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List of Symbols and Abbreviations

L4

An electron acceptor molecule.
Absorbance of a sample solution in the absence of an electric field.

Absorbance of a sample solution for light polarized parallel and
perpendicular to the applied electric field, respectively.

Either the long semi-axis of an ellipsoid-1like particle or the
half-length for a particle of cylindrical shape.

Area.
Internal field function.

Either the short semi-axis of an ellipsoid-like particle or the
radius of a particle of cylindrical shape.

Either a constant of proportionality or the overall concentration
of surfactants.

Critical micelle concentration.
Molar concentration of micelles.
Molar concentration of a solute,

Either the rotational diffusion coefficient or an elecron donor
molecule.

Electric field strength.

Maximum amplitude of an alternating electric field.
A function which reflects the degree of orientation.
Angu]ar d1str1bq;1on function.

2y,

3k2T72

5-hexenoic acid,

4n s1n(7r)

Light intensity transmitted by a sample solution in the absence of
an electric field.

Light intensity transmitted by a sample solution in the presence
of an electric field of strength E.

Either scattered 1ight intensity in the absence of an electric
field or incident light intgnsity impinging on a sample solution

Intensity transmitted by a sample solution in the presence of an
electric field when the incident light is polarized parallel and
perpendicular to the electric field, respectively.

Scattered 11ght 1nten51ty as a functlon of the orientation of
particle. ' .

21r2 Sln(T)

E1ther the Boltzamann constant.or a constant of proport1ona11ty
Rate constant for micelle dissociation and formation, respectlvely
Length of a rod-like particle.
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M Single surfactant molecule.

Mn Micelle constituted by n surfactant molecules.

Mw Weight-average molecular weight.

MnTPyP-C16 Bromo-aquo-(5-[1'~hexadecylpyridinium-4'-y2]-10,15,20,-tris
L4'-pyridyl1]-21H,23H-porphine)~manganese perchlorate.

MV2+ 1,1'-Dimethy1-4,4'-bipyridinium dichloride (methyl viologen).

N Either number of scattering elements in a particle or number of
particles per unit volume.

No’Nl’NZ Number of moles of photons.

n Refragtive index of the solvent which, for Tow concentrations,
coincides with that of the solution.

np Refractive index of the particle.

tn = n, - n, Difference in the refractive index for light polarized parallel
and perpendicular to an applied electric field.

0D Optical density.

P = 9;-= (%%)2 Contribution of permanent dipole moments to the degree of

E orientation.,

PV s° N,N'-bis(sulfonato-n-propyl)}-4,4'bipyridyl(propyl viologen sulfonate)

PaPp Permanent dipole moment along and across the symmetry axis,
respectively.

n=p, Permanent dipole moment when Py > Py-

A= Kx\~ —;E—IZT—% Contribution of induced dipole moments to the degree of

orientation.

Ru(bpy)§+ Tris(2,2'~bipyridinium)ruthenium(II) chloride hexahydrate.

5 Sensitizer molecule.

S As index designates the saturation value of an electro-optic effect.

SDS Sodium dodecyl sulfate.

g Wave vector in the direction of the scattered 1ight beam.

é; Wave vector in the direction of the incident 1ight beam.

T Either absolute temperature or transmittance of an isotropic solution.

TusT, Transmittance of a sample solution in the presence of an electric
field when the incident light.is polarized parallel or perpendicular
to the electric field, respectively.

TEA Tris(2-hydroxyethyl)amine or Triethanolamine.

t Time.

] Potential energy of a particle in an electric field.

As index designates vertically polarized scattered light intensity.



[ve]

EnsEy

cEY E

Vii

As index designates vertically polarized incident light.

As index designates the weight-average,
(5-[1'-hexadecylpyridinium-4'-y2]-10,15,20-tris[4'-pyridyl1]-21H,
23H-porphine)-zinc perchlorate. ’
As index designates the z-average.

Electro-optic effect.

Electro-optic effect for intinitely high electric field
strengths, when all particles are completely oriented.

Electro-optic effect at the moment at which the electric field is
switched off.

Electric polarizability along and across the symmetry axis,
respectively.

Electric polarizability when Yy @ Ype
Difference in the values of magnitude; Laplacian operator.
Optical anisotropy.

Angle between the direction of the applied electric field and
the bisector of the viewing angle.

Molar extinction coefficients along and across the symmetry axis
of the particle, respectively.

M91ar extinction coefficient of a solution in the absence of an
" ourie field.
Average molar extinction coefficient.

Molar extinction coefficientsof a solution in the presence of an
electric field for light polarized parallel and perpendicular to
the applied electric field, respectively.

Coefficient of viscosity.

Angle between the particle symmetry axis and the applied electric
field.

Angle between the incident and scattered beams.

Either the frequency of an applied electric field or the
frequency of a photon which is absorbed by a sensitizer.

Wavelength.
Relaxation time.

?haTS angle between an electro-optic effect and the applied electric
ield.

Phase angle between an electro-optic effect and the applied electric
field for particles without permanent dipole moment and without
electric polarizability, respectively.

Either a wave-function or the angle between the direction of the
transition dipole moment and the particlie's symmetry axis.

Angular frequency.

Dipole moment operator.
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(MAIN) INTRODUCTION

1.1. Position of the problem

The impending shortage of our fossil fuels that coal,
petroleum and natural gas represent, their increasing CoOsiS

and the disastrous increase in the CO, level in the atmosphere f“”L;

2 ’
resulting from the burning of these fuels, preoccupy not only e

. . Dl\ * ,\r\‘b".‘
many governments and industries but also many researchers all WJ:”.L

\V.Q£r~ r’t

-

over the world \1—57u i {L“C, bepicn ! W Gornr
Finding other renewable alternative sources of energy <’1 '1
which do not depend on the exhaustible products of past photo-
synthesis, i.e., fossil fuels is a crucial problem that many st
scientists are facing in order to fulfill the energy needs of :iﬂf
humanity. Solar energy is potentially one of the most importanti‘ff;
renewable sources of energy, especially for countries like ’tif}

Rwande for which geographical and atmospheric conditions are perdens

favorable. At the present time, two methods for the collectiocon to fon

A Anr

of sunlight energy have been developed and improved by physi=- <

cists and engineers. OK Lol Bresntis, Qchmxl gk
w Ak Aok

[ [N
5 ..,;:)

Sunlight Energy Can be Collected as Heat on a Blackened Surface

This heat can be used directly for residential and com-
mercial heating or it can be transformed into electricity via
a thermal engine. This conventional method for the collection
of sunlight energy presents two major deficiencies: first,
it implies the degradation of the sunlight energy from high-
QEQ}EQX\SQQQEﬁ of 125-335 kJ/mole (30-80kcal/role) into low-
quality thermal quanta of 2.5-4.2kJ/mole (0.6-1.0 kcal/mole);
éna‘second, the efficiency of the gggyersion of thermal enerqgy

into electricity is limited by the theoretical efficiency (?)

\ i P
T A (_L(,~_(( A

£ A A, It nelens
of a revérsible Carnot cycle, ArnAsta I SV
<o sten = TR

T N

where T and T' are, respectively, the upper temperature and

lower temperature at which the thermal engine can function.

-Sunlight Energy Conversicn Into Electricity by Means of Solid

State Semiconductor Photovoltaic Cells

Even if the efficiency of sunlight conversion into electri-
Y g
city reaches values as high as 22% /4/ for a solid state silicon

solar cell, on large scale, the use of solid state photovoltaic ccll
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poses practical problems. First, the requirement of single-crystal
silicon of high purity makes the cost of photovoltaic cells high;
second, the small arca involved requires a focusing collector

and this contributes to increasing the cost of the system; third,
the electric power delivered by these devices cannot exceed

2KW /3/; and fourth, while converting sunlight energy to electri-
city via photovoltaic cells, the major problem is storage.

Two major drawbacks have delayed the utilization of solar energy

on a large scale /2,3/: first, solar energy is diffuse and this

requires large areas of collectors which, consequently, are very
expensive; second, although solar energy is an immense resource,
it is intermittent. This drawback requires some form of storage
system so that the energy can be made available when it is needed.
If the sunlight energy could be used to generate an easily stor-
able fuel (the term fuel is used in a broad sense, i.e., a
reduced chemical compound produced in an endergonic chemical
reaction which upon reaction with oxygen can release the stored

energy), this problem would be solved/6/.

In the past decade or so, many researchers /1,2,4-12,15,17,
20/ have tried to find the best way to store solar energy by means
of photochemical reactions: the aim of this research is to use
the sunlight energy as a driving force for an endergonic chemical
reaction where the end product would be a chemical fuel and/or
electrical energy.
One part of the work presented in this thesis deals with sunlight
energy conversion and storage by means of dye-sensitized photo-
chemical reactions. o the neat ]
Since photosynthesis by green plants, algae and bacteria
is the only known process which can photochemically convert and
store solar energy, it is very probable that an artificial system
that will accomplish an analog process will be modelled on the
natural photosynthesis process /2,4,7,17/. Artificial photo-
synthesis based upon Nature's way for sunlight energy capture
and conversion into some stable chemical form is a goal pursued
by many researchers all over the world.
Eggfiggglfygp%ﬁxpg to simulate the natural process of sunlight
energy conversion into chemical energy in order to accomplish
the photodecompcsition of water into oxygen and renewable hydrogen
fuel » to reduce the carbon dioxide to useful fuels such as formic
dcid, formaldehyde, methanol and methane, or to reduce nitrogen

to ammonia.
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P If a solution containing appropriate chemicalscould perform

a role similar to that of the photosynthetic chloroplasts, i.e.

converting sunlight energy into chemical energy and storing it
in some stable forms some problems associated with solid
state photovoltaic cells (solid-solid junction which is dif-
ﬁigglﬁ»?o rgalize, focusing, été:) will Sérallevié£ed since
solutloﬁé can be spread into a larger area and costs may not
be as high. It is necessary to understand the essential parts
of the quantum conversion process in natural photosynthesis

in order to mimic that process by using synthetic chemical

compounds.

1.2. QUANTUM CONVERSION IN GREEN PLANTS AND ALGAE

The overall stiochiometric reaction of green plants photo-

synthesisVand algae,

8hv. 1
Co, (g) + H,0 (2) ch” © C6H1206(S) + 0,(g) (1s1)

(where C6H1206 is a D - glucose), can be separated into two

major steps: a photophysico-chemical step in which visible ),

light (400 nmy< A < 780 nm) is captured and transformed into £ "

stored biochemical ehéféy, and a chemical step, in which the ..,
stored energy is utilized in a sequence of enzymatic dark
reactions. We want to emphasize and describe briefly the mecha-
nisms of the photophysico-chemical step because it involves
light energy conversion into electrical/chemical energy and

it is possible to mimic some aspects of that process /2/.

.2.1. The Primary Photophysico-chemical Reactions of Photo-

synthesis

-

onk |

The primary photophysico-chemical reactions is a process
which takes place~é; a complex structure consistigé of the thy-
lakoid membranes in the grana stacks and stroma lamellae within
the chloroplast /11/ and which converts light energy into a
reducing power (nicotinamide adenine dinucleotide diphosphate,
NADPH) and chemical energy /11,14 /. The details of the process
are summarized in the so called "Z-scheme" (Fig.l.1) which has
been postulated for the first time by Hill and Bendall in 1960.
Three essential points merit to be emphasized since they are
an important guide for the construction of an artificial

photosynthetic device.



1.2.1.1. Light harvesting. An antenna of several light har-

vesting pigment molecules, of which chlorophyll is the principal
component, gather light quanta and channel this excitation enerqgy
via excited singlet state to one of two photoactive centers of
the electron transport chain, called photosystem I (PSI) and
photosystem II( PSII) /15/. The photoactive compounds of PSI and

PSII are the pigments P and P which have an absorption

band at 700 nm and 680 1g? respegigvely. The two photosystems
operate in series. Observation of the photosynthetic activity
of chlorophyll molecules incorporated in models systems led
Showell and Fong /19/ to the following conclusions: the dimers
of chlorophyll a, (Chl a. H,0), and (Chl a. 2H,0), display,
respectively, photophysico-chemical properties analogs to those
attributed to the light-driven reactions of the photoactive

A T T
700 214 Pggo- Yoo in ol 5 el ST
3 o) A omadls 2 Mot

N (,\ Haapp ltr’\
1.2.1.2. Charge separation and photoinduced electron transfer

reaction centers P

reactions. As soon as the reaction-centers trap P680 and P700

have absorbed photons of suitable wavelength, they are electro-

nically excited to the singlet state . Each of the excited

TR

2 — _ § e * Y Lo 4 :
reaction-center trarps P680 and P700, transfers apﬁs}gg?ioQ\ o £
to a closely associated reaction partner within 20 nsec /167.Fﬁ4{£%k<
Pzﬂo transferSan electron to a plastoquinone molecule,len(the
primary electron acceptor of PSII): W/

% 2 - A
+ —— +
Peso 9 P eg0 T 9 My 2]
~ X
PEBO is reduced by unknown reactions within the enzyme system S,

) > N ,rfl-»vrr,
which is probably a manganese-containing complex (Eq. 1.3). [ < "5 )
After four successive photoacts the four positive holes gene;ateg

A Yo
in the S enzyme oxidize water to oxygen: 4 st
\ ¢ }/ Re a own = el
sl § 4p+ + 7 > 4P + 7‘*+\ y covaporend
e 680 “e80 T ° ,
- e (1.3)
{4 | 1;1\ i
cwe') B ¥ 20,0 —> 7 + O, + 4H

. The electron accepted by Q1 flows down a potential gradient
through a plastoguinone pool, plastocyanigg,/9ytochrome f, etc.
The electron flow is coupled to a proton gradient across the
membrane which is used to generate a high energy phosphate,
adenoside triphosphate (ATP), from adenoside diphosphate (ADP)
and an orthophosphate via a chemiosmotic mechanism /17,22/. The
electron removed from water will reach the hole left behind by
the photoinducea oxidation off?%g.'ﬂeealectron released by this excited

pigment is accepted by A, (probably chlorophyll molecule a)

1



at a reduction level higher than that of a molecular hydrogen. This electron
falls back through a series of electron transfer agents, including an iron/sulfur
protein known as ferrodoxin, to flavoprotein, and finally to NADPT to form NADPh,
which together with the light-generated ATP, will drive the reduction of CO2 into
carbohydrate in the reduction cycle of photosynthesis. It is known /12,13a/ that
in anaerobic conditions (i.e. oxygen is excluded or minimized and carbon dioxide
withheld), some plants synthetize an enzyme called hydrogenase which can use
NADPH, ferrodoxin (or both), to generate molecular hydrogen.

N

1.2.1.3. Role of the thylakoid membrane. .

SRS l

(Kinetics)and thermodynamic limitations on the photophysico-chemical conversion
and sfdfagé’bf solar energy forced green plant photosynthesis to use two
complementary photochemical reactions operating in series so that two quanta
have to be absorbed for every electron transferred from water to NADP+ 12517 ,22/ .
The fact that two quanta have to be absorbed for each electron transferred and
that the thylakoid membrane has two sides suggests that the excited electron
passes from one side to the other and the ability of the plant to perform the
photochemical steps resides in the fact that PSI and PSII particles are probably }
located on oppos1te s1des of the membrane which therefore serves to keep o ‘
spat1a11y separate the reduced and oxidized species of the electron transfer
process /10a,26/. The electron is moved from one side to the other, across two
phase boundaries: a water-to-membrane boundary and membrane-to-water phase
boundary on the outer side of the thylakoid membrane. In summary, not only the
thylakoid membrane assumes the role of host for the reactants, but also the unique
arrangement of reactants assures a rapid and efficient electron transfer, and 1is
such that the thermal back electron transfer is prevented. Being spatially
separated, the reduced species and oxidized species will represent a potential

chemical energy (via their redox potential).
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Fig.1.1 The "Z-Scheme" of the photosynthetic electron-transport chain

in green plants and algae. The scheme shows two photochemical
reactions operating in series to drive an electron from water
to nicotinamide adenine dinucleotide phosphate (NADP+).
Photosystem I (PS-I) utilizes chlorophyll a (Chla) and Photo-
system II (PS-II) utilizes chlorophyll a (Chla) and chloro-
phyll b (Chlb). A pool of plastoquinone (P§ pool) which lies

in the photosynthetic electron-transport chlain is the essential

link for electron flow from PS-II to PS-I.

Symbols: 7 4 _repres ents Lhe oxygen—oeneratlng enzyme qystem,
Q is a plas toqu1none molecule or the fllSt electron
acceptor of PS-II; Aﬁﬁﬁp
Cyt-f means cytochrome f;
PCy means plastocyanine;
A, is the first electron acceptor of PS-I which is pro-
bably a Chla molecule.

(See other details and abbreviations in the text).



1.3. Characterization of natural photosynthetic systems by

electro-optic methods

In order to construct in vitro and/or artificial photosyn-
thetic systems which seek to mimic some aspects of the photo-
physico-chemical reactions of natural photosynthesis, it is

necessary to have sufficient information on the structure and

mechanism of green-plant chloroplasts, especially on the orien-

tation of specific pigmeﬁts within the chloroplast membrane. (e.g.,

photoactive pigments of PSI and PSII are these specific pigments).
In order to explain how the photoproducts of the photo-
induced electron-transfer process of natural photosynthesis are
kept spatially separated, many researchers /2,8a/ have postulated
that PSI and PSII particles are probably located on the opposite
sides of the thylakoid membrane, but the mutual orientation of
these reaction centers are still unknown.

A detailed knowledge of the degree of mutual orientation of
pigments on a local level (within a given photosynthetic unit

or in its immediate neighbors) is necessary for the understanding
of the mechanism of the transfer of excitation light energy among
the pigments of the chloroplast /24/.

The particles of a colloidal suspension respond to an
.applied electric field by orientation or deformation, and this
produces optical anisotropies on a macroscopic scale /25/. The
modification of optical properties of a colloidal suspension when
an electric field is applied or changed across the suspension

'
"is called an electro-optic phenomena. The magnitudes and speeds

of electro-optic effects are related to the molecular charge
distribution, directional polarizabilities, and reorientational

or disorientational rates /25,53/.

It is obvious to expect that electro-optic phenomena which
provide information on particle's electric parameters (electric
polarizabilities and permanent dipole moments))on their optical
anisotropy, on the direction of the transition dipole moments
of specific chromophores within these particles, on their geo-
metrical and mechanical parameters, could contribute to a better
understanding of the structure of natural photosynthetic membranes.
In fact, the evaluation of data from electro-optic measurements
could give, in principle, informatior on the interfacial charge
of chloroplast membranes, on the asymmetry and dynamics of these
charges, on the orientation of specific pigments in (or on) the
chloroplast membrane and it is quite reasonable to expect that
all these properties determine one of the fundamental roles of
the thylakoid membrane, i.e. to keep spatially separated the
reduced species and oxidized species of the photochemical step of
the natural photosynthesis.



However, given that a suspension of chloroplasts is very

+polydisperse, electro-optical measurements carried out only on
such a suspension, would be difficult to interpret.

The fragmentation of chloroplasts either by chemical methods
'wreating the chloroplast suspension with a detergent such as

the digitonin), or by physical methods (ultrasonic treatment),
followed by a separation into more or less homogeneous fractions
(sub-chloroplast fragments) by differential centrifugation, pro-
vides samples for which the electro-optical measurements can be

interpreted more or less easily.

In chapter II, we present briefly the fundamental principles
of the theory and experimental methods for two electro-optic
methods, - the electric linear dichroism and the electric field
light scattering. We have used these two electro-optic methods in
order to determine the electric and hydrodynamic properties of
chloroplasts and sub-chloroplast fragments. The orientation of
whole chloroplasts and that of large chloroplast fragments in an
electric field is due to the interfacial polarization. The mean
values obtained for the interfacial electric polarizability and

-12_ 3

its relaxation time are, respectively, in the order of 10 m

and 6 x 10-55. The experimental results provided us some informa-
tion on the structure of the photosynthetic membranes; the dis-

cussion of these results elucidate this information.

1.4, Artificial photosynthetic systems

The complexity and the very high organization of natural
systems do not allow us to understand the natural photosynthetic
process by carrying out experiments on a suspension of whole
chloroplasts. Relatively simple model systems for photosynthesis
have to be used. A first approach involves the utilization of

in vitro models for photosynthesis which consist /1,26/ of

biological pigments, lipids, proteins, enzymes, etc... extracted
from plants, or from algae, or from photosynthetic bacteria and
placed in an appropriate environment (e.g., ultrathin membranes,
liquid solutions, etc.) so that the whole system can mimic
some aspects of the photophysico-chemical mechanisms of the
thylakoid membrane. A closed vesicle of spherical configuration
is a suitable model for the thylakoid membrane: it has two
aqueous phases separated by a lipid bilayer. Many investigations

have been made /14/ on vesicles which contain biological pigments



(e.g., chlorophylls), proteins or other purified components of

the chloroplast. Even if in vitro photosynthetic systems are
extensively used /2,8a,26/, they have two major deficiencies.
First, the quantum efficiencies obtained so far are very low.
Second, in vitro photosynthetic systems are unstable : in fact
isolated biological pigments, enzymes, etc... @72 not stable when
they are placed in an unnatural environment where they have to

be maintained under specific conditions (e.g. anaerobic conditions
or must be exposed to large areas in order to absorb an apprecia-
ble fraction of incident light.

A second approach involves the utilization of artificial photo-

synthetic systems which are constituted of synthetic chemical

compounds and seek to imitate parts of the photochemical reactions
of the natural photosynthesis.

f
' Artificial photosynthetic systems consisting of homogeneous
]

or heterogeneous aqueous solutions containing an apjpropriate
amount of a dye or photosensitizer, electron donors and elec-
tron acceptorsand catalysts have been used in our work. Artificial
photosynﬁhetic systems have two purposes /1,4,7,8a/:

(i) using a relatively simple system where interactions are
limited or can easily be controlled and which is not as
sophisticated as a living system, it is possible to check
the proposed photophysico-chemical mechanisms nf the thyla-
koid membrane; such studies may confirm or retute hypo-
theses about the structure and mechanism of the natural
photosynthetic process.

(ii) artificial photosynthetic systems attempt to mimick our
current knowledge on the natural process in order to design
a purely photochemical system for the conversion of sunlight

energy into chemical energy.

b
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In the field of artificial photosynthesis, we have been
interested in conve:rting sunlight energy into chemical energy
via photo-induced electronic excitation of dye molecules (photo-
sensitizers) in a solution containing also electron donors and
acceptors and, eventually, catalysts. The electronic excitation
of a dye molecule by visible light is followed by photo-induced
electron transfer reactions which may ensure to store light
energy. '

In the past decade or.so, many researchers/9,27-32/ have been
interested especially in the decomposition of water into hydrogen
and oxygen upon illumination with visible light, in the presence
of suitable catalysts (equation 1.4.). This interest is quite
understandable because the raw materials (water and sunlight)
are readily available and hydrogen is an almost ideal fuel which
has the highest energy-density (of any non-nuclear fuel) and is
'non-polluting.

hv
2H20 catalysts> 2H2 * O2 (1.4)

’
However, a direct photolysis of water is not possible because
water is transparent to solar radiation in the ultra-violet and
visible region; the reaction has to be sensitized by dyes (photo-
sensitizers, designated by the letter "S", in the text). For such
a dye-sensitized: photo-decomposition of water, the photo-
chemical step (Equation 1.5.) is followed by two continuous reac-

tions which constitute the catalytic step (Equation 1.6. and 1.7).

S + A hv > §* + A — —> s+ + A (1.5)
+ -

(s + A > S + A) (1.5")

22" + 2H,0 cat.l son + 20 + H, (1.6)

ast + 2H,,0 cat.2y 45 + 4t + o, (1.7)

Sl represents an excited state of the photosensitizer; 4 and D

are respectively an electron acceptor and an electron donor.
Cat.l and Cat.2 represent the catalysts for the reduction and
oxidation of water, respectively. The light energy initially
stored in the excited photosensitizer is transformed into the
redox gradient of the oxidized species (S+), and reduced species
(A7). The photosensitizer S and the electron acceptor has to ful-
fil the following requirements : the redox potential of the A/A~
couple must be below that of the H /H couple; the redox potential
of the S /S couple must be above that of the O /H O couple.
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The charge-storage catalysts which have to mediatc the two-
electron transfer process of the dye-sensitized reduction of
water to hydrogen (Equation 1.6) are well known /36-39/. In 1949,
. Gallron and J. Rubin performed experiments which show that
under anaerobic conditions certain green algae synthetize an
enzyme called hydrogenase which can use nicotinamide adenine
dinucleotide diphosphaste (NADPH), ferrodoxin or both, to
generate molecular hydrogen. The structure of hydrogenase-enzyme
is well known /4,22/: it is a multi iron-sulfur protein, probably
a 4Fe-4S complex in a protein. In 1961, ‘Arnon, Mitsui and
Paneque /34/ showed that an in vitro photosynthetic system compo-
sed of isolated chloroplasts, ferrodoxin and hydrogenase (CFH
systems) could evolve hydrogen upon illumination with visible
light, in a reaction of photosystem I, using cysteine as an elec-
tron donor. In 1973, Benemann et al /35/ demonstrated that no
photoproduction of hydrogen was observed in the CFH system if an
inhibitor of photosystem II (3-(3,4 dichlorophenyl)l,l-dimethylurea,
DCMU) was applied; they concluded that an active photosystem II
was required and that water was the electron donor, although no
oxygen was observed. Greenbaumv/13c/ showed that the CFH system
and anaerobically adapted chlamyadomonas algae were capable of
performing an artificial photodecomposition of water into hydro-
geh ana oxygen. However, the absolute rate qQf oxygen obtained
was about 100 times smaller than the absolute rate of oxygen
production in normal photosynthesis. This small rate of oxygen
production was attributed to fewer functional photosynthetic
units relatively to that in natural photosynthesis.

In artificial photosynthetic systems, synthetic model compounds
for hydrogenase have been synthesized and used /10a/. On the
other hand, other synthetic catalysts such as colloidal platinum,
colloidal silver and gold sols have been used as catalysts in
the dye-sensitized reduction of water to hydrogen /36-39/. The
dye-sensitized oxidation of water to oxygen (Equation 1.7) is

less efficient than the dye—sensitizéd reduction of ‘water/40/.

Although the dye-sensitized oxidation of water was found
to be catalysed by transition metal oxides such as Ru02/27,41/,
Ir02/42/, Pt02/27/ and Ca0/9/, the quantum efficiencies for the
photoproduction of O2 were very low. Then, a limiting factor for
this approach of the production of renewable hydrogen fuel by the
and O, is the

2 2
achievement of the dye-sensitized oxidation of water.

dye-sensitized decomposition of water to H
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This difficultyis understandable. In fact, in the photoinduced
;edox reactions, only one electron is transferred from the
excited sensitizer to the electron acceptor for each photoact;
then a suitable charge-storage catalyst which has to mediate

the four-electron transfer process is necessary in order to oxi-
hize two molecules of water into one molecule of oxygen without
the production of free hydroxyl radical intermediates which would
undergo destructive side reactions.

Many researchers /8a,22/ have suggested that polynuclear manganese
complexes would be the probable catalysts for the dye-sensitized
photooxidation of water. In fact, since manganese has many states
of oxidation, in principle, manganese complexes (for example a
binuclear complex of manganese-IV) are able to remove four elec-
trons from two molecules of water and, consequently, oxidize them
to oxyden without the production of free oxygen atoms, or hydroxyl
radicals, or other intermediates which would destroy the system
/17,24/. Many laboratories /8,22,43/ have tried to synthesize
polynuclear manganese complexes which would catalyse the dye-
sensitized oxidation of water. Oxygen-bridged binuclear complexes
of manganese have been synthesized and used, but the guantum

efficiencies for oxygen photoproduction were very low.

In homogeneous solutions, the rapid thermal back reaction
between S’ and A~ to give S + A (Eg.1.5'") does not allow this
type of solar energy conversion and storage. Supramolecular
assemblies or interfacial systems, the purpose of which are not
only to organize the reactants of an artificial photosynthetic
system but also to separate the desired photoproducts, are
necessary. In our experiments, interfacial systems consisting of
negatively charged inferfaces of sodium dodecyl sulfate (SDS)
in an aqueous micellar solutidn, have been used. Micelles are
very useful in artificial photosynthetic systems because on one
hand, the hydrophobic core in the micelle permits the solubili-
zation of organic reactants, and on the other hand, through
electrostatic interactions, ions can be concentrated near the
micellar inferface or repelled away into the bulk solution.
'Then, micelles can be used to control the rates of the photo-
induced electron transfer reactions as well as the rates of the
thermal back reactions by means of hydrophobic, hydrophilic or

electrostatic interactions.
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In Chapter III, we describe the artificial photosynthetic
systems that we have used for the photochemical conversion and
storage of sunlight energy. In the first part of Chapter III,

a concrete experiment in which an "homogeneous photochemical
sacrificial system" is used to achieve the dye-sensitized reduc-
tion of water to hydrogen with a quantum efﬂﬁ%iency as high as

32 % is presented.

So far, the phdtochemical oxidation of water to oxygen is not yet
achieved with a satisfying quantum efficiency. However, in order

to achieve the practical goal of photolysis of water to hydrogen
and oxygen by solar energy, it is necessary to simulate the
lightchjven reactions of PSII in which water is oxidized to oxygen.
As a manganese-containing complex plays a crucial role in these
photochemical reactions, in order to simulate natural photosynthesis
in an efficient manner it is necessary to synthesize polynuclear
complexes of manganese analogous to those used in the photochemical

reactions of PSII.

In the last part of the third chapter, we have investigated the
possibility of photochemically oxiziding a Mn(III)-tetrapyridyl
porphyrin derivative (MnTPyP—ClG) using a Zn-tetrapyridyl porphyrin
derivative (ZnTPyP—ClG) as a sensitizer and propyl viologen sulfo-
nate as the first electron acceptor. The experiments were carried
out in aqueous micellar solutions of sodium dodecyl sulfate(SDS).
The micelles permitted the solubilization and organization of
reactants and, more or less, prevented the thermal back electron
transfer between the photoproducts. Following the illumination of
these heterogeneous photochemical systems and subsequent photo-
induced electron transfer from the excited sensitizer to the first
electron acceptor (PVS°®), the latter' was reduced in the aqueous
rhase. The sensitizer was regenerated in the following manner: the
elettron donor (MnTPyP—ClG) transfered an electron to the oxidized

16°
were measured

sensitizer, and then the former was oxidized to MnIVTPyP—C

The rates of formation of PVS and MnIVTPy--C16

speftrophotometrically.

‘If in the aqueous micellar solution of sodium dodecyl sulfate con-
Iil
T - and
16" Mn LPyP C16 n
PVS®, we added an appropriate amount of an olefin (5-hexencic acid,

5~HA), the photoproducts detected were PVS and MnIITPyP—C

taining appropriate amounts of ZnTPyP—C

16°
This observation is an agreement with a model according to which,

upon illumination of the photochemical system, we have dye-sensitized
the photoinduced electron transfer across the interface of the SDS

micelle, from the two coupled electron donors (MnTPyP—C16 and

5-ER) dissolved in the micelle to the electron acceptor (PVS®)

" outside the micelle using ZnTPyP-C as a sensitizer.

16
The: above. dye~-sensitized photcchemical reactions cannot take place in hamogeneous

A
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solutions with Mn(III)-tetrapyridyl porphyrin and Zn-tetrapyridyl

porphyrin. ‘

From the results of these experiments we can make the following

conclusions:

(a) The organization of a photosensitizer, of an electron donor and
an electron acceptor on the interface between the aqueous
phase and the organic phase of a micelle allow it to achieve
photochemical reactions which otherwise could not happen in
homogeneous solutions;

(b) We have simulated the main feature of the natural photo-
synthesis photochemical reaction, i.e. an irreversible photo-
induced electron transfer across a membrane or water-to-

organic phase boundary.
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CHARACTERIZATION OF NATURAL PHOTOSYNTETIC SYSTEMS BY ELECTRO-OPTIC METHODS

2.1. 'Introduction

One of the more intriguing problems facing all biologists,biophysicists
and chemisty.researchers who are interested in the natural photosynthesis process
is to get a better understanding of the structure of the photosynthetic membranes.
By accumuiating enough information on that structure, it would be possible, on
one hand, to confirm or to refute the proposed hypotheses about the structure
and mechanisms for the natural photosynthesis process, and on the other hand,
to construct artificial photosynthetic systems capable of capturing and storage
of sunlight energy /14,26/. There are some systematic studies of the interfacial
charge of photosynthetic membranes which have shown its importance in the photo-
synthetic process /68/. This interfacial charge, which is part of the membrane
electric double layer, may assume a crucial role in the spatial separation, by

the thylakoid membrane, of oxidized species and reduced species of the primary
photochemical step of natural photosynthesis.

A detailed knowledge of the orientation of chlorophyll, caroten and other
pigment molecules embedded within the chloroplast membrane and their relative
g{iggﬁgtign/@ﬁ the local level ., in a given photosynthetic unit or in its immediate
neighboféé\ake necessary in order to understand the mechanisms by which the
excitation light energy is transferred between the pigments of the chloroplast
membrane and the structure of the latter /2,24a,45/.

Finally, investigations on the optical anisotropy of photosynthetic
membranes may provide information not only on the overall orientation of chloro-
phy11l and other pigment mo]eculgg relative to the membrane plane but also on
their mutdﬁ] orientation on a locai level.

- : 5 ~ \ ‘

The orientation of the particles of a colloidal suspension in an applied

electric field induces an optical anisotropy on a macroscopic scale and the
optical properties of the suspension are modified /25a,46,47,51/. The electrically
induced changes in the optical properties of a colloidal suspension is called an
electro~-optic phenomena/51/.

\ \‘
N

It is obvious that the electro-optic phenomena ﬁ@ykpgoviqe us information
on the structure of photosynthetic membranes. In fact, e]écfrb-optica1 investi-
gations of a suspension of chloroplasts and that of sub-chloroplast fragments
are susceptible to provide us jqfo(mggiéﬁ on their electrical properties (elec-
tric polarizabilities and permanent dipoie%moments), on their geometrical properties,
on their optical anisotropy and on the orientation of some specific pigments within
the photosynthetic membranes.
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The electric linear dichroism method, for example, permits us to determine
not only the electrical properties of particles but also the orientation of
transition dipole moments of their chromophores /46,48/.

2.2. Basic principles of the theory of electro-optic methods

2.2.1. Generalities

~ An electro-optic phenomena is the modification of optical properties of a
suspension submitted to an external applied electric field. Particles of a colloidal
suspension respond to an applied electric field either by orientation or deformation
and this induces an optical anisotropy on a macroscopic scale. The electro-optic

phenomena which is observed is a consequence of that anisotropy

lhe model of the interaction of electric dipole moments with an electric
field pemits us tounderstand the origins of that anisotropy. To the electrical

point of view, the particles of a colloidal suspension can be classified in two

categyories:

(a) Particles in which (or on which), in the absence of an external electric
field, the charge distribution is asymmetric; they are characterized by a
permanent dipole moment, 3. The electric dipole moments which, in the absence
of the electric field and on account of the thermal motion were initially
randomly distributed, will tend to orient themselves in the direction of the
applied electric field in order to achieve a minimum potential energy
(U = - B-E).

(b) Particles in which (or on which), in the absence of an external electric field,
the charge distribution is symmetric. In this case, an applied electric field
can induce a distortion of the charge distribution within the particles.
tach particle will be characterized by an induced electric dipole moment,Bind.

For a Tinear and isotropic materia],Eind is proportional to the local electric

field intensity, g]oc’ the factor of proportionality being the particle's

: Bind N YE

The Tlocal electric field intensity, E

electric polarizability, ¥y (2.1)

loc

]oc,is the average electric field
intensity acting on a particular particle of the colloidal suspension :

g]oc is equal to the macroscopic electric field intensity in the colloidal
suspension plus the electric field intensity resulting from the polarization
effects in the vicinity of the particle of interest. The electric polarizabi-
lity, v, is the sunof the electronic, atomic, dipolar, interfacial, etc...contri-
puions: -y - Ye ¥ Yat T Ydip * Yint t* --- (2.2)
The electronic polarizability, Yo which is due to the oscillations of electrons
occurs at optical frequencies: it is then equal to the optical polarizability,

[

Y°.
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The atomic polarizability, Yat? which is related to a possible relative
displacement of different nuclei within a molecule under the effect of the
local etectric field, contributes to frequencies lower or equal to infrared
frequencies.

The dipolar polarizability, Ydip’ is associated with the orientation of mole-
cular dipoles.

The interfacial polarizability, Yint? manifests itself especially for solu-
tions of charged polyelectrolytes; it is due to the electric field induced
movement of counterions on the polyelectrolyte's surface (counterion atmos-
phere polarization). The interfacial polarizability contributes at Tow
frequencies.

The potential energy of an induced dipole moment in an electric field of
intensity E is given by the expression /47/:

U2 = - X%i cos?8 (2.3)
Where 6 is the angle between the direction of Eind and that of E.
Then, the response of particles to an applied electric field is a preferential
orientation in the direction of the field and this will affect the optical
properties of the suspension,

. When, under the influence of the applied electric field, one observes a dif-
ference between the refractive indexes n; and n; associated, respectively,
to the components E, and QL of the electric vector of the incident light
vibrating, respectively, along the direction of the applied electric field
and perpendicular to it, one has an electro-optic effect of double refraction

or electric birefringence. The electric birefringence is defined by /25a,46/:

An = nu = I’_IL (2.4)

Lf, on account of  the optical anisotropy induced by an electric fieid
applied to a medium, the absorption of light by the latter depends on its
polarization, the electro-optic effect is called electric linear dichroism,

%ometimes, by analogy with the electric birefringence, the electric linear
dichroism is defined by /25a,46,47/:

AA = A" - A.L (2.5)

Where Ay and A are the absorbances of the medium for incident light
po]arizea aﬁong and perpendicular to the applied electric field, respectively.
The electric field induced optical anisotropy also affects the intensity of
the scattered Tight. In the case where an external electric field induces
only the orientation of the particles of a colloidal suspension leading to a
change of the intensity of the scattered 1ight, the electro-optic effect is
defined as the relative change in the scattered light intensity /45,50/:

-1
o= £ 0 _ Al (2.6)
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Where IE is the intensity of the scattered iight when an electric field of
strength £ is applied on the colloidal suspension and IO is the intensity of

the scattered light in the absence of the electric field.

2.2.2. Theory of steady-state electro-optic phenomena

Generally, the electro-optic phenomena have several origins: orientation,
aggregation, deformation and permeation. However, the basic principles of the
theory that we present in this work deal with orientational electro-optic
effects; it is for this type of electro-optic effect that the theory is most
elaborated and more than 90 % of existing electro-optical data are interpreted
as orientational effects /51/. The theory of electro-optic phenomena which has
been developed in terms of electric birefringence can be extended to electric
linear dichroism/46/. The theery of electric field light scattering, im which
much more attention is paid to particles whose dimensions are comparable and

1
even greater than the wavelength of incident light, has been developed

independently/47/.
The electro-optic effect depends on the electrical, optical, geometrical

and mechanic properties of the particles. It also depends on the degree of
.orientation which is determined by the ratio é*, where U is the potential
energy of the electric dipole moments in the applied electric field, k is the
Boltzmann constant, and T the absnlute température.
At Tow degrees of orientation (u » T), the electro-optic effect varies
linearly with the square of the applied electric field (Kerr's law). At high
degrees of orientation (U » T), the thermal motion effect is negligible
compared to the electric field induced orientational effect: one assumes
that all particles are fully oriented.

Generally, the basic expression for the theory of orientationnal electro-

optical phenomena is given by /47/:
o =a_ F(p,y,E,T) (2.7)

Where a_ is the electro-optic effect for infinitely high electric fields for
which it can be assumed that all particles are fully oriented; o is a
specific function only depending on optical, geometrical or mechanic para-
meters of the particles. F(p,y,E,T) is a function of the particle's dipole
moment, p, its electric polarizability, y, the applied electric field
strength, E, and the absolute temperature, T, and is called the orientation
fuction, 8 function which reflects the degree of orientation of the particles
at the field strength E.

The theoretical expression for the birefrineence of a dilute solution

Stuart/54/, D'Konski et at/52°/. For simplification, they have made the

Following hypotheses



¥
(2) The macromolecules have a large electric polarizability (ya) along the
symmetry axis a, and two small electric polarizability in the transverse direction,
which are equal (yb = YC);

(b) The main component of the permanent dipole moment lies along the symmetry
axis'of the macromolecule.

(c) The orientational electro-optic effect, which is due to the interaction
between the electric moments of the macromolecules (permanent dipole moment and
the applied electric field, can be separated into an electro-optic effect, a(y),
due to induceddipole moment alone; and an electro-optic effect a(p), due to the
permanent dipole moment only:

a(y,p) = afy) + a(p)

(d) When the macromolecule is fully oriented, its symmetry axis is parailel to
the direction of the applied electric field.
By using all the assumptions cited above, Peterlin and Stuart, 0'Konski et al.
have derived the following expression for the orientation function:

F(p,Y,E,T) =Of F(8) —————3“’329'1 2msinpde (2.8)

§ is the angle between the macromolecule's symmetry axis and the direction of the
applied electric field; f(0) is the angular distribution function or the proba-
bility per unit solid angle of finding a macromolecule at angle 6 with respect
to the direction of the applied electric field.

Bhen alternatina sinusoidal electric fields are applied, the angular distrihution
function also depends on the angular frequency of the applied electric field, w,
and on the time, t. The form of f(6,w,t) can be found as a solution of the general
differential equation of the brownian motion /47/:

. 1 5f
oF + g (dive)(gfad U) = 5 3F (2.9)

Where D is the rotational diffusion constant.

Let us consider the case of static electro-ontic phenorena. After an electric
field, E, has been applied to a system for a sufficiently long time so that we can
assume that the system has come to a steady-state orientation distribution, we may
calculate from the Boltzman distribution function the relative populations of
molecules at various orientations /54/. Then the distribution function is propor-

tional to e U/KT,

9€This theory which has be developed for a solution of macromolecules is mostly
applicable to particles of a coliloidal suspension.



) f(o) = ¢ e /KT

U is the potential energy of the macromolecule in the applied electric field.

The constant C must be chosen so that the probability in the entire solid angle
is equal to one:

™ - -
J f(8)2nsingds = 1 ¢ - Qj'e“/sznsinede) 1
Then,
SU/KT
£(6) = (2.10)
F VKT orcineds

0

The potential energy of the macromolecule in the applied electric field is
given by the expression /25a,47/:

U= Ul(p) + UZ(Y) = - pBaEcose - %(Ya - yb)Ezcosze (2.11)
Where the permanent dipole moment, p, is assumed to lie along the symmetry axis
of the macromolecule, designated by the subscript a (pa = P5 Py =P = 0); Ba is
the internal field function which takes into account the difference of the actual
electric field interacting with the permanent dipole moment p from that applied
on the solution due to the polarization of the adjacent solvent. Ba is almost

equal to unity for very elongated and thin particles /46/.

In order to interprete data related to the field strength dependence of
electric linear dichroism and electric birefringence, it is necessay to know the
explicit form of F(p,y,E,T). For elongated particles with cylindrical symmetry,
the orientation function is defined in the following way /54,55/:

N +—

=3 2 .
F = 5 (cos e)av

By the use of Equations (2.10) and (2.11), we may write:

U(e)/kT

. J" cos?o e 2msingde
39 1
"ty -U(8)/kT 2
J’ e 2rwsinode

+1 2
3 -1/ uze(Bu + xu’) du

1
F(B, x) =% -5 (2.12)
2 2
71 eBu +xu du

Where other symbols have been introduced:

B = PE/KT

U= cos 0
-Ya'Yb )

X = —pr E

BZUZ
5

(Bu + xu?)

At very low electric fields, (Bu + yu?) «1, e =1+ Bu + xu® +



So that after we have solved the integrals of the numerator and denominator of
the equation (2.12) we find:

2 2 g2
3/2 (5 + 7 x + &) ) S
5 5 1 3,2, 2 3
FlBax) = : g2 "7 E'(§'+ X * %T)(l T3 %;7‘ -
X
2(1 + 3t 7;-1
and finally,
2 2 2
F(B,x) = §—1E725 = [%T + (v - )l T%ET (2.13a)

The equation (2.13a) is in agreement with the Kerr law. In particular, if only
permanent dipole moments are involved in the mechanism of orientation (y = o),

p2E2

F(B) = (2.13b)
15k2T?
Whereas, if only induced dipole moments are involved (B = o),
(v, = vy)
b
F(X) = —qepr— F (2.13¢)

By using the general expression (Eq.2.12), one shows that for y = o (only per-
manent dipole moment orientation):

coth(pE/kT) - (kT/pE)
(pE/KT)

F(B) = F(p,E,T) =1 -3 (2.14)

Whereas , for only. induced dipole moment orientation (i.e, B = 0) one has /46,55/:

o

X
F(X) = FOLET) = g (5%
e

1, 1
-d -3 (2.15)
0

Une may use the general equations (2.14) and (2.15) in order to find the corres-
ponding equations at very high electric fields /47,55/.

2.3. Electric linear dichroism

2.3.1. Basic definitions

A medium which is submitted to an electric field may absorb an incident
light to different extents depending on whether the direction of po]arization of
that light is parallel to the applied electric field or perpendicular to it.

This property is called electric linear dichroism. The latter is defined by
equation (2.5). "



Most electro-optical instruments which are used for the measurement of the
electric Tinear dichroism, perimit us to measure either Ay orAl; then it is more
convenient to define the specific paraliel and perpendicular electric dichroism
/47 ,48/:

e — -— 0
AO Ao
(2.16)
' AAL A - Ao
BT A
0 0

Ay and Al have previously been defined (see, page 17);

AO is the absorbance of the sample in the absence of the electric field.

The specific electric Tinear dichroismsare dimensionless and concentration-
independent quantities.They can be expressed in terms of the molar extinction
coefficients of the solute /48/:

Dy En - €
Ro o
(2.17)
AR _ € "€,
Ao %
Where, according to the Beer-Lambert law, Ay = e,Cls Ay =gy C1, A =¢ Cl

C is the molar concentration; 1 is the optical pathlength; € is the molar
extinction coefficient of the solution in the absence of the electric field;

ey and € are the molar extinction coefficients of the solution in the presence
of an e]éétric field for incident 1ight polarized parallel and perpendicular to
the electric field, respectively.

Assuming that the two directions of space which are perpendicular to the applied
electric field are equivalent (axial symmetry with respect to the direction of

the applied electric field) and that the optical absorbance is propartional to ..

the square of the transition dipole moment, Frederick and Houssier /46/ have aftoi e And
established a relation between the absorbance of the isotropic solution, Ags and g gt l:
the absorbances in the presence of an electric field, Ay and AL:
Ay + 2A
- L )
A, = o (2.18)

From equations (2.16) and (2.18), one easily shows that :

% L5 s = F (2.19)
AO _AO

A

o=
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2.3.2. Relation of electric linear dichroism to orientation function

The theory of the orientation of particles in electric fields has been
developed mainly in terms of birefringence /46/. As long as the electric linear
dichroism is due to the preferential orientation of the electric moments of the
particles in the direction of the applied electric field (without field-induced
changes in the frequency or overall intensity of the transition), the electric
linear dichroism is related to the orientation distribution function in the
same manner as electric birefringence /48,51/. Electric birefringence expressions
can be applied to electric linear dichroism by simply replacing optical polari-
zabilities by molar extinction coefficients /46,53/. By using a model which
assumes that the principal axes of electrical and optical polarizabilities coincide,
Holcomb and Tinoco /25a/ have established a relationship between the electric
Tinear dichroism and the orientation function. According to this relationship,
for axially symmetric particles, one has the following expression /47,48/:

AA AR
- F(pay,E,T (2.20)
(K;) (K;)S (p>Y,E,T)

Where F(p,v,E,T) is the orientation function given by equation (2.8) (page 1° );
the electric Tinear dichroism saturation expression is given by /47/ :

AR €ab
(K_) = == (2.21)
0SS ¢
In equation (2.21), €ap 1S the optical asymmetry defined as: €ab = €a ~ €p where

€, and €y, are, respectively, the molar extinction coefficient for Tight polarized

along the particle's symmetry axis and perpendicular to it and ¢ is the average
molar extinction coefficient, £g ¥ 2€b

E-Z=-——3——'—.

mechanism of orientation. In fact, for low electric fields, the electric linear

dichroism is proportional to the square of the electric field 1in agreement with
the Kerr Taw. According to equation (2.13a), page ?1 , we may write:

DAc F(B,x) A
Tim (28 < yim 3 -2 (P + Q)
Exo E2  E-0 E? 15 ~
(2.22)
- Ei _ (P2 _2X . Ya ™ Yp
Where P = = (37)° and Q = = =T

E E?
P and Q represent, respectively, the contributions of permanent dipole moments and
induced dipole moments to the degree of orientation. Frederica and Houssier /46/
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have discussed techniques which pemaitustoestimate the relative contributions of
permanent dipole and induced dipole moments on the mechanism of orientation,
These techniques include a detailed analysis of the buildup curve and decay curve
of the orientational electro-optic phenomera when a square electric pulse is
first applied and then removed (see next section: 2.3.3.).

2] 2
Besides, SA/E M TEIE 15 R

(AA/EZ)E+O (AAS/15)(P+Q) B2 + 2y

(2.23)

(0A/E?)

(BA/E*) L
gives information on the mechanism of orientation /45,46/.

The analysis of the curve obtained by plotting as a function of log E?

2.3.3. Transient electro-optic phenomena

2.3.3.1. Relaxation time and rotational diffusion coefficients

When an electric field is applied or changed across a solution or colloidal
suspension, the orientation distribution function depends not only on the angle ©
between the applied electric field and the symmetry axis of the particlie under
consideration, but also on the time, t : f = f(8,t) /25a,47/.

The function f(9,t) must satisfy the partial differential equation of the
Brownian diffusion process, (Eq.2.9). Due to the frictional and inertial effects
betwegn the particles and the surrounding medium, the orientational electro-optic
effect doesn't change instantaneously; one observes a transient phenomena.

For example, when the particles of a colloidal suspension have been oriented by
an electric field and the latter is suddenly removed, the particles return to the
randoh orientation state and the electro-optic effect decreases and falls
asympotically to zero. For, a monodisperse suspension, of small particles, one
observes an exponential decay of the electro-optic effect with a time constant <
called relaxation time /46/:

a=o0_ e (2.24)

Where o is the value of the electro-optic effect at the time t = 0 at which the
electric field is switched off.
The relaxation time, t, is given by /47/:

1

TS T
Where D is the rotational diffusion coefficient.
The common way /25,46,47,53/ to measure the relaxation times is to apply
electric pulses across colloidal suspensions; the transient electro-optical



signal is displaced on a very sensitive osciiloscope and simultaneously the
oscilloscope traces are photographed and analysed later for quantitative deter-
mination of relaxation times. Using the relationship between the relaxation time
and the rotational diffusion coefficient, the latter can be determined; such a
measurement then provides important information on the shape and sizes of the

particles of a colloidal suspension. nez page 15,

The rotational diffusion coefficient is related to particles' geometrical
parameters by the following relationships /46/:
1°) according to Perrin's equations.for revolution ellipsoids,

_3kT 2a, _

—~
nS
no
(&

~

Where n is the viscosity of the solvent, a and b are, respectively, the long
and the short semi-axes;
2°) according to Burgers' equations, for particles of cylindrical shape,

_ 3kT 2a, _
Where a is half-length and b the radius of the cylinder,
From equations (2.25) and (2.26), we can determine the "length" of the particle

if its shape and axial ratio (%) are known (e.a., fromelectron microscopy).

For a polydisperse system, the analysis of relaxation curves is very
complex: each electro-optic effect has its particularities /47/, and the average
relaxation time depends, generally, on the field strength end on electrical and
optical properties of the particles /25a/. However, for a polydisperse system of
revolution ellipsoids with a discrete distribution of Tengths, 0'Konski and
Haltner have proposed a general formula which may characterize the decay of ali
electro-optic effects /46,47/. According to that formula, the decay of the elec-
tric linear dichroism should be given by the following expression:

éGDit

o (2.27)

BAL(t) = I 8A . et/Ti - 5 A
. 0,1 :
i i
Where AAO ; is the contribution to the steady-state electric dichroism originating
)
from the ith species, T and Di are, respectively, the relaxation time and rota-
tional diffusion coefficient of the ith species.
There are two methods of determining the average relaxation time of a polydisperse

solution/25b,46,47/: Lok o
I3 AN SNV



26

1) One method uses the initial tangent to the decay curve of the electro-
optic effect, a(t). By extrapolation, this method permits to determine

the average relaxation time of a colloidal suspension if the latter doesn't
contain more than three different species.

X erkian,

2) The other suggested by Yoshioka and Watanabe uses the area bounded by the
decay curve of the electro-optic effect. The electro-optical average
relaxation time is given by:

o On(t)
e =

0 a

dt (2.28)

2.3.3.2. Electro-optic determination of electric parameters
\{
By applying electric pu]ses(équare pulses, pused sine-wave fields, etc.)
across a colloidal suspension, one may determine the electric parameters (elec-

tric polarizabilities, and permanent dipole moments) of the particles in sus-
pension. One may distinguish the permanent dipole moment orientational mechanis
from the induced dipole moment orientational mechanism. If both mechanisms

are involved, it is possible to determine their relative contribution.

By using pulsed sine-wave electric pulses, the dependence of an electro-

optic effect on the frequency of the applied electric field (dispersion
curves) can be followed. The dispersion curves mgz/prnggg\igjgfmggjon on

—

the type of the most important electric polarizability. 8P payt AS

A. Analysis of the rive curves of the electric lTinear dichroims in square

electric pulses

Equations for the time dependence of the electric birefringence in a
suddenly applied square electric pulse have been established by Benoit for
the case of cylindrically symmetric macromolecules with permanent dipole
moment Py along the symmetry axis /25a/. These equations may be applied to
the electric linear dichroism; at low degrees of orientation, one can write
/25a,25b,46/:

(
ROV 3 pig -apt . (P/Q) - 2 -6Dt
vy A (700) I S ‘T‘l)'_‘fz TER (2.2%2)

Where AAR(t) is the value of the electric linear dichroism after a time t
following the application of the electric field, AAO is the value of the
electric linear dichroism at the moment at which the electric field is
switched off. P and Q have the meaning stated above (See Eq.(2.22); page 22)

From equation (2.29a), it is possible to make a qualitative distinction
of permanent dipole orientation mechanism from induced dipole orientation



mechanism and a qualitative determination of the direction of the electric polari-

zability with respect to the particle symmetry axis.

(1°) If P and Q have the same sign (i.e the permanent and induced dipole moments
tend to orient the particle in the same direction), the larger is the ratio,
(P/Q), the slower is the establishment of the steady-state: the rise time of
the electro-optic effect is larger than the decay time.

(2°) In the case where permanent dipole moment orientation is negligible (i.e P/Q=0),
equation (2.29a) gives,

- -6Dt
AAg (t) = AR, (1-¢e77)

(2.29b)
The rise curve given by equation (2.29b) is symmetrical to the decay curve
given by equation (2.24).

(3°) If the induced dipole moment orientation mechanism is negligeable (i.e P/ 0Q - «),
equation (2.29a) gives:

3 o0t

5 1 -6Dt
AAR(t) = MOU -5 5e )

(2.29¢)

The rise curve given by equation (2.29c) is tangent to the t axis for t = o.

(4°) If both orientation mechanisms are involved, we can estimate their relative
contribution (ratio P/Q) from the initial slope to the curve given by
‘equation (2.29a):

AA,(t)
ld R 7, ___° (2.29d)
D dt AAO t=o (P/Q)+1 )
(5°) If P and Qare opposite in sign, the electric linear dichroism changes its sign
during the rise phase (the electric linear dichroism may drop precipitously
even if the square electric pulse is still on) /25a,46/.

Another possibility which may be used in order to estimate the ratio(P/0)was suggested
by Yoshioka and Watanabe /47/. According to them, the ratio of the areas bounded,
respectively, by the rise curve given by equation (2.29a) and the ordinate, and

by the decay curve given by equation (2.24) and the abcissa, aftera steady-state

has been reached, is given by (see figure below):
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B. Transient electro-optic phenoimena in pulsed sine-wave fields.

The use of sine wave electric pulses present the following advantages

/25a,45-47/:

1) It Yimits the disturbing action of electrode polarization;

2) It limits the electrophoresis phenomena;

3) It permits to investigate the dispersion dependence of electro-optical
phenomena;

%) The obtension of pulsed sine-wave fields doesn't require sophisticated
electric pulse generators which are very expensive: by using an
appropriate transformer, it is possible to obtain pulsed sine-wave electric
fields which satisfy the requirements of some experiments.

5) By assuming the additivity of the permanent dipole orientation mechanism
and the induced dipole orientation mechanism, it is possible to separate
and to determine the effects due to permanent dipole moments and electric
polarizabilities (see Section 2.4.4, page 40 )

In alternating sinusoidal electric fields, the orientation distribution
function, f, depends on the angle 06 between the symmetry axis of the particle
under consideration and the applied electric field, on the time, t, and on the
angular frequency of the field. The explicit form of f(6,uwt) may be obtained
by solving the partial differential equation for the Brownian diffusion
process (Eq.2.9). This equation has been solved for the case of low degrees
of orientation /47/; the explicit form of the dependence of the electro-
optic effects (electric birefringence and electric linear dichroism) on w, E
and t is given in this reference.

Let us assume that a sinusoidal electric field, E = Eo sinwt (EO is the
maximum amplitude) is applied across a colloidal suspension. We also assume
that the period of the sinusoidal electric field, T, is much larger than the
relaxation time of the particles, T, so that the particle's permanent dipole
moments can foilow the oscillations of the electric field.

For low degrees of orientation (the Kerr law is valid), the electro-
optic effect may be separated into two terms /25a,46,47/: a term (li(t) which
only depends on the induced dipole moments and a term ap(t) which only
depends on the permanent dipole moments. Peterlin and Stuart /25a/ have
derived equations for the electric birefringence for rigid and axially
symmetric macromolecules in alternating sinusoidal electric fields. These
equations may be applied to the electric linear dichroism since the two
electro-optic effects are proportional to a same orientation function.
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The term of A A due to the induced dipole moments only is given by /25a,46,47/:

cos (2wt - ¢1)
177 (2.31)

AA.(t) = DA, [1t
L 1.3V (1 + 4w?1?)

Where A‘Ai,av is the average electric linear dichroism observed: it is the value
which would be obtained if a steady electric field equal to Eo/(2)1/2was applied.
) j is the phase angle between the electric linear dichroism and the applied
electric field and is given by, tan¢i = 2wT, where T is the relaxation time of
the macromolecules. Equation (2.31) shows that A Ai(t) is a sum of a constant
term and a term which alternates with twice the frequency of the applied electric
field.

At very high frequencies, only the term which is constant with time is
observed. At extremly high frequencies (v > 1 MHz), the induced dipole
moments cannot completly be formed; since this effect is not considered by the
theory, the value observed doesn't agree with the expression (2.31).

In the case of a pure permanent dipole moment orientation, the electric linear
dichroism takes the value /25a,47/:

1 cos(2wt - ¢ )
AA(t) =aA I + —17 P
Y Ps0 "1 4 g,2¢2 (1 + 9w272) (1 + 4w2t?)

77l (252

Where AAp o is the value of the electric Tinear dichroism which would be obtained

if a stead} electric value equal to Eo/(2)1/2

was applied; ¢p is the phase angle
between the electric linear dichroism and the applied electric field and is given

by:

tand) :._in—
P 1-6w2r2

Equation (2.32) shows that the electric linear dichroism consists of two compo-
nents, one of which is constant with time, and the other of which alternates
with twice the frequency of the applied electric field and differs in phase with
the latter by the angle ¢p' However, in the pure permanent dipole orientation,
case,  both the time-independent and the time-dependent components decrease to
zero at high frequency because the permanent dipole moments cannot follow the
alternating electric field any longer.

In the general case where the permanent dipole moment orientation and induced
dipole moment orientation mechanisms have to be taken into account, the electro-
optic effect (electric birefringence and electric 1inear dichroism) is given by:
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At Tow frequencies, up(t) predominates, while at very high frequencies, only
ai(t) remains, in the form of % ay-

Thurston and Bowling have derived a general expression which shows that the
variation of the electric birefringence with the frequency involves the ratio
of the contributions of permanent dipole moments and induced dipole’ moments,
(P/Q),/46/. This expression may be applied to the electric linear dichroism;
then, for Tow degrees of orientation, the time-independent component of the

electric linear dichroism is given by:

AA
av .1y, P/
1+ (w/2D)?

B, " TF P ] (2:33)

From equation (2.33), with appropriate extrapolations at w - «, one may
determine /46/ the ratio P/Q, the value of the permanent dipole moment, p, and
the rotational diffusion coefficient, D.

2.3.4. Orientation of transition dipole moment

When one treats the interaction of light with matter, it may be helpful to
consider the shape of two molecular orbitals describing the ground state and the
excited state. In the absence of an electromagnetic radiation, it is assumed that
all molecules in a solution are in the lowest electronic state, or ground state.
When a molecule absorbs a photon of appropriate wavelength it can be excited to
one of many fotation-vibration levels of the excited electronic state, Thus the
charge distribution of the molecule is altered by the oscillating electric field
of the electromagnetic wave. In order to describe the charge distribution of a
molecule, one could consider each individual charge, but it is easier to expand
the charge distribution in a multipole series. For electrically neutral molecules,
the leading term in this expansion is the electric dipole term.

From the quantum mechanics point of view, it is appropriate to consider the
dipole moment operator (ﬁ) defined in the following way:

e

!

Where the sum is taken over each electronic charge (ei) at position Ei'(zi is
the position operator). Let us call we the wave-function of a particular excited
electronic state of a molecule and wg the wave-function of its ground state.

The transition dipole moment of this particular electronic transition of the




molecule is defined by the following integral:
' > - > - 2
Hog = <o lKlVg> AR

Thus the transition dipole moment of a particular electronic transition is a
matrix element of the dipole moment operator:

The value of the electric linear dichroism for infinitely high electric
field strengths for which particles are fully oriented permits us to determine
the direction of the transition dipole moment of the chromophore (which is
responsible for light absorption) with respect to the molecular symmetry axis.
In fact, let us assume that a particle is fully oriented; then its symmetry
axis coincides with the direction of the applied electric field (e.g., direction
of the 0Z axis). Let us assume that the transition dipole moment lies at some
fixed angle ¥ to the 0Z direction. Since the optical absorbance is proportional
to €he square of the transition moment, it follows that /46/:

AZ = A, = ku% = kp2cos?y = Aucoszwo

Whete k is a constant and Au is the optical absorbance for light polarized
parallel to the direction of the transition moment.Au is connected to the
absorbance (Aé)of the isotropic solution (i.e., molecular orientation are
randomized) by /48/:

Au = 3An

In consideration of the axial symmetry with respect to the direction of the
applied electric field, by and uy are randomly oriented, and it follows:
A

B = By = A = Bosingy - L sin’y

(F" i Al) = AE (cos?y -+ sinzy ) =3 (coszy - + sin?y, )
A TAo vo-x P cos?y 5 sin?y

AA (2.34)

;ﬁ§ =~% (3 coszy - 1)
0

Thus, if there is only one chromophore in a macromolecule or any particle and
if the structure of the latter is known precisely, electric Tinear dichroism
measurements can be used to determine the direction of the transition dipole
moment. Besides, if there is only one chromophore in a macromolecule and

if the direction of its transition dipole moment is known, electric dichroism
measurements can be used in order to get a better understanding of some
aspects of macromolecular structure.
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2.4. Electric field light scattering

2.4.1. Brief theoretical background on the conventional light scattering
method

Under the effect of the electric field vector of an incident light
beam, optical electrons of atoms or molecules of a medium may oscillate
about their equilibrium position at the frequency of the incident light.
Then, the electric field vector of the incident light beam may induce an
oscillating electric dipole in any particle in its path. According to the

classical theory of electromagnetism, an oscillating electric dipole is a
source of an electromagnetic wave to which corresponds the scattered inten-

Sity.

In any optically homogeneous medium (the refractive index is constant) such
as a transparent crystal where the molecular distribution is uniform, the
wavelets scattered by the different scattering centers (volume elements
much smaller than the wavelength of the incident light, so that the entire

element can be considered as a single scattering source, which, however, are
large enough to contain many molecules) are coherent and there is a complete
destructive interference.

{n fact, the particles of such a medium can always be paired off in such

a way that the 1ight paths from the two particles in each pair to an observer
at any particular viewing angle 6' differ by essentially exactly one-half
wavelength /56,57/. Consequently, no scattered intensity is observed in a
pure optically homogeneous medium. However, in a pure liquid, a small amount
of scattered intensity may be observed on account of the fluctuations in the
density (fluctuations in Tocal pressure and temperature) at any particular
point 7%7/.

In optically heterogenous media (the refractive index varies on account of
fluctuations in density or concentration), the more there is no correlation
between the relative phase difference of the.scattered wavelets from scat-
tering elements, the more the scattered intensity is greater /56,57/. Con-
sequently, Tight scattering is especially observed for colloidal suspensions,
macromolecular solutions which contain small particles whose the refractive
index differs from that of the solvent. The scattered intensity will depend
on the concentration, the degree of correlation, electric properties (elec-
tric polarizabilities and permanent dipole moments) and geometrical properties
of macromolecules in solution or dispersed particles.

The conventional light scattering method considers twe cases according

to the dimensionsof dispersed particles.
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(a) Light scattering by particles which are assumed to be uncharged,

(b)

noninteracting, randomly positioned and oriented throughout
the colloidal suspension, which don't absorb the incident
light energy and whose linear dimensions are much smaller
than the wavelength of the incident light, is described by
the PRayleigh theory /58/. The main significant features of
this theory are /56,57/:

(1) the scattered intensity is proportional to the inverse
fourth-power of the wavelength of the incident light; g
(ii) the polar scattering diagram (i.e the dependence of the

scattered intensity on the viewing angle, 6') has a

form of a revolution surface which is svrmetric " about the

angle 6' = o (direction fo the incident light beam) and
R

¢] 5

(1ii) The scattered intensity is pronortionnal to the square of the
molecular weight of the scattering particles and it is
also proportional to (%g) (where n is the refractive
index of the medium and c¢ the concentration of particles
in the suspension, in grams per cubic centimeter ‘.

If one knows the weight-average concentration, by using expres-

sion derived by Rayleigh, he can determine the weight-average

molecular weight, Mw’ of dispersed particles.

Light scattering by particles whose linear dimensions are in

the order of/or greater than the wavelength of the incident

light is described by the Rayleigh-Gans theory /58/. An impor-
tant approximation of Rayleigh-Gans is to assume that the
local electric field is uniform in the whole volume elements
of the scattering particle /57/. On account of the inter-
ference between wavelets scattered, the scattering particle's
constituent volume elements, the polar scattering diagram is
dissymmetric /56/: it has only one symmetry axis which ccincides
with the direction of the incident light (8' = o); it is
dissymmetric about the angle 6' équal to %. This dissymmetry
is characteristic of the size and shape of dispersed parti-
cles /57,58/; it is measured by a function P(6') which takes
into account the interference effects between wavelets scat-

tered by a particle's constituent scattering elements.
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The basic theoretical expression for the function P(0') for any

molecular shape is given by /57,58/:

1 N N > ’INN )
P(e') = — & r < cos(r .eh)> = —_ 1. .z.<cos(r, _.hcos?)> (2.35
N2i=1 j=1 1] N2i=1 371 1]
Where h = § - Eo, s and E being the wave vectors in the direction

of the 1n01dent and scattered light beams, respiftlvely, h = %gbln%r
the vector rlj joins the i and j scattering elements of which the
particle has a total of N; £ is the angle between the vectors rij
and h: £ will be influenced by the orientation of the particle
with respect to the direction of the incident light beam and hence
it'will be affected by the application of an external electric
field.

The Pavleich-Gans theorv nrovides exoressions which nermit to
determine the weight-average molecular weight, Mw’ and the z-
average of the radius of gyration, R2 from the measurements of
the 1nten51ty scattered by a c01101dal suspension, as a function

of the viewing angle 6' and the solute concentration /58/.

The Rayleigh-Gans theory is subijected to the two conditions /47/:

278 EB EE‘
A |nm - 1]« 1 and |nm - 1«1 (2.36)

Where & is the average linear dimension of the particles; np and
n, are the refractive inda2x of the particles and solvent, respecti-

vely; A is the wavelength of the incident light.

2.4.2. Modification of the scattered intensity by an electric field

2.4.2.1. Introduction

Particle orientation in an electric field affects the scatte-
ring characteristics of a colloidal suspension in at least two ways
/58/.

(i) First, by anology with other electro-optic effects, the prefe-
rential orientation of scattering elements in the direction of
the applied electric field produces an optical anisotropy on a
macroscopic scale and hence, affects the scattering properties

of a colloidal suspension;
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(ii) Second, for particles whose dimensions are in the order of and even greater
than the wavelength of the incident light, the function of the geometrical

paramelers, P(U'), will vary upon particles preferential orientation in the
direction of the applied electric field.

The theory of the electric field light scattering is subjected to the condi-
tions of equation (2.36). A supplementary restriction is required in order to
obtain scattered intensity changes noticeable enough to be :measured /47/: for
the case of optically but anisometric particles, their dimensions have to be in
the oruer of (and even greater than) the wavelength of the incident light. However,
this condition is not necessary for optically anisotropic particles. Then, the
scattered intensity changes are especially related to the electric field-induced
modification of the function P(8'), 1i.e. they are due to internal interference
effects /58/.

Bécause of this, the theory for the electric field light scattering cannot
simply be expressed in terms of the orientation function F(p,y,E,T) given by
equation (2.8), page 19, for electric birefringence, electric linear dichroism,etc.
it has been elaborated independently /47/.

The direction into which the particles tend to orientate when an external
electric field is applied can be deduced from the changes in the polar scattering
diagram /58/. Thus, like other electro-optic phenomena, the electric field light
scattering permits to determine (in addition to Mw and ﬁg) the electric parameters
and the rotational diffusion coefficient, D, of dispersed particles. The
simultaneous krniowledge of the rotational diffusion coefficient, D, and the z-average
radius of gyration (ﬁg) provides information on the structure.

2.4.2.2. Electric field light scattering theory in continuous DC fields.

The electro-optic effect as?ocia¥ed to light scattering is defined by
Equation (2.6), page i7, _E” ‘o _Al

a_______—
IO I0

Where IE is the intensity of the scattered light when an electric field of

strength £ is applied on the suspension and Io is the intensity of the scattered
light in the absence of the electric field.

I and I- are given by /47/: =N
0 E g ly = 77 é 1(0,¢)de
_ (2.37)
L i(8,0)e™ ¥ ag
I- =N
E fe4”khﬂ
Q
2T

Where 6...d9 = J grg.. sin® do6 d¢ designates integration over a sphere of
(0]

radius unity.
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In the expressions given by Equation (2.37), N is the number of scattering
particles per unit volume; U is the potential energy of the particle's permanent
dipole moment and induced dipole moment and is given by Equation (2.11); (6 ,9)
is the scattered intensity in the solid angle element, dQ(6,¢).
From Equation (2.37), we deduce :
_ I é i(e,¢)éU/kT 40
=== -1=4m O7KT . - 1 (2.38)
0 Le d @ [i(8,¢)dQ

By using Equation (2.38), one may easily show that, for low degrees of orientation
(U< kT), the electro-optic effect, o, is given by :
2
132050221 (s, ¢) a0 i
a= = o B+ ) E?2 (2.39)
Ji(8,¢)an 3k2T?
Q

Suitable equations for the electric field-induced scattered intensity
changes were first derived by Wippler (for rods or coils in relatively low-
intensity fields), and then by Stoylov and others (for disks in low-intensity
fields; for rods in high-intensity fields) /47,58/. In all these theories, it
is assumed /58/ that the molecules are isolated as in an infinitely dilute
solution, that they are optically isotropic, uncharged, and that the solutiocn
is monodisperse.

In 1954, Wippler has derived equations for the electric field Tight
scattering by thin rods (strongly anisodiametric particles) in continous DC
fields and for low degrees of orientation. He considered the distribution
function for a thin rod in terms of a series of Legendre polynomials and pro-
duced, for the relative change in the scattered 1light, the following equation
/47 ,58/:

Al 3
— = (1 - 3cos?Q) GE?¢(K)
IO 4P036'5
]
oK) = 00, sinek 1
3 4K 2K (2.40)
. _p? Y
e T
| 1 2K sint SinkK,
Pol0) =g T~ dv - ()
_2my o'
K = == 51n (7?0
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In tquation (2.40), @ is the angle between the direction of the electric tield
and the bisector of the viewing angle 0'; ¢(K) is a function of optical para-
meters; PO(G') is defined as for Eq.(2.3%); 2 is the length of the rodlike

particle.

According to Equation (2.40), for low degrees of orientation, %l is proportional

to the square of the appliea electric field (analogy with the O%err Taw).

For frequencies higher than a "critical frequency" (frequency for which the
permanent dipole moment contribution is half-completed or relaxed; above the
critical frequency it is assumed that permanent dipole moments cannnt follow the
oscillations of the electric field), the initial slope to the curve (%l) = F{E=)

allows us to determine the electric polarizability, vy- .

In fact, by setting Q ==g, one has;

ol . 3 , _ Al
[.a—é;]E_@ == W X (G)\))\)C X d)(K), where a = T(—)—
V>VC

Since, above the critical frequency, the permanent dipole moments cannot follow
the ‘'oscillations of the electric field, the contribution of the latter can be
neglected:

901 | o 3 Y
P AU R
\)>\)C

, ¥ = 6kT [2%]

Since %P (6") « ¢(K) o—
£ . 0E? E-o0; V>V,

3
Koo 2

k = 1,38 IO—IGerg/°K is the Boltzman constant; if we set T =293°K, we have

Yy 24 x 1070 (24
dE? E-o; V>V

(2.41a)
[yl = em®; [E] = Statvolt/cm ‘
In MKSA units, we have:
\ Ya27x100 =1
9E< E»o03 w>v (2.41b)

: |
(2.3
C
[yl = F x m2; [E] = V/m 1

|

Equation (2.40) may be used in order to interpret the measurements of the
relative scattered intensity change as a function of the angle Q between the
direction of the applied electric field and the bisector of the viewing angle 6'
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when the latter is maintained constant. In fact, for K« 1, equation (2.40) 1s
transformed into /47/:

Al _ 1 _ 2 2p2
'I-(; = W (1 3cos Q)GK E (2.42)

Equation (2.42) may be written in the following manner:

(%40 = (?EOF(p,Y,E,T) (2.43a)
0 0%®

Where F(p,y,E,T) is the orientation function given by equation (2.13a)(page 21)
and

AI K2 3 ~
(), = —~ (1 - 3cos’Q) (2.43b)
lo 9P016 )

The term (1 - 3cos?Q) is characteristic of rigid macromolecules /58/ for which:

(AI/IO)Q=0

= - . (2.44)
(A1/1,)
Q= '2'

IT the macromolecules are deformed by the electric field, the ratio of
equation (2.44) is inferior to (-2); thus, equation (2.44) provides i:.t.rmation
on the mechanical properties of macromolecules in solution.

The case of arbitrary degrees of orientation has been studied by Stoylov/47/.
He separately considered the permanent dipole moment orientation mechanism and
the induced dipole moment orientation mechanism. The equations derived by Stoylov
are restricted to the condition that K<l, which implies that observations should
be made at small viewing angle 6' (since & must be comparable to A and even
greater than A otherwise the scattered intensity changes will be too small to
measure). The equations derived by Stoylov permit to show that, for rod-like
particles, the electro-optic effect for infinitely high electric fields for
which it is assumed that molecular alignment is complete, is given by:

Al _ 1 sin(K cos Q) _
) (T;)m " P s —1 -1 (2.45a)

As expected, at saturation orientation, the relative scattered intensity change
depends only upon the geometrical properties of the particles and the direction
of alignment. .

For @ = %3 equation (2.45a) becomes:

(81/1),, = 5‘%§TT -1 (2.45b)

o



Thus, if complete orientation can be obtained or estimated, this method permits
to evaluate the function PO(O'), and consequently the square of the average
radius of gyration, R%, since

ar [
P(0') =1 -2 R sin &
307

for the values of the viewing angle 8' which approache zero /56,57/.

2.4.3. Light scattering in continuous alternating electric fields

For 154 degrees of orientatiun (U<kT), all molecular models indicate a
quadratic dependence of (AI/IO) on the applied electric field strength /58/.
Thus, the behavior of (AI/IO) will be similar to that of the electric bire-
fringence (or that of the electric linear dichroism): by analogy with electric
birefringence equations derived by Peterlin and Stuart /25a/, (AI/IO) consists
of two components, one of which alternates with twice the angular frequency of
the applied electric field and the other of which is time-independent (the
latter is the value of the electro-optic effect which would be found if a dc
field strength equal to EO/(Z)I/2
maximum amplitude of the alternating field).

was applied to the suspension, EO being the

H. Plummer and B.R. Jennings have derived a rigorous equation for rodlike
particles /58/:

!

A2 (1 - 3 cos? ) F(K) [ + AT sin (2 0t +¢)] (2.46a)
0
Where S is the steady component coefficient,
’ 1\2
5 - (B) b 2y (2.46b)

1 + (w?/4D%)

A is the square of the alternating component coefficient,

4 1y2 2
Ao (B + 4(8")% P (2.46c)
[T + (w?/4D2)1[1 + (w?/9D?)] 1 + (w?/9D%)
F(K) is a function of geometrical and optical parameters,
1 1 sin 2K 1
F(K) = 5 + v ( - =) (2.46d)
I Gl B e

¢ is the phase angle between the alternating component of (AI/IO) and the applied

electric field. , )

)2 - pé B pb
kz T2

Ya_Yb

. : ' 2 _ 2 N
In the above expressions, (R E°, x = KT £, where Pa> Ppo Y
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and Y, are defined as for Eq.(2.11)(see page ,y )3 D is the rotational

diffusion coefficient; PO(O') and K are defined as for Eq.(2.40)
(see page 36 ).

2.4.4, Determination of electrical and geometrical parameters

The steady-state component, S, must be measured independently.
From tq.(2.46b), it is obvious that from the dispersion dependence of
the steady-state electric field light scattering, the permanent dipole
moment and induced dipole moment contributions can be isolated.
At low frequencies, both permanent dipole moments and induced dipole
moments contribute to the steady-state component. If one plots the curve,
agy = (al/1

]

) 3
o)St vs.E?, from the initial slope {5Ez{ast(E2)]}

he may determine the sum of permanent dipole and induced dipole moment

E»0;v=>0

contributions. )
At high frequencies (above the critical frequency), only induced dipole

moments contribute to the steady-state component, S, and then to (AI/IO),

The initial slope, {Egz{dst(Ez)]}E»o;v>v » of the curve ast(EZ) permits

one to determine the electric po]arizabi?ity, v (see Eq.(2.41)).

As with other electro-optical properties, the rotational diffusion coefficient,
D, can be determined from the dispersion curve of the steady-state electric
field light scattering. One has to localize the critical frequency, Vo for
which the permanent dipole moment contribution is half-completed or relaxed,
i.e the frequency above which it is assumed that permanent dipole moments
cannot follow the oscillations of the applied electric field. For W= 0.,

the steady-state component of (AI/IO) is given by (see Eq.(2.46b)):

S(wc) = ____(.Ellz_ + 2X

1+ (wé/4Dz)
Since for w = W the permanent dipole moment contribution is half-completed,
(Bs)z - (B')z
1+ (wé/4Dz)

’

(8')? _ (B')Z,
1+ (nzvé/Dz)

N
i

1 + (ﬂzvé/Dz)

D2 m2v?
c
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then, Ve =

(1.4

From Eq.(2.47) the rotational diffusion coefficient is obtained.

For monodisperse colloidal suspensions, the'rotational diffusion coef-
ficient may be determined from the decay of the electro-optic effect
in pulsed electric fields /47,58/:

AL _ AI° ct/t _ AI° -12Dt
T ° 7 = 7
0 0 0

(2.48)

Where (AI°/IO) is the relative scattered intensity change at the time
t = o at which the electric field is switched off,

If one knows the rotational diffusion coefficient and the axial ratio
of particles (by electron microscopy, for example) by using
equations (2.25) or (2.26) (page 25 ) he can determine the average

value of the linear dimensions of dispersed particles.

. The case of polydisperse suspensions has been considered by Stoylov /47/,
For the decay of the transient phenomena (electric field-induced
scattered intensity change), one has a similar expression as Eq.(2.27)
(see page 25 ), If the orientation of particles is complete and if

Q =h%,it is possible not only to determine the average lengths of

the different classes cof particles but also the relative
proportion of each class.

2.4.5. Optically anisotropic particles

The polarizability, y, is a tensor with principal values Yo Yoo
and Y3 (where 1, 2 and 3 are the orthogonal principal axes of the
particle). If the scattering particle is optically anisotropic, then
the induced electric dipole in it is not (except at particle's
orientations which coincide with the directions of the three principal
polarizabilities) parallel to the electric vector of the incident 1light.

Whereas, for optically isotropic particles, the restriction (&/\) » 1
is indispensable in order to obtain electric field-induced scattered
intensity changes large enough to be measured, for optically anisotropic
particles, this restriction is no more necessary in order to observe

41
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appreciable electric field-induced scattered intensity changes /57/.
The scattered intensity will depend on the state of polarization of the
incident light.

The measurement of the relative scattered intensity changes due to
infinitely high electric field (which achieve complete orientation)
permits to determine the optical anisotropy, §-

For very small values of K (i.e K «1) and when @ ==%-, the dependence of
(AI/IO)oo on optical anisotropy is given by /47/:
20 6 +16 82

\
(x—o)m "L 743

(2.49)

Eq.(2.49) is valid for positive optical and positive electrical anisotropies.
The symbol VV means that for an incident light vertically polarized
(subscript v), the scattered light is, itself, vertically polarized (capital
letter V).

For negative optical and electrical énisotropies, one has the following
expression /47/:

v 2
Al,’V _-1068 + 6§
(1), ~5+8s (2.50)

In principle, the knowledge of the optical anisotropy, §, of dispersed
particles provide an important information on their atomic structure.



2.5. Materials and experimental methods

2.5.1. Preparation of chloroplasts

The chloroplasts were prepared following the methods described in
references /44,59-63/, using 12 - 14 day o1d seedlings of green
pea plants which had been grown in a greenhouse under sunlight.
A typical preparation consisted of grinding about 9.62g of green pea leaves
in about 75ml1 of a buffer adjusted to pH 7.2 consisting of 2mM Tricine,
330mM Sorbitol and 5mM MgC]Z. The resulting homogenate was filtered through
several layers of cheesecloth. The filtrate was then centrifuged at
2500 tours/minute for about 1 minute in a JANETZKI K24 ultracentrifuge
equiped with a refrigeration system (0°C - 4°C). The sediment of this
centrifugation was discarded while the supernatant was centrifuged at
6500 tours/minute for about 7 minutes. The supernatant of this centrifugation
was discarded, leaving a pellet of chloroplasts. This pellet was resuspended
in about 5ml of a medium containing 2mM Tricine buffer at pH 7.2 and 330mM
Sorbitol.

Given that a suspension of chloroplasts is very polydisperse, electro-
optic data obtained on such a suspension would be difficult to interpret.
One way to obtain more or less homogeneous samples is to break up the chloro-
plasts, either by chemical methods (hy treating chloroplast suspensions with
detergents such as the digitonin, the triton X-100, etc...) or by physical
methods (ultrasonic treatment of chloroplast suspensions) and then to
proceed to the separation [fid, the various sub-chloroplast fragments by

differential centrifugation.
/\DC r'J Aayouy

Another reason which incited us to break up the chloroplasts is that we 2 ’
Z 1~,C. r,fi‘v

tried to prepare open chloroplast fragments similar to purple membrane

fracments. Open fragments manifest, in general /51/, much more pronounced

.

electro-optic effects than those obtained using closed fragments.

In the particular case of chloroplasts, the achievement of open fragments
would permit to determine the direction of transition dipole momentsoc: the
antenna complex pigments.and others with respect to the chloroplast membrane
plane.

2.5.2. Preparation of sub-chloroplast fragments

a) Sub-chloroplast fragments obtained by digitonin treatment

Immediately after their isolation, chloroplasts were suspended in a
medium containing 2mM Tricine pH 7.2 and 330mM Sorbitol. Such a suspension
was incubated with 1 % digitonin for 30 minutes in the dark and at a
temperature of 4°C. Then, the suspension was centrifuged at 10, 000 x g for
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20 minutes. The sediment thus obtained was resuspended in a medium containing
2mM Tricine buffer at pH 7.2 and 330mM Sorbitol. This sampie has been divided
into three categories of sub-chloroplast fragments by differential centri-
fugation. The first centrifugation, at 1000 x g, lasted 10 minutes; its
sediment was resuspended in the suspending medium mentioned above.

We have called this sample, "large chloroplast fragments obtained by digitonin
treatment". The supernatant of this first centrifugation was centrifuged

at 5000 x ¢ for 30 minutes; thus a second sediment was obtained and we
resuspended it in our suspending medium (a medium containing 2mM Tricine
buffer at pH 7.2 and 330mM Sorbitol). This fraction constitutes the sample
that we call ,"intermediate chloroplast fragments obtained by digitonin treat-

ment". Finally, the supernatant of the second centrifugation has been
centrifuged at 5000 x g for 60 minutes. The sediment thus obtained was
resuspended in the suspending medium mentioned above; this fraction cons- e
titutes the sample that we call, "Small chloroplast fragments obtained by
digitonin treatment".

b) Sub-chloroplast fragments obtained by ultrasonic treatment

0.4m1 of a concentrated chloroplast suspension were diluted in 9.5m]
of a buffer adjdsted to pH 7.2 consisting of 2mM Tricine, 330mM sorbitol
and 5mM MgC]Z. The latter suspension was subjected to ultrasonic treatment
for 5 minutes using "the ultrasonic disintegrator UD-11, 22 KHz, 250W".
Three categories of sub-chloroplast fragments were séparated by differential
centrifugation, following the procedure described in the paragraph 2.5.2.a.

c¢) Sub-chloroplast fragments obtained by Na-deoxycholate treatment

A mixture of 5ml of a chloroplast suspension and 5041 of Na-deoxycholate
has been subjected to ultrasonic treatment for 30 seconds. The suspension
thus obtained was centrifuged at 5000 x g for 15 minutes and at a short distance
fractions, one of small particles (supernatant), and the other of large
particles (sediment).
We have prepared two other fractions of sub-chloroplast fragments in the
fé]]owing way: 5ml of a chloroplast suspension was subjected to ultrasonic
treatment for 30 seconds , and therseparated into two categories of sub-
chloroplast fragments, following the procedure described at the paragraph
2.5.2.c.
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2.6. Scheme of the apparatus used for electric linear dichroism and electric

field light scattering, description of their components and the

measurements.

2.6.1. Electric linear dichroism

For electric linear dichroism measurements, we have used either a
conventional Perkin-Elmer UV-VIS Spectrophotometer Model 137 UV or a
Specord UV-VIS Spectrophotometer, both adapted for electric linear dichroism
measurements. The modifications brought about these conventional Spectro-
photometers consist to synchronize the signal recording with the appliication
of the electric field.
Below, we present the Scheme of the apparatus used for electric linear
dichroism measurements and the description of its components.
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Fig. 2.1. Scheme of the apparatus used for electric linear dichroism measurements.
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LS = 1light source; L1 = focusing lens; M = monochromator; L2 = collimating lens; P = polarizer; F = slit;
KC = Kerr cell; D = detector; AM = amplifier; Rd = recorder; PR = resistance bridge; G = pulsed generator;
V = voltmeter; B = bridge for measuring the conductivity of the solution.
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2.6.1.1. Description of the componenés of the electric linear dichroism's

1°)

=

(apparatus™

n
D~

Light source (LS) - Y. celle

As in almost all conventional spectrophotometers, we used two 1light
sources with their housing and supply: a tungsten lamp for the visible
region and a deuvterium iamp for the ultraviolet region. The Tight,
focused by the lens, Ll’ reached the inlet slit of a grating monochro-
mator, M.

Monochromator (M)

A high Tuminosity grating monochromator (Schoeffel Model GM 250) was
used in order to select the electromagnetic radiation of an appropriate
wavelength. We have adjusted the input and exit slits at 3mm and Imm,
respectively, which gives a spectral bandwidth of the order of 6-8nm.
Indeed, the monochromator's position is such as its exit slit is located
in the focus of a quartz lens, LZ; thus, the Tight from the exit slit

of the monochromator is collimated by the lens, L2.

Polarizer (P)

Electric linear dichroism measurements require an incident 1ight beam
which is polarized, either parallel to the direction of the applied
electric field, or perpendicular to it.

The polarizers used must satisfy the following requirements /55/:

(i) A high transmittivity in the wavelength range being investigated;

(ii) The ratio of the intensity transmitted by two crossed polarizing

prisms (polarizer and analyser) to the intensity transmitted by
the same prisms in the parallel position should be Tower than

1074 (%5 < 107Y).

In our experiments, the incident light beam was polarized by a Glan prism,

and the focused in the Kerr cell (measurement cell).

4°) Kerr cell or measurement cell (KC)

The cell where we have put the colloidal suspension to be investigated
consisted of a quartz cuvette in which two vertical platinum electrodes
(horizontal electric field) are fitted; the electrodes were parallel
to each other and set at a shert distance (1.5 - 3 mm) from on onether
By applying an appropriate voltage to the electrodes, one obtains a

convenient electric field strength. As stressed by meany reaserchers
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/46,47/, we have taken great care in the filling of the measurement cell
with the sample, in order to avoid the presence of air bubbles which could
favour sparking at high electric field strengths.

5°) Pulsed generators (G)

We used a Zopan pulse generator, type PGP-3, in order to generate
rectangular electric pulses (10HMs to 10ms duration).
For dispersion measurements, pulsed sine-wave electric fields were applied
using a GF 11 sine generator (G.D.R.)
The use of electric pulses allows to minimize secondary effects such
as the Joule heating, electrophoresis, etc... Besides, the electric pulse tech-
niques permits to study transient phenomena from which relaxation times
may be determined.
Indeed, anv type of electric pulse generators may be used; however, the
following requirements have to be fulfilled /46,47/:
(i Stability and Tinearity;
(i1} The time response of the generator, i.e the time constant, RC, chara-
cterizing the rise and decay of the electric field must be almost
10 times shorter than the shortest disorientational relaxation time of
the dispersed particles. The values of the capacitance of the last
filter of the generator and its internal resistance have to be appro-
priately selected in order to fulfill the Timitation concerning the
time constants for the rise and decay of the electric field; residual
capacitances of the cell circuit and its resistance must be minimized.
(111) It is necessary to have an auxiliary device which permits to control
the amplitude and form of the electric field in the macromolecular
solution (or colloidal suspension) especially during the time when
the electric field is switched on.
(iv) For a colloidal suspension of very small particles, it is necessary
to use electric pulses of very high voltage in order to obtain an

orientational electro-optic effect sufficient to be measured.

6°) A photomultiplier for the detection of the optical signal (D) sptejealion
f' A *v(*(- 31’ . S -’,./ \,“.
The specific parallel or perpendicular dichroism js measured as a change

of weak light intensity (see next section). The optical signal from the

Kerr cell is transformed into an electric signal by a relatively sensitive ?
photomultiplier, the RCA 1P28 photomultiplier, and its load circuit.

This photomultiplier was powered by a d.c. high voltage source which was
stabilized by high quality electronic voltage stabilizers (FEU-35, USSR).
After a suitable ampiifiéation, the transient electric signal was recorded

by an X - Y recorder.
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2.6.1.2. Electric linear dichgoism measurements

The concentration of the colloidal suspension (suspension of chloroplasts
or that of sub-chloroplast fragments) to be investigated has been adjusted
so that the absorbance in the absence of the electric field was about 0.3 to
1.2. In order to obtain a colloidal suspension of low conductivity, chloro-
plasts or sub-chloroplast fragments were suspended in a buffer of low ionic
strength (2mM Tricine buffer at pH 7.2 and 330mM Sorbitol) and f1na11y th1s
suspension was very diluted us1ng b1d1st111ed water. e ACi {’Q %**

‘e A

The main reasons to use a su;pens1on of very low conduct1v1ty are /46 47, /

rsﬂ

(1} Minimize the Joule heating effects;
(17) Minimize the disturbing effects of electrode polarization;
(i17) Assure a greater electric polarizability in so far as the greater part
of its value is of interfacial nature.
Our experiments of electric linear dichroism were carried out on chloroplast
or sub-chloroplast suspensions with conductivity's values ranging from

1074 g ! en! to 1073 ‘“—1 em™?. |
PO T 7
The pH of all suspensions was adjusted at about 7.2 Qe A kiow -
T + s :
U P llroray oX Aowr &
(b) Experimental procedure pH b Jr‘ Y

The scheme of the apparatus used for electric Tinear dichroism
measurements is presented on Fig.2.1 (page 4f ). The incident 1light beam
was polarized, either parallel to the direction of the applied electric
field, or perpendicular to it.
For each state of the incident light beam polarization, we have directly
measured the optical density, 0.D., of chloroplast suspensions or sub-
chloroplast fragment suspensions, in the absence and presence of the electric
field, respectively. We assume that the optical density, 0.D., is equal to
the optical absorbance, A. The ratio of the transmittances permits to
determine the electric linear dichroism. In fact:

1§ "

(0.D.)s = Ay = - log TE = - log T
g
L
g
(0.D.); = A, = - log T; = - log T¢ (2.48)
" - r_ .
(0.D.) = A, = - log I log T

Where I0 is the light intensity impinging on the Kerr cell; I is the light
intensity transmitted by the solution in the absence of the electric field;



IE and IE . are the light intensities transmitted by the solution in the
presence of the electric field when the incident 1ight beam is po]ar%zed
parallel to the direction of the applied electric field and perpendicular to it
respectively; T

b

E and TE are transmittances of the solution in the presence of
the electric field, for parallel and perpendicular polarized 1ight, respectively;
and T is the transmittance of the solution in the absence of the electric

field (transmittance of the isotropic solution).

T
I

M, = A, - AO = ]09“7

T
(2.49)
M, = A, - A = log —
L L 0 971
T
E
Since, according to Eq.(2.18)(page 22 ), AA =1.54A, = -3 MDA, one has:
M= 1.5 T0g +n = - 3 Tog 11 (2.50)
E
E

In our measurements,)%y1Lifgv;ggﬁgggg}rggﬁg;ggg;gﬁg‘used were adjusted so ?
that the transmittanées of the sample were included between 80 % and 100 7%.
The measurement of T and TE for one state of the incident light polarization,
with respect to the applied electric field, suffices in order to determine

the electric linear dichroism, AA.

However, for sensitivity reasons, it is preferable to measure the electric
field induced change of absorbance for polarization direction parallel to

the applied electric field /46/.

2.6.2. Electric field light scattering

In order to measure the relative scattered intensity changes resulting
from the application of an electric field across a suspension of chloroplasts
or a suspension of sub-chloroplast fragments, we have used either an apparatus
with a fixed angle of observation of 90° described by Stoylov /47/, or a
Russian-made light-scattering apparatus, FPS-3 (angle of observation varying
bereen 30° and 150°), which was adapted to electric field Tight scattering
measurements.

The scheme below (Fig.2.2) indicates the principal components of the electric
field light scattering experimental apparatus.

t



Fig.2.2. Scheme of the apparatus used for electric field 1light scattering.
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2.6.2.1. Description of the main components of the electric field

light scattering experimental apparatus.

1°) Light Source (LS)

We have used a helium-neon laser (Spectra-Physics, Model 125; X = 632.8nm)
Neutral density filters were used in conjunction to attenuate the incident

intensity to an appropriate level.

2°) Kerr cell or measurement cell (KC)

We have used four types of cells schematized in Fig.2.3.
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Fig.2.3. Cells used in our electro-optic measurements

a) Light scattering cylindrical cell; the electrodes are two horizontal discs-
vertical electric field. The viewing angle o' may be varied but §, has a fixca
value of 90°,

b) L1gh? scattering cell with an optical horn and horizontal disc electrcdes -
vgrt1ca1 e]ec@r1c field. The viewing angle 0' is fixed at 90°,

c) Light §cat§er1ng cylindrical cell with vertical electrodes - horizontal
electric field. The angles 0' and & are variable.

d) Rectapgular cell with vertical electrodes. This electro-optic cell has been
used in the two spectrophotometers used for electric linear dichroism measure-
ments.



3°) Pulse generator (PG) | Lo Al

Electric generators used for the electric fieid light scattering investi-
gations present similar requirements as those used for electric linear
dichroism studies (see paragraph 2.6.1, page 48). In our electric field
Tight scattering measurements, we have used a commercially available
electric pulse generator, "Cober Electronics, Model 605 P",

4°) Signal detection and recording

The transient "light signal" scattered at an angle 6' is collected by an
apprcpriate optical system and it is brought to the photocathode of a very
sensitive photomultiplier (e.g., EMI 9558Q). The role of this photomultiplier
is to convert the traﬁsient optical signal into a transient electric signal,
The photomultiplier was supplied by a d.c. high voltage source which was
stabilized by high quality electronic voltage stabilizers (FEU-35,USSR).
After a suitable amplification, the transient electric signal was displayed
on a double-beam storage oscilloscope (TR 4653, Hungary) together with the
attenuated electric pulses. This oscilloscope has a good amplification and a
good sensitivity (ImV/div < S < 25mV/div). The attenuation/of the electric
pulse signals was achieved by means of a calibrated resistor bridge.
Photographs of the oscilloscope transient signals were taken with a suitable
camera. We have analysed the cliché of the photos thus obtained in order to
determine the electric and hydrodynamic parameters of chloroplasts or those
of sub-chloroplast fragments.

2.6.2.2. Measurements

We have measured the intensity I0 scattered in the absence of the electric
field for various values cf the viewing angle 6'. For the same values of 6' and
different values of (, we have applied across a suspension of chloroplasts or
a suspension of sub-chloroplast fragments an electric pulse consisting of
several oscillations of a sine wave and we have measured the intensity, IE’
scattered in the presence of the electric field. The scattered intensity change
is Al = IE - Io. We have recorded I0 and AI for a required set of conditions
of 6', @ and E, following the procedure described by Fredericq and Houssier /46/.
For tke measurement of the intensity Io scattered in the absence of the electric
field, we use the oscilloscope in the conventional mode. Its time base is set
in "free run" (no triggering and the highest frequency scale, e.g., 50us/div).
The intensity IO is proportional to the distance between two continuous hori-
zortal traces observed on the oscilloscope screen, one of the traces preser.ting



the position of the oscilloscope trace when the shutter of the photomultiplier

is closed and the other, the uscilloscope trace when the shutter of the photo-
multiplier is opened. For the measurement of the scattered intensity changes,

the oscilloscope functions in the "memory mode" and a lowest frequency scale
(e.g., 0.5s/div) is choser. Tre oscilloscope is set in the external triggering
position. The shutter of the photomultiplier is opened. With the polarity-
reversing switch in the ON - position, an electric pulse is manually initiated
with the Model 605P Cober Electronics pulse generator and applied to a suspension.
The resulting photocurrent signal appears on the oscilloscope screen. Generally,
in order to be better compared to Io, the photocurrent signal has been amplified

(by adjusting the amplification factor or sensibility of the oscilloscope).

For a given value of 6', we have measured the scattered intensity changes
as a function of the applied electric field strength. This measurement permitted us
to obtain the graphs (%19 vs.E? from which we have determined the electric
parameters of ch1orop1a8ts or those of sub-chloroplast fragments.

We have estimated the disorientational relaxation times of chloroplasts

or those of sub-chloroplast fragments from the decay curve of the photocurrent
signal after switching off the electric field. In fact, assuming that each
suspension investigated is monodisperse, we have:

AL (t) = a1° &8%/7
(2.51)
C Al A AT®
My(t) == =57 = 3

Where AI° is the value of Al at the time t = o as the electric field is

switched off,
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2.7. Results and discussions

2.7.1. Electric linear dichroism

The orientation of whole green pea chloroplasts or that of green pea
chloroplast large fragments is ob%é;zgg in a series of rectangular pulses for ¢
field strengths as lew as 20V.cm T and complete orientation is achieved at ),
about 60V.cm'-1 (see fig.2.4.). Our absorpfion spectrum (fig.2.5., page 56)

of whole chloroplasts suspended in a medium cortéining 2mM Tricine buffer at Thopte
pH 7.2 and 330mM sorbitol is s1m11ar to that oktained by Gagliano et al./45/. “4L
The characteristic absorption ipectrum of whole chiloroplasts and those fragmented
by the Na~-deoxycholate are compared in Fig.2.6. There is a slight shift in the =

absorption peak from 14600 cm -1 for whole chloroplasts to 14720 cm -l for the

chloroplast fragments. Otherwise the qualitative aspects of the absorption V
spectrum are independent of the particle size and the conclusion of Gagliano '
et al./45/ is confirmed: form dichroism piays no substantial role in our 7

measurements .
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Fig.2.4. Dependence of the specific parallel dichroism on the square of the
]

A .
electric field-strength - = f(E*)) for chloroplasts suspended in
A

a medium containing 2mM Tricine buffer at pH 7.2 and 330mM sorbitol.
= lfﬁhz; A = 650nm.
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Fig 2.5. Absorption spectrum of whoTe chloroplasts suspended in a
medium containing 2mM Tricine buffer at ph 7.2 ana
330mM sorbitol.
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\ Fig.2.6. Absorption spectrum of chloroplasts suspended in a medium
containing 2mM Tricine buffer at ph 7.2 anu 550mhi sorbitol.
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The dependence of the specific electric dichroism at 680nm on the square of the
electric field-strength is presented ir. Fig.2.4. (for whole chloroplasts) and
in Fig.2.7 to Fig.2.10 (for chloroplast fragments). Assuming that at the
frequency of 2KHz, the permanent dipole moments cannot follow the oscillations
of the electric field, from Figs.2.7. and 2.8., we determine the approximative

value of the electric polarisability for chloroplasts suspensions ultrasonicated

for 30s. We assume that at the beginning of the nor-linear dependence of (AA"/AO)
or (AA;/AO) on the square of the electric field-strength, the potential energy
of induced electric dipole moments is in the order of kT (where k is the
Boltzmann constant and T the absolute temperature):

U YEZ
or . int _ _2kT
T = 1, i.e T 1, ory = -
int

The approximate value of the square of the intermediate electric field extra-
polated in Figs.2.7 and 2.8 is 3.6 x 10°(V/cm)?, or 4 x 107%(Statvolt)? x cm 2.
Consequently, the polarizability y is approximately equal to 2 x 10'12 cm® (at
usual temperatures, e.g., T = 293°K).
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Fig.2.7 Dependence of the specific parallel dichroism on the square of the
electric field-strength (5%2— = f(E?)) for chloroplasts ultrasonicated
during 30s. v = 2 KHz. A =2680nm. Suspension of chloroplast fragments
in a medium containing 2mM Tricine buffer at pH 7.2 and 330mM sorbitol.

The broken line indicates the initial sTlope.
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Fig.2.8 Dependence of the specific perpendicular dichroism on the square of the
electric field-strength (7f£' = f(E?)) for chloroplasts ultrasonicated
during 30s. v = 2 KHz. X =2680 nm. Suspension of chloroplast fragments
in a medium containing 2mM Tricine buffer at pH 7.2 and 330mM sorbitol.

The broken line indicates the initial slope.
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Fig.2.9 Dependence of the specific parallel dichroism on the square of the electric

field-strength (—ﬁfl-= f(E%)) for chloroplasts ultrasonicated during 30s.
v = 200Hz. A = 680fm. Suspension of chloroplast fragments in a medium
containing 2mM Tricine buffer at pH 7.2 and 330mM sorbitol. The broken line

indicates the initial slope.
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Fig.2.10 Dependence of specific parallel dichroism on the square of the electric
field-strength (—F!_ = f(E2?)) for chloroplasts ultrasonicated during
30s. A = 680nm, V%= 20Hz. Suspension of ..chloroplast fragments in a
medium containing 2mM Tricine buffer at pH 7.2 and 330mM sorbitol.
The broken line indicates the initial slope. '
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Electric linear dichroism measurements are perturbed by secondary effects
such as form dichroism and light scattering effects which deform the photocurrent
signal. Our electric t!inear dichroism measurements showed that the effects of
light scattering prevailed whenever whoie chloroplasts and large chloroplast
fragments were stud%ed, which did not permit us to determine the direction of the
transition dipole moment with respect to the chloroplast membrane plane. Another
obstacle to the determination of the direction of the transition dipole moment
was due to the fact that the chloroplast fragments remain closed (whatever be
the fragmentation method used) such as it is shown by an electron micrograph of
the morphological structure of chloroplast fragments (Fig.2.l4., page 67).
However, for all other purposes, these studies could be equally exploited. The
general impression is that the electric linear dichroism's values obtained for
chloroplast large fragments are considerably lower than those obtained for
purple membrane fragments /50/. The results obtained for the whole chloroplasts
and the chloroplast large fragments are in agreement with those obtained by
other workers /45,65-67/: magnitude of the electro-optic effects, absorption
spectrums, relaxation times, frequency dependence of the electro-optic effect,etc.

Fig.2.11 shows a typical curve for the frequency dependence of the specific
parallel dichroism in the frequency range 20Hz - 100khz. The measurements were
made at a value of the electric field-strength equal to 4.5 x 10° V/m. At this
value of the electric field strength, (AA,/A) 1s on the linear part of the
curve (pA,/A) = f(E2), so that the condition of low degrees of orientation is
fulfilled (U < KT).

On the dispersion curve, it is seen that several dispersions can be followed.
which corresponds to what has already been observed /65-67/. The interpretation
of these dispersions is premature since a more detailed experimental study is
necessary for this. At present, only an average value for the electric polariza-

bility's relaxation time was estimated from the reiationship

T 1 -, where Ve is the frequency at which the electro-optic effect is half-

comp$g¥gd or relaxed and T is the relaxation time of the electric membrane charge
or the time required by the latter to reach an equilibrium distribution after

the disappearing of an external perturbation. The mean value obtained is:

T =6 x 10 “s, An electric polarizability's relaxation time of this order of
magnitude (frequency Ve = 2.6 x 10° Hz) is characteristic of the interfacial
charge dynamics. We conclude in qualitative manner that the structure of chioro-
plast membranes (or that of chloroplast large fragments) is similar to the
structure of polyelectrolytes or macroions around which are located small ions

or counterions. In this case, there would be a strong electrostatic interaction

between the polar head groups of the chloroplast membrane constituent molccules
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and the counterions and the latter would form a diffuse electric double layer/25b/.
We think that this diffuse electric double layer may play a fundamental role in
the spatial separation, by the thylakoid membrane, of the photoproducts of the
photochemical step of natural photosynthesis. The orientation of chloroplasts or
that of chloroplast large fragments in an electric field is due to the induced
interfacial polarization {polarization due to the deformation of the diffuse
electric double layer by the electric field). In the case of purple membrane
fragments, Dunne et al./97/ suggest that the observed electric polarizability
would be due to the coherent oscillations of electrons of bacteriorhodopsine

molecules within these fragments. We have made complementary experiments in

which we have varied the pH or the jonic strength of chloroplast fragment sus-
pensions. We have ascertained that the electric polarizability increased when the
jonic strength of chloroplast fragment suspensions decreased: this has indicated to
us that the measured electric polarizabilitv was of interfacial nature-

}
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log v

Fig.2.11 Dependence of the specific parallel dichroism on the frequency of the
AA
electric field ('7T_ = f(log v)) for chloroplast large fragments

suspended in a medium containing 2mM Tricine buffer at pH 7.2 and
330mM sorbitol. E = 4.5 x 10® V/m. A = 680nm.



The time dependence of the electric linear dichroism induced by a rectan-

gular voltage pulse in a suspension of whole chloroplasts is shown in Fig.2.12.

Since the rise of this electro-optic effect is slower than its decay, referring

to the technigues discussed by 0'Konski et al./25/, Fredericq and Houssier /46/

(see page 27), we conclude in qualitative manner that permanent dipole Rorvepant
moments cont(ibuye to the mechanism of orientation. In a quite good agreement

N~~~ - ~——~_
with the observations of Gagliano et al./45/, there is also a residual signal

which persists for times longer than 5-10ms after the field has been switched

off. This component may be due to the polydispersity of the chloroplast suspen-

sion. The relaxation time estimated in Fig.2.12 is: 1t = 25s.
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Fig.2.12 Transient electric linear dichroism signal induced by a rectangular
voltage pulse in a suspension of whole chloroplasts suspended in a
medium containing 2mM Tricine buffer at pH 7.2 and 330mM sorbitol.
E = 120V/cm, v = 2KKz; X = 680nm.



2.7.2. Electric field light scattering

A typical oscillogram of a transient electric field-induced scattered
intensity change from a suspension of chloroplasts or that of sub-chloroplast
fragments is shown in Fig.2.13. The measurements were made using suspensions of

very Tow ionic strength (final solvent = gmNLJrjcine/buffer + 330mM Sorbitol + ,
bidistilled water, pH 7.2) and in the frequency range 20Hz - 200 kHz.
- < i - »:‘_,,/ -

:"‘

Fig.2.13 Oscillogram of a transient electric field-induced scattered intensity
change from a very diluted suspension of chloroplast fragments.
Chloroplast fragments were prepared by subjecting whole chloroplasts to
ultrasonic treatment. The suspension was submittea to an electric pulse
gon§isting of several oscillations of a sine wave. E = 200V/cm, v = 1Khz; 7
time base = 50ms/div; sensibility = 5mV/div; A = 632.8nm. |
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From the decay curves of transient electric field-induced scattered
intensity changes in pulsed sine-wave electric fields, we have determined
the approximate values of the disorientatioﬁal relaxation times (t) of chloro-
plast fragments. The principle of measurement is indicated in Eq.(2.51): after
a time equal to T following the removal of the electric field, the electro-
optic effect is reduced to about the third of itslinitial value. The values of
T measured for the whole chloroplasts down to the smallest chloroplast fragments

studied range between 20s and 2 x 10_25. Then we have determined the rotational

diffusion coefficients from the relationship, D = T%?’

Electron micrographs of chloroplast fragments show that we can approximate

their form to elongated ellipsoids of axial ratio from 2 to 4 (see Fig.2.14),

J‘é.

¥

ki

Fig.2.14 Electron micrograph of the morphological structure of chloroplast
fragments obtained by subjecting whole chloroplasts to digitonin
treatment. Magnification : 200,000.
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3kT 2a

Since for revolution ellipsoids, D = ———— [2 ¢n (7;) - 1], we deduce the

3
long semi-axis a of each ellipsoid. 1%6809 ca1cu]at19n54_wexhave used the
following approximate values: T = 293°K,/n = 1g x cm—1 X s'lg and % = 3, f

|3 = - — iamiai » e
Under these conditions, a = (Qi%%g)l % 10 [cm]. The results obtained for D and

a at different values of the electric field-strength and for different frequencies
are indicated in tables 2.la and 2.1b. The dimensions that we have obtained for
chloroplast large fragments are in agreement with those obtained by Geancitov

et al./98/ from magnetic field-induced transient fluorescence intensity change

and they correspond to what is observed by electron microscopy.
| BV, e S

i /
Table 2.1a
Rotational diffusion coefficients and dimensions of chloroplast fragments

obtained by subjecting whole chloroplasts to digitonin treatment.
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Table 2.1b

Rotational diffusion coefficients and dimensions of chloroplast fragments
obtained by subjecting whole chloroplasts to ultrasonic treatment

1 1 1 i

"E[v.cm '] 1 v[Hz] iD[ s 1 1 alum] E
(SR i e g = -
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'.- ---------------- -: ----------- ol 5 i o o e (A —— 1
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The figures 2.15, 2.16, 2.17, and the table 2.2 present the relative
scattered intensity change as a function of the square of the electric field-
strength at a frequency of 1kHz. The curves (%;) = f(E?) manifest saturation
effects at high electric field strengths, whereas for very weak electric field-
strengths a Tinear dependence is observed as expected from equation (2.46).
A§§gmiggfthat, at a frequency of 1lkHz, the gontribution of permanent dipole
moments to the mechanism of orientation is negligible, the initial slope to
each curve permits us to estimate the value of the electric polarizability
In fact, assuming the Rayleigh-Debye-Gans approximation and a maximum value ¥
(for the large dimensions and large axial ratios) of 0.5 for the function of
the optical parameter, ¢(K), the electric polarizability may be determined

from Eq.(2.14). The values obtained are indicated in table 2.3 (page 74)

(Ce)
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Dependence of the electric field-induced relative scattered intensity change

in suspensions of various chioropiast fragments on the electric field-strength
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Dependence of the relative electric field-induced scattered intensity

change on the square of the electric field-strength (AT _ f(EZ))
I

for chloroplast Targe fragments obtained by subjecting F suspension of whole
chloroplasts to ultrasonic treatment. (A = 680 nm., VvV = 1KHZ.

‘The broken Tine indicates the initial stope.
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Fig. 2.16.
Dependence of the relative electric field-induced scattered intensity
change on E2( !

53

¥ f(EZ)) for intermediate and small chloroplast fragments
obtained by ultrasonic treatment. (a) Intermediate fragments; (b) small

fragments. v =1 KHzZ ; A= 680 nm. The broken lines indicate the initial
slopes.



6o

§0

Yo

20

S0

Yo

3o

20

10

' AL (%)
3 TO N M (i {a‘u «{‘(.M/,&
/ ,
(! Astdaa ¢y ¢
/ ’ /////’////’ >
/ g & el } JA-{:‘.:, 2¥fe i
Fo e
/
/
/
- /
| / | (o
L B
|/
/1
/ /
/
-
1 i | i ) |
Al (%) -
T; P -
. //
///
s
P
/ /
! / /////
/
/
I’ 4
- // /// (@)
F=X
!/
I/
i/
y
i 1] % il 1 1 ) ;
f ! ’ “ s 6 E*xie Y L Me-)

Fig. 2.17.

Dependence of the relative electric field-induced scattered intensity
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Table 2.3

Electric polarizabilities of chloroplast fragments obtained by the electric

74

field 1ight scattering method.
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The electric polarizability of ch]orop]ast 1arge fragments prepared by ool

digitonin treatment is approximately 1.2 x 10

. This value is close to
those obtained for other large particles (bacter1a, purple membrane, fixed

el ore !
A | é?}

erythrocytes, etc.) /68/ and it is in agreement with the values of the electric
polarizabilities that we have obtained by the electric linear dichroism method

(see page 58 ).

As we have already mentioned (see page 28), we have used pulsed
sine-wave electric fields in order to limit secondary effects such as the Joule
heating, electrophoresis, etc.

Since we have not used continuous d.c.

electric

fields, we could not determine the mean value of the permanent dipole moment
associated to each species of chloroplast fragments.
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CHAPTER III

ARTIFICIAL PHOTOSYNTHETIC SYSTEMS

3.1. Introduction

Artificial photosynthetic systems are constituted by natural or
synthetic chemical compounds and they seek to mimic some aspects of the
photophysico-chemical reactions of natural photosynthesis. When these
compounds exist in a perfectly homogeneous 1liquid solution, one has an
homogeneous photochemical system. If the system is not homogeneous but
contains appropriate interfacial systems or supramolecular assemblies, one
has an heterogeneous photochemical system.

Artificial photcsynthetic systems are investigated for their
potential utilization in the conversion and storage of solar energy. If,
by means of artificial photosynthetic systems, sunlight energy could be
used to generate an easily storable chemical, the problem of sunlight energy
storage would be solved.

Given that artificial photosynthetic systems have to simulate
some aspects of the primary photophysico-chemical reactions of natural
photosynthesis, they have to perform at least the following functions of
the photosynthetic thylakoid membrane of the chloroplast/1/:

(i)  the quantum capturing function
(i) the photoinduced electron transfer from a Jower to a higher energy
state.

In this chapter, we describe briefly artificial photosynthetic
systems (wireless homogeneous and heterogeneous photochemical systems), and
we present the mechanisms of photochemical conversion and storage of solar
energy in the systems used in this work. Special emphasis is given to the
utilization of artificial photosynthetic systems in order to achieve the
dye-sensitized phctodecomposition of water to H, and O,. lgii/lgzgtg§3’i§

2 2
understandable since such & process constitutes an important approach to
N SN N
the production of renewable hydrogen fuel using visible light. Finally,

we investigate the possibility of photochemically oxidizing a Mn(III)-
tetrapyridyl porphyrin derivative by a In- tetrapyridyl porphyrin derivative
(sensitizer) in aqueous micellar solutions of sodium dodecyl sulfate. [Qi{
ig;gggiﬁ\jéJggﬁgrﬁﬁgggggl§/§jpgg in artificial photosynthetic systems, it is
believed that polynuciear manganese compiexes are most probable candidates
which may mediate the multi-electron-transfer process of the photochemical
oxidation of water. In fact, since manganese has many states of oxidation,
in principle manganese complexes are able to remove four electrons from

two molecules of water and make molecular oxygen without the production of
free oxygen atoms, or hydroxyl radicals, or other intermediates which would
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destroy the system /8a, 17, 22/. It is also known that a manganese-
containing complex is invoived in the Tight-driven reactions of PSII, in
which water is oxidized to 02/23/.

3.2. Description of artificial photosynthetic systems (wireless homogeneous
and heterogeneous photochemical systems)

Artificial photosynthetic systems attempt to mimic our current
knowledge on the natural photosynthesis process in order to convert sunlight
energy into chemical energy and/or electricity. According to its role, an
artificial photosynthetic system will involve the following
elements/1, 2, 10b/ :

(1) Species which absorb in the visible range of the solar spectrum. These /¢

species perform a role similar to the quantum capturing function of
the chloroplast.

(ii)  Electron acceptors and electron donors, which perform the photo-
induced electron transferring function of the photosynthetic electron
transport chain of the thylakoid membrane.

(iii) A physical way to organize reactants and to keep separated spatially
the photoproducts of the photoinduced electron transfer reactions.
In natural photosynthesis this role is accomplished by the thylakoid
membrane of the chloroplast.

The choice of the components of an artificial photosynthetic
system stems from our current knowledge on the natural process and on the
role that must be assumed by each system.

MAIN COMPONENTS OF AN ARTIFICIAL PHOTOSYNTHETIC SYSTEM

(a) A dye or sensitizer (5). It is a substance which has a strong

absorptivity in the visible range of the solar spectrum. As soon as it has
absorbed a photon of suitable waveiength, the sensitizer is electronically
excited; this excited state isa better electron donor or electron acceptor
than the ground state and, it can initiate photoinduced electron transfer
reactions (or photoinduced redox reactions). The sensitizer assumes the
role of a photocatalyst and it is the reaction-centre trap analogous to

that in natural photosynthesis (e.g., PSI and PSII are these reaction-
centre traps). A very important requirement in the choice of a sensitizer
is that its excited state should have a long Tifetime and it should be
energetic enough to carry out the desired photochemical reactions.
ggn;if%zérs’éxt{ied to the singlet state (Fig. 3.1.) very quickly lose their
energy ( lifetime in the range 10_5-10_95) and for this reason their

excited singlet states cannot be used to store the light energy. But for
some sensitizers excited to the singlet state, there may be a spin inversion
(F%g. 3.1.) and the molecule goes to the excited triplet state in a mechanism
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called inter-system crossing. The excited triplet state is more stable
(Tifetime of the order of 10'35) than the corresponding excited singlet
state, because the electrostatic repulsion is reduced there. Sensitizer
molecules which are excited to the tripiet state are long lived and they
may diffuse towards other molecules in a iiquid solution and the interaction
with the Tatter permits us to store part of the light energy in the form of
chemical energy. In order to obtain an appreciable quantum efficiency for
the photochemical conversion and storage of Tight energy, the quantum

yield for the axcited trinlet state should be high and this, excited triplet
state should have good redox properties.

Spin
+"\\) inversion
' Iy
.1
(&) l l
(a) (b) (c)

Energy level diagram indicating some electronic states of a sensitizer
The effect of 1light absorption on a pair of electrons in a molecular orbital
of the sensitizer is also shown. The arrows indicate the directions of the
electron spins with respect to a local magnetic field. (a) Ground singlet
state. (b) Excited singlet state. (c) Excited triplet state. According
to the theory of quantum mechanics, this excitqd_triplet state is lower in

energy than the corresponding excited singlet state.
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It is known /29/ that natural photosynthesis makes extensive use of
organometallo-porphyrins (e.g.) chlorophyll molecule) as chromophores in the
primary phorochemical reactions. Synthetic sensitizers of similar structure
have been used in artificial photosynthetic systems /30/. One of the
sensitizers that we have used, a Zn-tetrapyridyl porphyrin derivative
(ZnTPyP - C16 , Fig. 3.2b.) vrcsembles the chlorophyll molecules which are
the major  light-absorbing pigments of green cells. The actual structures
of various chlorophyll molecules were established from degration studies by
FISCHER in 1940 and unequivocally proved by WOODWARD who first synthesized
chlorophyll in vitro, in 1960 /14/. From these studies, we know that
chlorophy1l molecules are surfactants: they have a hydrophylic "head"
attached to a hydrophobic core. The hydrophilic head or porphyrin head is
formed by a tetrapyrrole ring, in the center of which a magnesium atom is
co-ordinately bound. The hydrophobic core is a hydrophobic terpenoid side
chain, consisting of the alcohol phytol. The Zn-tetrapyridyl porphyrin
derivative (ZnTPyP - C16) is a surfactant: its hydrophilic head or porphyrin
head is formed by a tetrapyridyl ring, in the center of which a zinc atom
is co-ordinately bound; the C16 tail represents its hydrophobic core. Like
chlorophyll molecuies, the ZnTPyP - C16 sensitizer has a large number of
double bounds in conjugation and this property is relevant for the
effectiveness in absorbing electromagnetic radiation in the visible region
of the solar spectrum. The ZnTPyP - C16 absorbs in the blue region of the
solar spectrum (A = 430 nm). Not only the ZnTPyP - C16 complex has almost
the same chemical structure and the same organization for quantum capture as
cﬁ]orophy]l molecules, but especially it presents the following advantage
over chlorophyll molecules: it is more stable than chlorophyll molecules
extracted from plants for their use in artificial photosynthetic systems.

Another sensitizer that we have used in an experiment of dye-
sensitized photoreduction of water to hydrogen, is the tris (2, 2'-

bipyridinium) ruthenium (I1) (Ru(bpy)§+ ; Fig. 3.2a). The oxidized

Ru(bpy)§+ complex (redox potential: E°(Ru(bpy)§+/Ru(bpy)§+) = 1.26V/30/)
is thermodynamically capable of oxidizing water to oxygen at pH7

(redox potential: E”(OZ/HZO) = 0.82V/1/). Besides, the tris - (2,2'-
bipyridine) - ruthenium (I1) complex has a strong absorptivity in the

visible range of the solar spectrum: in fact, the peak of its absorption

is located at a wavelength X = 452 nm, a value which is glg§gvﬁo [

position of the maximum of the solar spectral irradiance distribution /69/. AL ey

(b) Electron donors(L) and electron acceptors (A)

Generally, after a sensitizer molecuie has absorbed a photon of
suitable wavelength and it has been excited to the singlet state, either
it very quickly comes back to its ground state by emitting a photon of
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Tonger wavelength (fluorescence phenomena) or it very quickly undergoes
a radiationless deactivation {(e.g., the absorbed fight energy is
transformed into thermal energy due tc collisionswithother molecules).
Even for a sensitizer molecule which is in the excited triplet state,

if it does not undergo any photochemical process and does not chemically
react with a neighboring molecule, it finally deactivates either by a
radiative process (e.g., phosphorescence phenomena) or by a
radiationgéless process.

The role of electron acceptors and electron donors is to
intercept, by electron transfer from or to the excited sensitizer, the
decays pathways mentioned above. The photoproducts of the photoinduced
electron transfer reactions should retain most of the light energy
initially stored in the excited sensitizer. One of the requirements
for the choice of electron donors and electron acceptors is that they
may not interact with the sensifizer in its ground state. In
addition, the redox potential of the D+/D or A/A~ couples should be
appropriate. The electron donors and electron acceptors are the analogues
of the photosynthetic electron transport chain.

Following are the electron donors that we have used :

(i) Ethylene diamine tetraacetic acid disodium salt (EDTA; Fig. 3.2.f),
tris (2-hydroxyethyl) amine or triethanolamine (TEA). These two
compounds contains a tertiary nitrogen atom with many
carboxymethyl groups and, consequently, thay are good electron
donors/70/. However, the pH of the solution must be equal to
the pKa value of the group state protonation equilibria of the
electron donor/36,70/. In acid pH, the protonation of the amino
functional group reduces the electron donation properties of the
electron donor. If the pH is appropriate, these two electron
donors present the following advantage : as soon as they are
oxidized, they are unstable and they irreversibly decompose into
other products (they are called sacrificial electron donors).
Thus, a kinetic control of the rates of the photoinduced electron
transfer reactions as well as a kinetic control of the rates of
the thermal back reactions are feasible (e.g., the thermal back
electron transfer between the photoproducts is prevented).

(ii) A manganese-tetrapyridyl porphyrin derivative complex

(MnIIIrpyp-c]G, Fig. 3.2d) and an olefin (5-hexenoic acid).

Following are the electron acceptors that we have used :

(i) N,N' - bis (sulfonato-n-nropyl)-4,4' bipyridyl or propyl viologen
sulfonate (PVS°, Fig. 3.2.c).
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(ii) 1,
(Mv

1' - dimethyl - 4,4' bipyridinium dichloride or methyl viologen
2*  Fig. 3.2).

The main reasons which motivated us to checose these two
electron acceptors are the following :

(1°) Each of the compounds may accept a single electron into its
conjugate system and then it forms a stable radical which does not
dimerize/31/.

(2°) The essential feature of the structure of these compounds is the
dipyridyl or dipyridium. The dipyridyl, or dipyridinium, viologen
is colorless, and when each compound has accepted an electron it
turns to the blue color, allowing the reaction to be followed.

(3°) The most used electron acceptor (PVS®) is a special one because it
is a dipolar ion with no net charge and when it accepts an electron
it becomes negatively charged. Being negatively charged, the
PVS™ radical may be expelled from the negatively charged interface
between the water bulk phase and the organic phase of a micelle
in an aqueous micellar solution of sodium dodecyl sulfate. Since
all the sensitizers that we have usedbecome Lositively charged after
the photoinduced electron transfer from the excited sensitizer to an
electron acceptor, thay are attracted by the negatively charged
interface of an SDS micelle. Thus, the thermal back reaction
between the negative ion radical (PVS™) and the oxidized sensitizer
is retarded or inhibited.

(c) Catalysts

The role of these components is to mediate multi-electron
transfer processes such as the dye-sensitized photooxidation of water
to oxygen or the dye-sensitized photoreduction of water to hydrogen.
In photoinduced electron transfer reactions, the role of the catalysts
is to Tower the activation energy by interacting with energetic but
unstable photoproducts to facilitate stable compounds formation.
Catalysts are enzymes analogous to natural photosynthesis.

We have achieved a dye-sensitized reduction of water to
hydrogen using an homogeneous photochemical sacrificial system in
which colloidal platinum mediated the two-electron transfer process
for the reduction of water to hydrogen.

(d) Supramolecular Assemblies or Interfacial Systems

By means of hydrophobic-hydrophilic interactions between the
reactants and/or the photoproducts an interfacial system can assume the
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following functions/1l/ :

(i)  to provide a selective solubilization of the reactants and allow a
close proximity between them;

(ii) to organize reactants;

(ii1) to stabilize or keep spatially separated the oxidized and reduced
species of the photoinduced redox reactions.

Interfacial systems are the analogues of the photosynthetic thylakoid
membrane. Several interfacial systems such as micelles/36,71/,
vesicles/28,74,75/,colloidal S1'02 particles/72/; polyelectrolytes -
polyacrylates particles/77/, etc., have been used, in artificial
photosynthetic systems, as a model for the thylakoid membrane of the
chloroplast. In our work, we have used micelles of sodium dodecyl
sulfate as a model for the thylakoid membrane (see section 3.4. for
details).
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Fig. 3.2. Chemical Structure of the Sensitizers, Electron Acceptors and
Electron Donors Which Have Been Used.

(a) Tris (2,2' - bipyridinium) ruthenium (II) chloryde hexahydrate

+
RU(be)§ -

(b) Zn - tetrapyridyl porphyrin derivate complex with a hydrophobic core
(Zn TPyP-ClG); '

(c) Propyl viologen sulfonate (PVS®);

(d) Mn(III) - tetrapyridyl porphyrin derivative cémbiex with a hydrophobic
core (MnTPyP-C16); ‘

(e) Methyl viologen (MV2+)

(f) Ethylene diamine tetraacetic acid disodium salt (EDTA)
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3.3. Photochemical conversion and storage of light energy

3.3.1. Mechanisms of light energy conversion into chemical energy in

artificial photosynthetic systems

The kinetics and mechanisms of dye-sensitized photoinduced
electron transfer reactions, which follow immediately upon 1light absorption
by the sensitizer, have been extensively investigated by “flash photolysis
techniques" /8a, 29, 36, 37, 77, 78/. Flash photolysis technique
involves the excitation of a sensitizer by an intense, short Tight flash
(provided either by a flashlamp-pumped laser or a mode-locked laser)
and then the decays processes are followed either by transient absorption
change studies at a given wavelength (kinetic spectroscopy) or by
measuring a complete spectrum at a pre-set time after the flash (flash
spectroscopy).

Let us consider the simplest photochemical system existing in a
solution containing a certain amount of the sensitizer (S), of the
electron acceptor (A) and of the electron donor (D). When the sensitizer
absorbs a photon of appropriate wavelength it is excited to some
vibrational level, sq, »0f the excited singlet state (Eq.3.1a). By
internal conversion, this excited state very quickly transforms to the

lowest excited singlet state, s ., (Eq.3.1.b).
S
s — v o olv (3.1a)
. Cly « 010
S  —— (3.1b)

0Of all the deactivation processes of the excited singlet state
(fluorescence, and others) we are interested in its transformation into N
an excited triplet state (mechanism ca]]eg,1nter;sys;emrcr9§§ing) since %iﬁfff!
only excited triplet states are Tlong ]1véd SO fhat electron transfer may \
take place between the excited sensitizer and the electron acceptor.

The Towest excited singlet state has a very short lifetime ( T= 10’5-
10'95), and it very quickly crosses to a vibrational level of the

excited triplet state, Tlv’ isoenergetic to the lowest excited singlet
state; by internal conversion, this excited state decays to the Towest
excited triplet state, Ty, (Eq.3.1c). The Towest excited triplet state

is a metastable state and it is long lived (its lifetime is in the order

of several milliseconds) and can perfom some chemistry.
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For simplification let us consider the case where the excited sinsitizer
is a good electron donor (oxidative quenching). The lowest excited
triplet state of the sensitizer (S) transfers an electron to the
electron acceptor (A) and goes to S+ while the electron acceptor is
reduced to A~ (Eq. 3.2) :

T

S* 10 A ——m ST AT (3.2.)

S + A ——S o+ A (3.2")

Generally, the sensitizer (S) is chosen so that its oxidized species
(S+) is an oxidant strong enough to take an electron from the donor (D);
in such a case, the electron donor (D) reduces S+ to S, while D is
oxidized to D' (Eq. 3.3) :

A~ + St 4 D5 + A"+ D' (3.3)

AT +D —3» A + D (33"

If, the thermal back electron transfer (equations (3.2') and (3.3'))
could be prevented, the redox gradient of A~ and p* represent a chemical
stored energy, AG, which is the difference between the energy of the
materials in the final state and that in the initial state (Figure 4).
The photochemical reaction described above can be followed spectro-
photometrically by measuring the optical density of D+, or that of A,
as a function of the illumination time (see paragraph 3.5.2a).
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Schematic diagram for the photochemical conversion and
storage of light energy via photoinduced redox reactions
(see text for details).

Abbreviations and symbole:siv and Tiv represent, respecti-

vely, a vibrational level of the excited singlet state

and excited triplet state of the sensitizer (S). I.C. means
internal conversion; T.I.C. means transition iInter-system
crossing; T.B.R. means thermal back reaction. V is the
frequency of the photon absorbed by the sensitizer;

v' and V" represent the frequencies of photons which

could be emitted in fluorescence and phosphorescence
phenomena, respectively. AG is the net chemical energy
stored in the photochemical reaction.

(Reprinted from reference /1/ , p.12)



3.3.2. Chemical utilization of the photoproducts in the dye-sensitized

photodecomposition of water to 02 and H2.

If the redox potential of the A/A” couple is below the
redox potential of H+/H2 couple, then A” can reduce water to hydrogen in
the presence of a charge storage catalyst (Cat.l) (Eq. 3.4) :

5 » 2A + 20H + H

(3.4)

2

Reduced bipyridinium salts (viologen radicals) are capable of reducing
water to hydrogen in the presence of colloidal platinum particles
stabilized by a negatively charged polymer/27, 30/.

In the same manner, if the redox potential of the D+/D
couple is above the redox potential of the 02/H20 couple, p* can
oxidize water to oxygen in the presence of a suitable charge-storage
catalyst (Cat. 2) (Eq. 3.5) :

an* + 2H.0 Cat.2 _ap+ ant + 0

2 (3.5)

2

For a practical utilization of the photochemical conversion and storage
of light energy, water itself should be the ultimate electron

donor/29, 36, 37/. In such a case, one should choose the sensitizer (S)
so that S+ be thermodynamically capabie of oxidizing water to oxygen;

the redox potential of the S+/S couple should be above that of the 02/H20
couple (i.e., E°(S+/S) > E°(02/H20) = 0.82 V). In these conditions, the
regeneration of the sensitizer would be coupled to water oxidation

(Eq. 3.5') :

ast + 21.0 Cat.2 45+ an* + 0

2 (3.5")

2

The oxidized Ru(bpy)g+ complex is thermodynamically capable of oxidizing
water to oxygen (E°(Ru(bpy)§+/E°(Ru(bpy)§+) = 1.26V) in the presence of
transition metal oxides such as Ru02/27, 41/, Ir02/42/, Pt02/27/ and
Co0/9/, etc.

However, in general, in homogeneous solutions, the rapid

- +
thermal back reaction between s¥ and A” to give S + A or between D and
A" to give D + A does not allow this type of photochemical solar energy

conversion and storage.
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In homogeneous photochemical systems, two cases are an exception:

(i) When a sacrificial electron donor which undergoes an irreversible
oxidation is present in the system, a dye-sensitized reduction of
water to hydrogen (Eq. 3.4) is observed/27, 29, 36, 37, 70/;

(i1) When a sacrificial electron acceptor which undergoes an irreversible
reduction is present in the system, a dye-sensitized oxidation of
water to oxygen is observed/36, 41, 42/.

These homogeneous photochemical sacrificial systemsprocuce Hzand Ozat the
expense of consuming the sacrificial electron donor and the sacrificial
electron acceptor, respectively.

A simultaneous photodecomposition of water to H2 and~02 upon
illumination with visible light requires the use of heterogeneous
photochemical systems (i.e., systems comprising appropriate interfacial
systems or d]trathin membranes). Bolton/11, 80/ has proposed a cycle
for the dye-sensitized photodecomposition of water into H2 and 02. The
proposed cycle involves two photochemical reactions coupled in series by
an ultrathin membrane which is permeable to electrons and protons. This
membrane is the analogous of the pool of plastiquinone molecules
which Ties in the photosynthetic electron-transfert chain and constitutes
the essential link for electron flow from PSII to PSI (i.e., the
photoinduced transfer of electrons and protons across the thylakoid
membrane). This system of two photochemical reactions operating in series
(so that two photons are absorbed for every electron transferred in the
ultimate reaction) would better simulate the photochemical step of
natural photosynthesis; it would permit us to utilize an appreciable
fraction of photons in the visible region of the solar spectrum and to
convert light energy into chemical energy with an optimal quantum
efficiency. The complete dye-sensitized photodecomposition of water
into H2 and 02 following the scheme proposed by Bolton, has not yet been
achieved. The homogeneous photochemical sacrificial systems mentioned
above constitute an approach where separate reduction half-reaction to
produce H2 or oxidation half-reaction to produce O2 , are realized.

Some groups of investigators have achieved the dye-sensitized
photodecomposition of water to H2 and 02 using a single photosystem
(i.e., one-photon process). For example, Brugger et al./27/ have achieved
a dye-sensitized decomposition of water into H2 and 02 using a
- microheterogeneous aqueous solution containing platinum particles
protected by the cationic polysoap PVP-C,., Ru(bpy)§+ or ZnTMPyP4+ as

sensitizers,Cl,_MVZ+ as an electron acceptor relay and RuO2 as the



oxygen-generating catalyst. Gratzel et al./83/ have achieved the
photodecomposition of water to 02 and H2 using colloidal T1'O2 doped with
chromium ions and CdS colloidal dispersions both coated with ultrathin
platinum particles and Ru02. Calvin and Coworkers/31/ have achieved the
dye-sensitized decomposition of water to O2 and H2 using negatively
charged colloidal 5102 particles as interfacial systems. Other
researchers/69, 81, 82/ have achieved this goal using photoelectrolytic
cells. However, the quantum efficiencies obtained by all those
investigators were very low because they used a single photosystem.

Generally, in artificial photosynthetic systems, interfacial
systems which keep spatially separated the intermediate photoproducts
are necessary in order to store the light energy. In some of our
experiments, heterogeneous photochemical systems were constituted in
aqueous micellar solutions of sodium dodecyl sulfate
(L‘le25 SO& Na+ : SDS). In such micellar aqueous solution of SDS, one
has two sub-phases with a negatively charged interface in between. The.e
sub-phases are: a bulk or aqueous phase and an organic phase (the
hydrophobic core in the micelle).

3.4. Formation and properties of micelles

3.4.1. Micelle formation

A surfactant or surface active agent is a molecule possessing
two portions: a long saturated hydrocarbon chain or hydrophobic tail
(water-repeliing) and a hydrophilic polar head group (water-attracting)
/84, 85/. Micelles or surfactant aggregates are spontaneously formed
when surfactant molecules are dissolved in water at any molar concentration
above a critical value called "Critical micelle concentration (CM("/37,85/.
Above this value, each additional surfactant molecule is found in the
form of additional micelles. Thus, the molar concentration of micelles
(CM) is given by :

Where C*is the overall concentration of surfactants; Nag is the
aggregation number (i.e., the number of monomers in a micelle). Nag
determines the size and geometry of the micelle.

A1l the physico-chemical methods for the determination of the
C(C'sare based on the same principle /84, 85/: one measures the change in
a physical property (see examples below) of a solution of surfactants as

a function of surfactant concentration (C), and then he may observe
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a narrow concentration range where there is a sudden, not abrupt, but

rather gradual change in the physical property. Such a narrow
concentration range is attributable to the association of surfactants
forming aggregates or micelles. In order to determine the CMC of a
surfactant, one plots the curve corresponding to the change in a given
physical property as a function of the surfactant concentration. The
curve thus obtained presents two distinct portions, one of which represents
the behavior of the physical property below the CMC, and the other of
which represents the behavior above the CMC. Since the two portions of
the curve have different slopes at any points, the intersection of two
appropriate slopes permits us to determine the approximate value of the
CMC.

Following are some physical properties which have been used
for the determination of the CMC's of the most used surfactants/84, 85/:

(i) the interfacial tension;
(ii)  the electric conductivity;
(iii) the freezing point lowering and vapor pressure lowering;

(iv) calorimetric properties (the specific heat and the heat of
dilution);

(v) the transport properties such as the viscosity of the solution and
the sedimentation coefficient of the surfactants;

(vi)  the optical and spectroscopic properties of a solution (e.g.,
measurements of scattered light intensity at a viewing angle
equal to 90°, measurements of the turbidity of the solution, of
the refractive index, of the absorbance at a given wavelength,

of fluorescence spectra, etc.).

In this work, we have determinedthe CMC of the sodium dodecyl sulfate
surfactant (SDS) by measuring the change in the A.C. conductivity of
aqueous solutions of SDS as a function of the SDS concentration (seg
paragraph 3.5.2c).

3.4.2. Properties of micelles

(i) At Tow concentrations (C<0.1M) the micelles have almost a
spherical shape (radius in the range 15A° - 30A°)/37,71/.

(ii) The hydrophobic chains form the interior of a micelle
while the hydrophilic polar head groups are located at the interface
between the interior organic phase and the water bulk phase.
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(iii) If the hydrophilic polar head groups are charged, the
surface of the micelle is surrounded by a counter ions atmosphere. The
latter are, to a certain degree, attracted to form a diffuse electric

double layer /71, 84, 85/. In such a case, the surface of the micelle

is characterized by some electric field so that it can kinetically
control the rates of the dye-sensitized electron transfer reactions as
well as the rates of the thermal back reactions between the photoproducts.
Thus, the diffuse electric double layer of an ionic micelle may play a
crucial role in the photochemical conversion and storage of light energy.

(iv) Depending on their chemical structure, molecules may
be solubilized in the hydrophobic core in a micelle or at its
hydrophilic interface. Surfactant molecules are solubilized in a micelle
in such a way that their hydrophobic chains are located in the
hydrophobic core of the micelle while their polar head groups are located
at the inner or outer periphery of the micelle. Thus, one may solubilize
sensitizer molecules, electron donor and electron acceptor molecules
either in the hydrophobic environment or the hydrophilic one, depending
on the structural properties of these molecules. Then micelles permit
us to organize reactants at the molecular level and allow a close
proximity between them, which contribute to kinetically control the
rates of the dye-sensitized electron transfer reactions.

Micelles are not static species but rather exist in a dynamic
equilibrium/85/. The monomer-micelle equilibria equation which also
describes the formation and dissociation must obey to the chemical
equilibria laws/71, 85/ (Eq. 3.6) :

+ M (3.6)

where Mn is a micelle constituted by n surfactant molecules and M is
a single surfactant molecule; kf and kd are the rate constants for
micelle formation and micelle dissociation, respectively. These rate
constants may be determined by relaxation techniques. In fact, the
relaxation time (1t ) for micelle dissociation is given by /85/ :

~ |

= ka - kd (3.7)

Where C is the overall concentration of surfactants.
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Similary, an adsorption-desorption equilibrium exists; it obeys

to the following equaticn /71/ {Eq. 3.8)

G (3.8)

k_ and k,_ are the rate constants for adsorption and desorption of the
molecule B, vrespectively. B(mic) represents an adsorbed molecule.
From Eq. (3.8) it is obvious that an adsorbed molecule may be transported
to another micelle via desorption-adsorption at the new micelle after a
short stay as free entity B in the bulk solution. Molecule exchange
between the bulk solution and micelles is also predicted by Eq. (3.8).
This equation determines the rate at which the photoproducts of the
photoinduced electron transfer reactions may be formed as well as the
rate at which they may recombine. Since a micelle can solubilize
several molecules of different species (e.g., a sensitizer and an
electron acceptor), there may be a photoinduced transfer of electrons
between these molecules.

The fact that micelles are in constant dynamic change vu“ﬁ“imif
constitutes one of the difficulties of using them as interfacial systems
in artificial photosynthetic systems/103/. It is hard to change
micellar size, to insert more or less sensitizer molecules into micelles
in order to improve the quantum efficiency for the conversion of Tight
energy into chemical energy.

In artificial photosynthetic systems, surfactant vesicles
present several advantages with respect to micelles/28/: surfactant
vesicles can solubilize and organize large nurter of sensitizers,
electron donors and electron acceptors per aggregate and they are
amenable to electrostatic modification and chemical functionalization.
Given that the vesicles are more efficacious in keeping spatially
separated the oxidized and reduced species of the photoinduced redox
reactions, one expects that, for the same experimental conditions, the
quantum efficiency of the photochemical conversion of Tight energy
obtained by using vesicles as interfacial systems will be greater than
that he would obtain by using micelles as interfacial systems.
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3.5. Materials and experimenta! procedure

3.5.1. Materials

One of the sensitizers used, (5 - [{1-hexadecylpyridinium-4-y1)
-10, 15, 20 -tris- [4%pyridyl] -21H, 23H - porphine} - zinc perchlorate
and one of the electron donors used, bromo-aquo-(:-[1'-hexadecylpyriainium
4+ y11 -10, 15, 20 - tris {[4- pyridyl 1 - 21H, 23H - porphine) -
manganese perchlorate, were prepared by Roland Wohlgenouth and
Ester Nemethy (C/G Solar Energy Group of the Lawrence Berkeley Laboratory,
University of California, Berkeley) according to the procedure described
by OKUNO et al./86/. They have dissolved an appropriate amount of the
compounds meso-tetra (4 - pyridyl) - pophyrin (TPyP) and 1 -
bromohexadecane (1-C16H33Br) in dimethylformamide. By refluxing that
solution under nitrogen,a quaternization of TPyP leads to the formation
of the mono-, di-, tri-, and tetraquaternized porphyrins. These
different species of surfactant porphyrins were separated by gel-
permeation chromatography with Sephadex LH-20. By reacting a mono-
quaternized porphyrin and a manganese salt (mangane%e acetate
tetrahydrate) or a zinc salt (zinc acetate dihydrate) in dimethyl-
formamide, they have obtained the two compounds mentioned above.
Equation (3.9) summarizes the different steps of these reactions:

ITI
dimethylformamide Mn
(TPyP) + {1 - Cl6 H33 Br) " ',;(TPyP—C16)———-————MnTPyP—C16
2
(3.9)
dimethy1formamide 7q11
(TPyP) + (1 - Cl6 H33 Br) Nz >>(TPyP-C16)-—~——4>'ZnTPyP-C16

The purity was checked by high purity liquid chromatograph (HPLC) on a
rheodyne NH2 column in a mixture of CHC13/CH30H (95/5) /87/.

The most used electron acceptor, N, N'- bis (sulfonato-n-
propyl) - 4,4' - bipyridyl or propyl viologen sulfonate (PVS°) was
prepared by reacting 4, 4' - bipyridine dihydrate with 1, 3 -
propanesultone, following the procedure described by Wohlgemuth et al./87/.

The colloidal suspension of ultrafine platinum catalysts was
prepared by the reduction of hydrogen hexachloroplatinate hydrate
(H2PtC16, Aldrich Chemical Co., Inc.) with a 1 percent sodium citrate
solution, following the method of Turkevich et al./88/. These ultrafine

platinum catalysts were stabilized by a negatively charged polymer,



93

carbowax - 20M. The concentration of colloidal platinum was estimated
by use of a spectrophotometer, the extinction coefficient at 450 nm

3M-l

being taken as 2.3 x 10 X cm'1/27/. The concentration thus obtained

was about 40 Mg Pt/ml.

The other chemical compounds used: 5 - hexenoic acid,
hexanoic acid, sodium dodecyl sulfate, methyl viologen (MV2+),
ethylenediamine tetraacetic acid disodium salt (EDTA), tris (2 -
hydrixymethyl) amine (TEA), tris (2, 2' - bipyridinium) ruthenium (II)
chloride hexahydrate (Ru(bpy)§+), methanol and chloroform, were
obtained from commercial supplies (Fluka Chemical Corporation, Hauppauge,
NY 11787 and Strem Chemicals, Newsburyport, Mass 01950) and were used
without further purification. Water was deionized first, then was twice
.deionized by a Millipore, Milli. Q Water Purification System.

Sample solutions

For the experience of the dye-sensitized reduction of water to
hydrogen, the sample consisted of 3.5 ml of an aqueous solution containing
the tris (2, 2' - bipyridine) - ruthenium (II) complex,
Ru(bpy)§+ (4x10_5M), as a sensitizer; methyl viologen, MV2+ (4x1077M), as
an electron acceptor relay; ethylenediamine tetraacetic acid disodium
salt dihydrate, EDTA (1.5 x IO'ZM), as a sacrificial electron donor; and
colloidal platinum (10'5M : Carbowax - 20 M protected Pt particles of

32 - A° diameter), as a charge storage catalyst. A Corning pH meter was

3

used to measure the pH of the solution; in this experiment, the pH was
adjusted to 6.0 by adding concentrated NaOH or HCI.

For other experiments in which the Mn- tetrapyridyl porphyrin
derivative (MnTPyP-Clﬁ) was used as the first electron donor or in which
we wanted to check *“he photocatalyst importance of the latter, the
sample consisted of a 3 ml of an aqueous micellar solution containing
%M sDS),

In-tetrapyridyl porphyrin derivative(5 x 10'6M In TPyP-C16), Mn(II1) -
6

the following chemicals: sodium dodecyl sulfate (1.1 x 10~

tetrapyridyl porphyrin derivative (6.3 x 10~

t M MnTPyP—C16) and propy]l

viologen sulfonate (4.6 x 107 M PVS°). For some experiments these
3 ml also contained either an appropriate amount of 5 - hexenoic acid or

that of hexanoic acid.

3.5.2. Experimental procedure

(a) Experimental precautions

Prior to sample illumination, each sample solution was
deaerrated by repeated evacuation and flushing with highly purified argon
gas. Ar gas was purified by active copper at 150°C.
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The use of deaerated sample solutions is indispensable because the
presence of oxygen would inhibit the dye-sensitized photochemical reactions
in at least two ways.

(i) First, oxygen reactswith the excited states of the sensitizers that

we have used; for example, since oxygen is a very strong electron

acceptor, it would compete with the eiectron acceptors chosen for the

photochemical conversion and storage of light energy.
(ii) Second, the reduced ion radicals of the electron acceptors (viologens)
that we have used, in this work, are unstable in the presence of

2+

oxygen. In the case of methyl viologen (MV™"), the reduced positive

ion radical (MVT) very quickly reacts with oxygen in the following
manner /36,37/(Eq.3.10):
2+

+

vt &0, >y

2 0

; (3.10)

(b) Sample irradiation

Sample solutions irradiation was carried out with a highly collimated
(parailel) beam from an oriel 1060 watt xenon arc lamp (the operating voltage
and current are 25V and 40A, respectively). The xenon arc lamp power supply
(the oriel 8540 regulated D.C. power supply) contains an ignition system
which provides high voltage (20-30KV) RF energy for a fraction of second to
start the lamp. In fact, this high voltage ionizes the xenon gas and creates
a conduction nate:

An arc is then established and maintained by a low voltage D.C. current

flow. When cold xenon gas fills the xenon arc lamp to a few atmospheres
pressure. During the operating conditions, the pressure appreciably increases
(50-70 atmospheres). The high pressures and corresponding high molecular
densities allow the dissipationofalarge amount of power in a small space.
The Tight source thus created is extremely small and intense and is perfectly
convenient (suitable) for any application requiring a high intensity on a
small target or a highly collimated beam.

Infrared radiation was removed by passing the incident Tight beam
through a 10-cm aqueous cupric sulfate solution (100 g/%). Visible Tight
impinging on the sample solutions was restricted to some specific narrow
bands using either a UV filter with a cutoff at 400nm or two narrow band
interference filters with maximum transmittance at 430nm and 460nm,
respectively, and a transmittance bandwith equal to 10nm.
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(c) Weasurement of the rates of formation of oxidized or reduced species

Absorption spectra of oxidized or reduced species resulting from the
photoinduced redox reactions were recorded with a Hewlett-Packard £450A ULV/VIS
Spectrophotometer with a HP 7225A Graphics Plotter. A1l sample solutions were
placed into a 1.0 cm optical pathlength quartz cuvette or a glass cuvette.
Each sample solution was continuously stirred by means of a tefion stirriny
bar throughout the irradiation period in order to avoid the accumulation of

photoproducts in the irradiated area.

The number of moles of reduced species (PVS and MV+) or that of
IV
were determined by measuring the optical densities of these species at some

specific wavelengths: A = 602nm (for PVS™ and Mv+) and XA = 424nm (for
v

oxidized species (Mn produced by illumination of sample solutions

Mn TPyP - C16)'
The molar extinction coefficients of these compounds are /77,87/:
- -1 -1
egop(PVS ) = 1.41 x 10" M ° x cm
+ -1 -1
6602(MV ) = 1.13 x 10* M~ x cm
1 -1

5424(MnIV) =7.4 x10*M " x cm

(d) Measurement of the critical micelle concentration (CMC) of sodium doaecyl
sulfate (SDS)

We have determined the CMC of SDS dissolved either in bidistilled
water or in a mixture of bidistilled water and methanol, by measuring the
A.C electric conductivity of SDS solutions as a function of SDS concentration,
using the YSI Model 31 conductivity bridge.

The measurement of the electric conductivity of SDS solutions requires
an alternating voltage source in order to minimize the effects of polarization
at the surface of the electrodes. If a D.C voltage source was used, there
would be a permanent accumulation of charges at thg surface of the electrodes;
the accumulated charges would create an antagonist electric field with
respect to the applied electric field. In addition, charge accumulation at
the electrode surface would involve inhomogeneous concentration in the
measurement cell.

The electrodes of the cell (YSI Model 3401 conductivity pyrex cell)
used for electric conductivity measurements are’coated with platinum black.
The aim of this coating is to minimize the effect of electrode polarization
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which might happen during a half-period: in fact, platinum black is a porous
substance which increases the surface of electrode contact with the solution

and diminishes the charge of polarization per unit surface.

With the YSI model 31 conductivity bridge, the conductance of solution
is directly measured. The conductivity of the solution is the conductance
value in micromhos/cm times the "cell constant" (K). This constant depends
on the geometrical configuration of electrodes. Cells with constants K equal
to 1.0 or greater normally have widely spaced electrodes while cells with
constants of 0.1 or less have large electrodes which are closely spaced,
The former should be used for solutions with resistivities less than about
50,000 © x cm and conductivities of more than 20 pmhos/cm. In our measurements,
we have used a conductivity pyrex cell (YSI 34C1 conductivity cell) with
constant K = 1.0. —— 7

The principle of electric conductivity measurement is the following, !
The YSI Model 31 conductivity bridge utilizes a manually balanced AC bridge
which can operate either at 60 Hz or 1 KHz. The bridge output is amplified
and applied to the grid of an indicator tube. As the bridge output approaches
zero, a rectangular "shadow" appears on the screen of the indicator tube.
When a maximum "shadow" is obtained, the correspondinaconductance is then
read from a readout dial.

(e) Measurement of the number of moles of hydrogen produced in the dye-

sensitized reduction of water

Hydrogen in the gas phase was detected by gas chromatography using the
Varian Model 3700 Gas Chromatograph. After iliumination time intervals equal
to one minute, by means of a Hamilton 700-series microliter syringe, we have
withheld beforehand 250 p2 of gas on the tep of the appropriate sample
solution and we have injected them in the Varian 3700 G.C. Hydrogen was
detected by the Gow-Mac thermal conductivity detector of the Varian 3700 G.C.
with a detection Timit of 10.9 moles. The Varian 3700 G.C. is provided with
a molecular sieve 5A° column which is designated to protect the thermal
conductivity detector from moisture and the eventual impurities of the
carrier gas (argon).

The results of the measurement were quantitated by relating the peak
areas to a calibration curve. This curve was established from measurements

of area peaks corresponding to well=known H2 concentrations in a H2/Ar mixture.,
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(f) Determination of the quantum efficiency for the dye-sensitized reduction

of water to hydrogen

The efficadcy of a photochemical process is expressed in terms of the
quantum efficiency, which is the ratio of the number of moles of a compound
produced in that process, for a given period of time, to the number of moles
of monochromatic photons absorbed, during the same time, by the sensitizer:

N

C
¢ =N
ph
Where NC and Nph are the number of moles of compound and of that of photons,
respectively.

f.1 Measurement of the light intensity

1°) Chemical actinometry method

Referring to the procedure described by Wegner and Admson /32/, chemical
actinometry with Reinecke salt (K[Cr(NH3)2(NCS)4]) was chosen for the measure-
ment of the incident 1ight intensity (incident photon flux). We have dissolved
0.15 g of Reinecke salt in 10 m1 of deionized water, and the solution was
filtered just before use. The pH of the solution thus obtained was adjusted
to about 3.5 by adding concentrated H2504. A portion of the solution of
Reinecke salt was kept in the dark to be used as a reference. Another portion
was illuminated and, after a certain period of illumination, an aliquot of
0.1 ml was withdrawn from both the illuminated solution and that kept in
dark and each added into a 2.9 ml solution of 0.1M Fe(N03)3 in 0.5M H2804.

In the illuminated solution, a ferrothiocyanate compliex is formed /32/
(Eq.3.11):
KICr (NHy) ,(SCN) 2] s K Cr(NHg),1 " + CSN)
(F3*)  (3.11)

372!

4rFe(sen)]

We have taken the absorption spectrum of the [Fe(SCN)] 2+

complex using the
solution kept in dark as the reference. The peak of the absorption spectrum
'of the [Fe(SCN)]2+ complex is located at a wavelength X = 450nm and the
molar extinction coefficient at this wavelength is, €50 = 4.30 x 10° M~
Since the complex does not react, the optical density at this wavelength
P1]ows us to determine the concentration of the [Fe(SCN)]2+ complex, which is
equal to the concentration of SCN jons or that of photons absorbed by the

Reinecke salt. With the 1000 W xenon arc lamp, the light intensity impinging

1 1

X cm .

on each sample solution was measured to be approximately 7.61 x 10-6 einsteins/-

lem2 x min.
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2°) Direct measurement using a photometer

The incident light intensity was directly measured with the EG & G
Model 450 Photometer (EG & G Inc., 35 Congress. St., Salem, Massachussetts
- 01970) in conjunction with a B 1663 flat filter and 0D-4 neutral density
filter. The latter filter which uniformely attenuated the incident 1ight
intensity in the spectral region being investigated, also aimed to protect
1the photometer which does not support an irradiance greater than
2 X 10_3 W/cm*. The B 1669 flat filter corrected the reponse of the detector

and maintained it at a sensibility of the order of 7 %.
f
The value of the incident photon flux obtained by direct measurement
with EG & G photometer is almost equal to that obtained by the chemical

actinometry method.

f.2 Determination of the number of moles of photons absorbed by the sensitizer

The number of moles of photons impinging on the cell containing a
sample solution and whose wavelengths are included in the interval between A
and X + Ad is given by:

dNy = N Te(A)dA (3.12)

Where N0 is the number of moles of photons impinging on the filter being
used, and Tf(x) is the transmittance of this filter at the wavelength A.
The fraction which is absorbed by the sensitizer is given by:

1-Tn) =1 - 1070 (5-15)

Where TS(A) and AS(A) are resgectively, the transmittance and absorbance
of the sensitizer at the wavelength A. The number of moles of photons absorbed
in the interval of wavelengths between A and A + dA is given by:

_ _ _ = 107
dN, = N_[1 = T OOIT,00dA = N [1 - 10 1T¢(A)dA

Thus, the number of moles of photons absorbed by the sensitizer is given by
the following integral:

Amax -Ac(X)
N, = [ N [T =10 SV 91.())dA 3.14
2= { N L) (3.14)
In the case of the filters that we have used in our experiments, the interval
of their transmittance is such that we may restrain Amin at 400nm and Amax at

480nm.
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Normally, the convolution between the filter function and the absorption
curve of the sensitizer should enable one to determine the number of moles of
photons absorbed by the sensitizer. In order to avoid the difficulties related
to numeric integration, we have determined the relative number of moles of
photons absorbed from the ratio between the area under the transmittance
curve of the filter being used and the area under the absorption spectrum of
the sensitizer.

In fact, the number of moles of photons impinging on the cell containing
the sample solution is proportional to the area under the transmittance curve,
which is: ’

A
= ST 00)da. (3.15)

a
L Xmin
The number of moles of photons absorbed by the sensitizer is proportional

to the area under the curve [1 - 10—AS(A)]Tf(A), which is:

A _
a, = Fr - g7

]Tf(x)dx (3.16)
Amin

The ratio between the areas mentioned above is equal to the ratio between the
weights of the pieces of papers under the transmittance curve and the absorption
spectrum curve. Thus, the ratio between the two weights permits us to determine

N,

Where my and m, are the weights of the pieces cof papers corresponding to ay

and 55 respectively; N1 has the same meaning as in equation (3.12).

This method of determining the number of moles of photons absorbed by
the sensitizer, from the convolution between the filter function and the
absorption curve of the sensitizer, is a crude way. For the method to work
even approximately, the following conditions must be fulfilled:

(1) First, the filter function and the absorption spectrum of the sensitizer
should be centered at the same wavelength.
Obviously if they are very far apart the absorption would be near zero,
yet the product of the areas would still be the same. The filter that we
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have used in the experiment dealing with the dye-sensitized reduction
of water to hydrogen, has a maximum transmittance at 460nm. Besides,
the peak of the absorption spectrum of the tris (2, 2' - bipyridine)-
rutherium (II) sensitizer is located at (460 + 10)nm. Then the condition
mentioned above is almost satisfied.

(i) Second, the simple product of convolution is only applicable if the

* absorbance of the solution is low. If most of the light is being absorbed
already, then increasing the concentration, and thus the area under the
absorption curve, will not produce much of a further increase.

L4

3.6. Results and discussions

3.6.1. (Dye-sensitized reduction of water fo'hzirégéi)e///,

In the topic of the dye-sensitized reduction of water to hydrogen, one

of the well-investigated /27,70,78/ systems is the following four-component
system: (EDTA/Ru(bpy)§+/MV2+/Pt). We have used this system in order to
determine the quantum vield for production-of hydrogen under optimized

experimental conditions (e.g., the pH of the solution, the concentrations

of the various reactants, the size of the platinum catalyst and the polymer

used to protect the platinum particles). Although this systemhas beenwidely inves-
tigatea various experimental condition have been used, different methods have teen
used to detect hydrogen, different methods have been used to determine the
quantum yield for its production and in many publications, the quantum yield

(an important experimental feature of a photochemical reaction) is not reported.

The concentrations of the various reactants of the system
(EDTA/Ru(bpy)§+/’MV2+/Pt) as well as the pH of the sample solution are indicated
ngggggv/\gg;/The kinetics and mechanisms of the primary photoinduced electron
transfer reactions which follow immediately after 1light absorption by the
sensitizer have been extensively investigated by means of f]a;h photolysis
techniques /29,77,78/. When the system is irradiated at 460nm wavelength

(value which is close to the absorption maximum of the sensitizer) the
Ru(bpy)§+ sensitizer is excited to some vibrational level of the excited
singlet state. This excited singlet state very quickly transforms to an

excited triplet state. The Towest excited triplet state is a metastable state
and it hasalong life time (1 ;;10-3 s) so that it can be detected chemically.
In a diffusion controlled mechanism, the lowest excited triplet state of
Ru(bpy)§+ transfers an electron to methyl viologen (MV2+) and goes to Ru(bpy)§+

while methyl viclogen is reduced to the monocation radical (MVT)(Eq.3.18):
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Ru(bpy)5* s fru(bpy)5* P s [Ru(bpy) T I¥T
(3.18)
[Ru(bpy)§+T“T N RU(bpy)g+

Ru(bpy)g+ is a very strong oxidant; it takes:n electron from EDTA. Then, the
initial state of the sensitizer is regenerated. EDTA is a sacrificial electron
.donor and it undergoes an irreversible oxidation: the oxidized EDTA, (EDTA)OX,
is unstable and decomposes rapidly into COZ, formaldehyde, and ethylenediamine
triacetic acid /70a/. The thermal back electron transfer reaction between
Ru(bpy)§+ and Myt is prevented by this irreversible process. The electrostatic
repulsion between the two positively charged photoproducts is another factor

which may help to retard the thermal back electron transfer.

When the three-component system (EDTA/Ru(bpy)§+/MV2+) has been perfectly
degassed, stable mit is photogenerated and it can be detected easily: while
the non illuminated three-component system is colorless, the system turns
to blue color as soon as the solution is illuminated; this indicates that
Myt is formed and this fact allows the reaction to be followed quantitatively.
For quantitative measurements, it is known that methyl viologen reduced to
one electron stage has characteristic absorption maxima at 395nm and 602nm.
We have followed spectrophotometrically the rate of reduction of methyl viologen
by measuring the optical density of the monocation radical (MVT) at 602nm;
the molar extinction coefficient of MVi at 602nm is /77/: 1.13 x 10* M'1 X cm_%
On figure 3.4, we present the number of moles of my® photogenerated as a
function of the number of moles of photons absorbed by the Ru(bpy)2+ sensitizer.
From figure 3. 4 the quantum yield for production of mv¥ , determined using an
interferentielfilter with a transmittance maximurmiat (460 +10)nmis (0.75 + 0.05).

In the four-component system (EDTA/Ru(bpy)§+/MV2+/Pt), the photogenerated
My ds thermodynamically capable of reducingwater to hydrogen (E¢.3.16): first,
the redox potential of the MV2+/MVT couple is equal to - 0.44V, while that of
the H+/H2 couple is equal to - 0.41V, at pH = 7; second, the partial pressure
of hydrogen that is produced is very low. Since the standard redox potentials
are almost equal, actually, what makes the reaction go in this case is the
very low partial pressure of H2 that is produced.

vt 4+ 2 po Pr/carbowax o w2+ L5 opT 4y

) (3.19)

2

In fact, the build up of the blue color characteristic of MV’-L was no more
observed in the presence of colloidal platinum; instead hydrogen was produced
and its evolution could be detected by the Gow-Mac thermal conductivity
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detector of the Varian Model 3700 Gas Chromatograph (see details at page 96).

Figure 3.5 summarizes the main features of the four-component system
used for the dye-sensitized reduction of water to hydrogen. As it is shown,
the system photoproduces hydrogen at the expense of consuming the sacrificial
electron donor, EDTA. One molecule of EDTA is consumed whenever a molecule
of H2 is produced.‘The rate of H2 formation should remain constant yielding
one H2 molecule per one EDTA molecule consumed until the quantity of EDTA
remaining in the solution is insufficient for regenerating all the sensitizer
molecules. If we take into account our experimental conditions (see page 93)

A
we may predict that the rate of H2 formation should remain constant until more
than 97 % of the EDTA is consumed.

Figure 3.6 presents the rate of H2 evglution as a function of the number
of moles of photons absorbed by the Ru(bpy)3 sensitizer. The number of moles
of H2 evolved varies linearly with time and this should be expected as long
as the quantity of EDTA remainiﬁg in the solution is sufficient to recycle all
the sensitizer molecules. From Figure 3.6,we have aeterminea the quantum yiela for
production of hydrogen: if we také into account that it takes two quanta to

produce one H2 molecule, the value obtained i§i19f32 + 0.02).)

The values obtained for the quantum yield for photoproduction of Myt

and H2 are in agreement with those obtained by Harriman et al./29/, using as

a sensitizer, the zinc-meso-tetramethyl(4-pyridyl) porphine (ZnTMPyP4+)g

[
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Fig.3.4. Monocation radical, MVT, formation as a function of Tight absorbed by
Ru(bpy)§+ (4 x 10_5M) in the presence of the sacrificial electron donor,
EDTA (1.5 x IU_ZM). The concentration of MVY has been determined by

measuring its optical density at 602nm (see details in the text).
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Fig.3.5. Reaction scheme for the four-component system (EDTA/Ru(bpy)§+/ MV©'/ Pt) used in the

dye-sensitized reduction of water to hydrogen.
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3.6.2. Photochemical oxidation of a Mn(III)-tetrapyridyl porphyrin derivative

by an Zn-tetrapyridyl porphyrin derivative in aqueous micellar solutions

of sodium dodecyl suifate.

In Figures 3.7 and 3.8 the A.C. conductivity of aqueous solutions of
sodium dodecyl sulfate (SDS) are presented as a function of the surfactant
concentration. If we consider the regions of discontinuity, we find thﬁﬁfliﬁi

critical miceile concentration of SDS is approximately (0.80 t 0.13) x 1Q:E<“

Moles/litre for SDS dissolved in bidistilled water and((0.93 + 0.24) x 1072/ .
Moles/litre for SDS dissolved in a mixture of bidistilled water and methanol ﬁf%
(13:1). The values that we have obtained are in agreement with those indicated{“f”L
by Mukerjee and Mysels /84/ and by Fendler /85/, where other methods have

been used. , _ ,
AN ) : ok ® ”,:,,fl
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In figure 3.9 a schematic representation of the organization of the
sensitizer (ZnTPyP—Cl6), the electron donor (MnTPyP—ClG) in a micelle of
sodium dodecyl sulfate (SDS), is presented. The electron acceptor (PVS?) is
in the aqueous phase. When the heterogeneous photochemical system is illuminated
at (ﬁ30‘} 5)nm, the sensitizer (ZnTPyP-ClG) becomes electronically excited
to the singlet state, which very quickly transforms to the excited triplet
state. The excited triplet state of the sensitizer transfers an electron to
propy]l vio]ogehksulfonate (PVS®) and goes to ZnTP;P-016) while PVS® is reduced
to PVS . Being negatively charged, PVS is repelled by the negative interface
of the SDS micelle. The oxidized sensitizer, ZnTP;P—CIG, is reduced by the
e1?§¥ron donor, NnIIITP P- C16’ %Cen the sensitizer is recycled while
Mn

TP p- C16 is ox1d1zed to Mn TPyP C16’ a compound which has a characteristic
absorpt1on peak at a wavelength A = 424nm. We have followed the reaction
spectrophotometrically by measur1ng the optical density changes w1th

l<.~, (s 8 e'*'* C o 11 Ry

illumination times. 1 s . ’ g j}{
e A gL prne awn , ol e d Az ; C/
inods Sadse /r{’/»//_g./l' “J‘
Figure 3.10 shows the difference spectra of system I (6 3 x 100 7
Mt TTTPyP-Cy g 4.6 x 107 PYS®; 1.1 x 10774 SDS and 5 x 107°M ZnTPyP=C, ) s+ |
6 ITI -4 -2,

system II1(6.3 x 10" "M Mn TPyP 616’ 4.6 x 10 M PVS® and 1.1 «x 10 M SDS)
The spectrum obtained at zero time should simply be that of ZnTPyP-ClG,
The increase of optical absorbance at approximately 430nm with successive

irradiation is due to MnIVTP P- 016 photoproduction. However, according to

Figure 3.10, the rate of the disappearance of MnIII

TP P- 016 (negative peak
at approximately 460nm) seems to be smaller than the apparent rate of the
IV Hlp pg

y 16
TP P- C . The fact that

these rates seem to be different according to Figure 3 10 may be explained

increase of Mn TP P-C The rate of the disappearance of Mn

16°
should be equal to the rate of the increase of MnIV

as follows: although the concentration of the sensitizer (ZnTPyP-C16) is
assumed to remain constant during successive irradiations, when the absorption
spectra of the photoproducts (PVS , Mn IVTPyP Cig) Vary , the absorption
spectrum of the sensitizer "follows" slightly (i.e., the absorption spectrum

of the sensitizer does not recover its absorption spectrum at zero time).

Then, in Figure 3.10, both MnIVTPyP C16 and ZnTP P- C16 are responsible for

the increase of absorbance around 430nm. It 1s obv1ous that the contr1but1on ),
of MnIVTPyP-C]6 to the peak around 430nm is much greater than that of :

ZnTPyP-ClG.

;/; ';F\ A
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In Figure 3.13b the rate of propyl viologen radical (PVS™) formation
as a function of the illumination time is presented. This rate was determined
by measuring the optical density changes at §Q§gm)(the molar extinction
coefficient of PVS at this wavelength is equél to 1.41 x 10°M Ix cm—l) as
a function of the illumination time. The initial slope (i.e., the rate of
PVS~ formation) to the curve of F1gure 3.10 is equal to 1 1 x 10 8Mo.esx1n1n 1q

3 ]v t «e—?

/‘A,-.,» ,c} 4 L rv:'. .

The model presented in Figure 3.9. agrees quite well with the experument
4L
described above and shows that by illuminating the heterogeneous L_ﬁ,g

photochemical system designated "system I", we have dye-sensitized a photo- “-fr-"f

2

induced electron transfer along the interface of the SDS micelle from the
MnTP P-C, . donor to the PVS° electron acceptor through the ZnTP P-C.. sensiti-
y—16 y 16

zer in its exc1ted tr1p1et state, and we have achieved, photochemically, the
oxidation of MnTP P Cléifrom the Mn3+ oxidation state to the Mn4

oxidation !

state and at the same t1me, the propyl viologen sulfonate (PVS®) was reduced;
in the aqueous phase. i

-]

Y ‘ ! ~ {:
r\/?r,.,“«‘ C e (r
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Fig.3.9. Schematic representation of the organization of the sensitizer
(ZnTPyP—C16), the electron donor (MnIIITPyP—CIG) in a micelle of
sodium dodecyl sulfate with the electron acceptor(PVS°®)-in the

aqueous phase.



igure 3.10:

) - IV . ?
Rate of formation of PVS and Mn TPyP = C16 (interval .
of illumination : 1 minute). We have recorded the difference

e T L -6 III
absorption spectrum of system I (6.3 x 10 M Mn TPgP —C16;

4.6 = 10" %y PVS®°; 1.1 x 10?4 sps and 5 x 10 %m ZnTPyP - €y

vs. system II (6.3 x IO‘6M MnIIITPyP - C16 K,
4.6 x 10"%m pvse and 1.1 x 107%n sps).
A R n
The pH of system I and system II ya§’7.0 /&ﬁ%wxd f
/LU ‘E«{* G R LA /!‘- ~ d ’ /)y?f',rt v l:‘
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In a second experiment , we have used an heterogeneous photochemical
system consisting of a mixture of the following chemicals:

(6.3 x 10”m TP P-Cy g5 4.6 x 10" Pvse; 1.1 x 107% sps; 5 x 107°

ZnTPyP—C16 and 2 x 10-4 5-HA, where 5-HA means 5-hexenoic acid). In Figure

3.11 a schematic representation of the organization of the sensitizer
(ZnTPyP—Cls), the electron donors (MnTPyP—C16 and 5-HA) in a micelle of
sodium dodecyl sulfate (SDS), is presented. A1l these compounds are
surfactants and thus they are solubilized in the micelle in such a way
that their hydrophobic chains are located in the hydrophobic core of the
micelle while their polar head groups are located at the outer periphery
of the micelle. As in the previous experiment, the electron acceptor (PVS®)
is located in the aqueous phase. Figure 3.12 shows the difference spectra
of system I (6.3 x 10™°M TP P-Cy g5 4.6 X 107% PVs©; 1.1 x 1072 SDS;

4 6

16°
M ZnTPyP—C16)vs. System II (4.6 x 10~

1.1 x 107M SDS; 2 x 10™"M 5-HA and 5 x 10™°M ZnTPyP-C16). The difference
111

spectrum at zero time is that of Mn TPyP-C16 (see the characteristic

M 5-HA and 5 x 10 4

2

2 x 107 M PVS®;

absorption peak at 460nm). Upon successive irradiations the peak around
460nm disappears and a new peak around 440nm appears; the latter is probably
associated with the production of MnIITPyP-C16~ The absorption peaks at
about 602nm correspond to the propyl viologen radical (PVS®) formation upon

successive irradiation.

Figure 3.13a presents the rates of PVS® formation as a function of the
illumination time. The initial slope (rate of formation of PVS®) to the
curve of Fiqure 3.13a is equal to 6.7 x 10-8M01es X min—l. The quantum yield
for the photoproduction of PVS™ is approximately six times that we have ,ch.s
obtained in the previous experiment (Fig.3.13b). This result would be (-

4
{

explained by the fact that in the second experiment two coupled electron !

J

P |

donors (MnTPyP-C]6 and (5-HA) participate in the dye-sensitized photoinducedf: f

electron transfer reactions while for the first experiment (Fig.3.13b) only t:-

one electron donor (MnTP_P-C,.) is involved, = - N
] 16 “c PVS f‘r‘”s’n.-" o -

According to the model presented in Figure 3.11, the experiment

described above shows that by illuminating the heterogeneous photochemical
system designated "system I", weyhave achieved the dye-sensitized photoinduced

electron transfer across the interface of the SDS micelle from the two

coupled electron donors (MﬂIEyP?Clé and 5-HA) dissolved in the micelle to the

/
/Hr i VR /J¢W A

O,
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PVS® outside the micelle using the ZnTPyP-Cléras a_sensitizer.

We have made three complementarvexperiments in order to check: (i)
first, if the MnTPyP-Cl6 electron donor was necessary; (ii) second, if the
double bond of the 5-HA was necessary and; (1i1) third, if the micelles

)
\ A " O X R e d
Yene ¢ ¢ R o d

were necessary.

" » .
Y ‘r_,/ e ]‘ ° i S SO,

1

In order to check the importance of MnTPyP*C16, we have repneated
the experiment schematized in Figure 3.11, but without putting in the

aqueous micellar solution of SDS, the MnTPyP-C16 donor. The quantum yield

/for the photoproduction of PVS was about 12 times Tower than that obtained

in the second experiment: the initial slope to the curve indicating the

rate of formation of PVS (Fig.3.13c) is approximately 5.5 x 10-9 Mo]esxnnin_{

We conclude that MnTPyP-(;16 was necessary in the dye-sensitized redox reagtions
3

described in the second experiment. J A A mdt aeapaaia
7 ~ Lol
> A AR 0, S Y ,

The fourth experiment was carried out on an heterogeneous photochemical

system containing the same reactant as those mentioned in the second experiment
except that the 5-hexenoic acid was replaced by hexanoic acid. The quantum
yield for the photoproduction of PVS™ was about (12-15) times lower than that
obtained in the second experiment.
In fact, the initial slope to the curve indicating the rate of PVS™ formation
(Fig.3.13d) is approximately 4.2 x 10-9Moles X min_l. Since this rate is very
small, we conclude that the double bond of the 5-HA was necessary in the dye-
sensitized redox reactions described in the second experiment.

The fifth experiment was carried out on an homogeneous photochemical  /
system containing the same reactants as those mentioned in the second ;4///
experiment. No PVS was observed at all. We conclude that the micelles (or
any other interfacial system)/ygzg/nece§safy in order to achieve the dye-
sensitized photochemical reactions described in the first and second
experiment. By organizing the reactants and by keeping spatially separated the
oxidized and reduced species of the dye-sensitized redox reactions, micelles
favor the photoinduced electron transfer reactions and, at the same time,
they retard the thermal back electron transfer between the photoproducts.

It is quite rcasonahleto expect that micelles allow it to achieve some
photochemical reactions which otherwise could not happen in homogeneous

solutions.
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In figufe 3.13, one observes that the curves indicating the rate of
PVS~ formation deviate from the linearity when the illumination time
increases; this deviation could be due to ?ome therma] back reactions

oY ri !(([-

between the photoproducts.

Table 3.1 recapitulates the five forementioned experiments and the

results obtained.

Table 3.1. Rate of PVS or MnIV formation in the various photochemical systems

et e e T"'"":""'r""‘""""""'"ﬁ""" """ r - 1
: L T T e (fote of PIST
| ol ! ‘ 1
E :MnP EZnP :SDS :MeOH:S HA.PVS 'noic o IVmIV :
: : roo | ; £ acid ' formation :
e R I S I s 3
' Exp.1 PXOLX DX T X X E EPVS 1,7 x 1077}
! I
| Finat A O O AT
! solvent oo b b i x 10
E (12 : 1) l P : i P ' moles x min * |
e AR S S S S . SRS o sl S ;
: E 8 i F 7 & e -8
i Exp.2 i F P i PVST:6.7 x 10 7
| Final solvent bbb b woles xomin!
1 . . I 1 ] 1 1 1 1 W 9 "
E H,0 : CH4OH E X E X E X E X E X i X E E}Lu ? E
P (12 : 2) S A R ! !
| o o o b e e b e e o e e ——————— ;
. ' 1 l 1 1 1 ] ] ]
I 0 ! 1 1 | 1 1 1 - _9'
1 Exp.3 : | ! ' ' ! ! t PVS :5.5 x 10 :
! ) . 1 1 | 1 ' ] ! -1
1 Final solvent ' C : : :f i 1 Moles x min :
v H,0 : CH,OH X E X E x 1 oxi Pxo1x m1m = :
2 3 . ' 1 i i i i { ‘
t (12 : 2) % ! i | ' : Coo i :
: ————————————————————————— o o e :—-—-{--—-’--—-———: ----- et A= ————————— '
i ' i ' | ' i ! l -
i Exp.5 : b : : b t No mole of PVS'
1 g 1 1
i Final solvent i % 1= ! ! XE X1 X ! i Al E
I N I 1 1 1 ] 1 v i
i H,0 : CH,OH ' | A : P : Lote vared |
1 2 3 ! 1 1 1 1 1 | P 4 :
: ________________________ sl i im0 Tl G o o e ST T '
Abbreviations
MnP MnTPyP (C16H33)4 (C]O4)4 %1.H20{e1ectron donor)
» r . . .
InP ZnTPyP (.J]6H33)4 (C104)2 ?A /sens1ﬁlzer) ,
SDS : Sodium dodecyl sulfate (C12H25804 -Na 7 interfacial system)
MeOH : Methanol (CH3OH)

PVS® 1 Propyl viologen sulfonate (electron acceptor)
5-HA : Hexenoic acid (electron donor)

—_~
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A = (430+5)nm

)

e~ PVS™

o
P
ZnTPyP-Cqq » o~

Fig. 3.11. Schematic representation of the organization of the sensitizer (ZnTPyP - C16), the electron donors (MnTPyP - C16 and
5 - HA) in a micelle of sodium dodecyl sulfate with the electron acceptor in the aqueous phase.
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Fig.3.12.

‘Rate of formation of the PVS radical as a function of the
illumination time (interval of illumination: 1 minute).

We have recorded the difference absorption spectrum of system I

1 (6.3 x 10"%m MnTP P-C g7 4.6 x 10™%M pvs®; 2 x107%M 5-mA;
1.1 x 107°M SDS and 5 x 10~ °M ZnTP P=C, () Vs.
System II (4,6 x 107%M pvs®; 2 x 107 5-HA; 1.1 x 1072M sDS

and 5 x 10"°M 2znTP P-C,.).
Y 16 Ave-g ,)

The pH of system I and system II was 8.5.
NN &
s~ }
(‘l\ 3»{(" t?u' 7-0
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Fig.3.13. Rate of formation of PVS as a function of the illumination time

in various heterogeneous photochemical systems:

(a)
(b)
(c)
(d)

SDS,
SDS,
SDS,
SDS,

o —
pPvs®, ZnTPyP C16'

o =
PVvs®, ZnTPyP C16'

MnTPyP-C16, 5-HA;
MnTPyP—C
PVS®, ZnTPyP—C16, 5-HA;

PVS®, ZnTPyP-C16, MnTﬁyP—C16, hexanoic acid.
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CONCLUSTONS

We have determined the electric polarizabilities and the relaxation
time of the electric polarizability of chloroplast big fragments, for the
first time (as far as we know), by using the electric linear dichroism and
the electric field light scattering methods. The mean values obtained for
the electric polarizability and its relaxation time are, respectively, in
the order of 10712 cn® and 6 x 1072 sec. An electric polarisability's
relaxation time of that order of magnitude is characteristic of the
interfacial charge dynamics, i.e. it is due to the electric field induced
movement of counterions on the fragment's surface. Thus, the orientation
of chloroplasts and that of chloroplast big fragments in an electric field
is due to the deformation of the electric double Tayer by the electric
field. Such an electric double Tayer may play an important role in the
photochemical conversion and storage of sunlight energy by preventing the
thermal back electron transfer between the primary products of the
photochemical reactions of the natural photosynthesis in a manner similar
to the role assumed by the electric double layer of interfacial systems
(ionic micelles, vesicies, etc...) used in artificial photosynthetic
systems.

The rotational relaxation times of chloroplast big fragments
that we have obtained by using the electric field Tight-scattering method
are in agreement with those obtained by GEACINTOV et al. (1972) from the

magnetic field induced transient fluorescence intensity changes.

We have achieved, photochemically, the oxidation of a

3+ oxidation

Mn-tetrapyridyl porphyrin derivative (MnTPyP-C16) from the Mn
state to the Mn4+ oxidation state in aqueous micellar solutions of sodium
dodecyl sulfate (SDS) and at the same time, the propyl viologen sulfonate
(PVSO) was reduced in the aqueous phase. Our experimental observations
confirms those obtained by WOHLGEMUTH et al. (1982) using negatively
charqei vesicles to organize reactants. The photochemical production of
the Mn ¥

characterization of catalysts which may mediate the multi-electron-exchange |

~—ar

oxidation state constitutes an important approach in the

process of the dye-sensitized oxidation of water to oxygen since suitable
polynuclear manganess complexes susceptible to oxidation from the Mn3+
state to the Mn4+ state have been suggested (CALVIN, 1974, 1983; PORTER,
1978) as probable candidates for the photochemical oxidation of water to
oxygen without the production of free hydroxyi radicals or other /

intermediates.



We have demonstrated a dye-sensitized photoinduced electron
transfer along and across the organic-water interface of an SDS micelle upon
illumination of a suitable heterogeneous photochemical system containing
ZnTPyP-C16 (a compound which resembles the chlorophyll molecules) as a
sensitizer. Thus, we have simulated the main feature of the natural
photosynthesis photochemical reaction, i.e. an irreversible photoinduced
electron transfer across a membrane or a water-to-organic phase boundary.
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