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ABSTRACT

The photo-physical properties of cofgryll a were studied by
spectrofluorimetric method and lifetime modulatitechnique with digital storage
oscilloscope. Chlorophyll a is known as the pramgilight absorbing pigment. The
network of multi double bonds in its structure slBowery strong absorption in visible
region. At present it has been widely used as seassin DSSC. Electron Transfer
performance of chlorophyll a by Fe(aca@an be investigated from oxidative
guenching reactions. Herein the simplified Rehm{é/etelationship was used to
calculate the free energy change of a photoind@ecktron transfer reaction. The
studied Fe(acag)concentration range was 1.0<10M to 2.0x10" M. Emission
intensity decreases when increasing the concemtraif Fe(acag)quencher. The
curvature profiles of Stern-Volmer plots are sigiahtly from inner filter effect more
than the ground state complex formation. Rate anhghing reactions gk can be
determined from the Stern-Volmer plots with coreecinner filter effect. It reveals
that an efficient photoinduced-electron transfee TPbetween the chlorophyll a and
Fe(acaq) precisely occurred. The land Kepp values are dependent to the viscosity of

solvents. The electron transfer occurs faster inemmscous solvents.
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CHAPTER1

INTRODUCTION

1.1 Chlorophyll a

Chlorophyll is a green pigment in chloroplast plant’'s cell. It is mostly
found in green leaves of plants. Chlorophyll candbaded into 4 types which are
chlorophyll type a, chlorophyll type b, chlorophyilpe ¢ and chlorophyll type d.
These types of chlorophyll can be found in theedéht kind of plants. Chlorophyll a
can be most abundant in blue-green algae, cyaraima&nd general plants. Each
type of chlorophyll is different only on the sidéain as shown in figure 1
(http://www.chm.bris.ac.uk/motm/chlorophyll/chlotogl _h.jpg).Chlorophyll a exists
of 4 tetrapyrrole rings. Four nitrogen atoms inténaith central atom of magnesium
ion. Magnesium atom plays a coordinating role. @payll a has the methyl group
(-CHz) on the pyrrole ring while chlorophyll b has alggde (-CHO) instead
(Kobayashiet al., 2007).

hIorophyII 9

chlorophyll ¢,

chlorophyll c;

&
el

&

a
o
&

x
AAAAANS
Q Q

| Ry =-CH,CHjzin chlorophyll a, b, g ¢, ; -CHO in chlorophyll b
I R,=-CH;in chlorophyll a, ¢ ¢, d ; -CHO in chlorophyll b

I R3=-CH=CHCOOHin chlorophyll g, ¢, ; -CHCH,COO-Phytylin chlorophyll a, b,
|

Figurel Structure of chlorophyll type (a, b, c and d)
Source: http://www.chm.bris.ac.uk/motm/chlorophghlorophyll_h.jpg



Chlorophyll a, very well dissolve in the seiht at pole available, while
Chlorophyll a is an effective photoreceptor in gisystem I. The pyrrole moiety
absorbs light and transfer electron and energyhidgagb side chain. The orbitals can
delocalize electrons stabilizing the structure. @iblocalized polyenes have enormous
strong absorption in visible region, allowing thesarption of energy from sunlight.
Chlorophyll a absorbs light in visible region anger wavelength comparing with
other types. It gives an intensive fluorescencinger wavelength close to near IR
region. Because of its structure and photo-physioaperties, chlorophyll a is widely
used to be a donor molecule in photochemistry fraonks. One of an interesting
application of chlorophyll a and its derivativesbiging a sensitized molecule in dye
sensitized solar cell. It can harvest enormoust lighthe visible region and giving
luminescence intensively. The electron transferaaour from chlorophyll a to metal
oxide like TiG (Liu et al., 2008; Wangt al., 2006; Durrantt al., 2004; Amact al.,
2004). Furthermore, chlorophyll a can be used tifi@al photosynthetic model
(Ngweniformet al., 2007; Jenningst al., 1989). Chlorophyll a and its derivatives are
not just only frequently used in electron trandfat also being a donor molecule in
energy transfer process in plants (Xiaogetgl., 2007). A lot of researches try to
replace the metal center of Mg to be other tramsitnetal ions in order to explore
photo-physical properties of its derivatives (Metilioet al., 1997; Li and Inoue,
1991; Nonomurat al., 1994; Yamashita and Inoue, 1991).

In this research, the chlorophyll a is a donorenaole to transfer electrons to
an appropriate acceptor. In our preliminary worle, expected to use a free metal ion
like FE*. We tried to see how good of electron can be feared via quenching
reaction. However, we encountered a lot of problerhsa limit of chlorophyll a
solubility, ionic strength control and a forming leé(acag}Chlorophyll a (Fe-Chl a)
complex at ground state. These problems cannovdidead. The idea of carrying out
electron transfer had to be changed. In order tmdasuch problems, the acceptor
molecule must be changed. The tris(acetylacetomatojlll), Fe(acac) (Figure 2) is
selected as a new acceptor complex owing to itstralewharge. The ligand
acetylacetonate (acacshows -1 charge though the Fe(agammplex is neutral.
Therefore, the ionic strength can be neglectedidBssthe bond of the complex is
strong. The replacing of Eein the porphyrin of chlorophyll a yielding Fe-Chl



complex is least possible to occur. Finally, théulsitity of both species can be
solved. Chlorophyll a cannot dissolve in water tamnpletely well soluble in organic
solvent while Fe(acagkan dissolve for all type of solvents. Even if ftee F&" was
used as an acceptor,*Feould dissolve absolutely in water but it could do so in
organic solvent. According to a criteria of selegtia quencher, the reduction
potential of Fe(lll/Il) in Fe(acag) is available to accept an electron from chlordiphy

a. The Fe(acag)s our best acceptor or so called quencher isystgem.

Figure2 Structure of tris(acetylacetonato)lron(lll), Feda)

The complex of Fe(acachas been extensively use as the essential catalysany
reactions. An important one is photodegradatiodigfiat and paraquat herbicides by
titanium dioxide (TiQ) (Flor*encio et al., 2004). The Fe(lll) exists of [Ar]3d
electron figuration. The Fe(acads high spin complex (Diaz-Acos# al., 2007).
After it accepts an electron, the electron configion has been changed to be [Af3d
which is still stable.

In the present work, the electron transfer of abpbyll a fluorescence to
Fe(acag) in various types of solvents were investigatedt®ady-state measurement.
Quenching reactions were measured. The photo-pygpcoperties of both
fluorophore and quencher were explored. The ratesaxtions were determined in
term of quenching rate constant)(kHigh k; value is primary supposing to be good

electron transfer.



1.2 Theory of electron transfer

Electron transfer reaction is the basic reactiorchemistry to transfer an
electron from a reactant A to another reactantIBctEon transfer consists of electron
movement between two orbitals. An electron may floem an occupied orbital of
the donor to a fully unoccupied or half-unoccupa@tital of the acceptor. Electron
transfer also requires a close approach for effeairbital overlap as like as the case
of energy transfer by electron exchange. Electransfer quenching were originated
from the ideas of Taube, Libby, Marcus and Hushesehconcepts were expanded to
the electron transfer quenching of photoexcitedatmmplexes by Sutin and Balzani
who demonstrates the various scope and applicalofitthese reactions to solar
energy conversion and the photoinduced decompnsitiavater. However, the most
well known and succesful theory of electron trangféMarcus theory addressed by R.
A. Marcus in the mid of 1950s (Marcus., 1997). M&r¢heory aims to find the rate
constant of electron transfer by using the classreasition state theory. The theory
concerns to the relation between the driving fafthe reaction and its rate constant.
In this work, the electron transfer reaction occurshe system of chlorophyll a
to tris(acetylacetonato)lron(lll), Fe(acac)The electron transfer reaction was
investigated via quenching reaction. The effort wascerned with the bimolecular
guenching of the excited states of transition metahplexes by energy and electron
transfer. The excited state donor molecule (D) Whéxists long enough can be
guenched in bimolecular deactivation pathways. Jihglet state (fluorescence) can
be quenched by energy or electron transfer to anatiolecule (quencher, Q) in

solution according to the following expressions

D+h — *D absorption
*D+Q — D + *Q guenching byexgy transfer
D+Q — D+ Q guenching by electron transfer

(oxidative quenching)
D+Q — D+ @ guenching by electron transfer

(reductive quenching)



Marcus theory is used for outer-sphere electromsfea reactions between a donor D
and acceptor A. In the simple electron transferctteas no chemical bonds are
broken or formed. Either D or A may be in an exttis¢ate (D* or A*). This process
is called photoinduced electron transfer (PET) Whigll be described in the next
chapter. The principles of electron transfer theaggly equally well to photoinduced
and to ground state electron-transfer reactiong @lectron transfer steps can be

shown in the equation 1.

kd ket

= D.A] Kaiss
K-4 Ket

[D*-A1 —> D+A (1)

D+A

The reactants D and A diffuse together forming paphere precursor complex
(encounter complex) [BA] with the rate of diffusion (diffusion controllelimit), kg
while the ky is the reversed rate of diffusion. The precursmnglex undergoes the
reorganization toward a transition state in whitdcton transfer takes place to form
a successor complex [DA7 with the rate of electron transferefk Following the
Franck-Condon principle, the nuclear configuratidrihe precursor complexes at the
transition state is unchanged. Eventually, the esmur complex dissociationyidg to

form the product of electron transfef Bnd A.

A steady-state treatment of precursor and successoplex yields the following

expressions:

11 K,
kobs E+ KAket {]ﬁ_ k_} (2)

diss
where Kqps refers to quenching rate constany) fkhich obtained from Stern-Volmer

plot. Ka = ky/k.g. If kgiss>> Ket, (Equation 2) reduces to

1 1 1
= + (3)
kobs kd Ka ket




photoinduced electron transfer is a process oftrelectransfer of a certain
photoexcited molecules (molecules which are exdieghoton ) which can either act
as the electron donor or acceptor regarding téhanspecies in studied system. The
photoexcited molecules can also be called “phowmteers or sensitizers” which
oftenly show better oxidizing or reducing specikant its ground state. the driving
force of the system must be the fundamental theymamic condition for
spontaneous electron transfer between neutrala@acAGP < 0. Value ofAG’ for a
photoinduced electron transfer can be estimateddiym-Weller equation (Clark and
Hoffman1995) which is shown in below

AG’ = E(D/D*) — E(AJA") - Ego(D*) + W, - Wi (4)

where EB(D*/D) and E(A/A") are the standard reduction potentials of the mpistate
donor and acceptor couples, respectively. The w@ymandw; are the coulombic work
terms of the products and reactants, respectiltal/corrected for the work involved
in bringing ionic species together. The coulombmrkvterms are usually small, and

zero for neutral species.

r'y E.Reaction
P:Product

.
> E_=Ad"

A

. reaction coordinate
»

Figure 3 Gibbs free energy from electron transfer of cresstion.



In quenching reaction, the observed rate constlgt) (can be calculated from
quenching rate constanty{kThis rate is taken from the linearity part oé®tVolmer

equation (Figure 4).

(Io/l) &

Slope = Ksv = k.10

»

[Q1

Figure4 Stern—Volmer plot

The quenching rate constant can be measured freadyststate measurement by
spectrofluorimetric method. Fluorescence intenfsdyn sensitizer molecule decreases
when higher concentrations of quencher are addexld@Vcontrol the concentration
of sensitizer constant. The Stern-Volmer plot s d¢inaph plotted between/() versus
concentration of quencher molecule Fe(agdgyand | are the fluorescence intensities

in absence and presence of quencher, respectively.

2 = 14+k@Q] = 1+ Ke[Q] (5)

1.3 Luminescence quenching of excited states

Quenching means to any processes which decreasdsntinescence intensity of a
sample. The interactions which result in quenciluiaig be

e Excited state reactions

e Molecular rearrangements

e Energy transfer

e Ground state complex formation



e Collisional quenching(or dynamic quenching) betw#earophore
and quencher

e Static quenching

e Combined Dynamic and Static quenching (or Pseutiosta
guenching)

e Trivial type : optical properties of the sample

In this stage, the collisional quenching, statiemghing, Pseudostatic-quenching and
the optical properties will be emphasized. The prymprocess in quenching can be
shown below. The subject is the second order ohcjuag rate constantgkfor the

bimolecular reaction between an electronically ®xtispecies, *D, and a quencher,

Q. The reaction is irreversible occurring in a séngfep.

Kq
*D+Q —> products (6)

In the microscopic details of quenching, the difbasof *D and Q together to form
*D-Q is considered. The *D-Q is an outer-sphereoaimter complex which is held
within the solvent cage for a short period of tibefore deactivates to yield products
with a rate constark, (Equation 22, below). This process must competh wie

breaking up of the solvent cage and the relea$P ahd Q into the bulk solvent.
kd kr
*D + (‘g-:d {(*D-Q} ——> products (7)
1.3.1 Dynamic or collisional quenching mechanism

Collisional quenching of fluorescence is descrili®dthe Stern-Volmer

equation as described above:



The Stern-Volmer quenching constant is given by K Kkyto. If the
guenching is known to be dynamic, the Stern-Volowrstant will be represented by
Ksv. Quenching data are usually presented as pldigl afersus [Q]. This is because
lo/l is expected to be linearly dependent upon thmeentration of quencher. A plot of
lo/l versus [Q] yields an intercept of one on thexisaand a slope equal tosiK
(Figure 5). A linear Stern-Volmer plot is generalhglicative of all equally accessible
to quencher. It is important to recognize that olkaton of a linear Stern-Volmer plot
does not prove that collisional quenching of flemence has occurred. We will see
that static quenching also results in linear Sk¥oimer plots. Static and dynamic
guenching can be distinguished by their differirgpehdence on temperature and
viscosity, or preferably by lifetime measuremehtgher temperatures result in faster
diffusion and hence larger amounts of collisionalemching (Figure 5). Higher
temperature will typically result in the dissoomatiof weakly bound complexes, and

hence smaller amounts of static quenching.

Collisional Guenching Static Quenching
(F% F¥, @ ==(F.Q)"
e =T No emission
1 g (o hv/{r Y
Q F+*+aQ FQ
Higher "
E /s temperature -
~ L ’I \ »ﬁpe | J‘_,.
= ;7 i Higher
L i £ w /. temperature
- L N | Slope=K.~ ) ey
2 r ) v B s
E r 4 ."/ wor ~ ,a’
w o ,//,- Slope=kq To"Ko r ,/"J,,’
~N _;/' - )// -
4K 142 W
0 b D) IS, NS, LN O OO N 3 o J W Y, S TS S5 O
Q] [Q]

Figure 5 Comparison of dynamic and static quenchigf.i$ the same abbreviation
as k/F.

1.3.2 Static quenching mechanism

This type of quenching occurs from the formaffor ion - pairs) of a non-
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fluorescence complex between fluorophore and quenichground state. The extent
of adduct formation is governed by the concentrastiof D and Q, and the

equilibrium constant of the process in equation 8.

Kapp

0 [D-Q] (8)

When this complex absorbs light, it immediatelyures to the ground state without
emission of a photon. The dependence of the flgeree intensity upon quencher
concentration for static quenching is derived bgsidering the association constant

for complex formation which is given in equation 9.

[D-Q]

o = 9
= o) ©)

Where [D-Q] is concentration of the complex, [Dltlie concentration of the original
fluorophore, and [Q] is the concentration of oraiquencher. I, obtained from the

Debye-Smoluchowski and Eigen equations (Hoffnehal., 1989). If the ground state
complex does not give the fluorescence, then thaetiém of the fluorescence that
remains, d/l, is given by the fraction of total fluorophortgat are not complexes. The

concentration of fluorophore, fpcan be simply calculated from

2] = [D] + [D-Q] (10)
then
mFm+mm=[w 1 a1
[DIIQ] DIQl  [Q]

The Stern-Volmer equation for static quenching lsanvritten as following:
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— = 1+ KJQ] (12)

The dependence of/l on [Q] is linear which is identical to that olpged for dynamic
guenching, except that the quenching constantwsthe association constant. Unless
additional information is provided, fluorescenceenching data obtained by intensity
measurements alone can be explained by either dgranstatic processes. As will
be shown below, the magnitude of Kan sometimes be used to demonstrate that
dynamic quenching cannot account for the decrgasdensity. The measurement of
fluorescence lifetimes is the most definitive metho distinguish static and dynamic
guenching. Static quenching removes a fractiomeffiuorophores from observation.
The complexed fluorophores are nonfluorescent,thaconly observed fluorescence
is from the uncomplexed fluorophores. The uncomgidiefxaction is unperturbed, and
hence the lifetime iso. Therefore, the static quenching/ t = 1 in contrast with
dynamic quenchingsp/ © = lp / I. One additional method to distinguish statnd a
dynamic quenching and dynamic quenching is by aarekamination of the
absorption spectra of the fluorophore. Collisiogaénching only affects the excited
states of the fluorophores, and thus no changtsiabsorption spectra are expected.
In contrast, ground state complex formation widduently result in perturbation of
the absorption spectrum of the fluorophore. In,fagnore complete from of equation
9 would include the possibility of different extiran coefficients for the free and

complexed forms of the fluorophore (Figure 5).

1.3.3 Combined dynamic and static quenching mechanism

In many instances the fluorophore cangbenched both by collisions
and by complex formation with the same quenchee dlmaracteristic feature of the
Stern-Volmer plots in such circumstances is an ugveairvature, concave towards
the y-axis (Figure 6). Then the fractional fluomsce remaining §ll) is given by the
product of the fraction not complexeil &nd the fraction not quenched by collisional

encounters. Hence
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I
- (13)
lo v+ klQ]
In the previous section we found th&t® = 1+ KJQ]. Inversion of
equation 14 and rearrangement of the last ternm@might yields.
I
"= (1+Ko[Q)) (1 +KdQ]) (14)

This modified from of the Stern-Volmer equaties second order in [Q],
which accounts for the upward curvature observeénwhoth static and dynamic
guenching occur for the same fluorophore.

The dynamic portion of the observed quewgican be determined by
lifetime measurements. That i/t = 1 + Kg\[Q], the dashed line in figure 6. If
lifetime measurements are not available, then égudt can be modified to allow a

graphical separation of gand Ksy. Multiplication of the terms in parentheses yields

lo

= 1+ (Ksy +Kg) [Q] + Ks\Ks [Q] ? (15)
|
O 14 KapdQl (16)
I
where
Kapp = [IO_ - 1Ji = (KSV + KS) [Q] + KsvKs [Q] (17)
| [Q]

The apparent quenching constant is calculateddt @aencher concentration. A plot
of Kapp Versus [Q] yields a straight line with an intercepKsy + Ks and a slope of
KsKsy (Figure 6). The individual values can be obtaifrech the two solutions of the

guadratic equation. The dynamic component can g#nebe selected to be the
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solution comparable in magnitude to the expectédsion-controlled values, or from

other available information about the sample.

._kiﬂ (F-Q*)

F
K,
f lu:)rescem

F+Q:FO

Siope LS KDKS

Fo/F

-— KD+ KS

T I 1 1. 7 1 17
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(@] (al

Figure 6 Dynamic and static quenching of the same populdaifdluorophoresd| is

the same abbreviation ag/i~
1.4 Diffusion rate constant (kg)

The rate of a diffusion-controlled reactien calculated by considering
the rate at which the reactants diffuse togethersi#own in the equation below, the
rate constant for a reaction in which the two raacimolecules react if they come

within a distance Rof one another is

kg = 4nR'DN (18)

here D is the sum of the diffusion coefficientstb&é two reactant species in the
solution (D = O + Dg). Equation 18 can be taken further by incorporatine
Strokes-Einstein equation (D = KT #ffa ; ais radius of a studied reactamt is the
solution viscosity). The diffusion coefficients mdactant A and B can be written in

equation 19.

kT kT
B 6mMRa - 6nnRs (19)
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Ra and R are hydrodynamic radius of A and B molecules mealium of viscosity.

If sizes of two reactants are difference, the diffu rate constant is

_4RT

K
d 67

(Rw%)(%%] (20)

When 7 was dynamic viscosity of solvent to use at expentriemperature in unit of
kg—forces/mM. But Ry and R are hydrodynamic radius of A and B molecules in a
medium of viscosityy and R was rate constant equal to 8.314 J'idland T was

temperature for test in the Kelvin unit (K).

If we write Rs = Rs = 2 R and the charges of reactants are neutral, itlealls to

equation 20.

8RT

ky =
d 3n

(21)

1.5 Review of literatures

Amaoet al., (2004) studied a dye sensitized solar cellgidime visible light
sensitization of chlorophyll a derivative, chloriag (Chl-e;) immobilized on TiQ
film was developed. This work investigated speacopsc measurements of Chi-@
methanol. The maximum of the luminescence located7& nm. In contrast, the
fluorescence intensity of Chkénmobilized on TiQ film was decreased. It indicated
that the emission of Chkewas effectively quenched by TiOThe quenching of
emission of Chl-gwas due to electron injection from excited singitigtte of Chl-g

into the conduction band of TiO

Borissevitch., (2009) studied the steadyestduorescence quenching of
2, 6-bis(diethanolamino)-4, 8-dipiperidino-pyrim[8p4-d]pyrimidine(di pyridamole)
by a stable nitroxyl radical 2, 2, 6, 6-etraméghiperidine-N-oxyl (TEMPO). It was

used to clear up the influence of the quenclgét labsorption on the values of the
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Stern-Volmer quenching constantss¢K The kKsy correction can be done by
concerning the quencher absorbancg @veady at very low fand gives rather high
Ksv. Thus, for A4 <0.02 and Ky was 50 M. The uncorrected & value appears
about 50% higher than the real (corrected). Moreover, the uncorrecteds K
values do depend on the excitation and eomsgavelengths, while the corrected

ones are independent of them.

Davidet al., (2007) reported the electron transferatmearby acceptor
molecule (A). A clear green chlorophyll (Chl) satut can be made by grinding
spinach (either from fresh or frozen samples) imartar and pestle, adding the
broken leaves to a beaker of acetone, and theerifidf the solution through
cheesecloth or coarse filter paper to remove tiid ptant materials. Chlorophyll a
and chlorophyll b molecules present in plants. Whé& light irradiated, these
molecules emit fluorescence at 650 nm giving ahirigd solution. As with quinine
sulfate, the mean fluorescence lifetime for botmpounds is very short - about 5 ns.
When present in plant cells, instead of fluorescig electronically excited
chlorophyll molecule (Chl*) transfer an electronamearby acceptor molecule (A) as
follows:

chl + A ——» Chl" + A (22)
A — A+ €

Gazdaruet al., (2001) studied the parameters of the fluomeseeguenching
of chlorophyll a by 1,4-benzoquinone in ethanolngsthe nonlinear analysis. The
fluorescence intensity was measured at 670 nm.nidaified Stern-Volmer plots of
the quenching data have revealed two ways of temahing mechanism and have

offered the possibility to obtain the quenchinggpaeters.

Kathiravanet al., (2009) studied the quenching reactigmocess of
chlorophyll a adsorbed on the surface of colloifi®,. In the presence of colloidal
TiO, the optical density at the wavelength of 480 nns wareased without changing
in wavelength. The apparent association constagt)(as determined by absorption

and fluorescence intensity measurements. An incrgaof colloidal TiQ



16

concentration influences to the fluorescence emmsspectrum of chlorophyll. An
addition of colloidal TiQ to the solution of chlorophyll a resulted in theagual
decrease in emission intensity of chlorophyll whinticates the quenching occurs.

The apparent association constani,gkcan be calculated by following:

1 1 1

Kapp; = +
AR v Kpp(1° — I[TIOZ] (23)
where
Keop = the apparent association constant
d = theinitial fluorescence intensity of aldphyll

I' = the fluorescenceemgity of TiQ adsorbed chlorophyll a

I = the observed fluorescence intensitysatiaximum

The dynamics of photo-induced electron transfemfichlorophyll to the conduction

band of colloidal TiQ nanoparticle was observed. The mechanism of elettansfer
was confirmed by the calculation of free energyngeaAGey) by applying Rehm-

Weller equation as well as energy level diagram.

AGe = Bpp- E®p- E + C (24)

where

Bx'? = the oxidation potential of chlorophyll (0.5

Eed)l’z = the reduction potential of Ti@i.e.) conduction band potential
of T4O-0.1V.

Es = the excited state energy of chlordphy

C = the coulombic term. Since one of the species israkand the

solvent usegolar in nature.
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The Gy value was calculated as -1.17 eV and this higregative AG; value
indicates electron transfer processes which igrtbdynamically favorable.
Kuroiwa et al., (2009) studied the spectroscopic arslectrochemical
properties of chlorophyll (Chl axggregation in mixed solvents of acetonitrile sard
ionic liquid, 1-ethyl-3-methylimidazoliumtetrafluoborate(EMIBR), were examined.
Chl a was homogeneously suspended in AN, and EMIB®was added. After stirring
, the solution suspending. ChMaas incubated for 3 hr in the dark. T@bl a
concentration was 250M. To investigate the emission spectra, thecitation
wavelength was used at 430 nm. The redox potemtiaChl ain the mixed solvents
were measured by square wave voltammetry (SWV).réteshifted absorption in the
Soret and @ band regions were found. For square wasgammetry, a high
signal-to-noise ratio of SWV was useful espégidbr investigating redox couples

with high molecular weights at such relatively loancentration.

Larssonet al., (2007) studied fluorescence excitation-emrss matrix
(EEM) spectroscopy. This technique is a useful fobinterpretation of fluorescence
information from natural water sampl@$e major problem with this technique is the
inner-filter effect (IFE). Larssost al., propose a mathematical correction procedure
based on the intensity of Raman scatter from watkis procedure was found to
reduce the error after correction by up to 50% eamparison with two absorbance

correction procedures.

Moreira et al., (2009) studied the role of differe metal centers
(magnesium, zinc and copper) on the enhancemetiteohydrophilic character of
metallochlorophylls, was evaluated by fluoresceridee present results denote that
magnesium and zinc chlorophyll have a higher pakenb be employed as
photosensitizers in PDT as function of their highabsorption and emission

intensities.

Nanomuraet al., (1997) studied photo-physical andect&bchemistry
properties. Many techinques measured oxidation aeduction potential of
chlorophyll a in H-Chl a, Mg-Chl a, Cu-Chl a and Zn-Chl a. The atidn and
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reduction potentials of porphyrins, were measurgd clclic voltammetry. The
absorptionsof metal porphyrins are the behaviour of Q bandabse they reflect the
HOMO and LUMO energy levels of the macrocyclitc §ystem. The difference of
Eox - Ered between the first oxidation potential,(E) and the first reduction potential
(Eed) depends on the absorption maximum of thg kand in divalent

metallochlorophylls.

Sergioet al., (2008) studied the process of quenching reagtotecrease
fluorescence. Find that is quenching reaction sheaction of the excited state, the
electron transfer of collisional quenching mechanislepend on pressure and
temperature. Therefore explain the mechanism oftrele transfer and energy
transfer. In this research to study carotenoidsvdeve have been conjugate in
system 5-11 bonds and 5-(4—amino-phenyl)-10, 15+trB0 (4-methylphenyl)
porphyrin (TPPA). The quenching reaction of flumexsce of porphyrin but
carotenoids derivative have been conjugate in sydi@ or 11 bonds. Find out its can
be quenching fluorescence of porphyrin 10%. Effitief quenching fluorescence
moreover depend on the structure of conjugate alverst effect.

Songet al., (2006) introduced a new method to measurehlaophyll a
content, using 660 nm laser diode asew Rind of light source to stimulate
fluorescence as well as combining a fiber andtspectechnique. The characteristic
of fluorescence spectrum was determinBelative fluorescence intensity at

F685/F735 was used to measure the content ieraat green leaves.

Smestad., (1998) studied a major role of lusteace of excited molecule
on many applications. One of them is the presepticgion of chlorophyll and its

derivatives on dye sensitized solar cell (DSSCJ)i@f, semiconductor.

Zvezdanovicet al., (2009) investigated chlorophyll bleachingy UV
irradiation. It has been studied by absorption emission spectroscopy of techniques
the mixture of photosynthetic pigments, in acetanée n-hexane solutions, and in

agueous thylakoid suspensions. Chlorophyll undergdestruction (bleaching)
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accompanied by fluorescent transient formation woigeyirst-order kinetics. The
bleaching kinetics is followed at chlorophyll abstion maximum (Avay), in the range
between 660 and 680 nm. It was found that UV-iaadn induces a gradual decrease
of the Q-band intensity. An increase of absorbamas observed between 485 and
563 nm. The maximum intensity of chlorophylls flascence decreased during

increasing irradiation time periodg;.t
1.6 Objectives
5.1 To study the solubility and photbygical properties of chlorophyll a.

5.2 To identify the rate of quenchirgaction (k).

5.3 To investigate the solvent effect of fohphysical properties of chlorophyll a.



CHAPTER 2

EXPERIMENT

The successful application of photodicedd electron transfer theory
requires considerable attention to experimentaildeaind good understanding of the
instrumentations. For this work, quenching reaciaere determined by both steady-
state phosphorescence and time-resolved technifjne. details of modulation
technique using digital storage oscilloscopes, thateof time resolved technique to
determine emission lifetime, will be described nhainAdditionally, the optical
properties of the sample, the determination of ithhdc charges by conductivity
measurement, changing the viscosity in the studistem and the determination of
the standard reduction potentials of the studiedptexes by cyclic voltammetry, will

be given in details.

2.1 Materials

Chemical reagents were purchased from followtognpanies as collected
in table 1. All substances were analytical reaggnaides. Quenching reactions of
chlorophyll a fluorescence by tris(acetylacetonabmy11l) were carried out in various
solvents. Chlorophyll a was used as received. Stdvevere dried by 4 and 5
angstroms of molecular sieves over two nights [eefarsing. For lifetime
determination, colloidal silica was used as refeeein order to be collected scattering
light sine wave. Ferrocencemethanol was used as iternal reference in

electrochemical study.
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Table1l Data of chemical reagents.

Chemical reagents Company
Chlorophyll a (spinach) ukd
Tris(acetylacetonato)lrah)(l Sigma Aldrich
Acetonitrile LAB — @I

chemical reagents company

Benzene BDH

Dimethyl sulfoxide (DMSO) BDH

Ethanol MERCK

Methanol LAB — SCAN

N, N — Dimethylformamide (DMF) Fluka Riedel-det¢ta

Tetrahydrofuran (THF) Fisher Scientific / Fisher

ChemAlert Guide

Toluene MERCK

Ferrocenemethanol Sigma — Aldrich

Tetrabutylammonium- Fluka

hexafluorophosphate electrolyte
Colloidal silica MERCK

2.2 Instruments and apparatuses

2.2.1 Absorption spectroscopy

UV-Vis absorption spectra were recorded on\&\Wk Spectrophotometer
model Specord S100 with standard cuvette, patithehgm. Deuterium and tungsten
were used as light sources covering wavelengthsUih and visible region

respectively.
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Figure 7 UV-Vis spectrophotometenodel Specord S100

2.2.2 Steady state luminescence spectroscopy

Emission spectra were recorded with a L@sdence spectrometer LS55
manufactured by Perkin Elmer (Figure 8). The gpectéter uses a xenon arc lamp as
light source covering wavelengths from 250 nm t0 8f. A grating monochromator
with variable bandwidths is used for the excitateoxd emission. PMT voltage was
automatically selected by the instrument and isiraction of the slit width of the
excitation monochromator. Luminescence cuvette gaadard transparent cuvette
with a screw cap. Path length of the cuvvette il Excitation and emission slit

widths are 5 nm widely.

Figure 8 Luminescence spectrometer LS55
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2.2.3 Time-resolved technique

There are two types of time resolved technigueigh are commonly used
for measuring fluorescence lifetimepulse fluorometry and phase-modulation
fluorometry. The pulse fluorometry relates to measurementtoqeed in the time
domain, while the phase-modulation fluorometrytedao the frequency domain. The
basic principle of pulses fluorometry is that exgtpulses of light from a lasers or
spark sources are focused to the sample. The tependlence of the fluorescence
decay is recorded. Phase-modulation fluorometryditicmally incorporates a
modulated excitation source which causes the feaenece emission waveform to be
phase shifted and having different in amplitudeshwiespect to the excitation
waveform. The latter technique will be given inalebecause it was used in the
lifetime measurements of the system studies.

The modulated light source and the measurementhef phase shift of the
emitted fluorescence are used to measure the foenee nanosecond lifetime. A
sinusoidal excitation wave is used to excite a damphe emission which is
modulated with same frequency as excitation is ese Because of the time lag
between excitation and the emission, the emissotelayed in time relative to the
modulated excitation (Figure 9). The degree of nlatthn and/or phase shiftd] of
the emitted light is compared with the excitatioght waveform. The phase shift
increases from®9C° with increasing modulation frequency. The finit@e response
of the sample also results in demodulation of thession by a factom, which

decreases from 1.0 to 0.0 with increasing the nadahul frequency.
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Figure 9 Phase and modulation of fluorescence in respmnsgensity-modulated

excitation using single frequency.
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There is a delay of time{) between excitation and emission signal which
relates to the phase shifb). In addition, the amplitude signal is decreadea (B)
which is called demodulation (Lakowicz., 2006). Forfluorophore which decays
monoexponentially with lifetime, the lifetime values can be analysed from the @phas

shift (tp) and from the demodulation,{) which are given by

tan® () (25)

Tn== =71 (26)

whereo6 is the measured phase shift, m is the measuredlatamh, » is the angular
frequency of light modulation =72, f is the modulation frequency. For the
monoexponential decay the fluorescence lifetimre t, = tm. The accuracy for this
case is higher than that of TCSPC. However fomtlodtiexponential decay, the data
evaluation is very complex and less accurate coetptr TCSPC. The lifetimg and

m are obtained from fitting of equation 25 and emumat26 (Landgraf., 2001).
Nevertheless, the interrelationship among the nadaul frequencies, the phase
angles and the modulation amplitudes have to be atmsidered. At higher
modulation frequencies, the phase angles of thestom increase and the modulation

decreases.

2.2.3.1 Modulation technique with digital storage oscilloscope

This technique was devised in 1995 and iegplin many works
(Landgraf., 1996; 2000; 2004). The principle ofttechnique is described in section
2.2.3. The experimental device is shown in figu® Ihe advantages of this
technique over other commercial instrument are thatlower cost. The excitation

light source can easily to be replaced. Therefarkarge number of wavelengths are
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possible for excitation of the sample. A working-gp has been used. The main

devices are summarized in table 2.

Fluke 6071A modular set-up with LD (Fig. 2)

RF signal | b====-u- 1 LD
generator @ My semple
T p

el
F [MHz], U [dBm]

KN 120 S i
DC
laser diode | [Tt gle

iris diaphragms

,long pass filter

= //photomultiplfer

power supply 2 R5600U
2
S

I[mAl, P [mW]  bleeder circuit

LeCroy 9370 splitter (SMD)

storage oscilloscope

PC ILD

power suppl.
+0-1000 V
U]

- L1 nd
cilcz +20 dB

Figure 10 The scheme of the electronics used in our expeiimhset-up.

Table 2 The modulation apparatus used in our laboratdhe experiments was
performed at 25C.

Instruments Modulation specification

Oscilloscope LeCroy 9450f&/&urfer 16 Hz

Generator LM. 04, max. 1.056 Hz

Amplifier HP 8447A (2B, 400 MHz)

Detector R5600U-08%-850 nm)

Modular set-up bias tee, Iditier holder, filters, sample holder

(Figutl)

LED 370 nm

PC control LD_CALC program (version 2.0drfr 08-

Filters gray filter U 340n (Excitation filter) (Figure 11)
and long pass filter RG 610 (Emission filter)
(Figure 11)

Frequencies 5, 10, 15,Z29and 30 MHz

- Minum frequency was calculated from
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td/ 36. Maximum frequency was calculated
fromxd/ 7.2. ;tr is the fluorescence lifetimes
Phase angle etween 16 to 50°
Amplitude -45t0 +13 dBm
*LeCroy (Geneva, CH), Fluke (new Gigatronics, Sami®n, USA), HP (Palo Alto,
USA) Hamanitsu (Herrcling, D) modified DDS-generattased on AD9851 from
Analog Device (Norwood, USA).

sample chamber
10x10 or 10x20
lens holder mm cuvette

iris diaphragm

filter holder

photomultiplier
mounting

I mod/pulse

to oscilloscope, to oscilloscope /

f mod/pulse ’ single photon counting
from synthesized signal/pulse generator ~ power supply

Figure 11 The modular set-up (Landgraf., 2001).

The single signal (frequency) synthesizer geties a sinusoidal radiation
for the LED or LD. The modulated light beam excithe fluorophore sample. The
modulation frequencies)(have to be associated to the fluorescence litetimorder
to obtain measurable values forandm. The lowest modulation frequency can be
estimated from 1/(3§. The samples fluorescence is detected by a PM in
perpendicular position to the excitation light. Tde#ta generated from excitation and
emission signals are stored in the oscilloscopet@msferred to a PC global fit of all
data points by LD_CALC program. The program is alsed to handle the data from
the DSO and to control the frequency generator BjPGorotocol as shown in Figure
16. In the same manner, a scattering sample (dallailica or Ludox, Aldrich,
Austria) is applied which acts as reference.
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2.2.3.2 Data analysis of the modulation technique with digital storage

oscilloscope

As mentioned above the excitation light soureégrence and fluorescence
signals are recorded on the DSO, An example obtlggnal data is shown in figure
12 (Landgraf., 2001). The data files compose wiliindisoidal waves which are:

e curve 1 : electronic signal of light source for iixg the reference
e curve 2 : amplified signal from the reference (cwlél silica)
e curve 3 : electronic signal of light source for ikixg the sample

e curve 4 : amplified fluorescence signal from thengke

0.15
N\
I(LED)
------ I (LED)s
0.10 - reference
-------- sample
= ]
Té 0.05 | 25 Mhz
= 4 +3 dBm 5000 ns
17} 25000 values
ATl /’,‘..\.\. TR
1, \\...4 R /,’ \.\,_" /// \\.;
0.00 N R R -
4 N\ /. L !
N LU N e et
SLH 1% RN 200
T T T T T T T T T T T T

Figure 12 An example of the original data recorded on ataligtorage oscilloscope
(DSO).

Curve R and S refer to the reference signdl sample signal, respectively
which are different in phase and modulation amg@étu(LED) r and I(LED)s are the
recorded data from the measurements through the diifing the measurement of
reference and sample, respectively. They are loethtical and are used for triggering

the oscilloscope.
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“Sample analysis is done by finding the zemssmg points in those four
curves. The time values-tt; are optimized by a linear regression of the daiatp
within a phase anglé = + 0.1, where the approximation gin~ @ is valid. This
procedure is able to calculate values with a régwilbetter than the one from the
oscilloscope but even in frequency scans of 10edifit modulation frequencies
results are rather poor. Therefore, a new methadban developed. A mathematical
fit using simplex algorithm optimizes the followirignction to the complete data set
including all experimental values.” (Landgraf., 200

For fluorescence lifetime measurements, Inscessary to measure at
different modulation frequencies in order to det@enwhether the decay is single
exponential or not. The measured lifetimes are ebgoeto be independent of varied
frequencies, with reproducibility. To calculate tAaorescence lifetime from the
frequency response of the devices applied it i®s&ary to consider the phase angle.
The most precise results are in betweeh-140F. Below 10 the error occurs from the
limited number of points on the DSO while above® 40e signal is decreasing
significantly by demodulation. Results are avagahihdependently from the
controlling (modulation frequency set manually grthe LD_CALC program).

2.2.3.3 Fluorescence lifetime experiments via modulation technique with

digital storage oscilloscope

Apart from the phase angle consideration as iowed above, an important
aspect to perform lifetime measurements is to séecappropriate LED wavelength
and filters. Data from absorption and emission speof the studied quenching
reaction must be considered. The LED should bectwsleat a wavelength which
provides a high optical density. The filter is s¢éel from the type which transmits
most fluorescence of an emission band and reflettter wavelengths especially.
Long pass filters (LPFs) is used to pass or tranannange of a wavelengths and to
block or reflect other wavelengths on one sideheffiassed band. In the case of long
pass filters, the transmitted wavelength is longrelength radiation, while short
wavelength radiation is reflected. The filter isesfiied by their center (50%

transmission) wavelength.
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Figure 13 (a) Long pass filter characteristic and (b) Traission spectra of long

pass filters (product information from SCHOTT comyppa
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Figure 15 Modulation technique with digital storage osaltope
2.2.4 Cyclic voltammetry technique

As already mentioned in the theoretical chaptiee driving force of the
photoinduced electron transfer system is the nmgbrtant thermodynamic property.
The driving force can be determined by Rehm-Wedigmation as already shown in
equation 1. It is necessary to know the standaddaten potentials of the ground
state donor, ¥D*/D), and acceptor, ¥A/A") of each solvent studied using CV
experiments. The electrochemical cell was used wéthperature controlled by a
thermostat at 25°C.

The cyclic voltammetry is an electrochemicaéthod which allows to
measure redox potentials. It can be used to irmyadstithe rates and mechanisms of
charge transfer reactions, kinetic studies, andoso Typically, a voltammetric
experiment utilizes three types of electrodes wtach the working electrode, the
reference electrode, and the counter or auxilibrgtende.

e Working electrode. It is normally made from inert clutting
materials like glassy carbon, platinum or gold. Shedied redox reactions take place
at the surface of the electrode. Therefore it megufrequent cleaning by polishing

with the proper size of diamond pastes. In orderetmove absorbed species and
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obtain the reproducible results. In this work, glasarbon and gold electrodes are
used. Diameters of the disk electrodes are 2 mm.

o Reference eectrode provides a fixed reference potential vershe
potential of the working electrode. The referendecteode uses a stable and
reversible half-cell process. The half-cell is seped by a glass frit or membrane in
order to avoid mixing of both components, but stilbw charge transport.

e Counter electrode or auxillary electrode consists of a large swgfaea
of the inert material such as platinum. Since thgent flows through the counter
electrode, it must have a sufficiently large suefarea comparing relative to the
working electrode in order to prevent limitationaefrrent flowing in the total circuit.
The current measured in a voltammetric experimients between the working and
counter electrode.

e Supporting electrolyte plays important roles to decrease the resigtivi
of the solvent, suppress migration of charged edactive analytes and reduce
distortion of the voltammetry. The supporting elelgtte must be ionic and inert for
electrochemical work. In this work tetrabutylammanhexafluorophosphate was
used as supporting electrolyte which can be solmbheany kinds of organic solvents.

To understand the cyclic voltammetry principleisitworth to brief shortly
about linear sweep voltammetry. “Voltammetry” iselactrochemical method which
records the relation between current and the appbietential. The potential is
changed with time. Linear sweep voltammetry comesis to the linear change
(sweep) from the starting potential; Eo the ending potential, ,Ewith respect to
time. The scan rate is the derivative of changihgaiential with time, &/dt. The
scan proceeding to more positive potentialsXH;) is calledanodic scan. The scan
proceeding to more negative potentials €85) is calledcathodic scan. The voltage
applied to the working electrode is positivétyward scan from E; to E (known as
switching potential and preselected) (Figure 16hene the direction of the scan is
reversedreverse scan) and swept to £

Cyclic voltammetry shows a current-voltage curkeggre 16b) (or voltam
mogram). The current respond is plotted as a fanatif applied potential. (Figure
16c) shows that the potential is scanned in thagtige direction until it reaches the

switching potential. The electrode is now positaed sufficiently to oxidize the
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species at the electrode surface. The anodic du¢hgh of the oxidation potential
(Epa) is observed. The scan direction is switched igatiee potential for the reverse
scan. The electrode becomes more negative andaisuffy to reduce the oxidant at
the reduction potential ¢§. The cathodic currenty) is monitored.

() (b)
r it
0.5 Rs ' al.
S I forward reward | _ ’2_ E,
;: scan scan i
£ 00 =1 g
) = OF
S o
(<9 55 -1k Ez
- e Q
. E, E, -2F
" " Pl =3 N L N N N
0 5 10 15 20 0.8 04 -02 00 02 04 06
time (s) potentail (V)

04 -0.2 0.0 0.2 0.4
potentail (V)

Figure 16 (a) one cycle of triangular potential waveform,, IEs and & are starting
potential, switching potential and end potentigl ¢kclic voltammogram relative to

the triangular potential waveform, and ¢giclic voltammogram of reversible couple.
A redox couple in which both species rapidly lexage electrons with the

working electrode is called an electrochemicallyersible couple. The reduction

potential (E) for a reversible couple is centered betwegrahd E..

2 (27)
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The number of electrons transferred in #hectrode reactiom) for a
reversible couple can be determined from the séparhetween the peak potentials
(AEp) which is 0.059 V. The value ofidand | should be identical for a simple
reversible couple. Thenpdlyc is unity.

Cyclic voltammetry measurement was measuregl MaclLab (4e AD
Instruments with potentiostat/Serial No. p068).t&afe of the MacLab is ECHEM
program version 1.5. Three types of electrodes are

- working electrode : glassy carbon
- reference electrode : platinum wire
- counter electrode : platinum wigéag).

Ferrocenemethanol (Fc-MeOH) was used as irdernal standard. The
measured potential was comparable versus saluresédomel electrode (SCE) in
DMF -0.382 V.

2.3 Sample preparations

2.3.1 Sample preparation for testing photo-physical properties and

guenching reaction.

The fresh stock solutions of all chemicals wergpred in various organic
solvents. Chlorophyll a stock solution was preparethe concentration of 5.00x20
M. Chlorophyll a is a dark light solid with a vetipy amount in a commercial bottle.
In order to weigh the chlorophyll a cannot be dalirectly. The molar extinction
coefficient of chlorophyll a at the maximum wavedém (L440) was taken into account
in Lambert-Beer law; A =cl when A is absorbancé,is path length (cm), c is
concentration (mol ) ande is molar absorptivity (L mé! cm®). Stock solution of
tris(acetylacetonato)lron(lll), Fe(acawas the quencher in our experiment. Fe(acac)
was prepared at 1 mM by weighting Fe(ag@d)048 g (molecular weight = 479.02
g.mol") and diluted to be 10 mL in each solvent. Botmpounds were measured
absorption and emission spectra. It was found fefacag was non emissive
compound while chlorophyll a gave an enormous é@mgitfluorescence around 650

nm. The chlorophyll a solutions in each solvent aveneasured the lifetimes by
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modulation technique. All chlorophyll a solutionere removed ©by purging Ar

before measuring (Figure 17).

Ar(g) inlet

Figure 17 Set-up of purging Ar into the samples for lifetinand quenching

experiments.

For quenching experiment, the absorbance tdraphyll a was fixed at
0.05 in each solvent in order to prevent the resgiieon and self quenching reaction.
Then the certain amount of chlorophyll a stock sofu was added into 10 mL
volumetric flask (see from the Table 3-10). Theamriration of chlorophyll a was 1
uM at 0.05 absorbance. This concentration was usedlf samples. There were
15-20 samples for each solvent. Concentrations Fed(acac) were varied from
1.00x10° to 2.00x10" M (see from the Table 3-10). The stock solutiorFefacac)
was quantitatively added to chlorophyll a soluti®he solvent was adjusted to 10 mL
and mixed. Later the solution was filled into aaclduminescence cuvette equipped
with a septum. Solutions were deaerated with argas (Ar) by penetrating the
syringe (connected with the Ar gas line) and slolypbling Ar through the solution
for 10 minutes. After that the surface outsidedbeettes were cleaned carefully with
acetone before measuring the fluorescence intenHity integrated areas under the

fluorescence intensity profiles of each sample wecerded.



Table 3 Preparation of chlorophyll a - Fe(aca@ benzene.

Chlorophyll a (mL)

Fe(acac); (mL)

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.0
0.1
0.2
0.25
0.3
0.35
0.4
0.5
0.6
0.7
0.8
0.9
1.0
11
1.2
1.3
1.4
1.5
1.6
1.7
1.8
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Table 4 Preparation of chlorophyll a - Fe(aca@ toluene.

Chlorophyll a (mL)

Fe(acac)s (mL)

0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15

0.0
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1.0
1.2
1.3
1.35
1.4
15
1.7
1.8
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Table 5 Preparation of chlorophyll a - Fe(aca@ ethanol.

Chlorophyll a (mL)

Fe(acac); (mL)

15
15
15
15
15
15
15
15
15
15
15
15
15
15

0.0
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1.0
1.2
1.4
1.6
1.8
2.0
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Table 6 Preparation of chlorophyll a - Fe(aca@ methanol.

Chlorophyll a (mL)

Fe(acac); (mL)

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.0
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
11
1.2
1.3
1.4
15
1.6
1.7
2.0
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Table 7 Preparation of chlorophyll a - Fe(aca@) DMF.

Chlorophyll a (mL) Fe(acac); (mL)
0.15 0.0
0.15 0.1
0.15 0.2
0.15 0.3
0.15 0.4
0.15 0.5
0.15 0.6
0.15 0.7
0.15 0.8
0.15 0.9
0.15 1.0
0.15 1.2
0.15 14
0.15 1.6
0.15 1.8
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Table 8 Preparation of chlorophyll a - Fe(aca@ DMSO.

Chlorophyll a (mL)

Fe(acac); (mL)

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.2
1.4
1.7
2.0
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Table 9 Preparation of chlorophyll a - Fe(aca@ MeCN.

Chlorophyll a (mL)

Fe(acac); (mL)

0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.2
1.4
1.6
1.8
2.0

41
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Table 10 Preparation of chlorophyll a - Fe(aga@) THF.

Chlorophyll a (mL) Fe(acac); (mL)
2.0 0.0
2.0 0.1
2.0 0.2
2.0 0.3
2.0 0.4
2.0 0.5
2.0 0.7
2.0 0.8
2.0 1.2

2.3.2 Sample preparation for cyclic voltammetry technique.

The redox potential of Fe(acacjas measured by cyclic voltammetry
technique. The redox potential of chlorophyll a vaken from the literature. Both
redox potentials were taken to calculate the Gibbbe energy of Rehm-Weller
equation. The negative value of Gibbs free eneefgrs to the spontaneous electron
transfer which can be studied by quenching reaction

The preparation of sample for CV experiteegan be done by pre
paring 0.1 M of tetrabutylammoniumhexafluorophogspH@BAP) used as supporting
electrolyte. The TBAP (Molecular weight = 387.4ngl™") 0.1937 g was added into
the CV cell. The 5 mL of solvent was added andredirwith purging Ar for 5
minutes. The working electrode was polished by watel acetone, respectively. The
purging of Ar was stopped before measuring. Ldtentthe cyclic voltammograms of
supporting electrolyte were scanned from -2 V+®V with the scan rate of 50, 100,
250, 500, 1000 and 2000 mV. After we saw theaimand clean voltammogram,
the internal standard, ferrocenemethanol, 0.02 ML8® g) was added. The
experiment was carried out as it was done withethetrolyte. The redox potential of

ferrocenemethanol was obtained. Afterward the saroplFe(acag)was added into
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the electrolyte solution. The solution was stiresdl purged with Ar again for some
few minutes before measuring. In the mean while viorking electrode was cleaned
again. The cyclic voltammograms of Fe(agatgre recorded at the same parameters
as like as electrolyte scaning. The cathodic peatlential (Ec) and anodic peak

potential (2 were recorded.

2.4 Data analysis

Electron transfer ability was studied via quenchiegction. The parameters
of quenching rate constantgfkand the apparent association constarg) (ere
calculated. The high ¢kvalues can primarily refer to the good electroansfer.
However in order to find out the rate of electreansfer (k) the diffusion rate
constant () has to be considered very well. The quenching &nstant was
obtained from the Stern-Volmer plot as already dieed in the Chapter 1. Thel|
—1 versus concentrations of Fe(agat)studied solvents were obtained. The intensity
was taken from the integrated areas of fluorescepeetra.



CHAPTER 3

RESULTS AND DISCUSSION

3.1 Photo-Physical Properties of chlorophyll a and trigacetylacetonato)lron(lll),

Fe(acag)and solvents effect.

3.1.1 Photo-Physical Properties of chlorophyll a

Absorption spectra of chlorophyll a in solutiongere recorded in UV and
visible region. Various solvents like acetonitrikthanol, methanol, DMF, DMSO,
THF, benzene and toluene were used as solvenectif solvents was investigated.
Absorption spectra of chlorophyll a in differenthants can be shown in figure 18.
Chlorophyll a shows two major absorption bands isible range. It is due to
extendedrt-delocalization at the edge of cyclic tetrapyrgderphyrin) part. These two
bands are a Q band (red band) in visible regionaasadret band (blue or B band) in
Ultraviolet-Visible (Zvezdanovic and Markovic, 2008The soret Q band shows
intense absorption around 430 ner=(1.5x1G M™*cm®) which isz-n* transition. The
absorption Q band locates around 669 nm with exherhigh molar extinction
coefficient (13-10°> M™*em®). This band is expected to be charge transfer.both
transitions become spin allow upon selection rQGlelorophyll a contains a network
of alternating single and double bonds. The orlui¢ad delocalize electrons stabilizing
the structure. Such delocalized polyenes give asrneous absorption in visible
region. In chlorophyll a, the central magnesiumrdowates with four nitrogen atoms
of the pyrrole rings. It can be both electron dodoe to presence of ketone (C=0)
groups and electron acceptor via its central Mgnat@rifunac and Katz, 1974).
Absorption spectra of chlorophyll a in studied solis can be shown in figure 23.
Absorption data were collected in table 11. Theran interesting behavior of soret
absorption bands of chlorophyll a in different pija of solvents like benzene,

methanol, acetonitrile, DMF and DMSO. The maximurmavelengths of absorption
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show the red shifting toward higher solvent poiesit(Figure 19a). However, the Q

bands are independent from the solvent propertugi19b).

««— absorption of chl a_DMF

absorbance

500 600 700 800
wavelength (nm)

Figure 18 Absorption spectrum of chlorophyll a
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Figure 19 Normalized (a) absorption soret bands andalisprption Q bands of
chlorophyll a in various solvents.
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Table 11 Absorption data of chlorophyll a in variogslvents.

solvent polarity dielectric }L::x (nm) ¢ of Q band
constant  Soret band Q band (M*em™)

Toluene 2.4 2938 432 664 73,000
Benzene 2.7 227 415 667 84,600
THF 4.0 758 436 664 70,400
Ethanol 5.0 29°%60 432 666 67,903
Methanol 5.1 32%70 423 666 12,049
Acetonitrile 5.8 37.50 430 663 194,000
DMF 6.4 3671 433 666 141,400
DMSO 7.2 4668 434 666 32,000

*Reported at = 2% PReported at =24 Reported at = 2TC

As discussed before the absorption Soret baagredrom =-7t* transition
and it shows the red shifted maximum wavelengthsah be suggested that the
excited state oft* is stabilized in high polarity of solvents (FiguR0). Therefore, the
energy between andr* decreases. The maxima wavelengths of absorpppea at
longer wavelengths with high polarity of solventdis fact is different from what
have seen in the Q band. The Q band is proposed tharge transfer band. There is

no significant shifting of maximum wavelengthsislidue to an unchanging oflevel

energy.
7 W
* hN
A A TE*
i p-orb (MQ)
I -——-p T — | T
Soret band transition Q band transition

Figure 20 Scheme of n* orbital stabilizing of soret band and unchangeérgy

level of Q band.
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Fluorescence emission of chlordiphyis observed a strong band with
maximum at 670 nm and a shoulder around 720-730mmmsible and far visible
regions (Figure 21). The excitation wavelength 3® 4m which is the Soret band.
Following the absorption of chlorophyll a, sevemocesses usually occur. An
interesting consequence of emission is typicallgronimage. However it is found the
emission to be a single broad band with a showtesom temperature. The emission
spectrum is devoid of vibrational structure. Thergy spacing between absorption
and emission spectra is illustrated in figure 21.
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Figure 21 Overlay of absorption and emission spectra of roployll a in DMF

solution.

As we have described that there is no sicguifily shifting of maximum
wavelengths of absorption Q band spectra correspond the order of viscosity or
polarity of all solvents. However, there is an reging trend showing in emission
spectra of the compound. The increasing of visg@sitl polarity of solvents leads the
emission spectra appear at longer wavelengthsagnsim figure 22. The important

parameters of fluorescence emission are collectéabie 12.
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Figure 22 Normalized emission spectra of chlorophyihavarious solvents.

Table 12Fluorescence emission data with related enerdieBlorophyll a in various

solvents.
Solvent  A®"nax  Stroke shift (cmi') Stroke shift (cmY) By o
(nm) (soret band) (Q-band) (cr) (nm)

Benzene 670 23,148.15 15,174.5 19,161.33 5.49.29
Toluene 659 24,096.39 28,97 19,510.88 7.50.07
Ethanol 671 22,935.78 14,887 18,941.73 6.18.21
Methanol 673 23,148.15 14,903.13 19,025.64 5649
DMF 670 23,640.66 14,858.84 19,249.75 ABAD7
DMSO 673 23,255.81 14,970.06 19,112.94 641013
Acetonitrile 668 23,041.40 14,858.84 18,950.16 611612

The photo-physical properties from figure 22 gadale 12 show us the small
stroke shifts between absorption Q bands and emnisgiectra. In general for energy
transfer to occur, at least partial spectral oyedéathe sensitizer emission band and
guencher absorption band is required. In this cageconsider the energy transfer
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within sensitizer molecule itself. The overlappinf emission and absorption of
chlorophyll a displays the homo-energy transfeclbrophyll a. The Stroke shifts
between absorption Soret bands and emission specivéde large energy values.
None of an overlap between these two bands is wbdeln this case, the controversy
of energy transfer can be neglected. Then the maximvavelength of Soret band is
chosen to be the excitation wavelength instead baqd. The hetero electron transfer
is expected only. The zero-zero (0-0) spectrosctpitsition energy gap {&(D?*) ]
can be estimated from the absorption and emisgents. In the case of identical
symmetry between those two spectra, thg[) can be calculated from the half of

the absorption and emission energies as shown here

_FC  _FC
Va + vg (28)

2

Eoo (D¥) =

where17;§C and7fFC are the Franck-Condon maxiihe donor’s absorption
and fluorescence spectrum, respectively. The zero-zansition energies were used
to calculate the driving forceAG®) in Rehm-Weller equation. Another important
parameter is the excited lifetime which was measui®dm phase modulation
technique with digital storage oscilloscope. Ingghanodulation technique the sample
is excited with a sinussoidally modulated contirueadiation. Hence the observed
emission will also be modulated with the same feamy as the excitation. For a
monoexponential decay the lifetime can be analymedbe independent from
modulated frequencies. In our case, chlorophylaa short-lived excited electronic
state. First order lifetimes produces a frequendgpendent lifetime (see Appendix).
Then the decay of excited chlorophyll is monoexphia The lifetimes of the
compound in various solvents are in the range %ft&.7.5 ns with no tendency of

solvent viscosities as shown in table 12 above.
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3.1.2 Photo-Physical Properties of tris(acetylacetonatirpn(lll), Fe(acac)s

Tris(acetylacetonato)lron(lll), Fe(acacgomplex was chosen to be the
guencher in our study. Tris(acetylacetonato)lrdp(8 a good quencher to accept
electron from excited chlorophyll a. There are samportant criteria to select an
appropriate quencher as following :

e The quencher must not interact chemically withftherophore.

e The reduction potential /&g has to be within a certain range to allow
guenching via electron transfer.

e The absorption spectrum of the quencher nmast overlap with the
emission spectrum of the fluorophore. It can bdedate-absorption of the emitted
photons by the quencher diminishes the fluorescareasity and hence results in an
apparently higher quenching rate constant.

e The quencher must not absorb in thectspl region where the
fluorophore is excited. Else the fluorescence isitgn(leyy) is decreased as a
consequence of competitive light absorption (sdedalinner filter effect). The
guenching rate constant is higher from realistic@a

From these criteria, the photo-physical prope and electrochemistry
behavior have to be investigated carefully. TheaEa¢)} is non-emissive species.
There is no chemical interaction between chlordpdynd Fe(acag)Absorption can
be shown in figure 23 and data are summarizedhile th3. There are two important
bands in UV and Visible occur at 360 and 440 nrspeetively. The transition of
these two bands are proposed to allowed transitionn* and MLCT, respectively.
There is no significant shifting of maximum abs@ptwavelength. It means that it is

independent of solvent properties.
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Figure 23 Normalized absorption spectra of Fe(agan)various solvents.

Table 13 Absorption data of Fe(acacih various solvents.

solvent polarity dielectric /1::3; (nm)
constant
Toluene 2.4 238 437
Benzene 2.7 2.27 438
Ethanol 5.0 29.60 432
Methanol 5.1 3270 428
Acetonitrile 5.8 37%0 436
DMF 6.4 36271 438
DMSO 7.2 46.68 438

According to the criteria of being a quencher Bé(acag) the absorption

spectrum and emission spectrum of chlorophylhas to be plotted.
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Figure 24 Normalized absorption spectrum of Fe(agar)d emission spectrum of
chlorophyll a in a solution.

From the figure 24, there is no overlapping amahgse two spectra. Then
there is no hetero-energy transfer between excidarophyll a and Fe(acac)The
re-absorption of the emitted photons by the quencha be avoided. However, the
inner filter effect cannot be neglected. There issteong overlapping between
absorption of chlorophyll a and emission spectrdrkRefacac) (Figure 25). We have
to consider the inner filter effect factor and feokte the corrected emission
intensity of chlorophyll a in each quenching reaatiWhen the solution contains
other chromophores that absorb light in the sameelgagth range as the fluorescent
compound under study. The chromophores act assfiitethe excitation wavelength

and the fluorescence intensity must be multipligdlzorrection factor which will be
presented in section 3.3.
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Figure 25Normalized absorption spectra of Fe(agar)d chlorophyll a in a solution.

For electrochemistry behavior of Fe(agachhe redox potential of Fe
(1i/111) was studeied by cyclic voltammetry technoig As it was described before that
the reduction potential & of quencher molecule has to be within a certangeato
allow quenching via electron transfer (Rehm-Weélguation). The CV experiments
were performed in DMF and compared the reductioterg@al with the literature
(Richertet al., 1989).

The ferrocenemethanol-ferroceniummethanol redmuple was used to
estimate junction potential changes upon changihgests. After each measurement,
the redox half wave potentials;(g of ferrocenemethanol-ferroceniummethanol were
measured as -0.492 V versus SCE. The redox coapleef{acac)are reversible. The
Fe(acag complex can be reversibly reduced to Fe(acas)shown in figure 26. The
redox potentials are shown in table 14. It has bgleown that electron transfer
reaction is ligand-centered and brought the redatergial of metal-centered to be
changed from 3+ to 2+. This implies that the traosi metal complexes electron
transfer reactions are facilitated by stabilizatioihthe ligand-radical product via

covalent bond formation with an unpaired d electvbthe transition metal center.
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Figure 26 reversible couple of Fe(acgacin DMF, (a) cyclic voltammogram of
Fe(acag) in DMF and (b)cyclic voltammogram of Fe(acacjvhen compare with

ferrocene methanol DMF.

Table 14 Reduction potential for Fe(acagh DMF (0.1 M. Tetrabutylammonium

hexafluorophosphate)

Solvent Ei» V vs SCE
Felg/Fels Fc-MeOH/FE¢-MeOH
DMF +0.66 -0.492
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Table 14 lists the half-wave redox pt&nEy, of Fe(acag) and
ferrocenemethanol at 50 m\:.dor 10° M solutions in pure DMF using 0.1 M
tetrabutylammoniumhexafluorophosphate electrol@@enerally, the redox potentials
are better expressed by£han by the cathodic (g or anodic (5 because both &
and Ea change with scan rates, whereag B independent of scan rate. Although,
the AE; is broader than the theoretical value of 60 mVeskrsible couple, th&E, is
similar to what is observed from ferrocene methawbich is well known to be
reversible couple. Moreover, the ratio betweenadithpeak current and anodic peak
current is }J/lpa = 1. The cyclic voltammogram of Fe(aca®xhibits reversible
electrochemical oxidation and reduction for onetete process. Figure 27 shows the
plot between peak current and the square root arf sates. It gives the linear plot
which implies that the voltammogram is the revdesitouple over increasing of scan

rates.

0.25F
R? = 0.9977
0.20}

0.15f

0.10f

(Peak current, pA)i

0.05F

000 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1

(scan rate}’?/ mV.s?

Figure 27 Plot of peak current{) with square root of scan rates
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Figure 28 Plot of peak potential (a),Eand (b) Ec with scan rates

The plot of peak potential both from reductsord oxidation peaks versus
scan rate is used to confirm that the cyclic votteogram of Fe(acag)is the
reversible couple. When the scan rates increasgpdtentials of reduction decreases

while the potentials of oxidation are opposite.
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3.2 Calculation of free energy changeAG°) for the electron transfer reactions

The thermodynamic driving force of electron tramstan be predicted by
Rehm-Weller equation. The driving force of the spstmust be the fundamental
thermodynamic condition for spontaneous electrangfer between neutral reactants,
AG® < 0. Value ofAG® for a photoinduced electron transfer can be estichdy

Rhem-Weller equation which is shown in below
0 _ + _ 0\ * _ (29)
AG" = E12(D/D”) — E1j2(A/A”) - Ego(D*) + Wp - Wi

where E1»(D/D") and B/x(A/A") are the half wave oxidation potential of the
ground state donor and the half wave oxidation rg@k of acceptor couple,
respectively. The terms, andw, are the coulombic work terms of the products and
reactants, respectively, which correct for thekniowolved in bringing ionic species
together. The coulombic work terms are usually §naald zero for neutral species.
The studied system is neutral charge. Then bafk werm parameters are zero.

They can be neglected.

Table 15 The redox potentials (V, vs SCE) of metal-porphyM-Chl a).

Compound & Bx Bed Beg. B — Bred
H,-Chl a 1.37(1.38) 0.94(1.00) -1.01(-0.94) -1.24(-1.24) 11054)
Mg-Chl a 0.86(0.86)0.58(0.63) -1.04(-0.94) -1.29(-1.64) 1.62().78
Fe-Chla(Cl)  1.03 - . . -

Ni-Chl a - - -1.03(-0.94) -1.40(-1.3) -
Cu-Chl a 1.18(1.18)0.86(0.89) -1.04 (-0.92) -1.41(-1.37) 1.90().81
Zn-Chl a 1.00(1.08)0.64(0.86) -1.10(-1.10) -1.44(-1.44) 1.74(}).96
Zn-PMP a 0.95 0.61 - - -

Zn-Chl b 111 0.68 -1.06 - 1.74
Zn-Chles TME  0.93 0.56 -1.30 -1.56 1.86

Nanomura, Y., lgarashi, S., Yoshioka, N., Indde,1997. Spectroscopic properties of chlorophgiid their
derivatives. Influence of molecularusture on the electronic state. Chemical Physi28: 255-166.
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The oxidation potential of chlorophyll a (Mg isnter atom) is taken as the
0.57 V (Nanomurat al., 1997; Kathiravaset al., 2009) while the reduction potential
of Fe(acag)is 0.66 V as mentioned in the previous topic. Hegis the excited
zero-zero transition of chlorophyll a. The thermoamyic driving force is reported in
table 16.

Table 16 Thermodynamic driving force of electron transfesni chlorophyll a by
Fe(acag) calculated from Rehm-Weller equation. Data rembimeDMF solution.

Quencher  Eyzox(chl a)(V) B2 red (Quench)(V)  Bxo(eV) AG°(eV)

Fe(acaq) +0.58 0.66 1.8% -1.93

: data taken from Nanomuta lgarashi, S. Yoshioka, N. Inoue, H., Spectomsc properties of chlorophylls
and their derivatives. Influence of mallee structure on the electronic stademical Physics, 220 (1997)
155 - 166.

: our experimental data in DMF calibrated redartfpotential versus SCE of ferrocenemethanol witantler

A., Mallik B. Chemical Physics Letters, 330 (20621 — 527.
¢ : data taken from Richert S. A., Tsang P. KSawyer D. T. Inorg.Chen28 (1989) 2471 — 2475.

Gibbs free energy\G°) was -1.93 eV. The minus value refers that ebect
transfer from chlorophyll a to Fe(agpcan spontaneously occur. The oxidation
potentials of chlorophyll a are independent frorivesot properties. Nanomusgt al.,
1997 reported the oxidation potential of chldrgpa (Mg-Chl a) in DMF at 0.58 V
with SCE reference electrode. Similarly with Kedvanet al., 2009 reported the
oxidation potential of chlorophyll a (Mg-Chl a) iMeCN at 0.57 V with SCE
reference electrode. One can see that theretisjligle different result in both

solvents.
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3.3 Quenching reaction of chlorophyll a by molecé electron acceptor Fe(acag)

The steady-state fluorescence quenching is camerperimental method
For determining the reaction rate constant. Thectela transfer reaction can
investigate via observed quenching reaction. Trectien rate constant can be
obtained from the Stern-Volmer plotyll= Ks,.[Q]. This plot is the relative between
lo/l (y-axis) versus [Q] (x-axis) wherg Is the intensity with absence of quencher
molecule, | is the intensity with presence of quercmolecule and [Q] refers to
guencher concentrations. Slope of the linear @dhée Stern-Volmer constant R
which is equal to kto. The quenching rate constant)(ks the rate of reaction. The

mechanism of quenching reaction is shown below.

Fe(lll) K Fe(lll)
*Chlorophyll a + Fe(acag)k-: [Chlorophyll a-Fe(acag)
-d

Fe(lll) . Fe(ll)
[Chlorophyll a-Fe(acag) ——<=— [Chlorophyll'-Fe(acag]

Scheme 1 The reaction scheme of photoinduced electrorsteanThe rate constants

can be applied in the same manner as already deddri the introduction part.

Nonetheless, absorbance at the excitation wagtieof 430 nm increased
corresponding to the higher concentration of FefgcéFrigure 29) in quenching
experiments of chlorophyll a by Fe(acadh the meanwhile, fluorescence intensity of
chlorophyll a decreased when [Fe(agha)as more added as shown in figure 30. This
behavior implies to inner filter effect (IFE) obwusly. In principle, the inner filter
effect can be due to high absorption of excitatight by the sample (primary inner
filter effect) and/or the re-absorption of emitteght (secondary inner filter effect). In
our experiment only the primary inner filter effeeas observed. Because there exists
only the overlapping of absorption spectrum of Ea¢y in the same range of the
absorption of chlorophyll a but there is no ovepiag of Fe(acag)with emission of

chlorophyll a. The competitive of excitation amotige fluorophore and quencher
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occurs. The excited fluorescence was quenched kgnoiper molecule but it

competitively occurred with inner filter effect.

1.6 increasingFe(acacy] i
A 1

Absorbance

Py a— ] 2 A

700 800

wavelength (nm)

wavelength (nm)

Figure 29 Absorption spectra of chlorophyll a in the preserof Fe(acag)is

solution.

1000 T T v T T T

800}

> 600}

400F

Intensity

200F

600 650 700 750 800
wavelength (nm)

wavelength (nm)

Figure 30 The decreasing of fluorescence intensity of apbyll a in the presence

of Fe(acag)
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As described before, the dramatic increasingoebebance at the excitation
wavelength with increasing of quencher concentnatignificantly attributes to the
inner filter effect. The solution contains chromopd of Fe(acag)which absorbs
light in the same wavelength range as the fluorgsddorophyll a. The chromophore
acts as filters at the excitation wavelength. lises the decreasing of fluorescence
intensity of chlorophyll as a consequence with cetitipe light absorption. The
recorded fluorescence intensity is unreal propodioto the chlorophyll a
concentration due to the inner filter effect. Thgperimental fluorescence intensities
from chlorophyll a are lower than that it should Béerefore, the ratio betweegll |
gets too high as like as the uncorredtgdalue. The measured fluorescence intensity
has to be corrected. The observed fluorescencasityemust be multiplied by a
correction factor. There are many corrections forer-filter effect which will be
described in detail.

The correction for the primary inner filter effecan be done by many
methods(Borissevitch, 1999; Lakowicz, 2006). LaknjLakowicz, 2006) suggested
the correction of primary inner filter effect owing self-quenching reaction by
multiplication the correction factor with each obgsl intensity based on the idea that
the average path length of absorption of the etxaitaand emission light is ¥ of the

cuvette length.

= 1 gy 107 )12 (30)

corr

Where o is the corrected intensitysy is the experimental intensity,eA
is the absorbance at the excitation wavelength Agglis the absorbance at the
emission wavelength. Nevertheless, in our case s#équenching reaction is
protected by using very low concentration of chpdrgl a. The optical density is
somewhat around 0.02 (Parker, 1968). It is everetavan the theoretical value of
0.05 (Lakowicz, 1999). The correction of Stern-Vemtonstant is not necessary for
the solution absorbance A < 0.02 in excitation a@chission wavelengths
(Borissevitch, 1999).
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In the present work, there are two methtmfs correction of inner filter
effect. The first method is to correct the reaéndity with consider the absorption of
guencher, Fe(acac)The detection system collects the fluorescenageonly from
the central part of the exciting beam (Figure ¥lfhe concentration of the sample is
low (A<0.02), the incident light will be only sliglly attenuated through the cuvette.

| y

|
Cuvette Ay

y2 1|
L 11
excilation
N AX X
Slid width
Slid width

emission

4+——

Figure 31 Geometry of fluorescence production in a cuvedié

Absorption of Fe(acag)is treated quantitatively using the Beer-Lambert
law. The fraction of monochromatic light transntiisough an absorbing system. The

relation is expressed through.

L — 1o—£.c.l (31)

where }b; and | are respectively the incident and transmittedtligtensities ¢ is the
molar extinction coefficient (Mcm™), c is the concentration arids the path length
(cm) of the light beam passed. Likewise in fluosss®e measurement, the ideal path
length is half of the length of cuvette (Figure .3lhe path lengthl)is 0.5 cm for the

standard of 1 cicuvette, giving the expression:



63

I_t — 105.0] 12 (32)

lO,i

As we have known that the facterc.l in above expression is the absorbance of

Fe(acag) quencher(s). The absorption factor of Fe(acacan be represented below.

Ao _qg#er (33)

0,i

All measured fluorescence intensities were corcedige inner filter effect by
multiplication the fluorescence intensity of chiphyll a in absence of quencheg)(l
with 1(IAQ’2 correction factor. Because in the matrix compasesvo components.

The absorbance of quencher can be calculated fierfolowing equations

Asampie(As) = Achi (AF) + Are(acaqy(AQ) (34)
AQ: AS - A|: (35)
A= AAaps (36)

where Aaps IS the different absorbances of sample absorbéhgeand fluorophore
(Ap) absorbance. The correction factor can be rewritteterm of 10*,,2% This

correction factor was multiplied with the then it brought the corrected fluorescence

intensity, bcorfor each quencher concentration (Equation 37).
lo, corr= IO-:I-O-AAabs/2 (37)
Then the values of {Lo/I) were plotted with various [Fe(acgk)n each solvent. The

obtained Ky values were compared with the second method oéction (method of
Borissevitch, 1999).
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In the year 1999, Borissevitch |LLE. publishaal interesting method to
correct the inner filter effect for both primarydasecondary types. He demonstrated
the necessity of the d¢ correction by the quencher absorbance which gatleer
high Ksy value. His correction factor for both types of enfilter effect represented

with r parameter.

_ A<OA\/0 (:l'_:]'oﬂl-\Xi )(l_loiAYi ) (38)
AA; (1-10)(1-10")

n

Where Ao is the absorbance at the excitation wavelenghis the absorbance of
fluorophore at the emission wavelength,; A48 the absorbance of sample at the
excitation wavelength and the,As the absorbance of sample at the emission
wavelength. However in our experiment, the effectses from only the primary type.
The correction factor for excitation only can be uletl to equation 39.

_A,-10") (39)
A, (L-10"0)

The correction factor was multiplication with theioaof experimental intensitieg/l

as shown in the equation 40. The corrected Sterm¥otonstants were determined.

(lo/l) 7 =1+ Kev[Q] (40)

Absorption characteristic in figure 29 might bsocacause from the ground
state complex formation of chlorophyll a and Fe@garhe ground state complex
formation can be observed from the static quenchieghanism and combination of
pseudo-static quenching mechanism. ExperimentatigrnS/olmer plot shows the
bend curve upward to thg/llaxis. Although in the presence of quencher Fa{gthe
absorbance at the excitation wavelength (430 nnmaseased without changing in
wavelength. It still can imply that there is aneiraction of chlorophyll a with
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Fe(acag) The equilibrium for the formation of the grounatst complex is given by

equation 41, where fis the apparent association constant.

Kapp
Chlorophyll a + Fe(acag)~ [Chlorophyll a-Fe(acag)

Kapp = [chlorophyll a — Fe(acag) (41)
[chlorophyll a][Fe(acag)

There are many ways to calculate thgkas already described in the introduction
chapter. A possible way is to calculatg,kby using Benesi and Hilderbrand equation

(Kathiravanet al., 2009). The apparent association constagiylkas been calculated
according to the following equations :

1 N 1
P—1 " Kp("-1) Q] (42)

: 1
A EY

1.1 1
AAr  A-A ' KoplAe— AJQ] (43)

Kapp;

where

Kop = the apparent association constant

d = theinitial fluorescence intensity of afdphyll
I' = the fluorescenctemsity of quencher adsorbed chlorophyll a
I = the observed fluorescence intensitysamiaximum

As = the observed absorbance of solution contadifferent

concentrations of Fe(acak)]
A = the absorbance of chlorophyll a
A = the absorbance of ground state complex
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Quenching reactions were measured in various stvestern-Volmer plots
of uncorrected, corrected with our method and cbect with Borissevitch method

will be presented in the next section.

3.3.1 Quenching reaction of chlorophyll a by Fe(a@s in benzene

The data of Stern-Volmer plots from experimenth uncorrected IFE,
corrected IFE with our method and corrected IFE vBibrissevitch method are
collected (Appendix Table 9.2). The Stern-Volmer plots of thaewching of
chlorophyll a by Fe(acag)n benzene is shown in figure 32.

4
35}
y = 5E+07X + 8984.7x + 0.0992
3F 2
o @ Uncorrected IFE R =0.9982
£ 25 Acorrected IFE with
~ Borissevitch méhoc
= 2}
= HE Corrected IFE with
2 15| ourmetho y = 5225.3x + 0.0665
] 2_
= R =0.9871
~ it L0
= | el
~ 05 - y = 3710.5x + 0.1122
R’ =0.9688

0 ~ 1 1 1 1 1 1 1 1 1

0.00E+ 2.00E- 4.00E- 6.00E- 8.00E- 1.00E- 1.20E- 1.40E- 1.60E- 1.80E- 2.00E-
00 05 05 05 05 04 04 04 04 04 04

[Fe(acac)], M

Figure 32 Stern-Volmer plots in benzene solution obtainemmfrexperiment with
uncorrected IFE, corrected IFE with our method andected IFE with Borissevitch

method.
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The Stern-Volmer plots obtained from the expent without corrected
inner filter effect give the curvature profile beémgl upward to the y-axis. Thesk of
this plot is determined from slope of the lineaigrt of the curve. The d value is
very high. In contrast, the corrected Stern-Volmplats either from our method or
Borissevitch method are linear. Thealues from these two corrections are 4 times
less comparing with the uncorrected experimentsh.di is owing to inner filter
effect. The corrections by our method gives a biwdo Ksy value than that of
Borissevitch method but gives higher deviation mkricept from unity. No matter
what it is, the deviation is still very small withthe experimental error of 10 %. The
data of Ky and k values are collected in table 17. However, thegliiftg among two
methods overlaps in the small concentration ranewx10° M which is the most

reasonable range.

2.5
5 y = 15437x -
R? = 0.9863 .-
—  1.5-
~ 3
E 19 - *
N
>
0.5+ *
<
o] ] ] [ i i []

0.00E+00 2.00E-05 4.00E-O5 6.00E-05 8.00E-05 1.00E-O40E-R4 1.40E-04

[Fe(acac)], M

Figure 33 Linearity part of the Stern-Volmer plot in beneeata obtained from

the experiment with uncorrected inner filter effect

Table 17 Fluorescence quenching data of chlorophyll &&facac) in benzene

K SV, exp K SV,corr/our K SV, corr/Boris kq,exp kq,corr/our kq,corr/Boris
M9 M) M) (O B (o B (Y
1.54x10 3.71x18 5.22x16  2.76x16° 6.76x16°  9.49x10"
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A curvature of Stern-Volmer plot can imply the maclsm of quenching
reaction to the combination of static and collisibquenching mechanism. However,
after the experimental intensity was corrected. Biern-Volmer is linear. The
ground state complex formation is not supposed doculo Anyway, the apparent
association constant has been calculated in owletetermine the possibility of
equilibrium for the formation of ground state comewplbetween chlorophyll a and
Fe(acag from the curvature of Stern-Volmer plot. TheyKwas obtained from
Benesi and Hildebrand equation as already shovequation 42-43) (Kathiravan et
al., 2009).

0.0002
0.00018+ y = 3E09x + 4E-05
0.00016+ R*=0.9895
0.000144
0.000121
0.00011
0.000084
0.000061
0.000044
0.000021

0 L} L} L} L} L}
0 10000 20000 30000 40000 50000 60000

1/[Fe(acac)], M*

Mo/l

25

y=0.0002x-0.1051

201 R’=0.9996

15 1

10 1

1/(As-Ar)

0 L] L] L] L] L]

0 20000 40000 60000 80000 100000 120000
1/[Fe(acac)], M*

Figure 34 The Benesi and Hildebrand plots for determining, i benzene.
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The value of Ky, obtained from the data of fluorescence quenchitensity
(1.33x1d M™) is not in good agreement with theyl from the absorption data
(5.26x16 M™Y. The Kapp Obtained from fluorescence intensity gives highalue for
25 times than that of the data from absorbanceartimply that the assumption of
ground state complex formation is not the predomtipdtenomena to the curvature of

Stern-Volmer plot. There might be an effect fromanfilter.
3.3.2 Quenching reaction of chlorophyll a by Fe(a@s in toluene

The data of Stern-Volmer plots from experime&nith uncorrected IFE,
corrected IFE with our method and corrected IFE vBibrissevitch method are
collected (Appendix Table 10.2). The Stern-Volmertplof the quenching of
chlorophyll a by Fe(acag)n toluene is shown in figure 35. All types of &t&/olmer
plots give the curvature profiles bending upwardhi y-axis. The whole data do not
fit well with the linear. The Rare somewhat around 0.94. Theof this plot was
determined from slope of the linearity part of theves (Figure 36). As like as in
benzene solution, thegk from an uncorrected intensity give much higheueahan
that of the corrected data. TheKvalues from both correction methods are similar.

The data of I§v and k values are collected in table 18.
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Figure 35 Stern-Volmer plots in toluene solution obtainednir experiment with
uncorrected IFE, corrected IFE with our method andected IFE with Borissevitch

method.
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Figure 36 Linearity part of Stern - Volmer plots



Table 18 Fluorescence quenching data of chlorophyll &&facac)in toluene

KSV, exp KSV,corr/our KSV,corr/Boris kq,exp kq,corr/our kq,corr/Boris
M) M) M) (7 I (i B (V)

1.39x1d  4.45x13  5.34xa0 2.76x10° 5.92x16' 7.10x1d*

0.00018
y =4E-09x + 4E-05

R®=0.9861

0.000164

0.00014+
0.000121

0.00011

Mo/

0.000081
0.00006+
0.00004+
0.000021
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Figure 37 The Benesi and Hildebrand plots for determiningk toluene
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The value of K,,obtained from the data of fluorescence quenchitensity
(1.00x1d M™) does not match with the,f, from the absorption data (88.5) The
Kapp Obtained from fluorescence intensity gives higraue for 16 times than that of
the data from absorbance. The difference g higher than that in benzene for 4
times. The assumption of ground state complex ftonas less importance than

inner filter effect.

3.3.3 Quenching reaction of chlorophyll a by Fe(a@; in ethanol

3.00
@ Uncorrected IFE
2.50 | .
— /A Corrected IFE with
L Borissevitch methogl_ ¢, 072 + 7572.6x
£ .
C  2.00 . ? —
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N
o |
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©
-
~ 100 }
ixe
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0.50
¥ = 2925.2x + 0.0459
R’ = 0.9848
0.00
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

[Fe(acac)], M

Figure 38 Stern-Volmer plots in ethanol solution obtainednir experiment with

uncorrected IFE, corrected IFE with our method eodected IFE with Borissevitch

method.
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Figure 39 Linearity part of the Stern-Volmer plot in ethandata obtained from the

experiment with uncorrected inner filter effect.

Table 19 Fluorescence quenching data of chlorophyll &&facac) in ethanol.

KSV, exp KSV,corr/our KSV,corr/Boris kq,exp kq,corr/our kq,corr/Boris
M) M) (M) M7sh) (M) (M)

1.10x1d 2.92x16  3.91x1G 1.80x13%? 4.77x1d' 6.38x1d!

The Stern-Volmer plots obtained from the ekpent without corrected
inner filter effect obey the same tendency witheotiolvents. The curvature profile
bends upward to the y-axis (Figure 38). Thg Kf this plot was determined from
slope of the linearity part of the curve as showrigure 39. The Ky and k values
from experiment gives higher value than that ofdbeected inner filter effect by our
method and Borissevitch, respectively. The core@eern-Volmer plots from two
methods are both linear. The correction by our woethives a small deviation of
intercept from unity for 4 %. The linearity of ocorrection and Borissevitch methods

is in the concentration range up to 8X1N.
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Figure 40 The Benesi and Hildebrand plots for determiningyk ethanol

The difference of kg, values obtained from fluorescence intensityl a
absorbance (7.50xi®1™ and 3.01x1OM™, respectively) becomes closer comparing
with other solvents. It is possible to form a grdwstate complex but occurs slightly

with a small equilibrium constant (< 40
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3.3.4 Quenching reaction of chlorophyll a by Fe(a@; in methanol

3.00

@ Uncorrected IFE

250 | /\Corrected IFE with

: . = 3E+07X + 6633.2
Borissevitch methc ¥ X X

R’ = 0.9997

— ,
' 500 I ECorrected IFE with
s our metho
P
=
= 150 |
go]
=
©
<1 100 }
PN
=
=
0.50 }
y = 3063.5x
R’ = 0.9846
0.00 " . .
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

[Fe(acac)], M

Figure 41 Stern-Volmer plots in methanol solution obtairfean experiment with
uncorrected IFE, corrected IFE with our method eodected IFE with Borissevitch

method.

1.40

1.204 y = 9255.1x
R®=0.9789

1.004

0.80+

0.60+

(1o/1)-1

0.40+

0.204

000 L] L L] L] L]
0.00E+00 2.00E-05 4.00E-05 6.00E-05 8.00E-05 1.00E04 OE-R4

[Fe(acac)], M

Figure 42 Linearity part of the Stern-Volmer plot in metiohrData obtained from

the experiment with uncorrected inner filter effect
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In methanol, the fitting of Stern-Volmer plotse most reasonable. The
intercept is unity with high Rvalue. The behavior of quenching process is as same as
that in other solvents. The experimental data giStsn-Volmer to be a curvature
(Figure 41). The Ky and k for all data are expressed in table 23. The mashaof
static mechanism would be expected to be found gwae inner filter effect was not
concerned. However, the calculated,Kfirom Benesi and Hildebrand plots (Figure
43) show small values. Besides, thgrom intensity and absorbance are different
for 10 times (4.29x10OM™ and 4.37x10M™, respectively). The effect of inner filter

still influences to make distortion of Stern-Volnot.

Table 20 Fluorescence quenching data of chlorophyll &&facac) in methanol

KSV, exp KSV,corr/our KSV,r:orr/Boris kq,exp kq,corr/our kq,corr/Boris
M) (M) M) M7sh)  (MTsh) (M)

9.25x1G 3.06x10 3.91x1G  1.67x1d*> 5.53x16* 6.70x1d!

0.0003

0.000254 y = 7E-09 + 3E-05
R®=0.9987

0.0002+

Mo/

0.00015+

0.0001+

0.00005+

0 T T T L] T T

0 5000 10000 15000 20000 25000 30000 35000

1/[Fe(acac)], M*



77

16
14 4 y=0.0003x-0.1311
R®=0.9995
12 -
“o 104
< .
L, 8
< 6
T~
—
4 -
2 d
0 1 [] [] [] []
0 10000 20000 30000 40000 50000 60000
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Figure 43 The Benesi and Hildebrand plots for determiningy,k methanol
3.3.5 Quenching reaction of chlorophyll a by [Fe(ac)] in DMF

The Stern-Volmer plots of the quenching of chlorgpl by Fe(acag)in

DMF is shown in figure 44. The data of Stern-Volnpdots from experiment with
uncorrected IFE, corrected IFE with our method eodected IFE with Borissevitch
method are collected (Appendix Table 13.2). TharSWVolmer plots obtained from
the experiment without corrected inner filter effgove the curvature profile bending
upward to the y-axis. The d« of this plot is determined from slope of the linga
part of the curve (Figure 45). ThesKvalue is high. In contrast, the corrected Stern-
Volmer plots either from our method or Borissevittlethod are linear. It is due to
inner filter effect. The correction by our methades lowest Ky value. Our method
and Borissevitch method make the deviation of agpt from unity for less than 10%.
It is still reasonable within the experimental erfbhe data of kv and kg values are
collected in table 21). However, the linearity amdwo methods overlaps in the

small concentration range up to 511
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3.50
*
s00 | @Uncorrected IFE
: _ y = 6E+07X + 7148.1x
ACorrected IFE with R® = 0.9969
250 | Borissevitch method
i\ B Corrected IFE with
§ 200 |} our method
e
e}
< 150 |
2 y = 6130x - 0.0842
© R®=0.9718
— 1.00 }
PLS
ire} -
= 550 v = 49296.1x - 0.0501
R’ =0.975
0.00

0.00E+ 2.00E- 4.00E- 6.00E- 8.00E- 1.00E- 1.20E- 1.40E- 1.60E- 1.80E- 2.00E-
00 05 05 05 05 04 04 04 04 04 04

[Fe(acac)], M
Figure 44 Stern-Volmer plots in DMF solution obtained frompeximent with
uncorrected IFE, corrected IFE with our method eodected IFE with Borissevitch

method.

Table 21 Fluorescence quenching data of chlorophyll &&acac) in DMF

KSV, exp KSV,corr/our KSV,corr/Boris kq,exp kq,corr/our kq,corr/Boris
(M) M) M) M7sh) (M) (MTsY

1.37x1d  5.00x1¢  6.13x1G  2.02x13*> 7.36x13* 9.03x1d!




79

1.86

1.604

y=13718x-0.1123

1401 R®=0.9786

1.204
1.004
0.801

(1o/1)-1

0.601
0.401
0.201

OOC T T T T T T
_0%82% 2.00E05 4.00E-05 6.00E-05 8.00E05 1.00E04 OEDA4 1.49E-04

[Fe(acac)], M

Figure 45 Linearity part of the Stern-Volmer plot in DMF. aobtained from the

experiment with uncorrected inner filter effect.

0.00035
*
0.00034 y=6E09x + 6E06
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= 0.00024
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1/[Fe(acac)], M*

Figure 46 The Benesi and Hildebrand plots for determining,ih DMF
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The calculated [, values from both fluorescence intensity and atzsucb.
Figure 46 are different for 5 times (1.00320™ and 1.84x10M™, respectively).

3.3.6 Quenching reaction of chlorophyll a by Fe(a@s in DMSO

The Stern-Volmer plots of all data in DMSQe goresented in figure 47.
The experimental data gives Stern-Volmer to beraature. The kcan be calculated
from the linearity part. The & and k for all data are expressed in table 22. For
obtaining most reasonabl€ Ralue, the intercept is not unity but slightly dee for
less than 5 % within. The deviation occurs by tkgegimental error from preparation
chlorophyll a concentration$he behavior of quenching process is as same agtha

other solvents.

5.00
4.50 pUncorrected IFE .
400 KA Corrected IFE with .
Borissevitch method = 6E:°7X + 9326.3x
. R = 0.9898
— 350 FECorrected IFE with
L our method
5 300 }
(]
S
i) 2.50 |
=
T L0l
©
< 150} y = 5506.7x - 0.0104
= R = 0.9866
2 j00} e
= .
0.50 y = 3775.8x + 0.0486
0.00 ) R® = 0.9638
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

[Fe(acac)], M

Figure 47 Stern-Volmer plots in DMSO solution obtained fromperiment with
uncorrected IFE, corrected IFE with our method eodected IFE with Borissevitch

method.
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[Fe(acac)], M

Figure 48 Linearity part of the Stern-Volmer plot in DMSO. aabtained from the

experiment with uncorrected inner filter effect.

Table 22 Fluorescence quenching data of chlorophyll &&acac)in DMSO

KSV, exp KSV,corr/our KSV,r:orr/Boris kq,exp kq,corr/our kq,corr/Boris
(M) (M) M) M7sh) (M) (MTSY)

1.53x1d 3.78x16 5.51x1§ 2.57x13*> 6.51x13' 9.50x106*

0.0002
y=3E09x + 2E-05

R®=0.9947

0.000184
0.000164
0.000144
0.000124

0.0001+

Mo/

0.000084
0.000064
0.000044
0.00002

0 T T T T T

0 10000 20000 30000 40000 50000 60000

1/[Fe(acac)], M*
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Figure 49 The Benesi and Hildebrand plots for determiningpiht DMSO

The calculated ks, from Benesi and Hildebrand plots (Figure 49) show
small values. Besides, theggfrom intensity and absorbance are different fdy @&
times (6.67x1® M™* and 2.82x1® M, respectively). The ground state complex

formation can occur insignificantly.
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3.3.7 Quenching reaction of chlorophyll a by Fe(ax); in acetonitrile
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[Fe(acac)], M

Figure 50 Stern-Volmer plots in acetonitrile solution obtadnkom experiment with

uncorrected IFE, corrected IFE with our method eodected IFE with Borissevitch

method.
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y=11830x
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0.00E+00 2.00E-05 4.00E-05 6.00E-05 8.00E-05 1.00E-04 OER4 1.40E04 1.60E-04

[Fe(acac)], M

Figure 51 Linearity part of the Stern-Volmer plot in acetoitét. Data obtained from

the experiment with uncorrected inner filter effect
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Table 23 Fluorescence quenching data of chlorophyll &&facac) in acetonitrile

KSV, exp KSV,corr/our KSV,corr/Boris kq,exp kq,corr/our kq,corr/Boris
M) M) M) (M7s7) M7s)  (M7S)

1.53x1d 2.68x1§ 3.84x1G  2.27x13®> 3.97x16¢* 5.69x1d!

The data of Stern-Volmer plots from experitn&nth uncorrected IFE,
corrected IFE with our method and corrected IFEhwBorissevitch method are
collected(Appendix Table 15.2). The Stern-Volmeotpl of the quenching of
chlorophyll a by Fe(acag)in acetonitrile is shown in figure 50. All typed o
Stern-Volmer plots give the curvature profiles biegdupward to the y-axis as like as
in other solvents. The 4 of this plot was determined from slope of the ding/ part
of the curve (Figure 51). As like as in other swins, the ky from an uncorrected
intensity give much higher value than that of tberected data. Thedg values from
both correction methods are similar. The data ef &nd k values are collected in
table 23.

0.00025%

0.0002
y =4E-09x + 2E-05

R®=0.9969

0.0001%:

Mo/l

0.00014

0.00005y

0 T T T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

1/[Fe(acac)], M*
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y=0.0002x-0.0664

204] R®=0.999

15+

1/(As-Ar)

10=1
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0= T T T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 DOOOO

1/[Fe(acac)], M*

Figure 52 The Benesi and Hildebrand plots for determiningpl acetonitrile

The calculated Y, from Benesi and Hildebrand plots (Figure Si2)w
small values. Besides, theyS from intensity and absorbance are obvious differen
(5.00x1G M™* and 3.32x1® M™, respectively). The effect of inner filter still
influences to make distortion of Stern-Volmer plot.

3.4 Solvent effect of Quenching reactions.
Quenching reactions were carried out in wemidypes of solvents. The

solvent properties are different. The rate of reast and the apparent association

constants are summarized in table 24. Solventseptiep like viscosity are different.
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Table 24 Quenching rate constants obtained from Stern-Volphats of uncorrected
and corrected inner filter effect by our method @utissevitch method in various

solvents.

: . kg x 10" (M™'s”) Kapp (M)
4Viscosity : : _ _

experiment  Our Borissevitch Intensity Absorbance

solvent (cP)
method  method x 10° x 107

MeCN 0.352 22.7 3.97 5.69 5.00 3.32
MeOH 0.544 16.7 5.53 6.70 4.29 4.37
Toluene 0.560 27.6 5.92 7.10 10.0 0.88
Benzene 0.604 27.6 6.76 9.49 13.3 5.26
DMF 0.802 20.2 7.36 9.03 1.00 1.84
EtOH 1.074 18.0 4.77 6.38 7.50 3.01
DMSO 2.140 25.7 6.51 9.50 6.67 28.2

@viscosity reported at 2&

Figures 53a to Figure 53c are all the plots betwpesnching rate constants
and solvent viscosities. The quenching rate cotstanfigure 53a are obtained from
the experimental data without correcting innegfikeffect. The data in figure 53b and
figure 53c are collected from the inner filter effecorrection by our method and
Borisseivitch method, respectively. It is clearBes that without correcting of inner
filter effect, no tendency of quenching rate conttawith viscosities is observed. In
contrast with the data in figure 53b, the quenchiage constants show the
dependence of quenching rate constants on solveobsities from acetonitrile
through out DMF. Likewise, the data in figure 53ke quenching rate constants

exhibit the tendency with solvent viscosities frapetonitrile to benzene.
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(a) The k; values obtained from experimental data withoutesding of

inner filter effect.

(b) The k; values obtained from the correction of inner fikéfect by our

method.

(c) The k values obtained from the correction of inner fileffect by

Borissevitch method.
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The viscosity is an important factor forfddion coefficient in electron
transfer system. The viscous solvent can prevenesicape of charge transfer. It can
bring donor and acceptor molecules closer to eablerocand solvate around. In
another word, the diffusion rate constant is higtheads to an increasing of electron
transfer ability. However, there is the fluctuatioh quenching ability in ethanol
which is not obeying the expectation. There migbkt dobme other factor occur
complexity. The fluctuation of result does not cofnem an artifact because the
experiments were carried out for two times. Wd g8t the same result. Besides, the
excellent R obtained from fitting the Stern-Volmer was obtaine

As a result of quenching data thgpjtendency can be supposed to depend
also on viscosity of solvent in the same mannecait be seen from they}§ which
obtained from absorption data. Thg,Kincreases with increasing of solvent polarities
like the acetonitile, methanol, benzene and DMSIQuie 54). Nevertheless, it has to
be remined that the X, obtained from the experimental data which exist:noer
filter effect. It can not consider from the inteygsdata because the intensity of
experimental data is unrealistic. In addition, evfethe corrected intensity were used
to calculate the K, the result would be exactly the same with theeeixpental data
without correcting the inner filter effect. We cariruse the equation of Benesi and

Hildebrand to see the difference of inner filtefieet.

30F DMSO A
25F E
a0 20F -
2 |
o
o 15} J
—l
=, I
< 10F .
g | ]
© Benzene
¥ sl MeOI: i
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" MeCN ! —  EtOH
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A 1 A 1 A 1 A 1 1 1 1 A 1 A 1 A 1
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Figure 54 Investigation of effect of solvent viscositias the apparent association

constant.



CHAPTER 4

CONCLUSIONS

This research study about photo-physical properties; absorption, fluorescence
emission and lifetimes of chlorophyll a and Fe(acac); were investigated. It was clearly
that higher viscosity and polarity of solvents. The emission will show at the less
energy which means that the wavelength of emission getting longer. The longer
emission wavelength shifting or red shift have significant. Because of the excited state
is more polar than the ground state, the excited state will be stabilized. While the
maximum wavelength of absorption shows no trend at all. It is different from what we
obtained from emission spectra. The lifetimes of chlorophyll a in various solvents
found that not dependent upon quality is solvents. The lifetimes of chlorophyll a are
in the range of 5.5 to 7.5 nanoseconds. There is a monoexponential decay, observe
from lifetime measured. There is not dependent frequency of modulate signal of
fluorescence by phase modulation technique.

Moreover, there are study about kinetic of electron transfer between
chlorophyll a and Fe(acac); through quenching reaction in various solvents. The
electron transfer occurs in studied reaction fastly. The rate of quenching reaction (ky)
high among range 10''-10'> M's™". There can be conclude relationship trend about
viscosity of solvents higher. The rate of quenching reaction have more higher explain
that quenching mechanism in various solvents. When acceptor molecule was different
found that quenching mechanism 2 type. That is collisional quenching mechanism and
combination of collisional and static quenching mechanism. We are conclude from
Stern-Volmer plot. The collisional quenching mechanism it gives the linear plot
following the Stern-Volmer plot. The non-linear behavior shows the curvature upward
to the Y-axis. There are tells us that the mechanism of quenching is the combination
of static and collisional quenching mechanism. The rate of quenching reaction by
Fe(acac); upon with kind of solvents and viscosity. The viscosity of solvents is lower .
Such as acetonitrile and methanol will be electron transfer process is the collisional

quenching mechanism. But the viscosity of solvents is higher. Such as DMF, DMSO
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and THF will be occurred electron transfer is the static quenching mechanism
together.

In this research, there are both of chemicals explain that the rate of
quenching reaction (kq) which have chance electron transfer only. There will be tell us
to known the electron transfer correctly. There are study the diffusion rate constant
(k) combining with that the rate will get k.

However, In this research was more useful in the exploring research. The
possibility of selecting system to electron transfer in basically. This thesis forward
ahead to successful and complete. Therefore other thing study method of electron
transfer can be used application works. Such as the electron transfer process in

dye-sensitized solar cell.
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1. Photo-Physical Properties of chlorophyll a and Fe(acac); in various solvents.
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Figure 1 Absorption spectra of chlorophyll a in various solvents.
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Figure 2 Overlay between normalized (a) absorption spectra of chlorophyll a and (b)

emission spectra of chlorophyll a in various solvents.
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2. The data lifetimes of chlorophyll a in various solvents by changing modulation

frequencies.

Table 1 The data lifetime of chlorophyll a in benzene.

Analysis data Fit data
f(MHz) T (ns) sig(ns) phalse0 T(ns)  sig(ns) phalse0 mod%
49995 5.3200 0.9600 9.4900 5.2292  0.0954 9.3285 38.8668
9.9991 5.4100 0.7500 18.7900 5.5270 0.0954 19.1494 37.2806
14.9985 5.3300 0.6300 26.6900 5.5682 0.0954 27.6880 34.9325
19.9981 5.1600 0.5900 33.0100 5.3282  0.0954 33.8027 32.4023
24,9978  5.6200 0.4200 41.4700 5.8394  0.0954 42.5263 29.7447
29.9974  5.0900 0.3900 43.8800 54271 0.0954 45.6485 26.9520

AVG =| 153216 15.4865

Table 2 The data lifetime of chlorophyll a in toluene.

Analysis data Fit data
f(MHz) T (ns) sig(ns) phaseO T(ns)  sig(ns) phaseO mod%
49995 7.7700 0.5000 13.7200 7.5477 0.0231 13.3384 86.9770
9.9991 7.6800 0.5600 25.7500 7.4783 0.0231 25.1660 80.3414
14.9985 7.7500 0.4300 36.1400 7.5635 0.0231 354804 73.6121
19.9981 7.6300 0.5200 43.8100 7.4353  0.0231 43.0533 65.2665

24.9978 7.5500 0.3500 49.8600 | |7.5626 0.0231 49.9070 58.2160
29.9974 7.6800 0.3100 55.3500 | [7.5259 0.0231 54.8170 51.6010
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Table 3 The data lifetime of chlorophyll a in ethanol.

Analysis data Fit data
f(MHz) T (ns) sig(ns) phalse0 T(ns)  sig(ns) phalse0 mod%
49995 5.4600 0.5600 9.7400 6.0015 0.0692 10.6765 58.7809
9.9991 5.9400 0.6200 20.4700 | |6.0007 0.0692 20.6567 56.1907
14.9985 5.8600 0.5700 28.9300 | |6.1071 0.0692 29.9216 52.0052
19.9981 5.9800 0.5800 36.9900 | |6.0287 0.0692 37.1448 48.0504

24.9978 6.4000 0.3800 45.1600 | |16.3487 0.0692 44.9185 43.8731
29.9972  6.3400 0.3100 50.0800 | [6.2976 0.0692 49.8865 39.6942

AVG = | 15.9966i 16.13071




Table 4 The data lifetime of chlorophyll a in THF.
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Analysis data Fit data
f(MHz) T (ns) sig(ns) phaseO T(ns)  sig(ns) phaseO mod%
49995 7.7700 0.5000 13.7200 7.5477 0.0231 13.3384 86.9770
9.9991 7.6800 0.5600 25.7500 7.4783 0.0231 25.1660 80.3414
14.9985 7.7500 0.4300 36.1400 7.5635 0.0231 354804 73.6121
19.9981 7.6300 0.5200 43.8100 7.4353  0.0231 43.0533 65.2665
24,9978 7.5500 0.3500 49.8600 7.5626  0.0231 49.9070 58.2160
29.9974  7.6800 0.3100 55.3500 7.5259 0.0231 54.8170 51.6010

AVG = | 75766 7578
Table 5 The data lifetime of chlorophyll a in DMF.

Analysis data Fit data
f(MHz) T (ns) sig(ns) phalse0 T(ns)  sig(ns) phalse0 mod%
49995 7.1100 0.5300 12.5900 6.8294 0.0431 12.1085 85.7127
9.9991 7.0600 0.5300 23.9200 6.7925 0.0431 23.1104 80.9227
14.9985 7.2000 0.5000 34.1600 6.8601 0.0431 32.8822 74.1940
19.9981 6.8700 0.4500 40.8000 6.6589 0.0431 399194 66.8334
249978 7.0300 0.3100 47.8500 6.8977 0.0431 47.2924 59.9779
29.9972  6.6300 0.3300 51.3300 6.6841 0.0431 51.5584 51.5066

AVG = | 16,9833 16.78711
Table 6 The data lifetime of chlorophyll a in DMSO.

Analysis data Fit data
f(MHz) T (ns) sig(ns) phalse0 T(ns)  sig(ns) phalse0 mod%
49995 4.1000 2.4800 7.4500 5.9258 0.0996 10.5449 20.2558
9.9991 3.3800 2.2300 15.1300 5.7634 0.0996 19.9052 19.3354
14.9985 5.3800 0.8200 26.9200 5.6615 0.0996 28.0811 19.2180
19.9981 6.5200 1.7500 38.6800 5.3839 0.0996 34.0784 17.9141
24,9978  7.5400 1.3800 49.5500 5.9195 0.0996 429150 16.1611
29.9972  0.9700 10.8800 10.1300 5.4900 0.0996 459785 14.1347




Table 7 The data lifetime of chlorophyll a in acetonitrile.

104

Analysis data Fit data
f(MHz) T (ns) sig(ns) phaseO T(ns)  sig(ns) phaseO mod%
4.9995 7.2000 0.7500 12.7500 6.6626 0.0389 11.8212 70.5814
9.9991 7.0100 0.5600 23.7800 6.7577 0.0389 23.0045 65.5318
14.9985 6.6800 0.5600 32.2000 6.6913 0.0389 32.2346 60.2451
19.9981 6.8400 0.5300 40.7000 6.7030 0.0389 40.1058 54.2952
249978 6.8100 0.3600 46.9500 6.8956 0.0389 47.2836 48.9929
29.9972  7.0300 0.3700 52.9800 6.8088 0.0389 52.0730 44.1423
AVG = | 16.9283 16.7532
Table 8 The data lifetime of chlorophyll a in methanol.
Analysis data Fit data
f(MHz) T (ns) sig(ns) phalse0 T(ns)  sig(ns) phalse0 mod%
49995 5.7200 0.7000 10.1900 5.6493 0.0958 10.0633 46.7232
9.9991 5.4800 0.8500 19.0000 5.6127 0.0958 19.4240 33.0202
149985 3.8700 1.3000 14.6900 5.5985 0.0958 27.8158 30.7986
19.9981 5.1200 0.6900 32.7900 5.3639 0.0958 33.9796 28.5894
24,9978  6.0600 0.5500 43.6300 5.7958 0.0958 42.3127 26.4840
29.9974 -1.8100  0.0000 -18.4700 | |5.2044 0.0958 44.4480 23.4363
AVG = | 15.5950 15.5374
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3. Quenching reaction

Table 9 Quenching reaction data of Chlorophyll a by Fe(acac); in benzene.

Table 9.1 Stern-Volmer plot data.

V. of y V. of stock
. of stoc
Fe(acac)s [Fe(acac)s] I I,/1 (Iy/T)-1
Chl a (mL) (M)
(mL)

0.2 0.0 0 2.48 x 10* 1.00 0.00
0.2 0.1 1.01 x 10°  2.05 x 10* 1.20 0.20
0.2 0.2 2.02x10° 1.90x 10* 1.30 0.30
0.2 0.25 2.52x10° 1.83x10* 1.35 0.35
0.2 0.3 3.03x 10°  1.64x 10* 1.51 0.51
0.2 0.35 3.54x 10°  1.63 x 10* 1.51 0.51
0.2 0.4 4.04x 10° 1.58x 10* 1.56 0.56
0.2 0.5 505x10°  1.44x 10 1.72 0.72
0.2 0.6 6.06x 10°  1.28x 10* 1.94 0.94
0.2 0.7 7.07x10° 1.25x10* 1.97 0.97
0.2 0.8 8.08x10° 1.17x 10 2.11 1.11
0.2 0.9 9.09x 10° 1.06x 10" 2.33 1.33
0.2 1.0 1.01x10* 9.85x10° 2.51 1.51
0.2 1.1 1.11x10% 892x10° 2.78 1.78
0.2 12 121x10% 834x10° 2.97 1.97
0.2 1.3 1.31x 10*  7.82x10° 3.16 2.16
0.2 1.4 1.41x10% 7.23x10° 3.42 2.42
0.2 1.5 1.52x10%  6.66x 10° 3.71 2.71
0.2 1.6 1.62x 10*  6.30x 10° 3.93 2.93
0.2 1.7 1.72x 10*  5.80x 10° 427 3.27
0.2 1.8 1.82x 10" 546x10° 4.531 3.53




Table 9.2 Inner filter effect correction for Stern-Volmer plot data.

Fe’*, M abs 430 Aabs Aabs/2  (Aabs/2)*-1 104252 Lexp Iocorr  Tocorr/Texp  (To/T)-1
0 1.29x 107 0 0 0 1.00 248x10* 248 x 10 1.00 0.00
1.01x10°  567x10% 438x10% 219x10% -2.19x 107 0.95 206x 10 235x 10 1.15 0.15
202x10°  1.03x10"  9.04x 107 452x10% -452x107 0.90 1.90x 10* 2.23x 10* 1.17 0.17
252x10°  120x10"  1.08x10'  539x10% -539x 107 0.88 1.83x10*  2.19x 10* 1.19 0.19
3.03x10°  146x10"  133x10'  6.67x10%7 -6.67x 107 0.86 1.64x10* 2.12x 10* 1.29 0.29
3.54x10°  1.74x10"  1.62x10"  8.09x 102 -8.09x 107 0.83 1.64x10*  2.05x 10* 1.25 0.25
4.04x10°  1.93x10"  1.81x10" 9.04x10% -9.04x 107 0.81 1.58x 10*  2.01 x 10* 1.27 0.27
505x10°  239x10"  226x10'  1.13x10'  -1.13x 10" 0.77 1.44x10* 191 x 10* 1.33 0.33
6.06x 10° 287x10" 274x10' 137x10'  -1.37x10" 0.73 1.28x10*  1.81x 10* 1.41 0.41
7.07x10°  332x10'  320x10'  1.60x 10" -1.60x 10" 0.69 1.25x10*  1.71 x 10* 1.37 0.37
8.08x10° 374x10" 3.62x10' 1.81x10" -1.81x10" 0.66 1.17x10*  1.63 x 10* 1.39 0.39
9.09x 10°  424x10"  411x10'  205x10"  -2.05x 10" 0.62 1.06 x 10*  1.54x 10* 1.45 0.45
1.01x10%  468x10" 455x10" 227x10'  -227x10! 0.59 9.85x10° 1.47x10* 1.49 0.49
1.11x10%  523x10'  510x100'  255x100'  -2.55x 10! 0.56 8.92x10° 1.38x10 1.54 0.54
1.21x10%  551x10"  538x100'  269x10!'  -2.69x 10! 0.54 8.34x10° 133x10 1.60 0.60
1.31x10%  6.08x10"  595x10" 298x10!' -2.98x 10! 0.50 7.83x10°  1.25x 10 1.59 0.59
1.41x10%  649x10"  636x10"  3.18x 10!  -3.18x 10! 0.48 723x10° 1.19x 10 1.64 0.64
1.52x10%  696x 10"  683x10"  342x10'  -3.42x10! 0.46 6.66x 10° 1.13x 10 1.69 0.69
1.62x10%  742x10"  729x10"  3.64x10'  -3.64x 10" 0.43 6.30x10°  1.07x 10 1.70 0.70
1.72x10%  8.02x10"  7.89x10!' 395x10" -3.95x 10! 0.40 580x10°  9.98x 10° 1.72 0.72
1.82x10%  840x 10" 826x10' 4.13x10'  -4.13x10! 0.39 546x10° 9.56x 10° 1.75 0.75

901



Table 9.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)s],M Aex 1-1074 1-1074 IFE corr Lexp Io/Iexp I/ Lexp)eorr  (To/Lexp)eorr=1
0 129x 10%  294x10%  294x 107 1.00 2.48 x 10 1.00 1.00 0.00
1.01 x 10° 567x10% 294x10%  1.22x 10" 0.95 2.06 x 10* 1.20 1.15 0.15
2.02x 107 1.03x 107 294x10%  2.12x 10" 0.90 1.90 x 10* 1.30 1.18 0.18
2.52x 107 120x 100 294x10%  2.43x 10" 0.89 1.83x 10* 1.35 1.20 0.20
3.03x 107 146x 107 294x10%  2.86x 10" 0.86 1.64 x 10* 1.51 1.30 0.30
3.54x 107 1.74x 100 294x10%  331x10" 0.84 1.64 x 10* 1.51 1.26 0.26
4.04 x 107 193x 107 294x10%  3.60x 10" 0.82 1.58 x 10* 1.56 1.28 0.28
5.05x 107 239x 10" 294x10%  4.23x10" 0.78 1.44 x 10* 1.72 1.34 0.34
6.06 x 107 287x 10" 294x10%  4.84x 10" 0.74 1.28 x 10* 1.94 1.44 0.44
7.07 x 107 332x 10" 294x10% 535x 10" 0.71 1.25x 10* 1.97 1.40 0.40
8.08 x 107 374x 10" 294x10%  5.78x 10" 0.68 1.17 x 10* 2.11 1.43 0.43
9.09 x 10” 424x 100 294x10%  6.23x 10" 0.65 1.06 x 10* 2.33 1.51 0.51
1.01 x 10™ 468x 107 294x10%  6.59x 10 0.62 9.85x 10* 2.51 1.56 0.56
1.11x 10™ 523x 10" 294x10%  7.00x 10" 0.59 8.92 x 10* 2.78 1.64 0.64
1.21x 10™ 551x 10" 294x10%  7.19x 10" 0.58 8.34 x 10* 2.97 1.71 0.71
1.31x 10™ 6.08x 10"  294x10%  7.53x 10" 0.55 7.83 x 10* 3.16 1.73 0.73
1.41x 10™ 6.49x 10" 294x10%  7.76x 10’ 0.53 7.23x 10* 3.42 1.80 0.80
1.52x 10™ 6.96x 10" 294x10%  7.99x 10" 0.50 6.66 x 10* 3.71 1.88 0.88
1.62x 10™ 742x 10" 294x10%  8.19x 10 0.49 6.30 x 10* 3.93 1.91 0.91
1.72x 10™ 8.02x10"  294x10% 842x10" 0.46 5.80 x 10* 4.27 1.98 0.98
1.82x 10™ 840x 10"  294x10%  855x 10" 0.45 5.46 x 10 4.53 2.04 1.04

LO1
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Table 9.4 The apparent association constant (K,pp) data.

[Fe(acac)s] (Iop-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
1.00x 107 420 x 10° 2.38x 10* 9.90 x 10*
2.00x 107 574 x 10° 1.74 x 10™ 4.95 x 10*
2.50x 107 6.43 x 10° 1.56 x 10 3.97 x 10*
3.00x 107 8.35x 10° 1.20x 10 3.30 x 10*
3.50x 107 8.36 x 10’ 120x 10* 2.82 x 10*
4.00x 107 8.93x 10’ 1.12x 10" 2.48 x 10*
5.00x 107 1.04 x 10* 9.64 x 107 1.98 x 10*
6.00 x 107 1.20x 10* 8.35x 107 1.65 x 10*
7.00 x 107 1.22x 10* 8.19x 107 1.41 x 10*
8.00 x 107 1.30 x 10* 7.69 x 107 1.24 x 10°
9.00 x 107 1.41x 10* 7.08 x 107 1.10x 10*
1.01 x 10 1.49 x 10* 6.71 x 107 9.90 x 10’
1.11 x 10 1.58 x 10* 6.32x 107 9.01 x 10°
121 x 10™ 1.64 x 10* 6.09 x 10” 8.26 x 10
1.31x 10™ 1.69 x 10* 591x 107 7.63 x 10°
1.41x 10™ 1.75x 10* 571x 107 7.09 x 107
1.52x 10™ 1.81x 10* 5.53x 107 6.58 x 10°
1.62 x 10™ 1.84 x 10* 5.42x 107 6.17 x 10°
1.72 x 10 1.89 x 10* 5.28x 107 5.81x 10°
1.82x 10™ 1.93 x 10* 5.18x 107 549 x 10°
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Table 10 Quenching reaction Data of Chlorophyll a by Fe(acac)s in toluene.

Table 10.1 Stern-Volmer plot data.

V. of stock V. of stock
- O stoc Fe(acac
Fe(acac)s [Fe( )3l I Iy/1 Ty/T)-1
Chl a (mL) (M)
(mL)

0.15 0.0 0 2.17 x 10* 1 0
0.15 0.2 2x10° 1.83 x 10* 1.19 0.19
0.15 0.3 3x 107 1.58 x 10* 1.38 0.38
0.15 0.4 4x 107 1.38 x 10* 1.58 0.58
0.15 0.5 5x10° 1.35 x 10* 1.61 0.61
0.15 0.6 6x10° 1.20 x 10* 1.80 0.80
0.15 0.7 7x 107 1.18 x 10* 1.84 0.84
0.15 0.8 8x 107 1.02 x 10* 2.14 1.13
0.15 1.0 1x10* 8.96 x 10° 2.43 1.43
0.15 1.2 1.2x10*  777x10° 2.80 1.80
0.15 1.3 1.3x10*  6.83x10° 3.18 2.18
0.15 1.35 1.35x10*  6.70 x 10° 3.24 2.24
0.15 1.4 1.4x10%  6.16x 10° 3.53 2.53
0.15 1.5 1.5x 10*  6.04x10° 3.60 2.60
0.15 1.7 1.7x 10*  494x10° 4.40 3.40
0.15 1.8 1.8x10%  4.13x10° 5.26 4.26




Table 10.2 Inner filter effect correction for Stern-Volmer plot data.

Fe¥', M abs 430 Aabs Aabs/2  (Aabs/2)*-1 107(A2bs2) Lexp Dncor  pcore/Texp  (Io/D)-1

0 5.51x10° 0 0 0 1.00 2.17x 10" 2.17x 10 1.00 0.00
200x10°  873x10%  9.28x10% 4.64x10% -4.64x102 0.90 1.83x 100 1.95x10*  1.07 0.07
3.00x10°  136x10%  142x10%'  7.09x102%  -7.09 x 107 0.85 1.58x 10 1.85x10*  1.17 0.17
400x10°  1.86x10" 191x10" 957x10% -9.57x 107 0.80 1.38x 10* 1.74 x 10* 1.26 0.26
500x10°  227x10"  232x10'  1.16x10'  -1.16x 10" 0.76 1.35x 10*  1.66 x 10* 1.23 0.23
6.00x 10°  276x10" 2.82x10" 141x10" -141x10" 0.72 1.20x 10 157x10* 130 0.30
7.00x 10°  3.25x 10" 331x10"  1.65x10"  -1.65x 10" 0.68 1.18x 10 1.49x10*  1.26 0.26
8.00x 10° 3.68x10" 374x10' 1.87x10' -1.87x10" 0.65 1.02x 10* 1.41x 10* 1.39 0.39
1.00x 10°  448x 10"  453x10'  227x10"  -227x10! 0.59 8.96x 10° 1.29x 10 1.44 0.44
1.20x 10°  553x10"  559x10"  279x 100 -2.79x 10" 0.52 777x10° 1.14x 10" 147 0.47
1.30x 10°  597x10"  6.02x10"  3.01x10"  -3.01x10" 0.50 6.83x10° 1.09x10*  1.59 0.59
1.35x10%  6.17x100  622x100'  311x10!'  -3.11x10! 0.49 6.70x 10  1.06 x 10* 1.59 0.59
1.40x 10%  638x10"  643x10'  3.22x10'  -322x10! 0.48 6.16x 10°  1.04 x 10* 1.68 0.68
1.50x 10*  681x10"  687x10" 343x10" -3.43x10" 0.45 6.04x10° 986x10°  1.63 0.63
1.70x 10*  745x 10" 751x10"  3.75x 100 -3.75x 107! 0.42 494x10° 9.16x10°  1.86 0.86
1.80x 10*  840x 10" 845x 10"  422x 10"  -0.4225685 0.38 413x10° 8.22x10° 1.99 0.99
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Table 10.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)3] ,M Aex 1- 10-Aex0 1- 10-Aex IFEcorr Iexp IOIIexp (IOIIexp)corr (IO/Iexp)corr' 1
0 551x10°  -1.28x10% -1.28x 1072 1.00 2.17 x 10* 1.00 1.00 0.00
2.00 x 107 8.73 x 1072 -1.28x 107 1.82x 10" 0.90 1.83x 10* 1.19 1.07 0.07
3.00 x 107 1.36 x 10! -1.28x 107 2.69x 10" 0.85 1.58x 10* 1.37 1.17 0.17
4.00x 107 1.86x 10! -1.28x 107 3.48 x 107 0.80 1.38x 10* 1.58 1.27 0.27
5.00 x 107 2.27x 10" 1.28x10%  4.07x 10! 0.77 1.35x 10* 1.61 1.25 0.25
6.00 x 107 2.76 x 10! 1.28x102%  471x 10! 0.74 1.20x 10* 1.80 1.33 0.33
7.00 x 107 3.25x 10" -1.28x 107 5.27x 10" 0.70 1.18x 10* 1.84 1.28 0.28
8.00 x 107 3.68 x 107! -1.28x 107 5.72x 10" 0.67 1.02x 10* 2.14 1.43 0.43
1.00x 10™ 448 x 10! -1.28x 107 6.43x 10 0.62 8.96 x 10° 2.43 1.50 0.50
1.20x 10™ 5.53x 10 -1.28x 107 7.20x 107 0.56 7.77 x 10° 2.80 1.57 0.57
1.30x 10™ 5.97x 10 -1.28x 107 747 x 10 0.54 6.83 x 10° 3.18 1.72 0.72
1.35x 10™ 6.17 x 10! -1.28x 107 7.58x 10 0.53 6.70 x 10° 3.25 1.72 0.72
1.40x 10™ 6.38 x 10! -128x102%  7.70x 107 0.52 6.16 x 10° 3.53 1.84 0.84
1.50x 10™ 6.81x 10! -128x102%  7.79x 107 0.50 6.04 x 10° 3.60 1.81 0.81
1.70 x 10™ 7.45x 10 -1.28x 107 8.20x 107 0.47 4.94 x 10° 4.40 2.09 1.09
1.80x 10™ 8.40 x 10 -1.28x 10 8.55x 107 0.44 4.13x 10° 5.26 2.31 1.31

IT1



112

Table 10.4 The apparent association constant (K,pp) data.

[Fe(acac)s] (Iop-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
2.00x 107 3.42x 10° 2.92x 10 5.00 x 10*
3.00x 107 591 x 10° 1.69 x 107 3.33 x 10*
4.00x 107 7.94 x 10° 1.26x 10* 2.50 x 10°
5.00x 107 8.23x 10° 1.22x 10 2.00 x 10*
6.00 x 107 9.69 x 10° 1.03 x 10™ 1.67 x 10*
7.00 x 107 991 x 10° 1.01 x 10™ 1.43 x 10*
8.00 x 107 1.16 x 10* 8.65x 107 1.25 x 10*
1.00 x 10 1.28 x 10* 8.65x 107 1.00 x 10*
1.20x 10™ 1.40 x 10* 7.83x 107 8.33x 10°
1.30x 10 1.49 x 10* 7.16x 107 7.69 x 107
1.35x 10™ 1.50 x 10" 6.71 x 107 741 x 10°
1.40x 10 1.56 x 10* 6.65 x 107 7.14 x 10°
1.50 x 10 1.57 x 10* 6.42 x 107 6.67 x 10’
1.70 x 10 1.68 x 10* 5.95x 107 5.88 x 10°
1.80x 10 1.76 x 10" 5.68 x 107 5.56 x 10°

Table 11 Quenching reaction Data of Chlorophyll a by Fe(acac); in ethanol.



Table 11.1 Stern-Volmer plot data.

V. of , V. of stock
. of stoc Fe(acac
Fe(acac)s [Fe( )al I I/1 To/D)-1
Chl a (mL) (M)
(mL)

1.5 0.0 0 2.85x 10"  1.00 0
1.5 0.2 2x10°  250x 10  1.14 0.14
1.5 0.3 3x10°  230x 100 1.24 0.24
1.5 0.4 4x10° 206x10"  1.39 0.39
1.5 0.5 5x10° 1.95x10*  1.46 0.46
1.5 0.6 6x10°  1.83x10*  1.56 0.56
1.5 0.7 7x10° 1.74x10*  1.64 0.64
1.5 0.8 8x10° 1.63x10* 175 0.75
1.5 1.0 1x10*  145x10° 197 0.97
1.5 1.2 1.2x10%  1.28x10° 222 1.22
1.5 1.4 1.4x10%  1.15x10* 249 1.49
1.5 1.6 1.6x 10*  1.02x 10*  2.80 1.80
1.5 1.8 1.8x10% 923x10°  3.09 2.09
1.5 2.0 20x10% 826x10°  3.45 2.45
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Table 11.2 Inner filter effect correction for Stern-Volmer plot data.

Fe’*, M abs 430 Aabs Aabs/2  (Aabs/2)*-1 104252 Lexp Iocorr  Tocorr/Texp  (To/T)-1

0 2.72x 107 0 0 0 1.00 2.85x 10" 2.85x 10 1.00 0.00
200x10° 740x107  4.69x107 234x10% -234x107 0.95 2.50x 10*  2.70 x 10* 1.08 0.08
3.00x10°  1.20x 10" 928x 107  4.64x107 -4.64x 107 0.90 2.30x 10  2.56x 10* 1.12 0.12
400x10°  1.53x100  126x10"  628x10% -6.28x 102 0.86 206x 10" 2.47x 10 1.20 0.20
500x10°  1.87x10"  1.60x10" 8.00x102% -8.00x 107 0.83 1.95x 100 2.37x 10 1.22 0.22
6.00x 10°  227x10"  200x10" 999x10% -9.99x 107 0.79 1.83x 10" 227x10* 1.24 0.24
7.00x 10°  254x10"  226x100'  1.13x100  -1.13x 107 0.77 1.74x 10 2.20x 10" 1.26 0.26
8.00x10° 291x10! 264x10" 132x100'  -1.32x 10" 0.74 1.63x 10  2.10x 10* 1.29 0.29
1.00x 10*  3.55x 10" 3.28x10"  1.64x 10" -1.64x 10" 0.68 1.45x 10 1.96 x 10 1.35 0.35
1.20x 10%  424x10"  3.97x10'  1.99x 10! -1.99x 10! 0.63 1.28x 10" 1.81x10* 1.41 0.41
1.40x 10%  497x10"  470x 10"  235x100'  -235x 10! 0.58 1.15x 10*  1.66x 10* 1.45 0.45
1.60x 10*  553x10"  526x10"  263x107 -2.63x10" 0.54 1.02x 10 1.56x 10 1.53 0.53
1.80x 10*  623x10"  596x 10"  298x 10" -2.98x 10" 0.50 923x10° 1.44x 10 1.56 0.56
200x 10*  691x10"  6.64x10" 332x10"  -3.32x10" 0.46 8.26x10° 1.33x 10* 1.61 0.61
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Table 10.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)3] ,M Aex 1- 10-Aex0 1- 10-Aex IFEcorr Iexp IOIIexp (IOIIexp)corr (IO/Iexp)corr' 1

0 272x10%  6.06x 107 6.06 x 10 1.00 2.85x 10 1.00 1.00 0.00
2.00x 107 740x 1027 6.06x 107 1.57 x 107! 0.94 2.50 x 10* 1.14 1.08 0.08
3.00 x 107 1.20x 10" 6.06x 107 2.41x 10" 0.90 2.30 x 10* 1.24 1.12 0.12
4.00x 107 1.53x 10" 6.06x 107 2.97x 10 0.87 2.06 x 10* 1.39 1.21 0.21
5.00 x 107 1.87x 100 6.06 x 107 3.50 x 107! 0.84 1.95 x 10 1.46 1.22 0.22
6.00 x 107 227x 10" 6.06x 107 4.07 x 10! 0.80 1.83 x 10* 1.56 1.25 0.25
7.00 x 107 254x 10" 6.06x 107 4.42x 10" 0.78 1.74 x 10* 1.64 1.28 0.28
8.00 x 107 291x 10" 6.06x 107 4.89x 10 0.75 1.63x 10* 1.75 1.31 0.31
1.00 x 10™ 355x 100 6.06x 107 5.58 x 107! 0.70 1.45x 10* 1.97 1.39 0.39
1.20x 10™ 424x 10" 6.06x 107 6.24 x 10" 0.66 1.28 x 10* 2.22 1.46 0.46
1.40x 10™ 497x 10"  6.06x 107 6.82x 10! 0.61 1.15x 10* 2.49 1.53 0.53
1.60x 10 553x 10" 6.06x 107 7.20x 10 0.58 1.02x 10* 2.80 1.63 0.63
1.80 x 10™ 6.23x 10" 6.06x 107 7.62x 107" 0.55 9.23x 10° 3.09 1.69 0.69
2.00x 10™ 691x10"  6.06x 107 7.96 x 107! 0.52 8.26 x 10° 3.45 1.78 0.78
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Table 11.4 The apparent association constant (K,pp) data.

116

[Fe(acac)s] (Ip-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
2.00x 107 3.55x 10° 2.82x 10 5.00 x 10*
3.00x 107 5.54x 10° 1.80 x 10 3.33 x 10*
4.00x 107 7.96 x 10° 1.26x 10* 2.50 x 10*
5.00x 10” 9.00 x 10 1.11x 10" 2.00 x 10*
6.00 x 107 1.02 x 10* 9.77 x 107 1.67 x 10*
7.00 x 107 1.11 x 10* 8.99x 107 1.43 x 10*
8.00 x 107 1.22x 10* 8.20x 107 1.25x 10*
1.00x 10 1.40 x 10* 7.12x 107 1.00 x 10*
1.20x 10™ 1.57 x 10* 6.38 x 107 8.33x 10°
1.40x 10 1.71 x 10* 5.86x 107 7.14x 10°
1.60 x 10 1.83 x 10* 5.46x 107 6.25 x 10°
1.80x 10™ 1.93 x 10* 5.18x 107 5.56 x 10°
2.00x 107 2.03 x 10* 494x10° 5.00 x 10°
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Table 12 Quenching reaction Data of Chlorophyll a by Fe(acac); in methanol.

Table 12.1 Stern-Volmer plot data.

V. of stock V- of stock [Fe(acac)s]
Chl a (mL) Felacac)s (M) ! o1 (/D1
(mL)

1.0 0.0 0 2.14x 10 1.00 0

1.0 0.2 2.08x10° 1.85x 10 1.16 0.16
1.0 0.3 3.12x10°  1.74x 10* 1.23 0.23
1.0 0.4 416x10°  1.62x 10* 1.33 0.33
1.0 0.5 52x10°  1.51x10* 1.42 0.42
1.0 0.6 6.24x10°  1.41x10* 1.52 0.52
1.0 0.7 7.28x10°  1.32x 10* 1.63 0.63
1.0 0.8 832x10° 1.23x 10 1.74 0.74
1.0 0.9 9.36x 10* 1.14x 10* 1.89 0.89
1.0 1.0 1.04x10*  1.07x 10* 2.00 1.00
1.0 1.1 1.14x 10*  1.01x 10* 2.14 1.14
1.0 1.2 125x 10" 9.34x 10° 2.30 1.30
1.0 1.3 135x 10" 8.85x 10° 2.42 1.42
1.0 1.4 1.46x10*  824x10° 2.60 1.60
1.0 1.5 1.56x 10 7.79x 10° 2.76 1.76
1.0 1.6 1.66x 10*  7.39x 10° 2.90 1.90
1.0 1.7 1.87x 10*  6.50x 10° 3.30 2.30
1.0 2.0 2.08x10*  591x10° 3.63 2.63




Table 12.2 Inner filter effect correction for Stern-Volmer plot data.

Fe’*, M abs 430 Aabs Aabs/2  (Aabs/2)*-1 104252 Lexp Iocorr  Tocorr/Texp  (To/T)-1

0 1.61 x 107 0 0 0 1.00 2.15x 10 2.15x10*  1.00 0.00
208x10° 837x10% 6.76x10% 338x10° -3.38x 107 0.92 1.85x 10 1.99x10* 1.07 0.07
3.12x10°  1.16x 10"  1.00x 10"  5.00x10? -5.00x 107 0.89 1.75x 10" 191x10* 1.10 0.10
416x10°  1.50x 10" 1.34x10" 6.70x10% -6.70x 107 0.86 1.62x 10" 1.84x 10" 1.14 0.14
520x10°  1.82x10" 1.66x10" 830x10° -8.30x 107 0.82 1.51x 10" 1.77x 10" 1.17 0.17
6.24x10° 2.19x10"  203x10" 1.01x10"  -1.01x 10" 0.79 141x10* 1.70x10°  1.20 0.20
728x10°  247x10"  230x10"  1.15x 10" -1.15x 10" 0.77 1.32x10*  1.65x 10" 1.25 0.25
832x10° 297x10" 281x10" 140x10" -1.40x 10" 0.72 123x 10" 155x 10"  1.26 0.26
936x10° 328x10" 3.12x10"  156x10" -1.56x 10" 0.70 1.14x 10 150x 10" 132 0.32
1.04x10*  3.64x10" 348x10" 1.74x10" -1.74x10" 0.67 1.07x 10*  1.44x 10" 1.34 0.34
1.14x10*  4.16x10" 4.00x 10" 2.00x 10" -2.00x 10" 0.63 1.00x 10* 1.35x 10" 1.35 0.35
125x10*  442x10"  426x10"  213x10"  -2.13x 10" 0.61 934x10° 131x10* 141 0.41
135x 10"  478x 10"  462x10" 231x10" -231x10" 0.59 8.85x10° 1.26x10* 1.42 0.42
146x10*  5.18x10"  5.02x10" 251x10"  -251x10" 0.56 8.25x10° 1.20x10* 1.46 0.46
156x10*  557x10"  540x10"  270x 10" -2.70x 10" 0.54 779x10°  1.15x 10*  1.48 0.48
1.66x10*  595x10" 579x10" 290x10" -2.90x 10" 0.51 739x10° 1.10x 10*  1.49 0.49
1.87x10*  6.68x10" 6.52x10"  326x10"7  -326x10" 0.47 6.50x 10° 1.01x10* 1.56 0.56
208x10*  739x10"  723x10"  3.62x10"  -3.62x 10" 0.43 591x10° 934x10° 1.58 0.58
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Table 11.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)3] 9M Aex 1- 10-Aex0 1- IO-AeX IFEcorr Iexp IOIIeXp (IOIIexp)corr (I()/Iexp)corr' 1
0 1.61x10%  3.64x10% 3.64x 107 1.00 2.15x 10* 1.00 1.00 0.00
2.08x 107 837x102  3.64x10%  1.75x 10" 0.93 1.85 x 10* 1.16 1.07 0.07
3.12x 107 1.16x 100 3.64x10% 235x 10" 0.89 1.75 x 10* 1.23 1.10 0.10
416 x 107 1.50x 10 3.64x 107 2.92x 10" 0.86 1.62 x 10* 1.33 1.14 0.14
5.20 x 107 1.82x 10" 3.64x 107 3.43x 10" 0.83 1.51x 10* 1.42 1.18 0.18
6.24 x 107 2.19x 10" 3.64x10% 3.96x 10" 0.80 1.41 x 10* 1.52 1.21 0.21
7.28 x 107 2.47x 10! 3.64x10% 433x10" 0.78 1.32 x 10* 1.63 1.27 0.27
8.32x 107 2.97x 10 3.64x 107 4.95x 10" 0.74 1.23x 10* 1.75 1.29 0.29
9.36x 107 3.28 x 107 3.64x 107 5.30x 107 0.71 1.14 x 10* 1.89 1.35 0.35
1.04 x 10™ 3.64x 100 3.64x 107  5.67x10" 0.69 1.07 x 10* 2.01 1.38 0.38
1.14 x 10™ 416x 100 364x10%  6.16x 107 0.66 1.00 x 10* 2.15 1.41 0.41
1.25x 10™ 4.42x 10" 3.64x 107 638x 10" 0.64 9.34x 10° 2.30 1.47 0.47
1.35x 10* 478 x 10! 3.64x 107 6.67x 10" 0.62 8.85x 10° 2.42 1.50 0.50
1.46 x 10™ 5.18x 100 3.64x 107 6.97 x 107! 0.59 8.25x 10° 2.60 1.55 0.55
1.56 x 10™ 557x 100 3.64x107 7.22x 10" 0.57 7.79 x 10° 2.76 1.58 0.58
1.66 x 10 5.95x 10 3.64x 107 7.46x 10" 0.55 7.39 x 10° 2.90 1.61 0.61
1.87x 10™ 6.68 x 10! 3.64x 107 7.85x 10" 0.52 6.50x 10° 3.30 1.72 0.72
2.08 x 10™ 739x 10" 364x10>  8.18x 10" 0.49 591 x 10° 3.63 1.78 0.78
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Table 12.4 The apparent association constant (K,pp) data.

120

[Fe(acac)s] (Ip-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
2.10x 107 2.94x 10° 3.40x 10 4.81x 10*
3.12x 107 4.01 x 10° 2.49x 10 3.20 x 10*
4.16x 107 531x 10° 1.88x 10* 2.40 x 10*
5.20x 107 6.36 x 10’ 1.57x 10* 1.92 x 10*
6.24x 10 7.32x 10° 1.36 x 10™ 1.60 x 10*
7.28 x 107 8.28 x 10° 1.20x 10™ 1.37 x 10*
8.32x 107 9.17 x 10° 1.09 x 10* 1.20 x 10*
9.36x 107 1.01 x 10* 9.89 x 107 1.07 x 10*
1.04x 10™ 1.08 x 10* 9.29 x 107 9.62 x 10°
1.14 x 10™ 1.14 x 10* 8.72x 107 8.77 x 10°
1.25x 10™ 1.21x 10* 8.24x 107 8.00 x 10°
1.35x 10 1.26 x 10* 7.93 x 107 7.41x 10°
1.46 x 10 1.32x 10* 7.56 x 107 6.85 x 10’
1.56x 10 1.37 x 10* 7.31x 107 6.41 x 10°
1.66 x 10 1.41x 10* 7.10x 107 6.02 x 10°
1.87 x 10 1.50 x 10* 6.68 x 107 5.35x 10°
2.08 x 107 1.56 x 10* 6.43 x 107 4.81x 10°
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Table 13 Quenching reaction Data of Chlorophyll a by Fe(acac); in DMF.

Table 13.1 Stern-Volmer plot data.

V. of K V. of stock
. of stoc
Fe(acac)s; [Fe(acac)s] I I,/1 (Iy/T)-1
Chl a (mL) (M)
(mL)

0.15 0.0 0 2.64x 10* 1 0
0.15 0.1 1.02x10° 233 x 10 1.13 0.13
0.15 0.2 204x10°  2.33x10* 1.13 0.13
0.15 0.3 3.06x10°  2.11x 10* 1.25 0.25
0.15 0.4 4.08x 10° 1.93x 10 1.37 0.37
0.15 0.5 510x 10°  1.78 x 10* 1.48 0.48
0.15 0.6 6.12x10°  1.56 x 10* 1.69 0.69
0.15 0.7 7.14x10°  1.49x 10 1.77 0.77
0.15 0.8 8.16x 10*  1.29x 10* 2.05 1.05
0.15 0.9 9.18x 10* 1.22x10* 2.17 1.17
0.15 1.0 1.02x 10*  1.12x10* 2.36 1.36
0.15 1.2 1.22x10*  1.01x 10* 2.61 1.61
0.15 1.4 1.43x10*  824x10° 3.21 2.21
0.15 1.6 1.63x10*  7.36x 10° 3.59 2.59
0.15 1.8 1.84x 10*  6.13x 10° 4.31 3.31




Table 13.2 Inner filter effect correction for Stern-Volmer plot data.

Fe¥', M abs 430 Aabs Aabs/2  (Aabs/2)*-1 107(A2bs2) Lexp Dncor  pcore/Texp  (Io/D)-1

0 1.49 x 10 0 0 0 1.00 264x10°  264x10*  1.00 0.00
1.02x10°  572x10%  423x10% 212x10% -2.12x 107 0.95 233x 10" 252x10 1.08 0.08
204x10°  1.10x 10" 954x10% 477x10% -477x107 0.90 233x 10" 237x 10 1.02 0.02
3.06x10°  151x100  136x10"  6.82x10% -6.82x 107 0.85 2.11x 100 226x 10  1.07 0.07
408x10°  1.95x 10"  1.80x 10" 899x 102 -8.99x 102 0.81 1.93x 100 2.15x10*  1.11 0.11
510x10°  227x10"  2.12x10'  1.06x10"  -1.06x 10" 0.78 1.78x 10*  2.07 x 10* 1.16 0.16
6.12x 10°  266x 10"  251x10" 126x10" -1.26x 10" 0.75 1.56x 10*  1.98 x 10* 1.27 0.27
7.14x10°  3.09x 10"  294x 10"  147x10'  -1.47x 10" 0.71 1.49x 100 1.88x10*  1.26 0.26
8.16x10° 3.44x10' 330x10' 1.65x10%'  -1.65x 10" 0.68 1.29x 100 1.81x10*  1.40 0.40
9.18x10° 386x 10" 371x10' 1.86x10' -1.86x 10" 0.65 1.22x 10 1.72x 10* 1.41 0.41
1.02x10%  423x10"  4.08x10"'  2.04x10"  -2.04x 10" 0.62 1.12x10*  1.65x 10* 1.48 0.48
1.22x10%  498x 10"  483x10' 242x10'  -242x10" 0.57 1.01x 10*  152x10* 150 0.50
143x10*  570x 100 555x10"  278x 100 -2.78x 10" 0.53 824x10°  1.39x10*  1.69 0.69
1.63x10%  649x 10"  634x10'  3.17x10'  -3.17x 10! 0.48 736x10° 1.27x 10 1.73 0.73
1.84x10%  7.14x10"  7.00x 10"  350x 10! -3.50x 10" 0.45 6.13x10°  1.18x 10" 1.93 0.93

(44!



Table 13.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)3] ,M Aex 1- 10-Aex0 1- 10-Aex IFEcorr Iexp IOIIexp (IOIIexp)corr (IO/Iexp)corr' 1
0 1.49x 102 337x10% 337x107 1.00 2.64x 10* 1.00 1.00 0.00
1.02x 107 572x10% 337x10% 1.23x 10" 0.95 2.33x 10 1.13 1.08 0.08
2.04x 107 1.10x 100 337x10% 224x 10" 0.90 2.33x 10 1.13 1.02 0.02
3.06 x 107 1.51x 10" 3.37x 107 2.94x 10" 0.86 2.11x 10* 1.25 1.07 0.07
4.08 x 107 1.95x 10 3.37x 107 3.61x10" 0.82 1.93 x 10* 1.37 1.12 0.12
5.10x 107 227 x 107 3.37x 107 4.07x 10" 0.79 1.78 x 10* 1.48 1.17 0.17
6.12x 107 266x 100 337x107 4.58x 10" 0.76 1.56 x 10* 1.69 1.29 0.29
7.14x 107 3.09 x 107 3.37x 107 5.09x 10" 0.73 1.49 x 10* 1.77 1.29 0.29
8.16 x 107 3.44 x 107 337x 107 5.48x 10" 0.70 1.29 x 10* 2.05 1.44 0.44
9.18x 107 3.86x 10" 337x10%  5.89x 10" 0.67 1.22 x 10* 2.17 1.46 0.46
1.02x 10™ 423x 100 337x10% 6.22x 10" 0.65 1.12 x 10* 2.36 1.54 0.54
1.22x 10* 498 x 10! 337x 107 6.82x 10" 0.60 1.01 x 10* 2.61 1.58 0.58
1.43x 10™ 5.70x 10 3.37x 107 7.31x 10" 0.57 8.24 x 10° 3.21 1.82 0.82
1.63x 10™ 649x 100 337x10%  7.76x 10" 0.53 7.36 x 10° 3.59 1.90 0.90
1.84x 10™ 7.14x 100 337x10%  8.07x 10" 0.50 6.13 x 10° 431 2.15 1.15

eCl



Table 13.4 The apparent association constant (K,pp) data.
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[Fe(acac)s] (Ip-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
1.02x 107 3.13x 10° 3.19x 10 9.80 x 10*
2.04x 107 3.13x 10° 3.19x 10 4.90x 10*
3.06 x 107 531x 10° 1.88x 10* 3.27x 10*
4.08 x 107 7.10 x 10° 1.41x 10™ 2.45 x 10*
5.10x 107 8.59x 10° 1.16 x 10™ 1.96 x 10*
6.12x 107 1.08 x 10* 9.25x 107 1.63 x 10*
7.14x 107 1.15x 10* 8.67x 107 1.40 x 10*
8.16x 107 1.35x 10* 739 x 107 1.22x 10*
9.18 x 107 1.42 x 10* 7.02x 107 1.09 x 10*
1.02x 10™ 1.52x 10* 6.56 x 107 9.80 x 10°
1.22x 10™ 1.63 x 10* 6.13 x 107 8.20 x 10°
1.43x 10" 1.82 x 10* 5.49x 107 6.99 x 10’
1.63x 10* 1.91 x 10* 524 x 107 6.13 x 10°
1.84x 10™ 2.03 x 10* 4.93x 107 5.43x 10°
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Table 14 Quenching reaction Data of Chlorophyll a by Fe(acac); in DMSO.

Table 14.1 Stern-Volmer plot data.

V. of stock V. of stock
- O stoc Fe(acac
Fe(acac); | c(3¢ack] I Ty/T (Io/1)-1
Chl a (mL) (M)
(mL)

0.8 0.0 0 2.98 x 10* 1.00 0
0.8 0.1 1.02x 10°  2.63x10* 1.13 0.13
0.8 0.2 2.04x10° 244 x 10 1.22 0.22
0.8 0.3 3.06x 10°  2.25x 10* 1.32 0.32
0.8 0.4 4.08x 10°  2.03x10* 1.47 0.47
0.8 0.5 5.10x10°  1.86 x 10* 1.60 0.60
0.8 0.6 6.12x 10°  1.56x 10* 1.91 0.91
0.8 0.7 7.14x10°  1.54x 10 1.93 0.93
0.8 0.8 8.16x 10* 1.32x10* 2.26 1.26
0.8 0.9 9.18x 10*  1.31x 10* 2.26 1.26
0.8 1.0 1.02x 10*  1.06x 10* 2.81 1.81
0.8 1.2 1.22x10*  1.03x 10* 2.90 1.90
0.8 1.4 1.43x10%  894x10° 3.33 2.33
0.8 1.7 1.73x 10*  7.20x 10° 4.14 3.14
0.8 2.0 204x10%  542x10° 5.49 4.49




Table 14.2 Inner filter effect correction for Stern-Volmer plot data.

Fe’*, M abs 430 Aabs Aabs/2  (Aabs/2)*-1 104252 Lexp Iocorr  Tocorr/Texp  (To/T)-1

0 9.10x 10™ 0 0 0 1.00 298x 10" 298x 10"  1.00 0.00
1.02x10°  595x10%  586x 10 293x10° -293x 107 0.93 2.63x10* 278x 10"  1.06 0.06
204x10°  939x10° 930x10%  4.65x10° -4.65x 107 0.89 244x 10" 2.68x10"  1.10 0.10
3.06x10°  133x10"  132x10"  6.62x10° -6.62x 107 0.86 225x 10" 256x 10" 1.14 0.14
408x10° 1.88x10" 187x10" 934x10% -934x107 0.81 2.03x 10" 240x10*  1.18 0.18
510x10°  230x 10"  230x10"  1.15x10"  -1.15x 10" 0.77 1.86x 10 229x 10"  1.23 0.23
6.12x10°  292x10" 291x10"  146x10" -1.46x 10" 0.71 1.56x 10" 2.13x10* 136 0.36
714x10°  323x10"  322x10"  1.61x10" -1.61x 10" 0.69 1.54x 10" 2.06x 10" 133 0.33
8.16x10°  4.00x10" 3.99x 10" 200x10" -2.00x 10" 0.63 132x 10" 1.88x 10" 143 0.43
9.18x 10°  4.15x 10"  4.14x10" 207x10" -2.07x 10" 0.62 132x 10" 1.85x10* 141 0.41
1.02x10*  542x10"  541x10"  270x10" -2.70x 10 0.54 1.06 x 10 1.60x 10*  1.51 0.51
122x10*  564x10"  563x10"  281x10"  -281x10" 0.52 1.03x 10" 1.56x 10"  1.52 0.52
143x10*  650x 10"  649x10"  325x10"  -3.25x 10" 0.47 8.94x10° 141x10*  1.58 0.58
1.73x10*  791x10"  790x 10" 395x10" -3.95x 10" 0.40 720x10° 1.20x 10"  1.66 0.66
204x10*  985x10" 9.84x10" 492x10" -492x 10" 0.32 542x10* 959x10°  1.77 0.77

9Cl



Table 14.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)3] ,M Aex 1- 10-Aex0 1- 10-Aex IFEcorr Iexp IOIIexp (IOIIexp)corr (IO/Iexp)corr' 1
0 9.10x 10*  2.09x10°  2.09x10° 1.00 2.98 x 10* 1.00 1.00 0.00
1.02x 107 595x 102 2.09x10°  1.28x 10" 0.94 2.63 x 10 1.13 1.06 0.06
2.04x 107 939x 102  2.09x10°  1.94x 10" 0.90 2.44 x 10 1.22 1.10 0.10
3.06 x 107 1.33x 10 209x10° 264x10" 0.86 2.25x 10* 1.32 1.14 0.14
4.08 x 107 1.88x 10 2.09x 107 3.51x 10" 0.81 2.03x 10* 1.47 1.19 0.19
5.10x 107 230x 100 2.09x10°  4.12x 10" 0.78 1.86 x 10* 1.60 1.24 0.24
6.12 x 107 292x 10" 209x10°  4.90x 10" 0.73 1.56 x 10* 1.91 1.39 0.39
7.14x 107 3.23x 10" 209x10° 524x 10" 0.71 1.54 x 10* 1.93 1.36 0.36
8.16 x 107 4.00x 10" 209x10° 6.02x10" 0.65 1.32x 10* 2.26 1.48 0.48
9.18x 107 415x 100 2.09x10°  6.16x 107 0.64 1.32 x 10* 2.26 1.46 0.46
1.02x 10™ 542x 10" 209x10°  7.13x 10" 0.57 1.06 x 10* 2.81 1.61 0.61
1.22x 10* 5.64x 10! 209x10° 727x10" 0.56 1.03 x 10* 2.90 1.62 0.62
1.43x 10™ 6.50x 10! 209x10° 776 x 10! 0.52 8.94 x 10° 3.33 1.73 0.73
1.73x 10™ 791x10"  209x10°  8.38x 10" 0.46 7.20 x 10° 4.14 1.90 0.90
2.04 x 10™ 9.85x 10"  209x10°  8.96x 10" 0.40 542 x 10° 5.49 2.17 1.17

LTI



Table 14.4 The apparent association constant (K,pp) data.
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[Fe(acac)s] (Ip-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
1.02x 107 3.51x 10° 2.85x 10 9.80 x 10*
2.04x 107 5.41x 10° 1.85x 10™ 4.90x 10*
3.06 x 107 730 x 10° 1.37x 10* 3.27 x 10*
4.08x 107 9.48 x 10° 1.05x 10* 2.45 x 10*
5.10x 107 1.12 x 10* 8.94x 107 1.96 x 10*
6.12x 107 1.42 x 10* 7.06 x 107 1.63 x 10*
7.14x 107 1.44 x 10* 6.96 x 107 1.40 x 10*
8.16x 107 1.65 x 10* 6.03 x 107 1.22x 10*
9.18 x 107 1.66 x 10* 6.01 x 107 1.09 x 10*
1.02x 10™ 1.92 x 10* 521x 107 9.80 x 10°
1.22x 10™ 1.95x 10* 5.12x 107 8.20 x 10°
1.43x 10" 2.08 x 10* 4.80x 107 6.99 x 10’
1.73 x 10 2.26 x 10* 443 x 107 5.78 x 10°
2.04x 10" 2.44 x 10* 4.10x 107 4.90x 10°
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Table 15 Quenching reaction Data of Chlorophyll a by Fe(acac)s in acetonitrile.

Table 15.1 Stern-Volmer plot data.

V. of stock V. of stock
- O stoc Fe(acac
Fe(acac)s [Fe( )3l I Iy/1 Ty/T)-1
Chl a (mL) (M)
(mL)

0.15 0.0 0 3.30x 10* 1.00 0
0.15 0.1 1.05x 10°  3.01x10* 1.09 0.09
0.15 0.2 2.10x10°  2.77x10* 1.19 0.19
0.15 0.3 3.20x 10°  2.54x 10° 1.30 0.30
0.15 0.4 420x 10°  228x10* 1.44 0.44
0.15 0.5 525x10°  2.16x 10* 1.53 0.53
0.15 0.6 6.30x 10°  1.99x 10* 1.66 0.66
0.15 0.7 735x10°  1.92x 10 1.72 0.72
0.15 0.8 8.40x 10* 1.70x 10* 1.93 0.93
0.15 0.9 945x 10* 1.62x 10* 2.03 1.03
0.15 1.0 1.05x 10*  1.42x10* 2.32 1.32
0.15 1.2 1.26x10*  1.30x 10* 2.54 1.54
0.15 1.4 1.47x10*  1.13x 10* 2.92 1.92
0.15 1.6 1.68x 10*  9.63x 10° 3.42 2.42
0.15 1.8 1.89x 10*  8.78 x 10° 3.76 2.76
0.15 2.0 2.10x 10* 776 x 10° 4.25 3.25




Table 15.2 Inner filter effect correction for Stern-Volmer plot data.

Fe’*, M abs 430 Aabs Aabs/2  (Aabs/2)*-1 104252 Lexp Iocorr  Tocorr/Texp  (To/T)-1
0 2.87x 107 0 0 0 1.00 330x 10 330x10*  1.00 0.00
1.05x10°  458x10%  429x102 215x10% -2.15x 107 0.95 3.01 x 10*  3.14x 10 1.04 0.04
2.10x10°  8.65x107 836x107 4.18x10% -4.18x107 0.91 277x 10" 2.99x 10 1.08 0.08
320x10°  138x10%  135x10%'  6.75x10%  -6.75x 107 0.86 254x 10" 2.82x10*  1.11 0.11
420x 10°  1.84x 10"  1.81x10"  9.05x10% -9.05x 102 0.81 228x 10" 268x10*  1.17 0.17
525x10°  227x10'  224x10'  1.12x10'  -1.12x 10! 0.77 2.16x 10 2.55x 10° 1.18 0.18
6.30x 10°  267x10"  264x10"  132x10"  -1.32x 10" 0.74 1.99x 10* 243 x 10* 1.22 0.22
735x10°  2.69x 10" 266x10"  1.33x10"  -1.33x 10" 0.74 1.92x 10 242x10* 127 0.27
8.40x10° 355x10!' 352x100'  1.76x100  -1.76x 10! 0.67 1.70x 100 220x10*  1.29 0.29
945x10°  4.01x10"  3.98x10" 1.99x 10" -1.99x 10" 0.63 1.62x10*  2.08 x 10* 1.28 0.28
1.05x10%  447x10"  444x10' 222x100  -222x10! 0.60 1.42x10*  1.98x 10* 1.39 0.39
126x10%  544x10"  541x10" 271x10'  -271x 10" 0.54 1.30x 100 1.77x10* 136 0.36
147x10*  630x10"  627x10"  3.13x10" -3.13x 10" 0.48 1.13x 100 1.60x10* 142 0.42
1.68x10%  722x10"  7.19x10'  3.60x 10!  -3.60x 10" 0.44 9.63x10°  1.44x 10 1.50 0.50
1.89x10%  8.04x 10"  801x10' 4.01x10" -4.01x10" 0.40 8.78x10° 1.31x10 1.49 0.49
210x 10*  894x 10"  891x10" 445x10"  -4.45x 10" 0.36 776x10°  1.18x10*  1.52 0.52

0¢l



Table 15.3 Inner filter effect correction of Borissevitch for Stern-Volmer plot data.

[Fe(acac)3] ,M Aex 1- 10-Aex0 1- 10-Aex IFEcorr Iexp IOIIexp (IOIIexp)corr (IO/Iexp)corr' 1
0 287x10° 659x10°  6.59x10° 1.00 3.30 x 10* 1.00 1.00 0.00
1.05x 107 458x 107 659x10°  1.00x 107 0.95 3.01 x 10* 1.09 1.04 0.04
2.10x 107 8.65x102  659x10°  1.80x 10" 0.91 2.77 x 10 1.19 1.08 0.08
3.20 x 107 1.38x 10! 6.59x 10°  2.72x 10" 0.86 2.54 x 10* 1.30 1.12 0.12
420x 107 1.84x 10" 6.59x 10°  3.45x 10" 0.82 2.28 x 10* 1.45 1.18 0.18
5.25x 107 227x 100 659x10° 4.07x 107 0.78 2.16 x 10° 1.53 1.20 0.20
6.30 x 107 267x100  659x10° 4.60x 107 0.75 1.99 x 10* 1.66 1.24 0.24
7.35x 107 2.69x 10! 6.59x 10°  4.62x 10" 0.75 1.92x 10* 1.72 1.29 0.29
8.40 x 107 3.55x 107 6.59x 10°  556x 10" 0.68 1.70 x 10* 1.93 1.33 0.33
9.45x 107 401x 107 659x10°  6.03x 10" 0.66 1.62 x 10 2.03 1.33 0.33
1.05x 10™ 447x 107 659x10° 643 x 10" 0.63 1.42 x 10* 2.32 1.45 0.45
1.26x 10 544 x 10" 6.59x 10°  7.14x 10" 0.57 1.30x 10* 2.54 1.45 0.45
1.47 x 10™ 6.30x 10! 6.59x 10°  7.65x 10" 0.53 1.13x 10* 2.93 1.55 0.55
1.68 x 10™ 722x 100 659x10°  8.10x 107 0.49 9.63x 10° 3.42 1.67 0.67
1.89 x 10™ 8.04x10"  659x10°  843x10! 0.46 8.78 x 10° 3.76 1.72 0.72
2.10x 10™ 8.94 x 10" 6.59x 10°  872x 10" 0.42 7.76 x 10° 4.25 1.81 0.81

Iel



Table 15.4 The apparent association constant (K,pp) data.
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[Fe(acac)s] (Ip-I) 1/(I1y-1) 1/[Fe(acac)s]
0 0 - -
1.00 x 107 2.82x 10° 3.55x 10 9.52 x 10*
2.10x 107 5.22x 10° 1.92 x 10™ 476 x 10*
3.20x 107 7.60 x 10° 1.32x 10* 3.12x 10*
420x 107 1.02 x 10* 9.85x 107 2.38 x 10
520x 107 1.14 x 10* 8.77x 107 1.90 x 10*
6.30 x 107 1.31x 10* 7.64x 107 1.59 x 10*
7.40 x 107 1.38 x 10* 7.24x 107 1.36 x 10*
8.40 x 107 1.59 x 10* 6.28 x 107 1.19 x 10*
9.40 x 107 1.67 x 10* 5.99x 107 1.06 x 10*
1.05x 10™ 1.87 x 10* 534x 107 9.52x 10°
126 x 10™ 2.00 x 10* 5.01x 107 7.94 x 10°
1.47 x 10 2.17 x 10* 4.61x10° 6.80 x 10’
1.68 x 10 233 x 10* 429x107° 5.95x 10’
1.89 x 10 2.42x 10* 4.14x 107 5.29x 10°
2.10x 10™ 2.52x 10* 3.97x 107 476 x 10°




133

1.0 T T T T 14 T T T T
Chlorophyll a in ethanol Chlorophyll a in methanol

0.8 . .
Ncreasing Fe(acac
431 nm st

increasing [Fe(acac)3]

Absorbance

400 500 600 700 800 400 500 600 700 800

wavelength (nm) wavelength (nm)

10 T T T T L0 T g T E T E T
Chlorophyll a in DMF Chlorophyll a in THF
0.8 4 0.8 4
increasing [Fe(acac)s] increasing [Fe(acac)3]
] ]
= g S 0.6 i
g g 434 nm
= =
g &
2 L =04 E
< -
4 0.2 -
da s 0.0 L )
700 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
1‘4 T L} L} L} 1‘2 L} T T T
% Chlorophyll a in DMSO Chlorophyll a in acetonitrile
ol 436 NMincreasing [Fe(acac)s] 1 430 nm increasing [Fe(acac)s]
@ -
=
S 08 E
2 J
Z 06 .
“ J
0.4 1
0.2 < 1
0.0 T = "
400 500 600 700 300 600 700 800
wavelength (nm) wavelength (nm)
14 T T T v L2 T T T T
L2 Chlorophyll a in benzene ] 0 Chlorophyll a in toluene
0 inareasing [Fe(acac);] ) 432 nm iereasing [Fe(acac);]
o v 08 E
< ¢
2 ] 2 0.6 1
g Z
2 ' 3
= "4 .
| 0.2 E
4 0‘0 e 1

400 500 600 700 800 400 500 600 700 800

wavelength (nm) wavelength (nm)

Figure 4 Absorption spectra of chlorophyll a when have [Fe(acac);] in various

solvents.
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Figure 5 Emission spectra of chlorophyll a when have [Fe(acac);] in various solvents.
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