.16), respectively. 
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                                 Eq. (3.16) 
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⎟
⎠

⎞
⎜
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                                                                                                                                     Eq. (3.17) 
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The functional forms of Eqs. (3.15)-(3.16) and (3.9)-(3.10) are identical (κ0 ↔ κb, κ1 ↔ 

κa), only the leading constant factors are slightly different. The concentration of the excited 

triplet state is  

10

aq0

0

*3 ]e[
)(

)exp(
)(

)exp(
1]D[

κ
τ

κκ
κκ

κκ
κκ

κκ
τκ excisc

ba
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ba
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excisc Ik
c

IIIk
c

−•

=⎟⎟
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⎞
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⎝

⎛
−
−

+
−
−

−=  

                                                                                                                             Eq. (3.18) 

The term kisc [1D*] can be omitted from the differential rate equations that represent Scheme 

3.2, when the fluorescence quantum yield is unity. The solutions of the kinetic equations in 

that case give the same functional from for the singlet and the electron as in Eqs. (3.15) and 

(3.16), but with 

⎟
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⎠
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−++±++= 10

2
1010, 4)(

2
1 κκτκκ

τ
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exc

f
ba I

k
I
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                                           Eq. (3.19) 

At low intensity (κaIexc, κbIexc << 1), the intensity dependences can be approximated by Eqs 

(3.20) and (3.21).  

excI
c 0

0

*1 ]D[ κ=                                                                                                       Eq. (3.20) 

exc
ab I

c
2

0

aq

2
]e[ κκ

=
−•

                                                                                           Eq. (3.21) 

Eq. (3.20) shows that the concentration of the excited singlet state increases linearly with 

increasing the laser intensity, while Eq. (3.21) shows that the electron concentration increases 

linearly with the square of the laser intensity. 

3.2.2. Parallel photoionization of excited singlet and triplet states  

Scheme 3.3 represents that process  

D
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D D
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e+ _
aq

*
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Scheme 3.3 
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The differential rate equations for each species are  

]D)[(]D)[(]D[ *1
0 fktI

dt
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+−= κ                                                                         Eq. (3.22) 
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                                                 Eq. (3.25) 

These equations can be solved by the method of partial fractions. The result for the 

excited singlet state has already been shown in Eq. (3.15).The solution for the other species 

are 
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                                                                                                                                     Eq. (3.27)  

where κa, b are given by Equation (3.18). If κ2 becomes zero, Eq. (3.27) reduces to Eq. (3.16) 

because κ0 (κ1+ κisc τ /Iexc)/ κa κb reduces to unity under our conditions. 

3.2.3. Stepwise photoionization via a three-photon process  

Goez and Zubarev have described the following photoionization [95] with an intervening 

chemical step that produces a second photoionizable intermediate S.  

(hv)
D

+(hv) κ2
D P

e
_
aq e

_
aq

S
(hv)κ0 κ1D*

 

Scheme 3.4 

To simplify the kinetic model, the formation of S is assumed to be fast on the time scale 

of the laser pulse, so κ1 I(t) can be regarded as the rate constant of the formation of the radical 
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species (S). Therefore, D•+ can be omitted from the kinetic model. The concentration of each 

species relative to the initial substrate concentration, c0 is given by 
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For D*, Eq. (3.9) holds. 

 

Figure 3.2. Concentrations c of excited state (D*), intermediate (S), hydrated electron (eaq
•) and 

photoproduct (P) relative to the substrate concentration c0 as functions of the laser intensity for 

Scheme 3.4. The curves were calculated with Eqs. (3.9) and (3.28)-(3.30). The parameters of the 

simulation were: κ0=0.05 cm2/mJ, κ1 = 0.005 cm2/mJ, κ2 = 0.0025 cm2/mJ, (solid lines). κ0=0.005 

cm2/mJ, κ1 = 0.05 cm2/mJ, κ2 = 0.0025 cm2/mJ (dashed lines). The electron curves remain identical 

when κ0 and κ1 were interchanged. 

Again, the electron curves cannot help to discriminate between κ1 and κ0 parameters as 

illustrated in Figure 3.2. The electron curves are identical if κ0 and κ1 are interchanged, while 

this interchange has an effect on the curve for the excited state as shown in Figure 3.2. 
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3.3. Cyclic mechanisms of electron donor photoionizations 

3.3.1.  Singlet or triplet state undergoes photoionization 

We have recently reported [86] that the irradiation of an electron donor D in the presence 

of a sacrificial electron donor Dsac can produce electrons by the catalytic cycle mechanism 

shown in Scheme 3.5. The radical cation (D•+) resulting from the ionization process plays a 

key role for the reaction mechanism, because it absorbs a third photon and is then reduced by 

the sacrificial donor (e.g., SDS) to regenerate the ground-state molecule. 
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Scheme 3.5 

The solutions of the corresponding system of differential equations are given by Eqs. (3.31)- 

(3.33). 
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where 

( ))(4)(
2
1

212010
2

210210, κκκκκκκκκκκκκ ++−++±++=ba                            Eq. (3.34) 

If κ2 becomes zero, Scheme 3.5 is transformed into a consecutive two-photon ionization 

(Scheme 3.1).  
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Figure 3.3. Concentrations c of excited state (D*), electron (eaq
•⎯) and photoproduct  (D•+) relative to 

the substrate concentration c0 as functions of the laser intensity for the cyclic mechanism of Scheme 

3.5. The curves were simulated with Eqs. (3.31)–(3.33) The parameters of the simulations were: 

κ0=0.05 cm2/mJ, κ1 = 0.005 cm2/mJ, κ2 = 0.0025cm2/mJ (solid lines). κ0=0.005 cm2/mJ, κ1 = 0.05 

cm2/mJ, κ2 = 0.0025 cm2/mJ (dashed lines). Both the electron and the radical cation curves remain 

unchanged when κ0 and κ1 are interchanged. 

 

At low laser intensity, the concentrations of the electron and the radical cation are equal, 

but at high intensities, the electron concentration is always higher. The concentrations both of 

the excited state and of the radical cation reach a stationary value between zero and c0 at high 

intensities while the electron curve increases without bounds and eventually surpasses the 

initial concentration of the substrate. As opposed to a linear mechanism, the behaviour of the 

electron curve is thus quite different from that of the radical cation. 

As Figure 3.3 shows the concentration of the excited state increases linearly at first 

before reaching a peak, followed by a gradual decrease towards the steady state. The linear 

increase indicates that the formation of the excited state is a monophotonic process as 

expected, and the latter observation provides reliable evidence that regeneration of the excited 

state occurs through a cyclic reaction. 
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Figure 3.4. Concentration c of the species in Schemes 3.5 and 3.1 relative to the substrate 

concentration c0 as functions of the laser intensity. The curves were calculated with Eqs. (3.9)-(310) 

and (3.31)-(3.33). Solid lines: cyclic; κ0=0.05 cm2/mJ, κ1 = 0.005 cm2/mJ, κ2=0.0025 cm2/mJ; dashed 

lines: consecutive two-photon ionization, κ0=0.05 cm2/mJ, κ1= 0.005 cm2/mJ. 

Figure 3.4 displays the behaviour of all species for the cyclic reaction on the one hand, 

and the consecutive two-photon photoionization process on the other. At low light intensity, a 

differentiation between the two mechanisms is impossible. However, that differentiation is 

easy at high light intensity, where the concentration of the excited state approaches a steady 

state value in the cyclic reaction, but approaches zero in the linear reaction, and where the 

electron concentration increases linearly in the former but reaches c0 in the latter reaction. The 

dependence of the electron curve on κ2 is shown in more detail in Figure 3.5. 

Figure 3.5. The electron concentration  

relative to the substrate concentration c0 

as functions of the laser intensity. The 

curves were simulated with Eq (3.33). The 

kinetic parameters of the simulation were: 

κ0=0.05 cm2/mJ, κ1 = 0.005 cm2/mJ (all 

curves); κ2=0.0025 cm2/mJ (solid line); 

κ2=0.005cm2/mJ (short dashed line); 

κ2=0.05 cm2/mJ (long dashed line). 
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3.3.2. Both singlet and triplet states undergo photoionization  

The cyclic mechanism of a donor in the presence of a sacrificial donor for ionization 

of both excited singlet and triplet states is displayed in Scheme 3.6. The rate constants for 

both ionization steps are κ1 I(t) and κ2 I(t). The radical cation absorbs a photon to regenerate 

the substrate by a reaction with a sacrificial donor with rate constant κ3 I(t). 
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                                                  Scheme 3.6 

 

The kinetic are described by Eqs (3.35)–(3.39): 
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Closed-form solutions of these equations are cumbersome because they contain the roots 

of a cubic equation, so it is better to solve them numerically. An example is shown in Figure 

3.6. 
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Figure 3.6. Numerical simulation 

of the laser intensity dependence 

of the concentrations c relative to 

the initial concentration of 

substrate c0 on the basis of 

Scheme 3.6 with rate constants 

κ0= 0.05 cm2/mJ, κ1 = 0.005 

cm2/mJ, κ2 = 0.005 cm2/mJ, κ3 = 

0.0025 cm2/mJ, and kisc = kf 

=5x107 s-1, t =6 ns. 

Qualitatively, 1D*, D•+ and eaq
•- are seen to behave very similar to 1D*, D•+ and eaq

•- in 

Scheme 3.5. In addition, the curves for 1D* and 3D* in Figure 3.6 have a similar shape. 

3.4. Cyclic mechanisms of electron acceptor photoionizations 

Photoinduced electron transfer from electron donors, such as amines to aromatic ketones 

in polar solvents produces the radical anion of the ketone and the radical cation of the electron 

donor [96-100]. Recent studies have revealed that the photoreaction of certain aromatic 

ketone/amine systems yield electrons, in a concentration that surpasses the initial 

concentration of the ketone at high laser intensity. Goez and Zubarev [90] were able to show 

that the electron concentration as a function of the laser intensity is strongly dependent on the 

quenching process and the rate constant of excited state formation. If the rate constant of 

excited state formation is much larger than the rate constant of the quenching process, the 

electron behaviour exhibits saturation at high laser intensity whereas the electron curve 

increases linearly when the quenching process is faster than excited state formation. 

Scheme 3.7 summarizes the mechanism. The excited state A* is quenched by electron 

transfer from the electron donor (D) in its ground state with rate constant kq to produce its 

radical anion (A•-) and the radical cation (D•+). The radical anion absorbs a second photon to 

give an electron and regenerates the substrate with the rate constant κ4 I(t). Radiationless 

decay of the excited state (kd) is too slow to compete with the quenching, so it can be 

neglected. Because of the very low concentration of the substrate A, the small path length of 
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the reaction cell, and the high concentration of quencher the light dependent steps are first or 

pseudo-first-order reactions. By using the mass balance, the rate equations are found to be     

]A)[(]A)[)((]c)[(]A[
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*
000

*
−•−+−= tIktItI

dt
d

q κκκ                                      Eq. (3.40) 
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Scheme 3.7 

The concentration of the electron can be calculated by the integration of the radical anion 

concentration over the effective laser pulse width (τ) after multiplication with the rate 

constant of electron formation (κ4 I(t)). 

∫ −•−• =
τ

κ
0

4aq ]A)[(]e[ tI                                                                                        Eq. (3.42) 

The efficiency of electron transfer increases with the increase of the quencher 

concentration, approaching unity. At high quencher concentration, intermediacy of the excited 

state can be neglected. Thus, the rate of radical anion formation is given by Eq. (3. 43). 

]A)[()(]c)[(]A[
4000

−•
−•

+−= tItI
dt

d κκκ                                                          Eq. (3. 43) 

Solving Eq. (3.43) gives 
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0
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=
−•

)                                                        Eq. (3.44) 

and by integration, one obtains the concentration of the electron  
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                            Eq. (3.45) 

Figure 3.7 represents the behaviour of both electron and anion radical curves for fast 

quenching. In that case, the electron concentration increases linearly with increasing laser 

intensity, while the radical anion exhibits a saturation behaviour at high laser intensity. This 

behaviour will be encountered in such a cyclic pathway if both quencher concentration and 

laser pulse intensity are sufficient. 

 

Figure 3.7. Simulation of the laser 

intensity dependence of the 

concentrations c relative to the initial 

concentration of the substrate c0 for 

the radical anion ( Eq. (3.44)) and the 

electron (Eq. (3.45)), with kinetic 

constants κ0= 0.05 cm2/mJ and κ4 = 

0.005 cm2/mJ. The solid and the 

dashed lines represent the hydrated 

electron and the radical anion. 

Application of the steady-state approximation for the radical anion in Eq. (3.43) gives the 

limiting concentration of radical anion. 
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                                                                                          Eq. (3.46) 

The linear rise of the electron concentration under these conditions is given by  
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                                                                                       Eq. (3.47) 
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Part II.A 
Electron donor photoionizations 

4.  Photoionization of acridone derivatives via their singlet 
state 

Despite the large number of studies on the electronic relaxation process of acridone 

derivatives in condensed phase [101-104], laser flash photolysis study of the photoionization 

of N-methylacridone (MA) and acridone (ACO) has not been reported so far. Much research 

has been directed to define the mechanism of the photoionization of organic molecules in 

solution [105-108]. In recent years, it has been shown that the excitation of aromatic 

compounds in fluid media at high laser intensity may induce a muti-photonic ionization, 

which can make new reaction pathways available [86, 87]. In this chapter, we describe for the 

first time the cyclic and linear photoionizations of MA and ACO. 

 

N

(ACO)

O

N

O

(MA)

CH 3H

 

4.1. Spectroscopic characterization 

The UV-visible absorption spectrum of an aqueous SDS solution of MA, for example, 

shows absorption peaks at 259 and 411 nm with high molar extinction coefficients (ε258 nm = 

5.5 x 104 M-1cm-1, ε411 nm = 8.89 x 103 M-1cm-1) as shown in Figure 4.1 [109, 110]. This 

suggests that the bands have π-π* characters. The concentration of N-methylacridone in 

aqueous SDS solution was determined from its optical absorption [110]. In all cases, the 

absorption was measured before irradiation, and there was no sign of any chemical interaction 

between the components in their ground states.
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Figure 4.1. Steady-state 

absorption spectra of N-

methylacridone in 0.05 M 

aqueous SDS (Solid line) 

and in ethanol-water 

mixtures (1:4 v/v) (dashed 

line), at room temperature  
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The fluorescence quantum yield, ϕf, depends on the nature of the solvent [111-113]. The 

fluorescence spectrum of MA in aqueous SDS solution exhibits an emission maximum at 430 

nm, whereas for ACO, the emission maximum lies at 415 nm [101, 110]. We measured the 

fluorescence spectra of both MA and ACO at various laser intensities and different laser 

excitation wavelengths. The fluorescence spectra for each species have the same general form 

but possess different intensities as shown in Figure 4.2, indicating that the MA and ACO are 

the only emitting species. Furthermore, the fluorescence is not quenched by SDS under our 

measurement conditions. 

 

400 420 440 460 480 500 520
0

5

10

15

20

25

30

35

40 (a)

R
el

.In
te

ns
ity

λ / nm

 

400 420 440 460 480 500

0

2

4

6

8

10

12

14

16
(b)

Re
l.I

nt
en

si
ty

λ  / nm

 

Figure 4.2. Fluorescence spectra of acridone derivatives obtained by 355 nm laser excitation at 

different laser intensities in N2O-saturated solution. (a) 5.5 x10-5 M MA in 0.05 M SDS (squares, 126.6 

mJ/cm2; circles, 538 mJ/cm2 and triangles, 33 mJ/cm2). (b) 2.4 x10-5 M ACO in aqueous solution 

(circles, 33 mJ/cm2; squares, 495 mJ/cm2). 
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4.2. Triplet and radical cation absorption spectra  

The T-T absorption maximum of N-Methylacridone exhibits a strong blue shift with 

increasing solvent polarity [113,114]. Following laser flash photolysis of MA in aqueous SDS 

solution at low laser intensity, we observed that the transient spectrum has maximum 

absorptions at 580 and 320 nm and a bleaching at around 400 nm due to the depletion of the 

ground state of MA as shown in Figure 4.3. The transient absorptions at 580 and 320 nm were 

quenched in oxygen-saturated solution, and were not affected in N2O-saturated solution. 

Therefore, the absorption bands at these wavelengths are attributed to the T-T absorption 

signals.

Figure 4.3. Transient absorption 

spectrum of 9.89 x 10-5 M MA in 

N2O-saturated 0.05 M aqueous 

SDS solution obtained by 355 nm 

laser excitation at low intensity 

(ca., 23.2 mJ /cm2) at room 

temperature. 
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The transient absorption spectrum obtained (Figure 4.4, circles) by laser photolysis at 

high intensity of an aqueous SDS solution of MA with N2O saturation following 355 nm light 

exhibits an additional absorption band at around 780-790 nm. The lifetime of that transient is 

not affected by the presence of oxygen and is attributable to N-methylacridone radical cation, 

MA•+. The low absorption at 580 nm illustrates that the main transient is MA•+ with a 

minimal share of 3MA*. MA•+also absorbs at 320 nm.  

The spectra of MA•+ and 3MA* can be separated by measurements at two different laser 

intensities (Figure 4.4). At low intensity, both the triplet state and MA•+ are present, while at 

high laser intensity the transient absorption results mainly from MA•+with a very small 

contribution of the triplet state. The absorption of the triplet state in the range 760-800 nm is 

negligible. Therefore, the absorptions at these wavelengths characterize MA•+. Hence, within 

experimental error, one can deduce the pure MA•+ absorption spectrum at low laser intensity 

by multiplying the transient spectrum obtained at high laser intensity by a certain factor. 

Then, the triplet spectrum can be obtained by subtracting the pure MA•+ spectrum from the 
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transient spectrum at low laser intensity as shown in Figure 4.4. The resulting triplet spectrum 

is consistent with that found in literature [113] and with direct LFP of MA at very low laser 

intensity as shown in Figure 4.3. 

 

Figure 4.4. Transient absorption spectra 

obtained upon 355 nm irradiation of 1.7 x 

10-4 M MA in N2O-saturated 0.05 M 

aqueous SDS solution. Squares (186.5 

mJ/cm2), circles (604 mJ/cm2), triangles 

(calculated spectrum of MA•+), and stars 

(calculated spectrum of 3MA*, multiplied 

by 3.5).  

 

Transient absorption spectra of MA and acridone, ACO, obtained by 355 nm laser 

excitation at high laser intensity have a broad band with a peak at 720 nm. Addition of oxygen 

or N2O quenched the transient absorption at this wavelength, which indicates that the 

absorption is due to the hydrated electron [84,115]. The transient absorption spectrum of 

ACO has an absorption band with a maximum at 560 nm, which was quenched by oxygen 

and was thus identified as the acridone triplet state, 3ACO* [104]. 

4.3. Triplet energy transfer 

Energy transfer from the excited triplet state of 1,5-naphthalene disulfonate, 3NDS*, to 

N-methylacridone in aqueous solution is possible since, the energy of 3MA* (59.6 Kcal/mol 

[101]) is smaller than that of 3NDS* (63 Kcal/mol [116]). The triplet energy (ET) value of MA 

was obtained from 0-0 bands of phosphorescence spectra [101]. Laser flash photolysis of the 

aqueous solution containing MA (4.1x10-5 M, MA does not absorb at 308 nm under the 

experimental conditions) and NDS (3.045x10-4 M, NDS is known to be a water-soluble triplet 

sensitizer [116]) gives the transient absorption spectrum which is attributed to the T-T 

absorption spectrum of MA because of its close resemblance to the spectrum reported 

previously [113]. Figure 4.5 depicts the absorption decay for 3NDS* at 443 nm and the growth 

of the absorption at 570 nm due to the 3MA* formation as a result of energy transfer process. 
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Figure 4.5. Absorption signals as a function of 

time monitored at 570 nm for the formation of 
3MA* and 443 nm for the decay of 3NDS* for 

N2O-saturated aqueous solution containing 

4.1x10-5 M MA and 3.045x10-4 M NDS, 

generated upon 308 nm irradiation (8.1 

mJ/cm2). The solid lines were the fit curve 

according to mono-exponential function, where 

kobs = 2.2 x 105 s-1. 

 

 

 

 

 

 

4.4. Electron transfer 

The photoreaction of MA in methanol-water (1:2 v/v) in the presence of an electron 

acceptor such as methylviologen dication, MV2+, shows the build up of transient absorption at 

390 and 605 nm due to a formation of methylviologen radical cation, MV•+ [117-119], and at 

780 nm due to a formation of MA•+, as depicted in Figure 4.6. MV2+ ground state does not 

absorb light at 355 nm under the experimental conditions. Therefore, the electron transfer 

occurred from 3MA* to the ground state of MV2+. An estimate of the rate constant of the 

triplet decay is difficult because of the overlapping of absorption of both 3MA* and MV•+. 

Assuming that the efficiency of the electron transfer is approximately unity, the extinction 

coefficient of MA•+ can then be estimated to be 4000± 5% M-1cm-1, since the extinction 

coefficients of MV•+ at 605 and 395 nm are known (ε605= 11000 M-1cm-1; ε395= 3.8 x 104  

M-1cm-1) [120-122].  

 

Figure 4. 6. Laser flash photolysis of 

5 x 10-5 M MA in methanol-water (1:2 

v/v) at low laser intensity (355 nm, 

41.6 mJ/cm2) in the presence of 

methylviologen dication (1 x 10-3 M) 

showed the transient absorption 

signals at 390 and 605 nm due to 

MV•+ and 780 nm due to MA•+. 
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4.5. Cyclic photoionization of N-methylacridone in SDS 

By studying possible reaction mechanisms for N-methylacridone in SDS, its cyclic 

photoionization is deduced. The experimental data are then fitted to the theoretical behaviour 

of this cyclic mechanism. 

4.5.1. Possible reaction mechanisms 

The excitation of MA in aqueous SDS solution at high laser intensity produced an 

electron and the radical cation of N-methylacridone. We have examined the laser intensity 

dependence of hydrated electron concentration in order to distinguish between one- and multi-

photon ionization processes. The electron curve shows a strong non-linear behaviour at low 

laser intensity, 355 nm (Figure 4.7). Investigation of the electron concentration at high laser 

intensity showed that it is greater than the initial concentration of MA. 

From the previous discussion in Chapter 3, Schemes 3.4-3.7 can account for an electron 

yield that is greater than the initial concentration of the substrate. Scheme 3.7 is ignored under 

our experimental conditions.  

To determine whether photoionization of MA through the triplet channel or singlet 

channel is the main pathway of photoionization, we assumed that the absorption quantum 

yield is unity. Therefore, the sum of the quantum yields of the deactivation processes can be 

written as  

ϕf  + ϕisc + ϕic + ϕpc = 1 , 

where ϕic and ϕpc are the internal conversion and the singlet photochemistry quantum yields, 

respectively. Since, ϕic is often small, the sum of ϕf and ϕisc is approximately one when there 

is no singlet photochemistry. The fluorescence lifetime, τf, fluorescence quantum yield and 

the intersystem crossing quantum yield (ϕisc) of the lowest excited singlet state of MA in 

aqueous SDS solution were determined to be 10 ns, 0.97, and 0.03, [110,113], respectively. 

One can assume that the maximum quantum yield of 3MA* is 0.05. From τf, ϕf and ϕisc, the 

rate constant of fluorescence, kf, and intersystem crossing, kisc, of 1MA* in aqueous SDS 

solution were estimated to be 9.7 x 107 and 5 x 106 s-1, respectively. 

Biphotonic triplet ionization under very short laser pulse duration conditions would not 

be expected, because the intersystem crossing is 5 x 106 s-1 for the reaction in aqueous SDS 

solution. We note that the inverse of this rate constant (200 ns) is much longer than pulse 
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duration (6 ns), whereas 1MA* has a lifetime of 10 ns, i.e., only slightly longer than laser 

pulse duration, which allows for the absorption of a second photon. This allows us to predict 

that the excited singlet state of MA is the dominant pathway of the photoionization process 

and the 3MA* is not ionized under our experimental condition. 

From the above results, the photoionization of MA according to Scheme 3.6 can be 

neglected. Thus, the photoionization can occur through Scheme 3.4 or 3.5. The fluorescence 

lifetime of 1MA* is comparable to the laser pulse duration. Therefore, both the kinetic 

schemes must include this step and then Schemes 3.4 and 3.5 will be modified to give 

Schemes 4.1 and 4.2, respectively.  

(hv)
MA

+(hv) (hv)
MA P

e
_
aq e

_
aq

S1MA*

k f

κ0 κ1 κ2

 

Scheme 4.1 

Owing to the restrictions of the available laser energy, the study of laser dependence of 

electron absorption alone is not sufficient to distinguish between these mechanisms, because 

the electron yield obtained by laser flash photolysis exceeds the initial concentration of a 

substrate by about 70% at the highest available laser intensity. Also, the curves of both radical 

cation concentration in Scheme 4.2 and the final product concentration in Scheme 4.1 display 

non-linear behaviour at low intensity and exhibit saturation behaviour at high intensity, i.e., 

the intensity dependences of their yield have similar behaviours. These observations show the 

importance of the study of the lowest excited state, by which one can distinguish between the 

two mechanisms at high laser intensity. The concentration of the lowest excited state in 

Scheme 4.1 must approach zero at high laser intensity, while in Scheme 4.2 it reaches a steady 

state, indicating that it is completely consumed in Scheme 4.1 during the photoreaction and 

regenerated in Scheme 4.2. 
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Scheme 4.2 
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4.5.2. Analysis and simulation of cyclic photoionization mechanism  

It can be seen that the fluorescence intensity is related to concentration of 1MA* and can 

be used to express the concentration of the 1MA*. Figure 4.7 illustrates the relationship 

between the intensity of the fluorescence signals of 1MA* and laser intensity.  

Initial linear behaviour at low laser intensity is evident up to a maximum value. A 

subsequent slow decrease in the fluorescence intensity is noticed as the laser intensity 

increases, reflecting the ionization of the singlet state with a second photon, releasing an 

electron and the radical cation. Terminal saturation state is reached at high laser intensity 

supporting the suggestion of 1MA* regeneration. We observed a nonlinear dependence of the 

initial absorbance of MA•+ on laser intensity immediately after the laser pulse. 

 
Figure 4.7. Concentrations c (electron; Filled triangles and solid line, MA•+; open stars and long 

dashed line, 1MA*; filled squares and short-dashed line) relative to the substrate concentration c0 as 

functions of the laser intensity obtained upon 355 nm laser excitation for 5.33 x10-5 M N-methyl 

acridone, MA, in 0.1M aqueous SDS solution. The fluorescence intensity was measured at 430 nm 

and normalized with respect to its maximum intensity. MA•+ absorption was monitored at 780 nm in 

N2O-saturated solution and normalized with respect to its maximum absorption. The fit curves were 

calculated with Eqs. (3.32) for MA•+, (3.33) for and (4.2) for the fluorescence intensity of −•
aqe 1MA* 

giving the fitting parameters as κ1= 1.74 x 10-2 cm2mJ-1, κ2=1.35 x 10-3 cm2mJ-1, the scale factor for 

fluorescence = 6.07, the scale factor for MA•+ = 1.23. Constant parameters: κ0=1.17 x 10-2 cm2mJ-1, kf 

t=0.6, χ t=1.2. 

The curves of MA•+ and  are similar at low laser intensity, but differ greatly at high 

laser intensity. MA

−•
aqe

•+ displays a saturation behaviour while the  increases linearly with 

increasing laser intensity. Taken together, our results lead to the conclusion that the postulated 

−•
aqe
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cyclic mechanism (Scheme 4.2) provides a valid description of the photoionization process of 

N-methyl acridone in aqueous SDS solution. 

The solution of the differential rate equations for the postulated scheme 4.2 with respect 

to the end of laser pulse is represented by Equations (3.31)-(3.33), where  
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                                                                                                                                Eq. (4.1) 

We do not detect the true fluorescence intensity but the convolution of the true signal 

with the delta-function response of our detection system, exp (-x t) [123]. Thus, the observed 

fluorescence signal is given by this convolution, which modifies Eq. (3.31) to Eq. (4.2). 
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                                                                                                                                Eq. (4.2) 

Reducing the unknown parameters helps to obtain an excellent fit. εGS and χ can be 

measured independently. The κ0 value can be calculated from Eq. (3.6) and kf was taken from 

literature [110]. τ and c0 are known. It is necessary that the resolved equations for 

fluorescence and radical cation absorption include a scaling factor because the luminescence 

collection efficiency and the extinction coefficient of MA•+ are not known. Scaling factor for 

radical cation absorption helps to determine its extinction coefficient as explained below. 

Fitting Eqs. (4.2), (3.32), and (3.33) to the experimental data can evaluate all unknown 

parameters, particularly the kinetic constants κ1 and κ2. Figure 4.7 shows that the 

experimental data fit well following Scheme 4.2, providing strong evidence to the postulated 

cyclic mechanism. 

Scaling factor of MA•+ (scale MA•+) is given by Eq. (4.3) 

max
),MA(

0),MA(
),(MA

scale
λ

λ
λ

ε

+•

+•

+• =
E

dc
                                                                           Eq. (4.3) 

where 
),MA( λ

ε +•  and  are the extinction coefficient and the absorption maximum of 

MA

max
),MA( λ+•E

•+ at monitoring wavelength (λ), respectively. 

The extinction coefficient of the MA•+at monitoring wavelength can be calculated from 

Eq. (4.3). It is found to be 3870 ± 150 M-1cm-1 at 780 nm. This value can be used to calibrate 
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the uncorrected difference absorption spectrum of MA•+, with respect to the ground-state 

depletion, to give the correct absorption spectrum. The extinction coefficient of MA•+ at 

excitation wavelength (355 nm) was determined to be 3800 ± 150 M-1cm-1. Thus, the quantum 

yield of the ground-state regeneration is calculated from Eq. (3.13) to be 0.051 ±0.03.  

The extinction coefficient of the singlet state at the excitation wavelength is not known to 

date, and the measurement of ε(1MA*) was not possible due to its short lifetime. Thus the 

determination of the photoionization quantum yield is not possible. 

4.6. Cyclic photoionization of acridone in SDS 

The photoionization of the parent compound acridone in aqueous SDS solution at 355 

nm is seen to behave very similar to that of N-methylacridone, where the electron yield 

exceeded the initial concentration of the ACO at high laser intensity. The dependences of 

acridone fluorescence intensity and the concentration of hydrated electron relative to the 

initial concentration of acridone on the laser intensity (355 nm) fit well with Eqs. (3.33) and 

(4.2) (Figure 4.8). 

 

Figure 4.8. Concentrations c of each observed species (electron; Filled triangles and solid line, 1ACO*: 

Normalized fluorescence intensity, open stars and short-dashed line) relative to the substrate 

concentration as functions of the laser intensity obtained upon 355 nm excitation for 5.33 x10-5 M 

acridone, ACO, in 0.1M aqueous SDS solution. The fluorescence intensity was measured at 415 nm 

and normalized with respect to its maximum intensity. The curves were fitted with Eqs. (3.33) for  

and (4.2) for 

−•
aqe

1ACO* giving the fitting parameters as κ1= 1.44x10-2 cm2mJ-1, κ2=1.66 x10-3cm2mJ-1, the 

scale factor for fluorescence = 3.7 Constant parameters: κ0=1.72 x 10-2 cm2mJ-1, kf t=0.6, χ t=1.2. 
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Laser flash photolysis of ACO obtained by 355 nm laser excitation in N2O-saturated 

solution does not indicate the presence of any absorbing species other than the triplet state. 

This means that it is not possible to monitor the acridone radical cation, such that a 

quantitative detection of the radical cation was not possible. 

4.7. Two-laser pulse experiments 

To ensure that the photoionization of acridone derivatives occurred via a cyclic 

mechanism, we have studied their ionization using a two-laser two-color excitation. The 308-

nm laser pulse was adjusted to temporally coincide with the 355 nm laser pulses given higher 

laser intensity than could be obtained with only one laser pulse. The electron concentration 

produced from the photoionization of MA in aqueous SDS solution at high laser intensity of 

two superimposed laser pulses exceeds the initial concentration of MA by more than 70% 

(Figure 4.9).  

Figure 4.9. Concentrations c of 

observed species relative to the 

substrate concentration c0 

induced by two-laser flash 

photolysis (superimposed, 308 

+ 355 nm) for 5.33 x10-5 M N-

methylacridone in 0.2 M 

aqueous SDS solution as 

functions of the laser intensity. 

Open stars (MA•+), squares 

(normalized fluorescence), and 

filled triangles (electron). 

The lack of differentiation between the behaviour of electron and MA•+at low laser 

intensity (Figure 4.9) shows that the study of the photoionization at high laser intensity is 

necessary to distinguish between their behaviour. 

The fluorescence intensity of 1ACO* and the electron yield were measured as a function 

of the superimposed two-laser irradiation intensity (data not shown). They have the same 

behaviour as that in Figure 4.9, confirming that the photoionization of ACO and MA in 

aqueous SDS proceeds via a cyclic mechanism. 
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4.8. Linear photoionization of acridone derivatives in alcohol-water 
solution 

To confirm that SDS is necessary for photoionization of N-methylacridone via a cyclic 

mechanism, the photoionization experiments of MA and ACO were investigated in alcohol-

water mixture and compared to that in SDS solutions. 

Figure 4.10 displays the effect of laser intensity (355 nm) on the electron yield produced 

from the photoionization of MA in ethanol-water mixture (1:4 v/v). The non-linear behaviour 

of the electron curve at low laser intensity indicates that the photoionization process requires 

two 355 nm photons [39,40]. A further increase in the laser intensity results in the electron 

curve approaching a saturation state. The electron yield of the photoionization of MA in 

ethanol-water solution is less than the starting concentration of MA even at the highest laser 

intensity.  

 

Figure 4.10. Concentrations of each detectable species (electron; filled triangles and solid line, 1MA*: 

fluorescence intensity was normalized to its maximum intensity and measured at 430 nm, filled stars 

and dashed line) relative to the concentration of the substrate as functions of the laser intensity 

obtained upon 355 nm laser excitation of 5.33 x10-5 M N-methyl acridone, MA, in ethanol-water (1:4 

v/v) solution. The curves were fitted with Eqs. (3.16) for  and (4.4) for −•
aqe 1MA*; the best-fit 

parameters: κ1= 5.9x10-3 cm2mJ-1, the scale factor of fluorescence = 4.6. Constant parameters were 

κ0=1.17 x 10-2cm2mJ-1, kf t = 0.6, χ t =1.2. 

The fluorescence curve of 1MA* is directly proportional to laser intensity; this linear 

relationship at low laser intensity is due to formation of 1MA*, and hence this process can be 
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described as a monophotonic process. The fluorescence curve reaches the maximum intensity, 

followed by a decrease in intensity due to conversion of 1MA* into another species (MA•+), 

pointing to a biphotonic process for production of MA•+. The observed fluorescence intensity 

is given by Eq. (4.4).  
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  Eq. (4.4) 

The excitation of ACO in alcohol-water solvent by light of wavelength 355 nm leads to 

formation of the hydrated electron. Neither one 355 nm laser pulse nor the superimposed two-

laser pulse (308+355 nm) at the available highest intensity produces an electron concentration 

greater than the initial concentration of ACO, and the electron curve exhibits a simple 

saturation behaviour at high laser intensities (Figure 4.11). The photoionization of MA and 

ACO in alcohol-water mixture is consistent with two-photon ionization process as shown in 

Scheme 3.2.  

 

Figure 4.11. Concentrations c relative to the initial concentration of substrate c0 obtained by 355 nm 

laser pulse as functions of the laser intensity Iexc.for acridone in methanol–water (1:2 v/v). Filled 

symbols (5 x 10-5 M ACO); open symbols (2.25 x 10-5 M); triangles and solid line, electron (λ = 829 

nm); stars and dashed line, normalized fluorescence signal intensity of the 1ACO* (λ = 410 nm, 

solution saturated with N2O). The curves were fitted with Eqs. (3.16) for  and (4.4) for −•
aqe 1MA giving 

the fitting parameters as κ1= 3x10-3 cm2mJ-1, the scale factor of fluorescence = 3.1.Constant 

parameters, κ0=1.72 x 10-2cm2mJ-1, kf  t=0.6, χ t=1.2. 
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4.9. SDS as a sacrificial electron donor 

It is clear that the radical cation absorbs a single photon in the presence of SDS to 

regenerate either the substrate or the excited singlet state. The regeneration of the substrate in 

its ground state is more energetically favourable than in its excited singlet state. Figure 4.12 

illustrates that at low laser intensity the behaviour of the electron curves at different SDS 

concentrations are similar, while the difference between the electron curves is marked at high 

laser intensity. The changes of the kinetic parameters due to the effect of SDS on the 

photoionization were listed in Table 4.1. 

 

 

Figure 4. 12. Dependence of the hydrated electron concentration relative to the substrate 

concentration c0 for ACO in SDS or in alcohol-water solution on laser intensity (excitation with 6 ns at 

355 nm). Concentrations of electron were calculated from their absorption at 830 nm. The curves were 

fitted with Eq. (3.33) to all data sets. Diamonds, solid line (2.61 x 10-5 M, 0.2 M SDS); stars, long 

dashing (5.63 x 10-5 M, 0.05 M SDS); squares, short dashed line (2.61 x 10-5 M; 0.01 M SDS) and 

triangles, long dashed line (2.25 x 10-5 M; methanol-water 1:2 v/v) 

The assumption that SDS acts as a sacrificial donor is supported by the effect of SDS 

concentration on the electron yield and the kinetic parameters, where the electron yield 

increases along with increase of the SDS concentration from 0.01 M to 0.05 M SDS. Also the 

data in Table 4.1 show that the κ2 value in SDS concentration ≥ 0.05 M is greater than that in 

0.01 M SDS by almost a factor of 2.5. 
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Table 4.1. Effect of SDS concentration on the kinetic parameters. κ0 was calculated from Eq. (3.6) 

and set as constant value. 

Solvent Concentration of ACO (κ0 cm2/mJ) (κ1 cm2/mJ) (κ2 cm2/mJ) 

MeOH-H2O (1:2, v/v) 2.25 x 10-5 M 0.0172 0.0022 2 x 10-9

0.01Maqueous SDS 2.61 x 10-5 M 0.0172 0.012 0.00066 

0.05 M aqueous SDS 5.63 x 10-5 M 0.0172 0.0138 0.0017 

0.2 M aqueous SDS 2.61 x 10-5 M 0.0172 0.0138 0.0017 

 

Replacing the SDS solution with an alcohol-water mixture to explore the solvent affects 

on the reaction mechanism revealed the fact that the electron concentration dose not surpass 

the initial concentration of MA in both one and two laser pulse experimental designs. This 

further supports the theory that SDS is an essential component of the cyclic mechanism as a 

sacrificial electron donor. 
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5. Photoionization of xanthone via its triplet state 

The photoionization of xanthone, X, has received little attention so far. Its 

photoionization occurs in aqueous SDS solution at 308 nm light via a biphotonic ionization 

process [124]. Interestingly, we found that the photoionization of xanthone in aqueous SDS 

solution yields more than one electron at high laser intensity, and the yield of hydrated 

electron increases with increasing laser intensity. These observations 

are inconsistent with a consecutive two-photon ionization process. In 

this chapter, we illustrate the effect of micelle (SDS) environment on 

the photoionization mechanism of xanthone, and compared the 

obtained results with that in methanol-water solvent. 

O

O

(X)

 

5.1. Steady-state absorption spectra 

The UV-visible absorption spectrum of X in aqueous SDS solution or in methanol-water 

(1:2 v/v) show an intense absorption peak at 240 nm with high molar extinction coefficients 

and a broad absorption band centered at 344 nm [125] (Figure 5.1).  

 

Figure 5.1. Steady-state absorption spectra of 

xanthone in 0.05 M aqueous SDS solution (solid 

line) and in methanol-water (1:2 v/v) (dashed 

line), recorded at room temperature. 
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5.2. Transient absorption spectra  

The absorption maximum of the triplet state of xanthone, 3X*, depends on the nature of 

the solvent [126]. In non-polar media, xanthone exhibits a highly reactive n-π* triplet state 

[127], while it has a π-π* configuration in polar solvents [128]. Figure 5.2 shows the triplet-

triplet absorption spectra of xanthone in 0.05 M aqueous SDS and in methanol-water (1:2 v/v) 
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solutions recorded at low laser excitation intensity with 308 nm to avoid any contribution 

from the electron and other intermediates. The triplet spectra exhibit absorption bands at 600 

nm in SDS solution and 590 nm in methanol-water solution [126]. Both transients also exhibit 

an absorption band at 300 nm, in addition to a weak band around 370 nm. The transient 

absorption bands were quenched quickly in the presence of oxygen, suggesting that the 

absorption bands are due to the transient absorption of the 3X*.  

The transient absorption spectra obtained at high laser intensity are similar to those at 

low intensity. This means that the transient absorption is due to the same single species at 

both low and high laser intensities. 

 

Figure 5.2. Triplet-triplet transient 

difference absorption spectra obtained 

by 355 nm laser flash photolysis 

(FWHM~ 6 ns, 35 mJ/cm2) for xanthone 

in argon-saturated 0.05 M aqueous 

SDS solution (squares, 4 x 10-5 M 

xanthone) and in argon-saturated 

methanol-water 1:2 v/v (circles, 3.46 x 

10-5M xanthone). The difference 

absorption spectrum of xanthone in 

methanol-water (1:2 v/v) was multiplied 

by a factor of 5.  
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5.3. Triplet decay analysis  

In absence of self-quenching, the triplet lifetime of xanthone depends strongly on the 

reactivity of the xanthone triplet towards the solvent [129-131]. We have observed that the 

first-order rate of the triplet state varied with the variation in the concentration of xanthone, 

suggesting that 3X* reacts with xanthone ground state, i.e., self-quenching (Figure 5.3a) [130]. 

The rate constant of self-quenching of (6.3 ± 0.6) x 108 M-1s-1 in water-methanol mixture (2:1 

v/v) was determined from the slope of a plot of the observed rate constant for the decay of the 

590 nm absorption signals as functions of xanthone concentrations (Figure 5.3b).  
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Figure 5.3. (a) Absorption-time profiles at 590 nm of xanthone triplet state with changing the 

concentration of xanthone as follows: 3.46 x 10-5M (triangles), 7.3 x 10-5M (squares), 1.0 x 10-4M 

(inverted triangles), 1.44 x10-4 M (circles). Decay of the absorption observed after 308-nm laser flash 

photolysis (7.6 mJ/cm2) for xanthone in methanol-water (1:2 v/v). The solid curves are the best fit of 

mono-exponential function. (b) Plot of the observed first–order kinetics, kobs, for xanthone triplet state 

as functions of xanthone concentrations. 

 

The triplet decay at high laser intensity does not follow the second-order rate reaction 

and may include both second-order component (triplet-triplet annihilation only) and first-

order component (a combination of unimolecular decay and pseudo-first-order processes such 

as self-quenching by xanthone). Figure 5.4 displays that the absorption of triplet state at high 

laser intensities fits well according to Equation 2.13. 

 

Figure 5.4. Laser intensity dependence 

absorption-time profiles of 3X* at 590 nm 

obtained by 308 nm laser flash photolysis 

of xanthon (4 x 10-5 M) in N2O-saturated 

methanol-water (1:2 v/v). The laser 

excitation intensity increases from trace a 

(ca. 21.8 mJ/cm2) to trace e (ca. 394 

mJ/cm2). The solid lines were fitted based 

on Eq. (2.13). 
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5.4. Determination of extinction coefficient of xanthone triplet state  

It was necessary to know the molar absorption coefficient of the xanthone triplet state. 

This was estimated using a comparative method. The absorbance of the xanthone triplet state 

(in methanol-water, 1:2 v/v) and benzophenone-4-carboxylate, BC, (in aqueous solution, pH 

12) was compared for the same laser power and at identical absorbance of the ground state at 

excitation wavelength (308 nm).  

We assumed that the intersystem crossing yields for xanthone [132] and benzophenone-

4-carboxylate are unity [133]. The molar absorbance coefficient of 5200 M-1 cm-1 at 545 nm 

for BC triplet state was taken from reference [133]. The molar absorbance coefficient of the 

xanthone triplet at 590 nm was found to be 13.5 x 103 M-1 cm-1. This value is in accordance 

with that obtained from the best-fit parameters in Figure 5.5. 

5.5. Linear photoionization in methanol-water (1:2 v/v) by near UV 

A plot of the variation of the absorption intensity signal of the hydrated electron at 829 

nm against the laser intensity shows a strong non-linear behaviour at low laser intensity 

(Figure 5.5). The relationship between the absorbance of the triplet state at 590 nm and the 

laser intensity shows a linear dependency at low laser intensity. The linear fit passes through 

the origin when it is extrapolated to zero laser intensity. The absorbance of the triplet state 

reaches a maximum value and then decreases with an increase in the laser intensity, indicating 

that the triplet state is the intermediate of that ionization process. Photoionization of xanthone 

through the triplet channel was also supported by bleaching of the triplet state using the two-

laser experiments as discussed in detail below. 

Transient absorption spectra produced by 308 nm nanosecond laser flash photolysis of 

xanthone in both methanol-water mixture and aqueous SDS solutions show no significant 

absorption bands attributed to the xanthone radical cation. Therefore, effect of laser intensity 

on its yield is not possible. 
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Figure 5.5. Effect of the incident laser intensity (I) on the absorbance (Eλ) of 3X* (open triangles) at 

590 nm and on the absorbance of  (closed triangles) at 829 nm, for the photoionization of 

xanthone, in methanol-water (1:2 v/v), following 308 nm laser excitation. Pure electron absorptions 

were calculated from the difference of two measurements with N

−•
aqe

2O and without N2O, the triplet state of 

xanthone measured in N2O-saturated solution. The lines (solid line, ; and dashed line,−•
aqe  3X*) were 

calculated with Eqs. (3.9) and (3.10) in the absorption form to the experimental data sets. Fixed 

parameters, κ0 = 9.31 x 10-3 cm2/mJ, ε829( ) =13.750 M−•
aqe -1cm-1, C0= 2.1x10-5 M, d = 0.4 cm; the best-

fit parameters were, κ1= 4.0 x 10-4 cm2/mJ, ε590(3X*)=13.500 M-1cm-1.  

From the laser intensity dependences of the electron and the triplet state absorbances, the 

mechanism of the photoionization of xanthone is thus a linear two-photon ionization process 

[40], as in the case of Scheme 3.1. In this scheme, the xanthone ground state absorbs the first 

photon to give the xanthone excited singlet state which undergoes fast and efficient 

intersystem crossing leading to the triplet state. This process is much faster than the 

absorption process, such that the absorption process can be regarded as the rate constant of the 

triplet state formation, and the excited singlet state can be omitted from the reaction scheme. 

Damschen et al. [134] reported that the rates of intersystem crossing for xanthone, anthrone 

and benzophenone are fast and approximately the same. The build up of T-T absorption of 

xanthone in ethanol following excitation at 355 nm was measured and determined to be  

8 ±2 ps [135]. The second photon is absorbed by the xanthone triplet state to give the 

hydrated electron and the xanthone radical cation, X•+. 
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The number of unknown parameters should be reduced as much as possible to obtain a 

good fit. κ0 can be calculated from Eq. 3.6, because the extinction coefficient of xanthone 

ground state and the quantum yield of the intersystem crossing are known. Also the extinction 

coefficient of the hydrated electron and the initial concentration of xanthone are known, so 

that the number of unknown parameters is reduced to two. The simultaneous fit of Eqs. (3.9) 

and (3.10) in the absorption form to the experimental data can be used to evaluate the κ2 value 

and the extinction coefficient of xanthone triplet state as shown in Figure 5.5. 

From UV/VIS spectrum of xanthone in aqueous SDS or in the methanol-water solution, 

the extinction coefficient of xanthone at 355 nm is higher than that at 308 nm by almost factor 

of 2.5. This means that the concentration of the triplet state formed by 355 nm light is higher 

than that formed by 308 nm light at the same laser intensity. For this reason we chose to study 

the photoionization of xanthone by laser excitation at 355 nm. 

The laser intensity dependences of the observed species induced by 355 nm have the 

same behaviour as that induced by 308 nm light. In Figure 5.6 the triplet concentration of 

xanthone obtained by excitation with 355 nm light is higher than that obtained by excitation 

with 308 nm light as expected. However, the electron yield of the photoionization of xanthone 

is lower than that in Figure 5.5. These observations may reflect the different extinction 

coefficients of the triplet state at these excitation wavelengths. The quantum yield of the 

photoionization of the X at both excitation wavelengths was found to be 8 x 10-3 ± 15 %. 

 
Figure 5.6. Laser intensity dependence 

of the absorption of the triplet state 

(open triangles) and the hydrated 

electron (closed triangles) of 8 x 10-5 M 

xanthone in methanol-water (1:2 v/v) 

induced by 355 nm laser excitation. The 

solid ( ) and dashed (−•
aqe 3X*) lines were 

the results of fitting based on Eqs. (3.9) 

and (3.10). The best-fit parameters were 

κ0 = 1.52 x 10-2 cm2/mJ and κ1= 1.2 x 

10-4 cm2/mJ.  
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5.6. Cyclic photoionization in aqueous SDS solution at 308 nm 

The laser flash photolysis of xanthone in aqueous SDS solution following 308 nm laser 

pulses was investigated. The measured concentration of electron relative to the initial 

concentration of the substrate against laser intensity shows a strong non-linear behaviour at 

low pulse intensities (Figure 5.7). The electron concentration at high laser intensity is not 

limited by the depletion of xanthone since it is significantly larger than the initial 

concentration of xanthone. The usual two-photon ionization scenario (Scheme 3.1) cannot 

produce an electron concentration higher than the initial concentration of the original 

substance. Therefore, 308 nm laser flash photolysis experiments at high light intensity suggest 

an additional reaction pathway responsible for the production of a second electron. 

Figure 5.7 demonstrates the relationship between the maximum absorption of the excited 

triplet state of xanthone at 600 nm and the laser intensity at 308 nm. This relationship displays 

a linear behaviour at low laser intensity. The triplet absorption reaches its maximum at about 

180 mJ/cm2. As laser intensity increases, the maximum concentration decreases before 

reaching a constant level. This means that the triplet state decays by photoreaction. The 

concentration of the triplet state approaches a saturation behaviour at high laser intensity 

suggesting regeneration of the triplet excited state during laser pulse. 

In light of the above observations, Scheme 3.5 can be considered valid to describe the 

photoionization process of xanthone in aqueous SDS solution. Scheme 3.5 shows that the 

photoreaction of the xanthone radical cation regenerates the substrate via the absorption of a 

third photon. The micelle (SDS) plays an important role in this step and is involved as an 

electron donor. 

Figure 5.7 depicts the fit curves of the detectable species based on Scheme 3.5. The 

dotted line shows that the results of the fitting of the triplet data according to Eq. (3.31) 

exhibits some aberration, i.e., at low laser intensity the fitted curve of the triplet state demands 

a higher concentration than that found in the experimental data. At higher laser intensity, the 

measured relative concentration is lower than that predicted by the simulation fit. 
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Figure 5.7. Concentrations c of each observed species (electron monitored at 829 nm; Filled symbols 

and solid line and 3X* monitored at 600 nm in N2O-saturated solution; open symbols and dashed line) 

relative to the concentration of the substrate, c0, as a function of the laser intensity obtained upon 308 

nm laser excitation of xanthone in 0.05 M aqueous SDS solution. The concentrations of xanthone 

were 4 x 10-5 (triangles, big stars, squares); 1.93 x 10-5 (diamonds); 2.5 x 10-5 M (small stars). The 

curves were fitted with Eqs. (3.31) for 3X* and (3.33) for , the best-fits parameters were κ−•
aqe 1= 

4.69x10-3 cm2mJ-1, κ2=1.34x10-3 cm2mJ-1. Constant parameter was κ0 =8.3x10-3 cm2mJ-1. 

 

5.7. Photoionization in aqueous SDS at 355 nm  

The photoionization of X in SDS solution induced by 355 nm was observed. Figure 5.8 

shows that the photoionization requires at least two photons, whereas the triplet formation 

requires only one photon. The electron concentration, relative to the initial concentration of 

xanthone, remains low and shows no tendency towards saturation at high intensity. The 

experimental evidence as shown in Figure 5.8 does not give sufficient information to 

determine whether the overall process occurs via a linear two-photon or cyclic mechanism. 

There is no evidence supporting the cyclic mechanism, therefore, we may assume that a linear 

two-photon process occurs in this case. 
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Figure 5.8. Concentration c of 3X* (open symbols) and e•-
aq (closed symbols) relative to the initial 

concentrations c0 of xanthone 4 x 10-5 M (triangles and stars) and 2.75 x 10-5 M (squares), in 0.05 M 

aqueous SDS obtained by 355-nm laser pulse (pulse width is about 6 ns)  as functions of the laser 

intensity Iexc. a) The curves were fitted with Eqs. (3.31) and (3.33) referring to the cyclic mechanism, 

yielding the best fit parameters κ0 =1.578 x10-2 cm2mJ-1, κ1= 9.9 x10-4 cm2mJ-1, κ2=3.08 x10-4 cm2mJ-1. 

b) The curves were fitted with Eqs. (3.9) and (3.10) referring to the consecutive two-photon ionization 

process, yielding the best-fit parameters κ0 =1.52 x10-2 cm2mJ-1, κ1= 9.9 x10-4 cm2mJ-1. 

 

5.8. Two-laser two-color laser flash photolysis  

Two-laser two-color laser flash photolysis was employed to examine the effect of the 

laser excitation on the excited state behaviour [53-55], particularly that of the triplet state. A 

pulse at 355 nm was used as a synthesis laser to generate 3X*, while the excimer laser at 308 

nm was used to ionize the triplet state. This choice resulted from the fact that the extinction 

coefficient of the xanthone ground state at 355 nm is greater than that at 308 nm, while the 

extinction coefficient of the triplet state at 308 nm is greater than that at 355 nm. The 

synthesis laser and ionization laser were incident upon the front of the sample cell and are 

collinear. 

Figure 5.9 shows that the first laser pulse at 355 nm of X produced 3X* from xanthone 

via 1X*, the second laser pulse at 308 nm generates an electron. The delay time of the second 

308 nm laser pulse was 1.2 µs after the first laser pulse at 355 nm. The lifetime of triplet 

xanthone is long enough to absorb a second photon.  This long lifetime allows us to shoot the 

triplet state at different time scales. We compared the electron yield relative to starting 

concentration of xanthone that was produced from the second pulse at 308 nm with that by a 

single laser pulse at 308 nm of the same energy. We found that the electron concentration 

relative to concentration of starting xanthone increases by a factor of approximately two. 
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Figure 5.9. Two-laser experiments of 4x10-5M xanthone in 0.05 M aqueous SDS solution, first pulse: 

at 355 nm (151 mJ/cm-2), second pulse: at 308 nm (45 mJ/cm-2, 60-80 ns), 1.2 µs delay between the 

two pulses. Decay profile shows the electron formation that was monitored at 829 nm (right) and triplet 

bleaching by the second laser pulse, which was detected at the wavelength of its maximum absorption 

(600 nm) (left). 

Direct evidence for the xanthone triplet excited state as the intermediate for 

photoionization of xanthone was given by comparing the triplet absorption signal after a 

single 308 nm laser pulse with that following two-laser pulse (308 +355 nm) excitation. As 

shown in Figure 5.9a, an appreciable decrease in the triplet absorption signal was observed 

after the excitation by the second pulse (355 nm). This observation suggests that the triplet 

state is re-excited and resultes in the production of the electron (Figure 5.9b). 

5.9. Effect of xanthone concentration 

The electron concentration obtained from the photoionization of xanthone by 308 nm 

depends on the xanthone ground state concentration. The electron concentration decreased 

with increasing the concentration of xanthone as illustrated in Figure 5.10. The electron yield 

reduced by about 35% when the concentration of xanthone was changed from 4 x 10-5 M to 4 

x 10-4 M. This effect is large and results not only from the inner filter effect, which lowers the 

electron yield, but also from other contributing factors. These effects may be due to xanthone 

dimerizations in ground or excited state, but no transient absorption attributed to these effects 

could be found in our experiments. The effect of xanthone concentrations in 0.05 M aqueous 

SDS solution on the kinetic parameters is listed in Table 5.1.  
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Figure 5.10. Dependence of the 

hydrated electron concentration 

relative to initial concentration of 

xanthone c0 in aqueous 0.05 M SDS 

solution on laser intensity at 308 nm. 

The concentrations of electron were 

calculated at 829 nm. The curves 

were fitted according to Eq 3.33 for 

data sets. Squares, long and short 

dashing (2 x 10-4 M X); stars, short 

dashing (1 x 10-4 M X); open 

triangles, dotted line (8 x 10-5 M X); 

and closed triangles, solid line (4 x 

10-5 M X). 

 

 

Table 5.1. Effect of xanthone concentrations on the kinetic parameters of Scheme 3.5. k0 was 

calculated from Eq.(3.6) and set as fixed constant value. 

[xanthone] / M κ0  (cm2/mJ) κ1  (cm2/mJ) κ2  (cm2/mJ) 

4 x 10-5 8.3 x 10-3 4.0 x 10-3 3.1 x 10-3

8 x 10-5 8.3 x 10-3 3.2 x 10-3 2.98 x 10-3

1 x 10-4 8.3 x 10-3 3.0 x 10-3 2.1 x 10-3

2 x 10-4 8.3 x 10-3 2.3 x 10-3 1.04 x 10-3

 

5.10. Effect of SDS concentration on the photoionization  

In subsequent experiments, the effect of the SDS concentration on the electron yields was 

investigated. Figure 5.11 clearly illustrates that the photoionization reaction of xanthone in 

aqueous SDS yields an electron concentration higher than the initial concentration of 

xanthone when the SDS concentration is higher than its critical micellar concentration, cmc (8 

x 10-2 M [62]). In contrast, the electron yield does not surpass the concentration of xanthone 

at SDS concentrations lower than its cmc. Figure 5.11 shows that the laser excitation of 

xanthone in concentrated SDS solution (i.e., above the cmc) yields more electron 

concentration than that in SDS concentration lower than cmc.  
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The electron concentration is directly proportional to the SDS concentration up to a 

certain SDS concentration (ca. 0.05 M). This finding was further confirmed by studying the 

electron concentration at different SDS concentrations, where the electron yield was identical 

in both 0.05 and 0.2 M SDS. The kinetic constant of xanthone regeneration, κ2, increases with 

increasing the concentration of aqueous SDS solution up to a limiting value as displayed in 

Figure 5.11. For example, a 10-fold increase in the concentration of aqueous SDS (from 0.005 

to 0.05 M) results in an increase of the kinetic constant of xanthone regeneration, κ2, from 7.5 

x 10-4 to 2 x 10-3 cm2/mJ. These experiments provide an important evidence that SDS can act 

as a reducing component in the cyclic reaction. The effect of SDS concentrations on the 

kinetic constants of both photoionization of triplet state and regeneration of xanthone is listed 

in Table. 5.2. 

 

 
Figure 5.11. Dependence of the hydrated electron concentration relative to initial concentration of 

substrate for 4 x 10-5 M xanthone in SDS solution on laser intensity at 308 nm. The concentrations of 

electron were calculated at 829 nm. The curves were fitted with Eq (3.33). Squares, long dashing (0.2 

M SDS); open stars, long dashing (0.05 M SDS); stars, dotted line (0.01 M SDS) and triangles, solid 

line (0.005 M SDS). 
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Table 5.2. Effect of SDS concentration on the kinetic parameters. κ0 was calculated from Eq.(3.6) and 

set as fixed constant value. 

Solvent (κ0 cm2/mJ) (κ1 cm2/mJ) (κ2 cm2/mJ) 

0.005 M aqueous SDS 0.083 0.002 0.0015 

0.01 M aqueous SDS 0.083 0.003 0.0019 

0.05 M aqueous SDS 0.083 0.0038 0.0026 

0.2 M aqueous SDS 0.083 0.0038 0.0026 

 

The resulting best-fit parameters κ1 and κ2 in Tables 5.1 and 5.2 are not identical to those 

in Figure 5.7. This results from the fact that the data in the former case were fitted for the 

hydrated electron concentration only. In the latter case, both electron and triplet 

concentrations were fitted. 

All three steps of this reaction mechanism are driven by the same laser pulse, therefore 

the ionization quantum yield, ϕion, of the 3X* and the regeneration quantum yield ϕreg of the 

xanthone ground state were determined according to the Equation (3.13). Most of the 

variables were determined independently. The extinction coefficient of 3X*, εt, and that of the 

xanthone ground state, εGS, were measurable. The quantum yield of the intersystem crossing 

was assumed to be unity. κ0 was calculated from Eq. (3.6). κ1 and κ2 were evaluated from the 

simultaneous fit of Eqs. (3.31) and (3.33) to the experimental data sets of Figure 5.7. The 

obtained ionization quantum yield at 308 nm was 0.092 ± 10 %. The regeneration quantum 

yield ϕreg of the xanthone ground state is linearly dependent on the kinetic constant κ2. 

Unfortunately, the extinction coefficient of xanthone radical cation is not measurable under 

our experimental conditions, so that the regeneration quantum yield of xanthone cannot be 

determined. 

Photoionization quantum yield of xanthone induced by 355 nm laser pulse was found to 

be 0.06 ± 10% and was lower by about 35 % compared to that obtained following excitation 

with 308 nm light. This lower value may be due to the extinction coefficient of the triplet state 

at 355nm is lower than that at 308 nm. Thus, the photoionization of xanthone via 308 nm is 

more efficient. The photoionization quantum yield of xanthone in SDS is an order magnitude 

greater than that in methanol-water solution. It is well known that the photoionization 

quantum yield in aqueous SDS is higher than that in other solvent media [136], owing to the 

ability of SDS to decrease the ionization potential of the excited state [137].  
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Anionic micelles may change the photoionization mechanism from biphotonic to 

monophotonic as reported by Alkaitis, et al. [138]. Furthermore, in the presence of anionic 

micelles (SDS), the electron exits rapidly from the micelles into the aqueous phase as a 

hydrated electron due to the negative charge of the Stern layer of the micelles whereas the 

radical cation is strongly associated to the anionic micelles due to the electrostatic attraction 

(neutralization of radical cation). This rapid separation electron/radical cation pair enhances 

the yield and lifetime of the hydrated electron [139].  

The photoionizaton of xanthone in methanol-water solution (1:2 v/v) differs from that in 

aqueous SDS in three important aspects. First, the electron yield of the photoionization of 

xanthone in aqueous SDS at 308 nm light is greater than that in the methanol-water solution. 

Specifically, the electron concentration displays saturation at high laser intensity in the 

methanol-water mixture, whereas it increases linearly with increasing laser intensity in 

aqueous SDS micellar solution. Second, the triplet absorption signal intensity in both cases 

passes through maximum, followed by a gradual decline to a constant level at high laser 

intensity in case of SDS or to base line in case of methanol-water solution. Third, the 

xanthone radical cation in methanol-water solution system does not regenerate xanthone 

ground state as is one case in aqueous SDS. These observations lead to the conclusion that the 

photoionization of xanthone is a linear photoionization in methanol-water mixture and a 

cyclic photoionization in aqueous SDS micelles. 
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6. Photoionization of acridine through singlet and triplet 
channels 

Photoioinzation of acridine (Ac) in aqueous micelles has not yet been studied, although, 

Kellmann and Tfibel [140] have investigated its photoionization in alkaline water solution at 

room temperature. They found that biphotonic ionization proceeds mainly through the singlet 

and to small extent via the triplet state. We could show for the 

first time that the photoionization of acridine in SDS micellar 

solution proceeds via a cyclic mechanism with high 

photoionization quantum yield.  

 

N

(Ac)

6.1. Absorption spectra  

The UV-visible absorption spectrum of an aqueous SDS solution of acridine (Figure 6.1) 

shows an absorption peak at 355.5 nm with a molar extinction coefficient of 16700 M-1cm-1, 

which suggests that the band has a π-π* character [141,143]. At low pH, the absorption 

spectrum shows a broad band centered around 410 nm which is not observed in alkaline 

solution. This band is attributed to the formation of acridinium ion [145]. We have 

investigated the photoreaction of acridine in alkaline solutions because it is slightly soluble in 

water (1.8 x 10-4 M) in absence of SDS [146,147]. 
 
Figure 6.1. Absorption spectra of 

acridine solutions at room 

temperature in (a) 0.05 M SDS, (b) 

water, (c) methanol-water (1:2 v/v) 

and (d) water at pH 12.  
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6.2. Fluorescence spectra 

The fluorescence spectra of acridine singlet state (1Ac*) [146] show maximum emission 

at approximately 430 (alkaline solution, pH 12), 420 (aqueous SDS, pH 12), and 450 nm 

(neutral aqueous solution) (Figure 6.2). The fluorescence spectrum of acridine in aqueous 

SDS solution has two emission maxima, at 480 and 450 nm, due to the presence of the 

protonated and neutral form of acridine, indicating that there is an acid-base equilibrium. At 

higher pH value, the emission band at 480 nm was not observed, i.e., the band at 480 nm is 

due to acridinium ion (AcH+).  

 
 
Figure 6.2. Steady–state fluorescence 

spectra of acridine at room temperature 

in 0.05 M SDS, pH 12 (a), water, pH 12 

(b), water  (c), and 0.05 M SDS (d). The 

samples were excited at 355 nm and 

normalized with respect to the 

maximum intensity. 
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Medeiros et al. [145] reported that the fluorescence decay of acridine in water and 

aqueous SDS solution at pH 12 was mono-exponential with lifetimes of about 10.04 and     

2.3 ns, respectively. The fluorescence quantum yield values of acridine at pH > 11 in SDS and 

in water were 0.06-0.09 [145, 147] and 0.24 [145], respectively. We determined the 

fluorescence quantum yield of acridine in methanol-water (1:2 v/v) based on the reported 

value in methanol [143] and it was found to be 0.1. This value is approximately equal to that 

in methanol-water mixture (1:2 v/v) at pH 12. From the previous studies of the photophysical 

properties of acridine, the sum of the rate constants of the radiationless processes of the 

lowest excited singlet state in different solvents was calculated from the fluorescence lifetime 

and the rate constant of the fluorescence emission as displayed in Table 6.1. It is seen that the 

rate constants of the fluorescence emissions of the lowest singlet state of acridine in polar 

solvents are almost equal. 
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Table 6.1. Rate constants of deactivation processes of 1Ac* in different solvents at pH 12. 

Solvent τf x 109 (s) kf x 107 (s-1) (kisc+kic) x 107 (s-1) 

H2O [145] 10.4 2.3 7.67 

0.05 M SDS [145] 2.3 2.61 19.6 

MeOH-H2O 1:2 v/v 4 (a) 2.5 (b) 22.5 (c)

(a) ref. [143] 
(b) in this work 
(c) kic + kisc + kr = 22.5 x 107 s-1; where kr is the rate constant of the reaction of the singlet state with 
alcohol 

6.3. Transient absorption spectra  

The transient absorption spectra of acridine in aqueous SDS solution under laser 

excitation wavelength of 355 nm at high laser intensity show absorption bands at 443 nm due 

to triplet-triplet absorption of acridine [148], and a broad band centered at 720 nm due to the 

hydrated electron [149] (Figure 6.3). These observations indicate the ionization of acridine. 

 
Figure 6.3. Transient absorption 

spectra observed in 355 nm laser flash 

photolysis of acridine solution saturated 

with argon (squares), N2O (circles) The 

incident laser intensity was 590 mJ/cm2 

pulse. Both curves were recorded at 60 

ns; at that time solvated electrons were 

scavenged completely by N2O in N2O-

saturated solution. Their difference 

absorption spectrum is characteristic 

for hydrated electron (triangles).  
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Correction of the triplet-triplet absorption spectrum for ground-state depletion yields the 

absolute absorption spectrum of the triplet state as shown in Figure 6.4. It has two maximum 

absorption bands at 443 and 355 nm. This correction is based on the extinction coefficient of 

the triplet state of acridine, 3Ac*, at 443 nm that is 1.9 x 104 ± 0.1 M-1cm-1 [142,143,150].  
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Figure 6.4. Corrected absorption spectra of 

triplet–triplet absorption of acridine in 0.05 M 

aqueous SDS solution at pH 12 (stars, 

dashed line) or in methanol-water 1:2 v/v 

(triangles, solid line), following 355 nm laser 

pulse 

 

6.4. Triplet energy transfer 

The molar extinction coefficients of T-T absorption of acridine in water solution were 

reported to be 19000 and 14500 M-1cm-1 at λmax = 443 nm, by light–saturation method [151] 

and the triplet energy transfer method [152], respectively. Since the discrepancy in values 

cannot be ignored; we re-determined the molar extinction coefficient of the T-T absorption of 

acridine. The energy transfer from the excited triplet state of benzophenone-4-carboxylate, 

BC, to acridine in alkaline solution (pH 12) was monitored. The molar extinction coefficient 

of the triplet state of acridine at 443 nm in alkaline solution was found to be 18500 ± 5%M-

1cm-1 based on the extinction coefficient of the triplet state of BC at 545 nm (5200 M-1cm-1) 

[133].  

Figure 6.5 shows the absorption time profile recorded at 443 and 545 nm (obtained by 

308 nm laser excitation) for acridine triplet building and benzophenone-4-craboxylate triplet 

decay as a result of energy transfer process. 

 

Figure 6.5. Transient absorption decay of the 

solution contained acridine (4.96 x 10-5 M) 

and benzophenone-4-carboxylate (5.39 x 10-4 

M) obtained by 308 nm laser excitation at low 

intensity, (a) growth transient absorption at 

443 nm for formation of acridine triplet and (b) 

transient absorption decay of the triplet state 

of benzophenone-4-carboxylate at 545 nm. 

The solid curves are the fitting of 

monoexponential function giving kobs=

 6.2 x 105 s-1. 
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6.5. Photoionization of acridine in alkaline water 

We have observed that the electron yield resulting from photoionization of acridine in an 

aqueous SDS (pH 12) at 355 nm is greater than that in methanol-water, 1:2 v/v at pH 12 by 

almost a factor of 3 under the same experimental conditions. This observation prompted us to 

study and compare the photoionization behaviour of acridine in both cases as well as in 

alkaline water. By simulating photoionization mechanism of acridine in alkaline water as 

reported by Kellmann and Tfibel [140], we found that an unknown photoproduct of acridine 

absorbs at the wavelength of maximum absorption of the triplet state. 

6.5.1. Simulation study according to results of Kellmann and Tfibel 

The laser intensity dependence of the hydrated electron concentration (Figure 6.6) shows 

an induction period at low laser intensity. Figure 6.6 also includes the relationship between 

laser intensity and fluorescence intensity of the excited singlet state of acridine, 1Ac*. The 

fluorescence intensity passes through a maximum followed by a gradual decline. In addition, 

formation of 3Ac* is a monophotonic process. Kellmann and Tfibel [140] reported that the 

excited singlet and triplet states are the source of the hydrated electron. Scheme 3.3 in Chapter 

3 is thus, proposed for that photoionization. The excited singlet state thermally relaxes and 

returns back to its ground state with a rate constant kic (internal conversion). Therefore, 

Scheme 3.3 must include this step. 

The acridine radical cation (Ac•+) has an absorption band at 900 nm [154]. It is important 

to mention that our nanosecond laser flash photolysis apparatus does not have the capability 

to detect the transient absorption above 840 nm. Thus, we could not investigate the laser 

intensity dependence of the yield of the acridine radical cation. 

The observed fluorescence intensity is the convolution of the Eq. (3.15) with the response 

function as given in Eq. (6.1). 
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The observed triplet concentration, , after the end of the pulse will be given by Eq. 

(6.3) 

obs]Ac[ *3

])Ac[]Ac[]Ac[ *1*3*3
iscobs ϕ+=                                                                                  Eq. (6.3) 

where  is the triplet concentration resulting from the acridine singlet state  via 

intersystem crossing after the end of the laser pulse. 

]Ac[ *1
iscϕ

It is necessary for the kinetic equation of fluorescence, Eq. (6.1), to include a scaling 

factor since, the luminescence collection efficiency is not known. Reducing the unknown 

parameters makes the fit easier, so that κ0, χ, τ, kf, and kic+ kisc were treated as constant values 

during the fit and were measured independently. Our attempts to fit the experimental data of 

the observed species based on Eqs. (6.3), (6.1) and (3.27) show that the resulting fit curves of 

the triplet state and the hydrated electron deviate from the experimental data (Figure 6.6). 

 

 

Figure 6. 6. Effect of laser intensity Iexc on the fluorescence intensity of 1Ac* (stars) and on the 

concentration of both the hydrated electron (triangles) and the acridine triplet state (squares) relative 

to the initial concentration of acridine c0 (2x10-5 M) in aqueous solution at pH 12 following 355 nm laser 

excitation. The curves were fitted with Eqs. (6.1) for 1Ac*, (6.3) for 3Ac* and (3.27) for . The best-fit 

parameters were κ

−•
aqe

1= 2.65 x 10-3 cm2mJ-1, κ2= 1.01 x 10-5 cm2mJ-1, cm2mJ-1, kic τ = 3.25 x 10-1, 

kisc τ =1.369 x 10-1, scale factor for fluorescence 2.3. Constant parameters were κ0= 6.7 x 10-2 cm2mJ-

1, χ τ =1.2, kf  τ =1.38 x 10-1. 
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6.5.2. Interpretation of deviations for the triplet state  

Kinetic analyses in Figure 6.6 show that the behaviour of the triplet state is analogous to 

that of the singlet excited state. This implies that the triplet state could pass through a 

maximum concentration and decrease with increasing laser intensity. However, the absorption 

at 443 nm increases linearly and reaches a saturation state, indicating that there is another 

acridine derivative, Acd, which has an absorbance at 443 nm. Thus, the transient absorption at 

443 nm can be given by Eq. (6.4) 

)443,Ac()443,Ac*(443 d3 EEE obs +=Δ                                                                                        Eq. (6.4) 

where  and  are the absorbances of the excited triplet state of Ac and the 

acridine derivative at 443 nm, respectively.  is the observed transient absorption at 443 

nm. The transient absorption of 

)443,Ac*(3E )443,Ac( dE

obsE443Δ

3Ac* at 443 nm can be represented by Eq. (6.5). 

)]Ac[]Ac([ rel
*1

rel
*3

0443),Ac(443),Ac( *3*3 iscCdE ϕε +=                                                    Eq. (6.5) 

where 
443),Ac( *3ε , d, and C0 are the extinction coefficient of the 3Ac* at 443 nm, the path length 

of the cell used, and the initial concentration of acridine ground state, respectively.  

and  are the concentrations of 

rel
*3 ]Ac[

rel
*1 ]Ac[ 3Ac* and 1Ac* relative to the initial concentration of 

acridine, respectively. 

The concentration of the electron must be equal to the concentrations of the acridine 

radical cation and its subsequent decay products under the same experimental conditions as 

displayed in Scheme 3.3. Therefore, the concentration of resulting acridine derivative during 

the photoreaction must be proportional to the electron concentration. The observed transient 

absorption at 443 nm in N2O-saturated solution can thus be represented by Eq. (6.6) 

)][)]Ac[]Ac[(( relrel
*1

rel
*3

443
−•++=Δ aqisc

obs eE γϕβ                                                       Eq. (6.6) 

0443),Ac( *3 Cdεβ =  and 0443),(Acd Cdbεγ =  

where b is a scaling factor that gives the ratio of the concentration of acridine derivative to the 

concentration of the hydrated electron. 
443),(Acdε  is the extinction coefficient of the acridine- 

derived species at 443 nm. 

Fitting Eq. (6.6) to the experimental data at 443 nm, Eq. (3.27) for the hydrated electron, 

and Eq. (6.1) for the fluorescence intensities were depicted in Figure 6.7. The rate constants of 

the deactivation process were taken from literature [145]. The best-fit parameters show that 
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the triplet and singlet states are ionized with the kinetic constants of 2.63 x 10-3 and                 

5.9 x 10-4 cm2mJ-1, respectively. Therefore, the photoionization of acridine in alkaline water 

proceeds via a linear ionization process through the singlet and triplet excited state channel.  

 

Figure 6.7. Effect of laser intensity Iexc,355 on the normalized fluorescence intensity of 1Ac* (stars), the 

concentration of the hydrated electron (triangles) relative to the initial concentration of acridine c0 (2 x 

10-5 M), and the absorption intensity at 443 nm (squares) in aqueous solution at pH 12 following 355 

nm laser pulse. The triplet state absorptions were measured at 443 nm in N2O-saturated solution and 

multiplied with factor of 5. The curves were fitted with Eqs. (6.1) for the fluorescence of the 1Ac*, (6.6) 

for the absorbance at 443 nm, and (3.27) for . The best-fit parameters were κ−•
aqe 1= 2.63 x10-3 cm2 m 

J-1, κ2= 5.9 x 10-4 cm2mJ-1, kic τ = 3.25 x 10-1, kisc τ =1.369x10-1, scale factor for fluorescence 2.3, γ = 

0.032. Constant parameters are κ0= 6.7 x 10-2 cm2mJ-1, χ τ =1.2, kf  τ =1.38 x 10-1, d =0.4 cm, 

ε(3Ac*,443) = (1.9 ± 0.1) x 104 M-1cm-1. 

6.6. Photoionization of acridine in alkaline methanol-water mixture 

The photoionization of acridine in methanol-water (1:2 v/v) at pH 12 has been 

investigated for the first time in this work. The behaviour of the observed species (Figure 6.8) 

was similar to that in alkaline water at pH 12. The fluorescence quantum yield of the acridine 

singlet state varies from solvent to solvent [155], due to the interaction between the 1Ac* and 

the solvent molecules, which results in the electronic change of the excited states. An 

additional deactivation pathway of the excited state of acridine in hydrogen-donating solvents 

such as alcohol was reported previously [156,143]. The excited singlet state of acridine 

abstracts a hydrogen atom from alcohol to produce N-hydroacridine radical (carbon centered 

 



Chapter 6: Photoionization of acridine through singlet and triplet channels 
 

67

 
radical) with the rate constant, kr, of 5 x 107 s-1 [143]. Thus, this step must be included in the 

differential equation of the singlet state (Eq. (6.7)). 

]Ac))[((]Ac)[(]Ac[ *1
21

*1

tIkkkktI
td

d
riciscf κκ ++++−=                               Eq. (6.7) 

 

Figure 6.8. Effect of laser intensity Iexc,355 on the fluorescence intensity of 1Ac* (stars), the absorption 

intensity at 443 nm measured in N2O-saturated solution (squares), and the concentration of the 

hydrated electron (triangles) relative to the initial concentration of acridine c0 (2x10-5M) in methanol-

water (1:2 v/v) at pH 12 following 355 nm laser pulse. The fluorescence was normalized and 

measured in argon-or N2O-saturated solution at 430 nm. The absorptions at 443 nm and the 

corresponding equation were multiplied with factor of 5. The solid lines were fitted with Eqs. (6.1) for 
1Ac*, (6.6) for the absorbance at 443 nm, and (3.27) for ; the best-fit parameters κ−•

aqe 1= 1.16 x10-3 

cm2mJ-1, κ2= 3.0 x10-4 cm2mJ-1, where the dashed lines were fitted with Eqs. (6.1) for 1Ac*, (6.6) for the 

absorbance at 443 nm, and (3.27) for  (κ−•
aqe a,b as in Eq.(6.8)) with the best-fit parameters                  

κ1= 1.2 x 10-3 cm2mJ-1, κ2= 3.8 x 10-4 cm2mJ-1, kr τ =3 x 10-3. The other best-fit parameters were equal 

in both cases and had the following values: kisc τ =3.91 x 10-1, kic τ =1.01, scale factor for fluorescence 

2.47, γ = 0.06. Constant parameters in both cases are κ0= 7.5 x 10-2 cm2mJ-1, kf τ =1.5 x 10-1, χ τ =1.2, 

d =0.4 cm, ε(3Ac*,443) = 1.9 x 104 ± 0.1M-1cm-1.  

 

The solution of the differential equations corresponding to the photoreaction of acridine 

in methanol-water solution based on Scheme 3.3 is given by Eqs. (3.15) for the singlet state, 

(3.26) for the triplet state, and (3.27) for the electron, where κa and κb are given by Eq. (6.8) 
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In our system the mole fraction of methanol in water is 0.18. Therefore, the quantum 

yield of the N-hydroacridine radical, ϕr, may be less than the value reported previously. From 

the best-fit parameters, kr and ϕr were found to be 5 x 105 s-1 and 2 x 10-3, respectively. The 

kinetic constant of the photoionization of the singlet state is greater than that of the triplet 

state, indicating that the photoionization of acridine occurs mainly via the acridine excited 

singlet state with a small contribution from the excited triplet state.  

6.7. Cyclic photoionization in SDS 

Owing to the ejection of more than one electron from the photoionization of acridine in 

aqueous SDS solution (pH 12) following 355 nm laser excitation, we focused our attention on 

the investigation of photoionization mechanism.  

It should be mentioned that the acridine radical cation in alkaline solution deprotonates to 

give the corresponding acridine neutral radical (Ac•), Re. (6.1), which is stable on the time-

scale of microseconds (100 µs) and has an absorption band at 600 nm [140]. 
+•+• +→ HAcAc                                                                           Re. (6.1) 

The deprotonation process occurs over a longer time (200 ns) than the duration of the 

laser pulse. However, both cation radical and neutral radical could have very similar spectra 

as suggested for indole and tryptophan cation and their neutral radicals by Bent and Hayon 

[157]. Thus, the deprotonation step may be difficult to observe. The acridine radical (Ac•) can 

absorb a photon to produce an electron and the acridine cation, Ac+, as displayed in Re. (6.2) 
−•+• +→+ aqeAcAc hv                                                               Re. (6.2) 

It is clear that the source of the second electron is not the excitation of the acridine 

species resulting from the deprotonation process for two reasons. Firstly, this process takes 

place over a much longer time period than the duration of the laser pulse. Secondly, the 

behaviour of the singlet and the triplet excited states is not in line with the linear 

photoionization mechanism, where the concentration of both states does not fall back to zero 

with an increase in the laser intensity but reaches a constant level indicating the regeneration 

of both states during photoreaction within the duration of the laser pulse (Figure 6.9).  
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Figure 6.9. Laser intensity dependence Iexc of the fluorescence intensity of 1Ac* (stars), the absorption 

intensity at 443 nm (squares), and the concentration of the hydrated electron (triangles) relative to the 

initial concentration of substrate obtained upon 355 nm laser excitation of acridine c0 (2 x 10-5 M) in 

0.05 M aqueous SDS solution at pH 12. The fluorescence was normalized and measured at 420 nm. 

The electron concentrations were calculated from absorption signal at 829 nm. The solid lines were 

calculated based on Scheme 3.6. The best-fit parameters were κ1= 7.72x10-3 cm2mJ-1, κ2=1.1 x10-3 

cm2mJ-1, κ3= 3.1x10-3 cm2mJ-1, kisc τ =1.23, kic τ =1.22, scale factor of fluorescence is 4.626, γ = 

6.74x10-3. Constant parameters were κ0= 6.4x10-2, kf  τ =1.58x10-1, χτ =1.2, d =0.4 cm, ε(3Ac*,443) = 

1.9 x104 ± 0.15 M-1cm-1. Both the absorption intensity and respective kinetic model were multiplied by 

a factor of 5. 

Furthermore, the electron concentration at the end of the laser pulse increases 

continuously with increasing laser intensity and exceeds the initial concentration of the 

substrate. These observations are very strong evidence that the photoionization of acridine in 

aqueous solution (pH 12) involves both singlet and triplet excited states through a cyclic 

photoionization mechanism as displayed in Scheme 3.6. 

Kinetic analysis of differential equations corresponding to Scheme 3.6 will be carried out 

by numerical integration. All deactivation processes of 1Ac* were taken from literature 

[145,147]. The transient absorption at 443 nm and the fluorescence intensity were treated as 

in the case of alkaline water system. The fit curves in Figure 6.9 based on Scheme 3.6 are 

consistent with experimental data. 
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We assumed that the photoionization of acridine in alkaline water occurs via a cyclic 

mechanism as is the case with SDS solution. Fitting the experimental data of the detectable 

species based on the modification of Scheme 3.6 shows that the results are almost similar to 

that based on Scheme 3.3. The differentiation between the two mechanisms is very difficult 

under the available experimental conditions. 

6.8. Photoionization quantum yields 

Photoionization quantum yields of both singlet and triplet states of acridine were 

determined from the best-fit parameters and Eq. (3.13) or Eq. (3.6). It was assumed that the 

extinction coefficients of the singlet-singlet absorption in the three polar solvents used have 

approximately the same values. The extinction coefficient value of 1Ac* at 355 nm (20000 M-

1cm-1) was taken from reference [140]. The net photoionization quantum yield (ϕnet) is given 

by  
trip
ionion

net
ion ϕϕϕ += sin                                                                                           Eq. (6.9) 

where and  are the photoionization quantum yields of both  the singlet and the 

triplet states, respectively. The photoionization quantum yields of acridine are listed in Table 

6.2. 

sin
ionϕ trip

ionϕ

 
Table 6.2. Photoionization quantum yields of acridine in different solvents at pH 12 following 355 nm 

laser excitation. 

Solvent sin
ionϕ  trip

ionϕ  net
ionϕ  ε(3Ac*, 355)   M-1cm-1

H2O 0.019 0.012 0.031 7000 [140] 

MeOH-H2O (1:2 v/v) 0.0085 0.0049 0.0134 8900 

0.05 M SDS 0.056 0.019 0.075 8300 

 

The data in Table 6.2 show that the photoionization of the excited singlet state is more 

efficient than that of the triplet state, where the photoionization quantum yield of the singlet 

state is three times greater than that of the triplet state. Generally, the photoionization 

quantum yield of acridine in SDS is greater than that in water or methanol-water solution, 

owing to the ability of SDS micelles to enhance the photoionization. This has been discussed 

in Chapter 5. 
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7. Photoionization of monoprotonated Proflavine  

Extensive studies have been made on the photochemistry of proflavine, P, because of its 

interesting spectroscopic and photochemical properties [161]. Mono-protonated proflavine, 

PH+ is frequently used as a photosensitizer in various devices for solar energy utilization 

[162]. Its photoionization occurred via a biphotonic process in aqueous SDS while it was a 

monophotonic process in aqueous solution as reported previously [163, 164]. Our 

investigations ruled out the monophotonic ionization of PH+ in aqueous solution. 

Furthermore, we found that the electron concentration resulting from the photoionization of 

PH+ following a 355 nm laser pulse surpasses the initial concentration of the substrate at the 

highest available laser intensity. This encouraged us to reinvestigate its photoionization in 

aqueous and SDS solutions. 

7.1. Absorption and fluorescence spectra 

The UV-visible absorption spectrum of aqueous SDS solution of mono-protonated 

proflavine (PH+) exhibits a maximum absorption band at 455 nm [164], whereas it exhibits a 

maximum at 445 nm in aqueous solution [165,166] with high molar extinction coefficients, 

suggesting π,π* character bands [167, 168] (Figure 7.1). The parent proflavine (P) has a 

maximum absorption band at 400 nm in aqueous SDS solution as well as in water [164,166]. 

The concentration of PH+ solution was determined from its optical absorption using a molar 

extinction coefficient of 4.1 x 104 M-1cm-1at 445 nm [167] before and after irradiation, where 

[PH+] was changed during measurements due to its adsorption on the wall of the cell. 
 
Figure 7.1. Steady-state UV-

visible absorption spectra of 

PH+ in 0.05 M aqueous SDS 

solution (solid line) and in 

aqueous solution (dashed line) 

at room temperature.  
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The fluorescence behaviour of proflavine depends on the pH value of the solution as well 

as the nature of the solvent. The fluorescence lifetime of proflavine was reported as 5 ns in 

both aqueous SDS and water solutions in the pH range 5-10 [164]. The fluorescence quantum 

yield of PH+ was determined to be 0.37±0.03 based on what is reported previously [164,167]. 

Figure 7.2 shows the fluorescence spectra of PH+ in aqueous solution with maximum at 510 

nm [167a, 169] following 355 nm laser excitation at two different light intensities. The 

fluorescence spectrum of 1PH+* at low laser intensity has the same shape as that at high 

intensity, differing only in signal intensity, indicating that the PH+ singlet state is the only 

emitting species.  

 

Figure 7.2. Fluorescence 

spectra of an aqueous 

solution of 1.85 x10-5 M PH+ 

obtained by 355 nm laser 

excitation at two different 

laser intensities. Squares 

(575 mJ/cm2) and circles (15 

mJ/cm2).  
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7.2. Transient absorption spectra 

At very low laser intensity, the transient absorption spectrum of PH+ in aqueous SDS 

solution obtained immediately after the laser pulse (355 nm) shows absorption bands around 

540-550 nm and at 650 nm. These absorptions were quenched by molecular oxygen and were 

attributed to the triplet state [170,171]. The transient also shows a strong bleaching centered at 

around 450 nm due to ground state absorption of PH+ as shown in Figure 7.3. 
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Figure 7.3. Triplet-triplet transient 

absorption spectrum of 2.84 x 10-

5 M PH+ of 0.05 M aqueous SDS 

solution in N2O-saturated solution 

obtained via 355 nm laser 

excitation at low intensity, ca., 24 

mJ /cm2, at room temperature. 

The transient absorption spectrum of PH+ following 355 nm laser pulse at high intensity 

exhibits a maximum at 810 nm and a shoulder around 730 nm (Figure 7.4). Molecular oxygen 

has no significant influence on the absorption decay curves at these wavelengths. This 

transient absorption has already been identified as the monoprotonated proflavine radical 

cation, PH2+•, [172,173]. 

 

Figure 7.4. Transient absorption 

spectrum of 2.53 x 10-5 M PH+ in 

N2O-saturated aqueous solution 

obtained via 355 nm laser 

excitation at high intensity (ca., 

678.5 mJ /cm2) at room 

temperature. 
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Transient absorption spectra resulting from laser flash photolysis in aqueous media were 

measured in the range 500-830 nm at various laser intensities. The transient absorption 

spectra obtained under excitation conditions possess the same shape with different intensities, 

confirming that only a single species is responsible for the transient absorption spectra, which 

was identified as the PH2+•.  
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7.3. Photoionization mechanism at 355 nm 

The proflavine molecule has three nitrogen atoms; all of which can accept a proton to 

form a protonated proflavine. Therefore, the structure of proflavine depends strongly on the 

pH of solution. The pK values for the acid-base equilibrium of profalvine in aqueous solution 

as shown in Scheme 7.1 were reported previously [174]. Our measurements were carried out 

in the pH range 3-8. In this pH range, the ground state and the excited state species are mainly 

the PH+, corresponding to protonation of the central tertiary nitrogen [164].  
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Scheme 7.1 

 

To verify the photoionization mechanism of PH+ in aqueous SDS solution following 355 

nm laser pulse, we studied the effect of laser intensity on electron yield, the PH2+• yield 

measured at 810 nm and the fluorescence intensity of the monoprotonated proflavine singlet 

state, 1PH+* measured at 510 nm. 

Laser intensity dependence of the hydrated electron curve shows a non-linear behaviour 

at low laser intensity. The electron yield increases along with the increase of the laser 

intensity and its concentration exceeds the initial concentration of the substrate. The effect of 

laser intensity on the fluorescence intensity of 1PH+* was investigated as depicted in Figure 

7.5. At low laser intensity, the fluorescence intensity increases linearly with an increased the 

laser intensity and passes through a maximum intensity, followed by a gradual decline. This 

behaviour of fluorescence intensity is a strong evidence that photoionization from singlet state 
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can be an important pathway. Unfortunately, the triplet state of PH+ has a very low absorption 

under our experimental settings. Therefore, it is not possible to investigate the effect of laser 

intensity on its yield. 

 

 
Figure 7.5. Laser intensity dependence Iexc of the fluorescence intensity of 1PH+* (squares), the 

normalized absorption of the PH2+• (stars) and the concentration of the hydrated electron (triangles) 

relative to the initial concentration of substrate obtained upon 355 nm laser excitation of 

monoprotonated proflavine c0 (open symbols; 2. 84 x 10-5M and filled symbols; 1. 8 x 10-5 M) in 0.05 M 

aqueous SDS solution. The fluorescence was normalized and measured at 510 nm. The absorption of 

PH2+• and the hydrated electron were monitored and calculated at 810 and 829 nm, respectively. The 

solid and dashed lines were calculated based on Schemes 3.6 and 7.2, respectively. The best-fit 

parameters were found to be κ1= 8.9 x 10-3 cm2mJ-1, κ2=1.04 x10-3 cm2mJ-1, κ3 = 1.31 x 10-3 cm2mJ-1 

(Scheme 3.6); κ1 = 9.2 x 10-3 cm2mJ-1, κ3=1.35 x10-3 cm2mJ-1 (Scheme 7.2). The other best-fit 

parameters were equal in both cases and were found to be scale factor of the fluorescence is 7.6, 

scale factor for product = 1.32. Constant parameters were κ0= 7.9 x 10-3, kf τ = 4.4 x 10-1, 

kisc  τ = 0.756, χτ =1.2. 

 

A nonlinear dependence between the laser intensity and the initial absorbance of PH2+• at 

810 nm was observed. These observations are a strong indication that the photoionization of 

PH+ in aqueous SDS involves more than two photons. 

Photoionization of PH+ in aqueous solution yields more than one electron. The behaviour 

of all observed species resulting from the photoreaction of PH+ in aqueous solution (Figure 

7.6) following 355 nm light is analogous to that in aqueous SDS solution. On the basis of 
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laser flash photolysis, Pileni and Gräzel [164] reported that PH+ in water photoionizes 

monophotonically to its respective radical cation and the hydrated electron. Our laser flash 

photolysis measurements showed that the formation of both the hydrated electron and PH•+ 

proceeds through a multi-photonic mechanism.  

 

Figure 7.6. Laser intensity dependence Iexc,355 of the fluorescence intensity (Flu) of 1PH+* (squares), 

the normalized absorption of the PH2+• (stars), and the concentration of the hydrated electron 

(triangles) relative to the initial concentration of substrate obtained upon 355 nm laser excitation of 

monoprotonated proflavine c0 (open symbols; 2. 84 x 10-5M and filled symbols; 1.8 x 10-5 M) in 

aqueous solution. The fluorescence was normalized and measured at 510 nm. The absorption of 

PH2+• and the hydrated electron were monitored and calculated at 810 and 829 nm, respectively. The 

solid lines were calculated based on Scheme 3.6. The best calculated parameters were found to be 

κ1= 5.1 x10-3 cm2mJ-1, κ2=2 x 10-3 cm2mJ-1, κ3= 6.1 x 10-4 cm2mJ-1, fluorescence scale factor = 4.7, 

product scale factor = 1.23. Constant parameters were κ0= 1.38 x 10-2 cm2mJ-1, kf  τ  = 0.44, kisc  τ = 

0.756, χ τ =1.2. 

The fluorescence signal intensity does not reach zero at Iexc→ ∞ as in the case of linear 

photoionization mechanism. Furthermore, the electron concentration was measured at the end 

of the laser pulse and found to be greater than the concentration of substrate, indicating that 

the photoionization completely ended within the time period of the laser pulse (6 ns). 

Therefore, the photoionization of PH+ occurs through a cyclic mechanism. The photoreaction 

involves only the proflavine-derived species and either water or SDS and water. Hence, the 

mechanism of such a photoionization involves water or SDS as a reducing agent. 
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Photoreduction of the oxidized species by its photoreaction with water was also observed in 

the photoionization process of the tris(bipyridyl)ruthenium ion [87,88]. 

PH+
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Scheme 7.2 

Owing to the lack of triplet absorption of PH+, we consider two reaction mechanisms for 

photoionzation of PH+. First, photoionization proceeds via a cyclic mechanism involving the 

singlet state channel according to Scheme 7.2. Second, photoionization proceeds with both 

excited singlet and triplet state channels based on Scheme 3.6. The rate constant of the 

internal conversion of the 1PH+* (kic) has not been reported till date and can be neglected. We 

calculate the curves of the observed species numerically using the known parameters kf and 

kisc. χ and τ were measured. κ0 was calculated from Eq. (3.6). Therefore, the number of 

unknown parameters reduces to κ1, κ3, the scale factor for PH2+•, the fluorescence of 1PH+*, 

and/or κ2. Our attempts to fit the experimental data for all detectable species based on Scheme 

7.2 give good results for the experimental data of electron and fluorescence of 1PH+* but not 

for the PH2+• (Figure 7.5). In other words, the kinetic model is incomplete.  

Fitting the experimental data of the observed species according to Scheme 3.6 displays 

that the result is somewhat better than that based on Scheme 7.2. When the kinetic constant of 

the triplet photoionization (κ2) approaches a zero value, the photoionization would proceed 

via singlet-excited state channel only, but the outcome of the fit process in Figure 7.5 displays 

that the κ2 value is 1.04 x 10-3 cm2mJ-1. Therefore, it is evident that the photoionization of PH+ 

in water and SDS proceeds via a cyclic reaction with both excited singlet and triplet states as 

displayed in Scheme 3.6.  

The lack of the saturation of the absorption at 810 nm may be due to the contribution for 

the absorption of PH2+• by another absorbing proflavine derived species, PHd, which may be 

derived from PH2+•. Thus, the absorption of PHd is related to the electron concentration, and 

then, the absorption at 810 nm can be expressed as: 
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)][]PH[(( relrel
2

810
−••+ +=Δ aq

obs eE γβ                                                                             Eq. (7.1) 

0)108,(PH2 Cd•+= εβ  and 0)108,(PHd Cdbεγ =  

where b is a scaling factor that gives the ratio of  the concentration of PHd to the concentration 

of the hydrated electron at 810 nm. 
)108,(PHdε  and 

)108,(PH2 •+ε  are the extinction coefficients of 

PHd and PH2+• at 810 nm, respectively.  

 
Figure 7.7. Effect of laser intensity on the observed species as in Figure 7.5. The solid and dashed 

lines were calculated based on Scheme 3.6 and 7.2, respectively. The best parameter was found to be 

κ3 = 2.2 x 10-3cm2mJ-1. The other best-fit parameters were equal in both cases and were found to be 

κ1= 1.12 x 10-3 cm2mJ-1, κ2= 3.63 x10-4, kisc τ =0.756, χ τ = 1.2.cm2mJ-1, the scale factor of the 

fluorescence was 8.28, the scale factor for product = 0.174, the scale factor for PHd = 0.687. Constant 

parameters were κ0= 7.9 x 10-3, kf  τ = 4.4 x10-1. 

The simultaneous fit based on Scheme 3.6 for electron and fluorescence and according to 

Eq. (7.1) for the absorbance at 810 nm was depicted in Figure 7.7 and is somewhat better than 

that of Scheme 3.6. The fit curves show that the κ1 value is greater than that of κ2. This result 

is a strong evidence that photoionization from singlet state can be a dominant pathway. The 

latter results are in agreement with the previously reported results by Kalyanasundaram and 

Dung [163], where they proposed that the triplet state yields an electron concentration of less 

than 10%. The electron yield of photoreaction of PH+ in aqueous SDS solution is more than 

that in water, where SDS enhances the photoionization quantum yield and respective rate 

constant [139]. 
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Part II.B  
Electron acceptor photoionization 

8. Photoionization of xanthone/amine systems 

Quenching of carbonyl triplet state can occur through different mechanisms depending 

on the nature of the quencher as well as the carbonyl compound [175-182]. The 

photoionization of an electron acceptor (e.g., aromatic ketones) in the presence of amine was 

studied by laser flash photolysis [52, 53, 89]. Photoinduced electron transfer of such system 

produced a radical anion that can be ionized by absorption of a photon. Our investigations of 

X/amine show that the electron yield in the presence of amine in high concentration is about 5 

times higher than that without amine in methanol-water solution. In this chapter we provide 

evidence that the photoionization of xanthone radical anion, X•-, is a one-photon ionization 

process at 308 and 355 nm, whereas it is a two-photon ionization process at 532 nm.  

8.1. Direct generation of xanthone radical anion 

Excitation of xanthone at 308 nm in the presence of a relatively high concentration of 

TEA (0.3 M) in N2O-saturated aqueous 0.05 M SDS solution produces a transient absorption 

spectrum corresponding to the xanthone radical anion, X•, (Figure 8.1). The transient spectra 

show maximum absorptions at 325 nm and at around 560-750 nm [185]. A similar transient 

absorption spectrum was observed 20.5 µs after laser excitation, indicating that there is a 

secondary reaction, which produces the same xanthone-derived species that results from the 

electron transfer process.  

The ε (X•-) value in methanol-water mixture was determined, by complete conversion of 

the starting xanthone, to be 2000 ± 10% l M-1cm-1 at 590 nm. The corrected absorption 

spectrum of the X•- was obtained by applying a correction for the amount of the parent X 

depleted. 

The transient absorption due to xanthone ketyl radical has an absorption maximum at 

around 500 nm [126a, 183]. However, we did not observe an absorption in this region, 

possibly due to the fact that the molar extinction coefficient of the ketyl radical is too small. 

Abe, et al. [184] found that the benzophenone radical anion is produced instead of 

benzophenone ketyl radical or the amine complex following 308 nm laser flash photolysis of 
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the benzophenone/TEA system in polar solvents with a dielectric constant greater than 11. 

Furthermore, xanthone ketyl radical is not formed at a high pH value [52]. 

 
 
Figure 8.1. Transient absorption 

spectra of the xanthone radical 

anion in N2O-saturated solution at 

room temperature obtained from  

2 x 10-4 M xanthone in aqueous 

0.05 M SDS solution in the 

presence 0.3 M TEA obtained by 

308 nm laser excitation (16.33 

mJ/cm2). The time delay is 500 ns 

(open circles) and 20.5µs (squares) 

after laser pulse. 
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8.2. Rate constants for xanthone triplet quenching by amine 

The effects of the concentration of the electron donor (e.g., TEA or DABCO) on the 

triplet lifetime of 3X* were examined (see Figure 8.2 and 8.3). It is evident that the rate of 

decay of 3X* is significantly increased with an increase in the concentration of amine. The 

decay of the triplet in the presence of TEA led to a residual absorption with a long lifetime, 

which can be attributed to the X radical anion, and hence the absorbance response curves can 

be approximated as follows: 

BtkAtE obs +−=Δ ].exp[),(λ                                                                              Eq. (8.1) 

where kobs = kq [Q]. A and Q are pre-exponential factor and the quencher concentration, 

respectively. B is the residual absorption. 

The second-order rate constant, kq, was obtained by plotting kobs versus amine 

concentrations. The obtained kq values were found to be 1.5 x 109 M-1s-1 for TEA and 1.7 x 

109 M-1s-1 for DABCO. The concentration of amine necessary to reduce the triplet lifetime to 

a few nanoseconds can be easily determined from the previous experimental measurements.  
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Figure 8.2. (1) Absorption–time profiles at 590 nm of xanthone triplet state in the presence different 

concentrations of TEA obtained by 355 nm laser excitation (29.17 mJ/cm2). The concentrations of TEA 

are as follows: without amine (squares), 0.004 M TEA (closed circle), 0.01 M (triangles), 0.0125 M 

(inverted triangles), 0.03 M (open circles), 0.05 M (stars). The solid curves are the best fitting of Eq. 

(8.1). (2) The relationship between observed rate constant (kobs) of quenching the triplet state of 

xanthone versus the concentrations of TEA. 
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Figure 8.3. (1) Absorption–time profiles at 590 nm of the xanthone triplet state in the presence of 

different concentrations of DABCO obtained by 308 nm laser excitation (15.6 mJ/cm2). The 

concentrations of DABCO were: (a) 2.5 x 10-4 M; (b), 5 x 10-4 M ;(c), 7.5 x 10-4 M; (d), 1 x 10-3 M;  

(e), 2.5 x 10-3 M; (f), 5 x 10-3 M. The solid curves show the best fits to Eq. (8.1). (2) The relationship 

between pseudo-first-order rate constant (kobs) for the decay transient absorption of the xanthone 

triplet state vs DABCO concentrations. 
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8.3. Back electron transfer 

Figure 8.4 displays the time dependence of the reciprocal of the absorption of X•- at 560 

nm. The decay time profile of the absorption radical anion follows second-order kinetics [Eq. 

(8.2)] suggesting that a back electron transfer process (kbet) takes place from X•- to DABCO•+ 

[193]. 

 
 
Figure 8.4. Time dependence of 

the reciprocal of the absorption of 

X•- at 560 nm. Excitation of 2.1 x 

10-4 M X in the presence of 0.2 M 

DABCO in methanol-water (1:2 

v/v), pH 11at 355 nm light 

(FWHM~ 6 ns, 172 mJ/cm2)  
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A plot of the reciprocal of the absorbance versus time is linear. Thus, the bimolecular rate 

constant reaction between X•- and DABCO•+ was calculated to be 1.5 x 109 M-1s-1. 

8.4. Secondary reaction of the xanthone ground state 

Figure 8.5 (1) shows the measurements of the product rise due to the X•- at 560 nm in 

N2O-saturated solution at four different xanthone concentrations in the range (2x10-5– 

2x10-4M). The pseudo-first-order rate constants (kobs) for the slow formation of xanthone 

radical anion increase with an increase in xanthone concentration. The kinetic absorbance of 

the growth curves was fitted by a single exponential rise function. 
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A plot of the rate constant kobs versus the xanthone concentration (Figure 8.5 (2)) yields a 

straight line whose slope of (2.1 ± 0.3) x 109 l mol-1s-1 represents the bimolecular rate constant 

reaction between xanthone ground state and α-aminoalkyl radical [89]. 
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Figure 8.5. (1) The time–profile of the transient absorption due to xanthone radical anion with different 

initial concentrations of xanthone ground state in the presence of 0.15 M TEA produced by 355 nm 

excitation (29 mJ/cm2) in methanol-water 1:2 v/v. Concentrations of xanthone were: 2x10-5M (inverted 

triangles); 4x10-5 M(triangles); 8x10-5M(circles); 1.3x10-4M(squares). The curves were fitted with a 

monoexponential rise function. (2) The relationship between Pseudo-first-order rate constant (kobs) for 

the transient absorption of xanthone radical anion vs initial xanthone concentration.  

 

 

8.5. Cyclic photoionization of xanthone radical anion in methanol-
water solution 

The presence of absorption characteristic of the aqueous electron in the X/amine system 

following laser flash photolysis excitation indicates the photoionization of this system. To 

obtain information about the mechanism of laser photoionization of X/amine in methanol-

water solution following a 308 nm laser pulse, the dependence of the absorption of e•-
aq on the 

laser intensity was investigated as shown in Figure 8.6. The absorption curve exhibits an 

induction period at low laser intensity, suggesting that a monophotonic process can be ruled 

out. The induction period is followed by a linear increase of the electron absorption with 

increasing laser intensity. 
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Figure 8.6. Absorbances of the hydrated electron (closed triangles, soiled lines) and the xanthone 

radical anion (open triangles, dashed line) resulting from the photoreaction of 2.1 x 10-5 M xanthone in 

methanol-water 1:2 v/v, pH 11, in the presence of 0.3M TEA versus laser intensity (308 nm). The lines 

represent a global fit of Eqs. (3.44) and (3.45) to the experimental data sets. The absorption data and 

the fit curve of the xanthone radical anion (λ = 560 nm, solution saturated with N2O) multiplied with 

factor of 4. Constant parameters as in Fig 5.5. Fitting parameters were κ4 = 1.9 × 10-3 cm2mJ-1, 

ε560 (X•-) = 2100 M-1cm-1. When ε560 (X•-) was treated as a constant parameter and κ0 as an adjustable 

parameter, the best-fit parameters were: κ0 =8.6 x 10-3 cm2mJ-1, κ4 = 1.9 × 10-3 cm2mJ-1. 

 

The electron concentration at the highest laser intensity is greater than the initial 

concentration of the substrate by almost 30 %. The absorbance of X•- increases linearly with 

increasing laser intensity, followed by saturation behaviour at high laser intensity (Figure 8.6), 

where the photoinduced electron transfer is a monophotonic process. From these results, 

Scheme 3.7 provides a valid description of the photoreaction of the X/amine system. The 

intensity dependences of the concentrations of the detectable species can be expressed in the 

form of the absorption. A good result of the fitting processes of Eqs. (3.44) and (3.45) in the 

form of the absorption to the data sets is shown in Figure 8.6. 

As a result of the electron transfer process in the X/DABCO system, the concentration of 

both DABCO•+ and X•- are equal at the given laser intensity. Scheme 3.7 shows that the 

xanthone anion radical can be photoionized to produce a hydrated electron. Therefore, the 

concentration of DABCO•+ in this system is given by 
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]e[]X[]DABCO[ aq
−•−•+• +=                                                                           Eq. (8.3) 

The transient absorption at 460 nm [194] is not only due to DABCO•+ but also to X•-. The 

absorption can therefore, be expressed as 

 

+•−• += DABCO,X, λλλ EEE                                                                                    Eq. (8.4) 

dEE ].DABCO[DABCO,X,
+•

+•−• +=
λλλ ε                                                             Eq. (8.5) 

Combination of Eq. (8.3) with Eq. (8.5) yields 

ddE ].e[]X)[( aqDABCO,DABCO,X,
−•−•

+•+•−• ++=
λλλλ εεε                                       Eq. (8.6) 

aq

aq

e,
e,

DABCO,
DABCO,X, ]X)[( −•

−•

+•

+•−• ++= −•
λ

λ

λ
λλλ ε

ε
εε EdE                                          Eq. (8.7) 

 

Figure 8.7 displays that the signal intensity of the absorption at 460 nm due to both 

radicals is directly proportional to the signal intensity at 829 nm due to the hydrated electron 

absorption. The slope of this relationship represents the ratio of the extinction coefficient of 

DABCO•+ at 460 nm to that of e•-
aq at 829 nm. ε(DABCO•+) at 460 nm was found to be 

2000± 10% M-1cm-1 [195]. 

 

Figure 8.7. Plots of the absorbance 

of radicals (measured at 460 nm in 

N2O-saturated solution) versus the 

absorption of the hydrated electron 

obtained upon 308 nm excitation of 

xanthone (closed triangles 2.25 x 10-

5; open triangles, 4x 10-5 M) in 

methanol-water (1:2 v/v), pH 11. 

Each point of the absorption for 

radicals and electron was taken at 

the same laser intensity. 

 

Figure 8.8 describes the effect of laser intensity on the absorption due to all species 

produced by the photoreaction of the X/DABCO system. In this system, the electron 

absorption increases with increasing the laser intensity.  
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Figure 8.8. Absorbances (Eλ) due to radicals (measured at 460 nm, open triangles, short dashed line; 

560 nm, closed triangles, long dashed line in N2O-saturated solution) and the hydrated electron 

(measured at 829 nm, open square, solid line) obtained upon 308 nm excitation of 4x 10-5M xanthone 

in the presence of 0.15 M DABCO in methanol-water (1:2 v/v), pH 11. The curves were fitted with Eqs. 

(8.6) for radicals and (3.45) for electron. Constant parameters as in Figure 8.9. The best-fit parameters 

were κ4=2.7 x 10-3 cm2mJ-1, ε (460 nm, DABCO•+) = 1800 M-1cm-1, ε (560 nm, X•-) = 2000 M-1cm-1.  

 

The fit of the experimental data for X•- at 560 nm according to Eq. (3.44) does not give a 

reasonable result, so that this equation should be modified to Eq. (8.6), where both radicals 

have appreciable absorption at this wavelength. The extinction coefficient of DABCO radical 

cation at 460 nm was evaluated from the fitting process and found to be 1800 M-1 cm-1. This 

value is lowered than that displayed in Figure 8.7 by 10%.  

The kinetic behaviour of the hydrated electron and xanthone radical anion curves 

obtained by the excitation of X/amine at 355 nm (Figure 8.9) is similar to that obtained at  

308 nm.The quantum yield of the photoionization of the X•- could be calculated from Eq. 

(3.13), and is found to be 0.07 ± 10% for excitation of X/TEA in methanol-water (1:2 v/v, pH 

11), whereas it was found to be 0.086 ± 10% for excitation of X/DABCO system at both 

wavelengths (308 and 355 nm) 
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Figure 8.9. Absorbances of radical anion (measured at 560 nm, closed triangles, dashed line in N2O-

saturated solution) and the hydrated electron (measured at 829 nm, open square, solid line) obtained 

upon 355 nm excitation of 4x 10-5M xanthone in the presence of 0.15 M DABCO in methanol-water 1:2 

v/v, pH 11.The curves were fitted with Eqs. (8.6) for radical ions and (3.45) for . Fixed parameter 

C

−•
aqe

0= 4 x 10-5 M, d= 0.4 cm. The best-fit parameters were κ0 = 1.52 x 10-2 cm2mJ-1, κ4=1. 5 x 10-3 

cm2mJ-1. 

8.6. Cyclic photoionization of xanthone anion radical in aqueous 
SDS solution 

Addition of electron donor such as TEA in aqueous SDS solution containing xanthone 

leads to the disappearance of the absorption due to the xanthone triplet. This does not mean 

that the triplet state is not formed, but rather that the quenching of the triplet state via electron 

transfer takes place in a time shorter than the laser pulse of the excitation source. This 

quenching process suggests the presence of X and TEA in the same micelle. 

Laser excitation at 308 nm or at 355 nm of a solution containing 0.3 M DABCO in 0.05 

M aqueous SDS solution did not produce a transient absorption at any wavelength, 

corroborating the notion that the transient absorptions result from excitation of xanthone. 

The dependence of electron and xanthone radical anion concentration resulting from the 

excitation of X/amine in aqueous SDS solution on the laser intensity is similar to that in 

methanol-water solution as shown in Figure 8.10. The electron yield was studied in two 

different SDS concentrations. The electron yield and the kinetic constant of photoionization 

increase with an increase in SDS concentration from 0.01 M to 0.05 M (Figure 8.10). 
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Figure 8.10. Concentrations c of the hydrated electron, , (closed symbols, soiled lines) and the 

xanthone radical anion, X

−•
aqe

•-, (open symbols, dotted line) relative to the initial concentration of xanthone 

c0 resulting from the photoreaction of 4 x 10-5 M xanthone in aqueous SDS, in the presence of 0.3 M 

TEA as functions of the laser intensity (308 nm). The lines represent the best fits of the experimental 

data sets according to Eqs (3.44) for X•- and (3.45) for ; best-fit parameters: κ−•
aqe 4 = 7.4 x 10-3 cm2 m 

J-1 (0.05 M SDS), κ4= 6 x 10-3 cm2mJ-1 (0.01 M SDS). Constant parameter: κ0 = 8.3 x 10-3 cm2mJ-1. 

8.7. Combined triplet state and radical anion of xanthone 
photoionization pathways  

Both triplet state and xanthone radical anion have appreciable absorption at the excitation 

wavelengths. The triplet state could play a role as a source of the hydrated electron at low 

quencher concentration as well as the radical anion, because the intermediacy of both cannot 

be neglected. If the radical anion formation is faster than triplet formation, the concentration 

of triplet at the end of the laser pulse could be neglected. Therefore, the radical anion is the 

predominant source of hydrated electrons. 

Schemes 8.1 and 8.2 show the combination of both pathways in methanol-water (1:2 v/v) 

and 0.05 M aqueous SDS solution, respectively. The solution of the rate equations gives a 

complex closed-form expression, so that the numerical analysis of the effect of laser intensity 

on the electron concentrations at various quencher concentrations can be employed to verify 

the reaction mechanism and the obtained parameters. 
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Figure 8.11. Concentration of the hydrated electron relative to the starting xanthone concentration 

[X]

−•
aqe

0 resulting from the photoionization of  2.25 x 10-5 M xanthone in methanol-water (1:2 v/v), pH 11, in 

the presence of different concentrations of DABCO as functions of laser intensity (308 nm). The 

DABCO concentrations: open triangles, 0.006 M; stars, 0.0125 M; open stars, 0.035 M; closed 

squares, 0.15 M; open squares, 0.3 M; closed triangles, without DABCO. The soiled line represents 

the limiting curve at 1x 1010 M DABCO. The kinetic parameters were taken from the former 

measurements (see text). 

 

Figure 8.11 depicts the effect of the quencher concentration on both electron 

concentration and kinetic parameters. The curves in Figure 8.11 are numerically calculated 

based on Scheme 8.1, and all kinetic parameters were known from the previous results, where 

kq and κ0 were taken from the quenching experiments and from Eq. 3.6, respectively. Both κ1 
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and κ4 were estimated from the resulting fit in Figures 5.5 and 8.6. The number of adjusted 

parameters is therefore zero. The meaningful kinetic parameters can be extracted from these 

measurements. The fact that the kinetic constant of X•- photoionization (κ4) in methanol-water 

solution is almost five times greater than that of 3X* photoionization (κ1), emphasizes that the 

photoionization of the radical anion is dominant over that of the triplet, even at moderate 

donor concentrations. These measurements can determine the quencher concentration 

required to reach the limit of independence from the quencher concentration. 

Photoionization of the xanthone/amine system in SDS solution at various quencher 

concentrations could be represented as in Figure 8.12. Both the triplet state and radical anion 

must be considered as sources of the hydrated electron.  

 

Figure 8.12. Concentration of the hydrated electron  relative to the starting xanthone 

concentration [X]

−•
aqe

0 resulting from the photoreaction of 4 x 10-5 M xanthone in 0.05 M SDS, in the 

presence of different concentrations of DABCO as functions of the laser intensity (308 nm).The 

DABCO concentrations: closed triangles, 0.03 M; closed stars, 0.05 M; open triangles, 0.15 M; closed 

squares, 0.3 M. The kinetic parameters were taken from earlier measurement shown in Figures 5.5, 

5.7 and 8.9. The limiting curve was obtained at 1.5 M DABCO (solid line). 

 

It can be assumed that the quenching process is faster than triplet formation even at low 

quencher concentrations. The kinetic parameters increase with increasing quencher 

concentration and approach their limiting values. The dependence of the photoionization 

kinetic constant κ4 and the photoionization quantum yield (φion) on quencher concentrations is 

given in Table 8.1. 
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Table 8.1. Effect of quencher concentrations (DABCO) on the photoionization of xanthone following 

308 nm light in (a) 0.05 M aqueous SDS solution and (b) methanol-water mixture (1:2 v/v). 

(a)                                                                                      (b) 

DABCO (M) κ4 (cm2/ mJ) φion  DABCO (M) κ4 (cm2/mJ) φion

0.01  3.53 x 10-3 0.119  0.006  8.806 x 10-4 0.03 

0.02  3.86 x 10-3 0.13  0.035  1.173 x 10-3 0.04 

0.05 4.64 x 10-3 0.156  0.125 1.676 x 10-3 0.058 

0.075 4.91 x 10-3 0.166  0.15 1.92 x 10-3 0.066 

0.1  4.97 x 10-3 0.168  0.3 2.048 x 10-3 0.071 

 

8.8. Two-color two-laser flash photolysis of xanthone /amine 
system 

Excitation of the xanthone/amine system was conducted by two-laser two-color method 

(308/532 nm). The transient absorption spectrum obtained after the end of the second laser 

pulse (532 nm) is assigned to the electron, which can be identified by its characteristic 

absorption. Both 3X* and X•- exhibit a non-zero absorbance at 532 nm, whereas the xanthone 

ground state does not absorb light at this wavelength. This means that the electron may be 

produced from xanthone triplet state and /or xanthone anion radical. To distinguish between 

the photoionization of the triplet state and that of the radical anion, two-pulse experiments 

(308/532 nm) were employed to study the possibility of photoionization of 3X*. The latter was 

generated upon excitation of X with laser light at 308 nm. The laser intensity was adjusted to 

minimize the electron concentration and to produce a triplet concentration as high as possible. 

No bleaching of the absorption signal at 590 nm was observed when 3X* was irradiated with 

the second laser at 532 nm. Furthermore, there were no electron absorption signals under 

these conditions. These observations support the interpretation that 3X* is not ionized to 

produce hydrated electron. 

Two-pulse experiments of xanthone/amine system in methanol/water (1:2 v/v) solution 

were employed to give more information about the photoionization pathway. In this 

experiment, a 308 nm laser pulse was used to produce the xanthone radical anion while a 

second laser at 532 nm laser pulses was used to excite X•-. The delay time between the two 

pulses was 3.9 µs. The bleaching at 560 nm corresponds to the destruction of X•- by the 

532 nm laser pulse and is accompanied by the appearance of absorption in the region  

500-829 nm, which is characteristic for the electron (Figure 8.13). 
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The transient absorption spectra following single and two-laser pulse possess the same 

shape as the transient absorption spectrum obtained from bleaching but with different 

intensities. These observations indicate the presence of only one absorbing species during the 

photoreaction via one or two-laser pulse, which was characterized as X•-. No additional 

absorption could be detected. 
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Figure 8.13. Two-laser two-color experiment (308 +532 nm) showing excitation of solution containing 

2.1 × 10-4M of xanthone and 0.3 M of triethylamine in methanol-water (1:2 v/v), at pH 11. (a) Electron 

formation, first pulse, 308 nm, 30 mJ/cm2; second pulse, 532 nm, 1135 mJ/cm2. The delay time 

between the first and the second lasers was 3.9µs. E829 was the absorption of electron at 829 nm and 

was measured as difference absorption in argon- and N2O-saturated solution. (b) Decay traces 

depicting the 532 nm photobleaching of X•- monitored at 560 nm (in N2O-saturated solution) were 

produced by 308 nm excitation (1) and 308 + 532 nm excitation (2), with the pulses separated by 3 µs. 

As a result of using a constant laser pulse intensity to excite xanthone/amine system in 

methanol-water solution, the obtained concentrations of the xanthone anion radicals were 

nearly constant. Figure 8.14 shows the difference in behaviour of the xanthone/ DABCO and 

X/TEA systems following two-pulse two-color excitation. In case of the photoreaction of 

X/TEA, a fast absorption signal at 560 nm was observed due to formation of X•-. This is 

followed by a slow rise in the absorption due to the bimolecular reaction between α-

aminoalkyl radical (TEA•), which results from the deprotonation of TEA•+ [188], and 

xanthone ground state resulting in X•- and immonium cation (TEA+) (Scheme 8.3). The 

advantage of this process is that none of the TEA derived species possesses an absorption 

above 300 nm [189-191]. Thus, the amount of X•- increases with time, and the amount of 

bleaching increases accordingly. 
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Scheme 8.3 

 

The transient ascending absorption at the maximum absorption of the xanthone radical 

anion was not observed in the presence of DABCO. This indicates that the deprotonation of 

DABCO•+ does not occur in this system. Inbar et al. [192] explained this observation owing to 

the high stability of DABCO•+ and the decreased overlap between the n-orbital of N and 

α-C-H orbitals in the bicyclic structure of DABCO. 
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Figure 8.14. Two-pulse experiments in N2O-saturated solutions in methanol/water (1:2 v/v) at pH 11 

of 2.0×10-4 M xanthone in the presence of 0.2M DABCO (a) and 0.3 M triethylamine (b). First pulse, 

308 nm, 130 mJ/cm2 (a) and 180 mJ/cm2; (b) second pulse, 532 nm, and 900 mJ/cm2. The delay time 

between the first and the second laser was a variable. The negative spikes are caused by insufficiently 

suppressed stray light and/or luminescence of the excited radical anion. 

 

The primary reaction pathway of the DABCO radical cation is a charge recombination 

process. Consequently, the amount of X•-decreases with time and its absorption decreases 

correspondingly as shown in Figure 8.14a. The amount of bleaching increases as the amount 

of xanthone radical anion increases. There is no contribution from DABCO•+ following the 

532 nm laser pulse, because the xanthone and DABCO ground states are completely 
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transparent at this wavelength. The possibility of the xanthone triplet formation and 

photoionization of DABCO can be neglected. DABCO•+ resulting from the first laser pulse 

(308 nm) contributes only slightly to the absorption signal at 560 nm because it has a very low 

extinction coefficient at this wavelength.  

The source of the electron, which was observed following the second laser pulse at 

532 nm, is the xanthone radical anion. This can be deduced from the linear relationship 

between the amount of bleaching and the electron yield (Figure 8.15). 

 
Figure 8.15. Electron absorption (E829 nm) monitored at 829 nm obtained from two-pulse experiments 

with 2.1 x 10-4 M xanthone in methanol-water (1:2 v/v), at pH 11, in the presence of amines, as a 

function of the bleaching of radical anion absorption (-ΔE560 nm) at 560 nm. Electron absorption was 

obtained following a difference experiment in the absence and in the presence of N2O. Absorption of 

radical anion was measured in N2O-saturated solution. Circles (DABCO); squares and triangles 

(triethylamine). Experimental conditions as in Fig 8.14, 532 nm, variable intensities. For triangles, the 

first pulse is changed to 308 nm with intensity 203 mJ /cm2. 

 

Figure 8.15 describes the relationship between the absorption of the hydrated electron 

and the amount of bleaching due to consumption of the xanthone radical anion. The slope of 

the linear relationship should be equal to the ratio of the extinction coefficient of electron and 

xanthone radical anion. This ratio was evaluated to be 6.8 and it is almost 4 times greater than 

the expected value. This means that there is another reaction pathway besides electron 

formation. This side reaction may be the formation of an undetermined photoproduct. The 
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ratio of quantum yields of photoproduct (ϕprod) and photoionization (ϕion) can be estimated 

from the slope of the following linear relationship, 
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Thus, it was found that a ϕprod is greater than ϕion by a factor of 3.2.  

8.9. Linear photonionization of X•- at green light (532 nm) 

Figure 8.16 displays the effect of the intensity of the second laser pulse (at 532 nm) on 

the electron concentration relative to the concentration of X•- immediately before that pulse. 

The excimer laser at 308 nm should be the first pulse in order to generate the xanthone radical 

anion taking into account the constancy of the laser intensity during these measurements.  

 

Figure 8.16. Dependence of the concentration of the hydrated electron (monitored at 829 nm) relative 

to the concentration of xanthone radical anion (produced by 308 nm laser pulse, fixed intensity) on 

532 nm laser excitation of a methanol-water 1:2 v/v, pH 11, of 2.1 x10-4 M xanthone and 0.3 M TEA 

(triangles, dashed line) or 0.2 M DABCO (squares, solid line). The lines were fitted to the experimental 

data according to α I2exc. Best-fit values of α: 3.62 x 10-8 (TEA), 3.14 x 10-8(DABCO). 

 

The variation of the intensity of the second pulse allows investigation of the mechanism 

of the photoionization process using two different interpretation parameters. Firstly, a strong 

non-linear relationship between the electron absorption and laser intensity indicates that the 

 



Chapter 8: Photoionization of xanthone/amine system 96

photoionization of xanthone radical anion involves more than one photon. The experimental 

data are fitted well to Eq. (8.14) as displayed in Figure 8.16. 

Secondly, if a substance undergoes a multiphoton reaction, the initial absorption of a 

transient chemical species can be described as a function of the laser intensity and given by 

Eq. (8.9) 
n
exckIE =λ                                                                                                         Eq. (8.9) 

where Eλ is the absorbance of e•-
aq, Iexc is the laser intensity, and n is an integer and is equal to 

the number of photons required for the reaction to occur. k is a kinetic constant depending on 

the experimental conditions. The value of n can be determined from the slope of the straight 

line, which results from the logarithmic plot of the absorbance against laser intensity. 

][loglog]log[ excInkE +=λ                                                                              Eq. (8.10) 

 

Figure 8.17 represents the plot of log [Eλ] due to the absorption of the hydrated electron 

produced from 532 nm laser pulse vs log [Iexc]. The slope was determined to be 2.04, 

suggesting that the photoionization of X•- by 532 nm light proceeds via a biphotonic 

ionization process. 

 

Figure 8.17. log E (e•-
aq, 829 nm) 

vs log (Iexc) for the electron 

resulting from the excitation of 

xanthone /amines by 532 nm 

light in methanol-water 1:2 v/v. 

Open square and dashed line, 

0.3 M TEA and filled squares and 

solid line, 0.2 M DABCO. 

 

 

 

The photoionization of the doublet excited state (*X•-) following 532 nm laser excitation 

can be outlined as shown in Scheme 8.4. The X•-absorbs the first photon and is converted into 

an excited radical anion *X•-. The hydrated electron and a further photoproduct are produced 

due to the absorption of a second 532 nm photon by *X•-. *X•- returns to the doublet ground 

state X•- with a rate constant kd. The process of the production of the undetectable product 
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resulting from the decomposition processes of X•-is represented by κ4 ϕprod, where κ4 is the 

kinetic constant of the excitation process of X•- and ϕprod is the respective quantum yield.  
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                                                        Scheme 8.4 

 

The differential rate equations corresponding to Scheme 8.4 can be solved to give a bi-

exponential term for the electron concentration as given by Eq. (8.11)  
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The above equation can be simplified to give 
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which is equivalent to  
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When kd >> (κ3 +κ4) I(t), Eq. 8.12 can be approximated to 
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At low values of κ3 I(t) and κ4 I(t), expanding Eq. 8. 11 to second order in the intensity 

will be give  
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The above results reveal that the photoionization mechanism of the xanthone radical 

anion depends on the photon energy and the physical properties of the xanthone and its radical 

anion. The photoionization of the X•- requires about 1.4 eV [89]. This implies that the 

monophotonic ionoization of the X•- with near UV-light (308 or 355 nm) is feasible, whereas 

its biphotonic ionization is a result of the excitation by green light (532 nm) as shown in 

Figures 8.16 and 8.17. The X molecule resulting from the ionization of X•- has appreciable 

absorbances at 308 and 355 nm and is transparent at 532 nm. Therefore, the photoionization 

mechanism of xanthone in the presence of amine with near UV-light (308 or 355 nm) 

irradiation is cyclic while it occurs via a linear mechanism with green light (532 nm) at the 

available highest laser intensity. 

Interestingly, the photoionization quantum yields and the electron concentrations of the 

X/amine systems in aqueous SDS micellar solution are greater than that in methanol-water 

solution. This implies that SDS plays again an important role in the photoionization of 

X/amine system. SDS may accelerate all photoreaction steps in this system and/or the 

photoionization may proceed via photoionization of the lowest excited triplet state of 

xanthone and its radical anion within the pulse duration. Furthermore, X•- was ionized rapidly 

in micelles giving the xanthone ground state and the electron. Owing to the electrostatic 

repulsion between the negative charges, the eaq
•- exits rapidly from the anionic micelle (SDS) 

entering the aqueous phase, while xanthone ground state remains inside the micelle. This may 

enhance the photoionization quantum yield.  
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9. Summary / Zusammenfassung 

9.1. Summary 

The main objective of this thesis was to investigate the photoionization of some 

hetrocyclic compounds via different linear and cyclic mechanisms, depending on the medium, 

the physical properties of the intermediates and the laser intensity. The spectroscopy and 

kinetics of the selected compounds were analysed using nanosecond laser flash photolysis 

(LFP) with optical detection. Under certain conditions, all these compounds are photoionized 

by linear two-photon mechanisms. By changing the medium (from methanol-water solution to 

aqueous SDS solution) or through the addition of an electron donor such as amine in high 

concentration, we found that new cyclic photoionization pathways can be opened up. The 

resulting cyclic reaction schemes are investigated in detail in this thesis, and their intensity 

dependences are compared with those of linear photoionizations. Furthermore, we observed a 

combination of linear and cyclic photoionizations of an electron acceptor in the presence of 

low to moderate amine concentrations. The main results are described in the following:  

I.    Linear photoionizations: 

I.A. Electron donor photoionizations: 

• The simplest linear photoionization mechanism is a 

consecutive two-photon ionization as shown in Scheme 9.1. 

The substrate, D, absorbs a photon with kinetic constant 

κ0(hv) to give an excited state, D*. With a second photon, 

that state is ionized to give a hydrated electron (eaq
•-) and the 

radical cation, D•+ with kinetic constant κ1(hv). The photoionization of xanthone, X, in 

methanol-water (1:2 v/v) solution with near-UV light (308 or 355 nm) is an example of 

this mechanism with a quantum yield of photoionization (ϕion) of 8 x 10-3 at both 

wavelengths. In this case, D* is the triplet state because intersystem crossing is so rapid as 

to make to intermediacey of 1D* negligible. 

O

O

(X)

(hv)
+

κ0
e+

_
aq

(hv) *

κ1
D D D

ϕ (D*) ϕ ion,,
 

Scheme 9.1 
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 Scheme 9.3 represents a 

 

          Scheme 9.3 

I.B. Electron acceptor photoionization: 

), an electron acceptor (e.g., xanthone, X) in the 

• The excited state to be ionized can also 

undergo a deactivation process, such as 

fluorescence emission (rate constant kf). If 

the fluorescence lifetime is comparable to 

the laser pulse duration, the kinetic scheme 

must include this step. The photoionizations of N-methylacridone, MA, or acridone, ACO 

in alcohol-water (1:2 v/v) at 355 nm or by two superimposed laser pulses (308+355 nm) 

proceed in that way (Scheme 9.2), with the excited singlet state as intermediate.  

N
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Scheme 9.2 

•

photoionization through both 

singlet and triplet state channels. 

The photoionization of acridine 

(Ac) in methanol-water (1:2 v/v, 

pH 12) at 355 nm is an example 

conversion (k

of Scheme 9.3, which includes fluorescence, internal 

ic), and intersystem crossing (kisc) of the excited singlet state. 

• In two-pulse experiment (308/532 nm

presence of a sacrificial donor (e.g., an amine) can be converted into its radical anion (X•-) 

at 308 nm, which in turn is an electron donor that can be ionized by a linear mechanism. 
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The photoionizations of the investigated electron donors in aqueous SDS micellar 

solu

 Cyclic photoionization of xanthone (X) via its excited triplet state (Scheme 9.5) 

ed singlet 

• ion of acridine (Ac) and Proflavine (PH+) via their excited singlet and 

The radical anion absorbs a photon of 532 nm (hv2) light to give its excited state *X•-. The 

latter can undergo a deactivation to X•- with rate constant kd and also absorb another  

532 nm photon to give the hydrated electron and an undetected product, as shown in 

Scheme 9.4. 

                                            Scheme 9.4 

II.  Cyclic photoionizations: 

tion, or of the investigated electron acceptor in the presence of a sacrificial donor Dsac 

(e.g., an amine) in high concentration occur through different cyclic mechanisms.  

II.A. Electron donor photoionizations: 

•

• Cyclic photoionization of acridone derivatives (e.g., MA or ACO) via their excit

state (Scheme 9.6) 

Cyclic photoionizat

triplet states (Scheme 9.7). 
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Scheme 9.7 

Common to Schemes 9.5-9.7 is that th on absorbs a photon to regenerate the 

• The photoionization of an electron acceptor (e.g., xanthone) in the presence of an electron 

3

 

e radical cati

substrate. Evidence that SDS can act as a sacrificial donor is provided by a dependence of the 

electron yield on the SDS concentration in the case of acridone and xanthone. The quantum 

yield of the regeneration of the N-methyl acridone-ground state (ϕreg) by SDS was found to be 

0.051. 

II.B. Electron acceptor photoionization: 

donor (e.g., triethylamine, (TEA) or 1,4-Diazabicyclo[2.2.2]octane (DABCO)) occurs via 

a cyclic mechanism (Scheme 9.8), in which X•- absorbs a second photon to give an 

electron and regenerate the ground state of X. 
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II. Combined linear and cyclic photoionization: 

• At low to moderate quencher concentration, the intermediacy of the triplet state cannot be 

 

t low light intensities, it is very difficult to distinguish between a linear and cyclic 

phot

solutions 

proc

gh light intensities 

because under these conditions more reliable evidence as to the actual mechanism is obtained. 

I

neglected in the photoionization of xanthone. In methanol-water (1:2 v/v) solution a 

combined linear and cyclic photoionization can occur as shown in. Scheme 9.9. In SDS 

solution, the mechanism (Scheme 9.10) is the combination of Schemes 9.5 and 9.8. The 

solution of the rate equations corresponding to these mechanisms was carried out 

numerically to verify the reaction mechanism and the obtained parameters.  

Scheme 9.9 
Scheme 9.10 

A

oionization process, but a differentiation of them is easily possible at high laser intensity. 

The concentration of the photoionized species proper approaches a steady-state value at high 

laser intensity in a cyclic reaction while it approaches zero in the case of linear 

photonionization. The electron concentration at high laser intensity is not limited by depletion 

of substrate with a cyclic mechanism (i.e., the electron yield increases without bounds when 

the laser intensity is increased), while it reaches saturation with a linear mechanism. 

The photoionization of the examined substances in aqueous SDS micellar 

eeds via a cyclic mechanism, whereas their photoionization occurs via a linear mechanism 

in alcohol-water solution. This emphasises the important role of SDS for the photoionization 

of the examined substances because it can function as an electron donor (i.e., reducing agent). 

Furthermore, the photoionization quantum yields in SDS are greater than those in methanol-

water solution owing to the ability of SDS to decrease the ionization potential of the excited 

state. Negatively charged micelles (SDS) can inhibit the charge recombination of the 

electron/radical-cation pair and further enhance the photoionization yield. 

This work shows that photoionization should be investigated at hi
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Das Hauptziel dieser Arbeit war es, die Photoionisierung ausgewählter heterozyklischer 

Verbindungen über verschiedene Mechanismen, lineare und zyklische, in Abhängigkeit von 

dem Medium und der Laserintensitäten zu studieren. Die Spektroskopie und Kinetik der 

ausgewählten Verbindungen wurden mit Hilfe der Nanosekunden-Laserblitzlichtphotolyse 

(LFP) mit optischer Detektion analysiert. Unter gewissen Bedingungen werden alle diese 

Verbindungen über lineare Zweiphotonenmechanismen photoionisiert. Bei einer Veränderung 

des Mediums (von Methanol-Wasser-Gemischen zu wässriger SDS-Lösung) oder der 

Hinzufügung eines Elektronendonors, z.B. eines Amins in hoher Konzentration fanden wir, 

dass sich neue Reaktionswege für zyklische Photoionisierung eröffnen lassen.  

Die resultierenden Reaktionsschemata werden in dieser Arbeit im Detail untersucht und 

ihre Intensitätsabhängigkeiten werden mit denen linearer Photoionisierung verglichen. 

Außerdem wurde das Zusammenspiel linearer und zyklischer Photoionisierung eines 

Elektronenakzeptors in Gegenwart kleiner bis mäßiger Aminkonzentration untersucht. Die 

wesentlichen Ergebnisse sind: 

I.    Lineare Photoionisierungen: 

I.A. Photoionisierungen eines Donors: 

• Der einfachste lineare Photoionisierungmechanismus ist eine 

sequentielle Zweiphotonenionisierung, wie in Schema 9.1 

gezeigt. Das Substrat D absorbiert ein Photon mit der 

kinetischen Konstante κ0 (hv), wodurch sich ein angeregter 

Zustand D* bildet. Durch ein zweites Photon wird dieser 

Zustand ionisiert, wobei ein hydratisiertes Elektron eaq
•- und das Radikalkation D•+ mit 

der kinetischen Konstante κ1 (hv) entstehen. Die Photoionisierung des Xanthons, X, in 

Methanol-Wasser (1:2 v/v) mit Licht des nahen UV (308 oder 355 nm) ist ein Beispiel für 

diesen Mechanismus mit einer Quantenausbeute des Photoionisierungsrittes (ϕion) von  

8 x 10-3 bei beiden Wellenlängen. In diesem Fall ist D* der Triplettzustand, weil die 

Interkombination so schnell ist, dass 1D* als Intermediat vernachlässigt werden kann. 

9.2. Zusammenfassung 

O

O

(X)

(hv)
+

κ0
e+

_
aq

(hv) *

κ1
D D D

ϕ (D*) ϕ ion,,
 

Schema 9.1 
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• Der zu ionisierende angeregte Zustand kann 

indigkeits-

ko

ert eine

Photoionisierung solche über den 

den 

a 9.3, das auch die 

kisc des angeregten 

Singulettzustandes umfasst. 

I.B. Photoionisierung eines Elektronenakzeptors: 

• In einem Zweipulsexperiment (308/532 nm) kann ein Elektronenakzeptor (z.B. Xanthon) 

durch ein Opferdonor (z.B. ein Amin ikalanion, X•- bei 308 nm umgewandelt 

z. B. durch Fluoreszenz (Geschw

nstante kf) deaktiviert werde. Wenn die 

Fluoreszenzlebensdauer mit der Dauer des 

Laserpulses vergleichbar ist, muss das 

kinetische Schema diesen Schritt berichtigen. Die Photoionisierungen von  

N-Methylacridon, MA oder Acridon ACO in Alkohol-Wasser (1:2 v/v) bei 355 nm oder 

mit zwei überlagerten Laserpulsen (308+355 nm) verlaufen in dieser Weise (Schema 9.2) 

mit dem angeregten Singulettzustand als Intermediat.  

 

Schema 9.2 

 

• Schema 9.3 repräsenti  

Singulett- als auch über 

Triplettweg. Die Photoionisierung 

von Acridin (Ac) im Methanol-

Wasser (1:2 v/v bei pH 12) bei 355 nm ist ein Beispiel für das Schem

Fluoreszenz, die innere Umwandlung kic, und die Interkombination 

 

Schema 9.3 
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or ist, der über einen linearen Mechanismus 
•- absorbiert ein Photon (hv2, 532 nm) und 

Letztere kann mit der Geschwindigkeits-

och ein  532-nm Photon absorbiert, wobei 

chtetes Produkt bilden, wie in Schema 9.4 

 
II. Zyklisch

Die Photoionisierungen der untersuchten Elektronendonoren in wäßriger Mizellarer 

nenakzeptoren in Gegenwart eines Opferdonors 

Dsac tration verlaufen nach verschiedenen zyklischen 

Me

II.A. Photoionisierungen von Elektronendonoren : 

• über seinen angeregten Tripletzustand 

• 

chema 9.6) 

• Zyklische Photoionisierung von Acridin (Ac) oder Proflavin (PH+) über ihre angeregte 

Singulett- und Tripletzustände (Schema 9.6) 

werden, welches wiederum ein Elektronendon

ionisiert werden kann. Das Radikalanion X

liefert einen angeregten Zustand *X•-. Der 

konstante kd zu X•- deaktiviert werden oder n

sich ein hydratisietes Elektron und ein unbeoba

gezeigt. 

Schema 9.4 

e Photoionisierungen: 

Lösung (SDS) oder der untersuchten Elektro

 (z.B. eines Amins) in hoher Konzen

chanismen.  

Zyklische Photoionisierung des Xanthons (X) 

(Schema 9.5) 
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                                                           Schema 9.7 

Die Schemata 9.5-9.7 haben als Gemeinsamkeit, dass das Radikalkation ein Photon 

absorbiert und dabei das Substrat zurückbildet. Bei Acridon und Xanthon liefert die 

Abhängigkeit der Elektronenausbeute von der SDS-Konzentration Evidenz, dass SDS als 

Op erdonor fugen kann die Quantenausb kbildung des Grundzustands des N-

ab sich zu 0,051. 

II.B

nors D (z.B. Triethylamin (TEA) oder 1,4-diazabicyclo[2,2,2]octan 

ismus (Schema 9.8), bei dem X•- ein 

Photon absorbiert, und ein hydratiesirtes Elektron sowie den rückgebildeten Grundzustand 

 

f eute der Rüc

Methylacridons (ϕreg) durch SDS erg

. Photoionisierung eines Elektronenakzeptors: 

• Die Photoionisierung des Elektronenakzeptors (z.B. Xanthon) in Gegenwart eines 

Elektonendo

(DABCO)) erfolgt über einen zyklischen Mechan

von X liefert. 
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Schema 9.8 
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III. Kombinierte lineare und zyklische Potoionisierung: 

• Bei niedriger bis mäßiger Löschenkonzentration kann den Triplettzustand in der 

Photoionisierung des Xanthons nicht vernachlässigt werden. In Methanol-Wasser findet  

eine kombinierte lineare und zyklische Photoionisierung statt, wie in Schema 9.9 gezeigt. 

In der SDS-Lösung ist der Mechanismus (Schema 9.10) eine Kombination der beiden 

Mechanismen von Schemata 9.5 und 9.8. Zur Lösung der Differntialgleichungen dieser 

Mechanismen wurde eine numerische Analyse angewandt, um den 

Reaktionsmechanismus und die erhaltenen Parameter zu prüfen.  

Schema 9.10 

nsität ist es sehr schwierig, zwischen zyklischen und linearen 

gen leicht. In einer zyklischen Reaktion 

eigentlichen photoionisierten Spezies einen Stationärzustand, 

egen null geht. Weiterhin wachst bei einer 

zykl

erstreicht die wichtige Rolle von SDS 

en, weil es als Elektronendonor (d.h. 

Reduktionsmittel) dienen kann. Außerdem sind die Photoionisierungsquantenausbeuten in 

des

die

Pho

it zeigt, dass die Photoionisierung bei hohen Lichtintensitäten untersucht 

werden sollte, weil sich unter diesen Bedingungen verlässliche Informationen über den 

tatsächlichen Mechanismus erhalten lassen. 

                       Schema 9.9 

Bei niedriger Lichtinte

Mechanismen zu unterscheiden, bei hohen dage

erreicht die Konzentration der 

während sie bei einer linearen Photoionisierung g

ischen Mechanismus die Elektronenkonzentration mit steigender Laserintensität 

unbegrenzt an, während sie bei einem linearen Mechanismus in die Sättigung geht. 

Die Photoionisierung der untersuchten Substanzen in wäßriger mezellarer Lösung 

(SDS) verlaufen über zyklische Mechanismen, während sie in Alkohol-Wasser-Gemischen 

über eine linearen Mechanismen gehorchen. Dies unt

für die Photoionisierung der untersuchten Substanz

SDS größer als in Methanol-Wasser wegen der Fähigkeit von SDS, das Ionisierungspotential 

 angeregten Zustandes zu senken. Negative geladene Mizellen (SDS) können außerdem 

 Ladungskombination des Paares Elektron-Radikalkationen hindern und  dadurch die 

toionisierungsausbeute weiter erhöhen.  
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τ Laser pulse duration  k

Quantum yield 
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constant (First- order decay 
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ΔE  Absorbance difference 
D k
τ 0  Triplet lifetime 

triplet annihilation  
τf Fluorescence lifetime  
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reaction step 
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Photon energy 
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of proportionality) 
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D
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exc  Laser excitation intensity  

I  Total inte

  exciting light  
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T  Triplet  

BBC  enzophenone-4- 
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