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I. GENERAL

Photophysics and photochemistry both deal with the impact of energy in
the form of photons on materials. Photochemistry focuses on the chemistry
involved as a material is impacted by photons, whereas photophysics deals with
physical changes that result from the impact of photons. This chapter will focus
on some of the basic principles related to photophysics and photochemistry
followed by general examples. Finally, these principles will be related to photo-
synthesis. In many ways, there is a great similarity between a material’s behavior
when struck by photons, whether the material is small or macromolecular. Dif-
ferences are related to size and the ability of polymers to transfer the effects of
radiation from one site to another within the chain or macromolecular complex.

The importance of the interaction with photons in the natural world can
hardly be overstated. It forms the basis for photosynthesis converting carbon
dioxide and water into more complex plant-associated structures. This is effectively
accomplished employing chlorophyll as the catalytic site (this topic will be dealt
with more fully later in the chapter). Chlorophyll contains a metal atom within a
polymeric matrix, so it illustrates the importance of such metal—polymer combi-
nations. Today, with the rebirth of green materials and green chemistry use of clean
fuel-—namely, sunlight—is increasing in both interest and understanding.

Polymer photochemistry and physics have been recently reviewed, and
readers are encouraged to investigate this further in the suggested readings
given at the end of the chapter. Here, we introduce some of the basic concepts
of photophysics and photochemistry. We also illustrate the use of photo-
chemistry and photophysics in the important area of solar energy conversion.
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II. PHOTOPHYSICS AND PHOTOCHEMISTRY

Photophysics involves the absorption, transfer, movement, and emission
of electromagnetic, light, energy without chemical reactions. By comparison,
photochemistry involves the interaction of electromagnetic energy that results
in chemical reactions. Let us briefly review the two major types of spectroscopy
with respect to light. In absorption, the detector is placed along the direction of
the incoming light and the transmitted light is measured. In emission studies, the
detector is placed at some angle, generally 90°, away from the incoming light.

When absorption of light occurs, the resulting polymer, P*, contains
excess energy and is said to be excited.

P+ hv— P* (1)
The light can be simply reemitted.
P*>hv+ P (2)

Of much greater interest is light migration, either along the polymer
backbone or to another chain. This migration allows the energy to move to a
site of interest. Thus, for plants, the site of interest is chlorophyll. These
‘light-gathering’ sites are referred to as antennas. Natural antennas include
chlorophyll, carotenoids, and special pigment-containing proteins. These
antenna sites harvest the light by absorbing the light photon and storing it in
the form of an electron, which is promoted to an excited singlet energy state (or
other energy state) by the absorbed light.

Bimolecular occurrences can occur, leading to an electronic relaxation
called quenching. In this approach P* finds another molecule or part of the
same chain, A4, transferring the energy to 4.

P*+ A->P+ A* (3)

Generally, the quenching molecule or site is initially in its ground state.

Eliminating chemical rearrangements, quenching most likely ends with
electronic energy transfer, complex formation, or increased nonradioactive
decay. Electronic energy transfer involves an exothermic process, in which part
of the energy is absorbed as heat and part is emitted as fluorescence or phos-
phorescence radiation. Polarized light is taken on in fluorescence depolariza-
tion, also known as luminescence anisotropy. Thus if the chain segments are
moving at about the same rate as the reemission, part of the light is depolar-
ized. The extent of depolarization is then a measure of the segmental chain
motions.

Complex formation is important in photophysics. Two terms need to be
described here. First, an exciplex is an excited state complex formed between
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two different kinds of molecules, one that is excited and one that is in its ground
state. The second term, excimer, is similar, except the complex is formed between
like molecules. Here we will focus on excimer complexes that form between two
like polymer chains or within the same polymer chain. Such complexes can be
formed between two aromatic structures. Resonance interactions between
aromatic structures, such as two phenyl rings in polystyrene, give a weak inter-
molecular force formed from attractions between the m-electrons of the two
aromatic entities. Excimers involving such aromatic structures give strong
fluorescence.

Excimer formation can be described as follows where [PP]* is the
excimer.

P*+ P—[PP]* (4)

The excimer decays, giving two ground state aromatic sites and emission of
fluorescence.

[PP)* > hv + 2P (5)

As always, the energy of the light emitted is less than that originally taken
on. Through studying the amount and energy of the fluorescence, radiation
decay rates, depolarization effects, excimer stability, and structure can be
determined.

III. LIGHT ABSORPTION

Light is composed of particles known as photons, each of which has the
energy of Planck’s quantum, Ac/\; where / is Plank’s constant, ¢ is velocity of
light, and X is the wavelength of the radiation. Light has dualistic properties
of both waves and particles; ejection of electrons from an atom as a result of light
bombardment is due to the particle behavior, whereas the observed light dif-
fraction at gratings is attributed to the wave properties. The different processes
related to light interactions with molecules can be represented as in Figure 1.

The absorption of light by materials produces physical and chemical
changes. On the negative side, such absorption can lead to discoloration gen-
erally as a response to unwanted changes in the material’s structure. Absorp-
tion also can lead to a loss in physical properties, such as strength. In the
biological world, it is responsible for a multitude of problems, including skin
cancer. It is one of the chief modes of weathering by materials. Our focus here
is on the positive changes effected by the absorption of light. Absorption of
light has intentionally resulted in polymer cross-linking and associated inso-
lubilization. This forms the basis for coatings and negative-lithographic resists.
Light-induced chain breakage is the basis for positive-lithographic resists.
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FIGURE 1. Different processes associated with light interaction with a molecule.

Photoconductivity forms the basis for photocopying, and photovoltaic effects
form the basis for solar cells being developed to harvest light energy.

It is important to remember that the basic laws governing small and large
molecules are the same.

The Grotthus-Draper law states that photophysical/photochemical reac-
tions occur only when a photon of light is absorbed. This forms the basis for the
First Law of Photochemistry—that is, only light that is absorbed can have a
photophysical/photochemical effect.

We can write this as follows.

M + light > M* (6)

where M* is M after it has taken on some light energy acquired during a
photochemical reaction. The asterisk is used to show that M is now in an
excited state.

Optical transmittance, 7, is a measure of how much light that enters a
sample is absorbed.

T =1/, (7)

If no light is absorbed then 7 = I,. Low transmittance values indicate that lots
of the light has been absorbed.
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Most spectrophotometers give their results in optical absorbency, A4, or
optical density, which is defined as

A =log(1/1,) (8)
so that
A =1log(l/T) = —logT 9)

Beer’s law states that A4, the absorbance of chromophores, increases in
proportion to the concentration of the chromophores, where k is a constant.

A = ke (10)

Beer’s law predicts a straight-line relationship between absorbance and
concentration and is often used to determine the concentration of an
unknown after construction of the known absorbance verses concentration
line.

The optical path, /, is the distance the light travels through the sample. This
is seen in looking at the color in a swimming pool, where the water is deeper
colored at the deep end because the optical path is greater. This is expressed by
Lambert’s law, where k' is another empirical constant.

A=KI (11)

To the eye some colors appear similar but may differ in intensity, when ¢
and / are the same. These solutions have a larger molar absorption coefficient,
e, meaning they adsorb more. The larger the adsorption coefficient the more the
material adsorbs.

The Beer-Lambert law combines the two laws, giving

A=clc (12)

The proportionality constant in the Lambert’s law is €.

The extinction coefficients of chromophores vary widely from <100 1/Mcm,
for a so-called forbidden transition, to greater than 10° 1/Mcm for fully allowed
transitions.

We can redefine the elements of the Beer-Lambert law, where / is the
sample thickness and ¢ is the molar concentration of chromophores. This can
be rearranged to determine the penetration depth of light into a polymer
material. Here / is defined as the path length, where 90% of the light of a
particular wavelength is absorbed so 4 approaches I, giving

I(in ym) = 10*ec (13)
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This relationship holds when the polymer chromophore (or any chromophore)
is uniformly distributed in a solution or bulk. In polymers with a high chro-
mophore concentration, / is small and the photochemical/photophysical phe-
nomenon occurs largely in a thin surface area.

Let us briefly examine the color of a red wine. The wine contains color sites,
or chromophores. The photons that are not captured pass through and give us the
red coloration. We see color because a chromophore interacts with light.

Molecules that absorb photons of energy corresponding to wavelengths
in the range 190 nm to ~ 1000 nm absorb in the UV-VIS region of the spec-
trum. The molecule that absorbs a photon of light becomes excited. The energy
that is absorbed can be translated into rotational, vibrational, or electronic
modes. The quantized internal energy E;, of a molecule in its electronic ground
or excited state can be approximated, with sufficient accuracy for analytical
purposes, by

Eint - Eel + Evib + Erot (14)

where E., Eyi,, and E,. are the electronic, vibrational, and rotational energies,
respectively. According to the Born-Oppenheimer approximation, electronic
transitions are much faster than atomic motion. Upon excitation, electronic
transitions occur in about 10~ ' s, which is very fast compared to the char-
acteristic time scale for molecular vibrations (10'° to 10~'% s)."! Hence the
influence of vibrational and rotational motions on electronic states should be
almost negligible. Franck-Condon stated that electronic transition is most
likely to occur without changes in the position of the nuclei in the molecular
entity and its environment. It is then possible to describe the molecular energy
by a potential energy diagram in which the vibrational energies are super-
imposed upon the electronic curves (Fig. 2).

For most molecules, only one or two lower energy electronic transitions
are normally postulated. Thus one would expect that the UV-VIS spectrum
would be relatively simple. This is often not the case. The question is, Why are
many bands often exhibiting additional features? The answer lies in the
Franck-Condon principle, by which vibronic couplings are possible for
polyatomic molecules. Indeed, both vibronic and electronic transitions will be
observed in the spectrum, generating vibrationally structured bands, and
sometimes even leading to broad unresolved bands.? Each resolved absorption
peak corresponds to a vibronic transition, which is a particular electronic
transition coupled with a vibrational mode belonging to the chromophore. For
solids (when possible) and liquids, the rotational lines are broad and over-
lapping, so that no rotational structure is distinguishable.

To apply this concept for a simple diatomic molecule, let’s consider the
example given in Figure 3. At room temperature, according to the Boltzman
distribution, most of the molecules are in the lowest vibrational level (v) of the
ground state (i.e., v = 0). The absorption spectrum presented in Figure 3b
exhibits, in addition to the pure electronic transition (the so-called 0-0
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FIGURE 2. The relative ordering of electronic, vibrational, and rotational energy
levels. (Modified from Ref. 1.)
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FIGURE 3. (a) Potential energy diagram for a diatomic molecule, illustrating the
Franck-Condon excitation. (b) Intensity distribution among vibronic bands as deter-
mined by the Franck-Condon principle. (Modified from Ref. 2.)

transition), several vibronic peaks whose intensities depend on the relative
position and shape of the potential curve.

The transition from the ground to the excited state, where the excitation
goes from v = 0 (in the ground state) to v = 2 (in the excited state), is the most
probable for vertical transitions because it falls on the highest point in the
vibrational probability curve in the excited state. Yet many additional transi-
tions occur, so that the fine structure of the vibronic broad band is a result of
the probabilities for the different transitions between the vibronic levels.

Note that, there are two kinds of spectra—namely, excitation and absorp-
tion. The absorption and excitation spectra are distinct but usually overlap,
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FIGURE 4. A photon being absorbed by a single molecule of chromophore.

sometimes to the extent that they are nearly indistinguishable. The excitation
spectrum is the spectrum of light emitted by the material as a function of the
excitation wavelength. The absorption spectrum is the spectrum of light absorbed
by the material as a function of wavelength. The origin of the occasional dis-
crepancies between the excitation and absorption spectra are due to the differences
in structures between the ground and the excited states or the presence of photo
reactions or the presence of nonradiative processes that relax the molecule to the
ground state without passing through the luminescent states (i.e., S; and 7).

Visible color is normally a result of changes in the electron states. Molecules
that reside in the lowest energy level are said to be in the ground state or unexcited
state. We will restrict our attention to the electrons that are in the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). These orbitals are often referred to as the frontier orbitals.

Excitation of photons results in the movement of electrons from the
HOMO to the LUMO (Fig. 4).

Photon energies can vary. Only one photon can be accepted at a time by
an obtital. This is stated in the Stark-Einstein law also known as the Second
Law of Photochemistry—if a species absorbs radiation, then one particle
(molecule, ion, atom, etc.) is excited for each quantum of radiation (photon)
that is absorbed.

Remember that a powerful lamp will have a greater photon flux than a
weaker lamp. Further, photons enter a system one photon at a time. Thus every
photon absorbed does not result in bond breakage or other possible measur-
able effect. The quantum yield, ¢, is a measure of the effectiveness for effecting
the desired outcome, possibly bond breakage and formation of free radicals.

¢ = number of molecules of reactant consumed/

(15)

number of photons consumed

Quantum yields can provide information about the electronic excited
state relaxation processes, such as the rates of radiative and nonradiative
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processes. Moreover, they can also find applications in the determination of
chemical structures and sample purity.® The emission quantum yield can be
defined as the fraction of molecules that emits a photon after direct excitation
by a light source.* So emission quantum yield is also a measure of the relative
probability for radiative relaxation of the electronically excited molecules.

Quantum yields vary greatly; the photons range from very ineffective
(107°) to very effective (10°). Values >1 indicate that some chain reaction, such
as in a polymerization, occurred.

We often differentiate between the primary quantum yield, which focuses
on only the first event (here the quantum yield cannot be >1), and secondary
quantum yield, which focuses on the total number of molecules formed via
secondary reactions (here the quantum yield can be high). The common
emission quantum yield measurement involves the comparison of a very dilute
solution of the studied sample with a solution of approximately equal optical
density of a compound of known quantum yield (standard reference). The
quantum yield of an unknown sample is related to that of a standard by
equation 16.°

(A F,n?)

D, = >
(A, Fng)

P, (16)

where, the subscript u refers to ‘unknown’, and s to the comparative standard;
® is the quantum yield, A4 is the absorbance at a given excitation wavelength, F
is the integrated emission area across the band, and » and ng are the refractive
indices of the solvent containing the unknown and the standard, respectively.

For the most accurate measurements, both the sample and standard
solutions should have low absorptions (= 0.05) and have the similar absorp-
tions at the same excitation wavelength.’

IV. LUMINESCENCE

Luminescence is a form of cold body radiation. Older TV screens operated
on the principle of luminescence, by which the emission of light occurs when they
are relatively cool. Luminescence includes phosphorescence and fluorescence. In
a TV, electrons are accelerated by a large electron gun sitting behind the screen.
In the black-and-white sets, the electrons slam into the screen surface, which
is coated with a phosphor that emits light when hit with an electron. Only
the phosphor that is hit with these electrons gives off light. The same principle
operates in the old-generation color TVs, except the inside of the screen is coated
with thousands of groups of dots, each group consisting of three dots (red, green,
and blue). The kinetic energy of the electrons is absorbed by the phosphor and
reemitted as visible light to be seen by us.
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Fluorescence involves the molecular absorption of a photon that triggers
the emission of a photon of longer wavelength (less energy; Fig. 2). The energy
difference ends up as rotational, vibrational, or heat energy loses.

Here excitation is described as

So + hvex = S (17)
and emission as
M ﬁhvem + So (18)

where S, is the ground state and S, is the first excited state.

The excited state molecule can relax by a number of different, generally
competing pathways. One of these pathways is conversion to a triplet state that
can subsequently relax through phosphorescence or some secondary
nonradiative step. Relaxation of the excited state can also occur through
fluorescence quenching. Molecular oxygen is a particularly efficient quenching
molecule because of its unusual triplet ground state.

Watch hands that can be seen in the dark allow us to read the time
without turning on a light. These watch hands typically are painted with
phosphorescent paint. Like fluorescence, phosphorescence is the emission of
light by a material previously hit by electromagnetic radiation. Unlike fluor-
escence, phosphorescence emission persists as an afterglow for some time after
the radiation has stopped. The shorter end of the duration for continued light
emission is 10> s but the process can persist for hours or days.

An energy level diagram representing the different states and transitions
is called a Jablonski diagram or a state diagram. The Jablonski diagram was
first introduced in 1935; a slightly modified version is presented in Figure 5.%°
The different energy levels are given in this figure, where Sy represents the
electronic ground state and S; and S, represent the first and second singlet
excited states, respectively. The first and second triplet states are denoted T
and 7>, respectively.

In the singlet states, all electron spins are paired and the multiplicity
of this state is 1. The subscript indicates the relative energetic position
(electronic level) compared to other states of the same multiplicity. On the
other hand, in the triplet states, two electrons are no longer antiparallel and
the multiplicity is 3. The triplet state is more stable than the singlet coun-
terpart (S) and the source for this energy difference is created by the dif-
ference in the Coulomb repulsion energies between the two electrons in the
singlet versus triplet states and the increase in degree of freedom of the
magnetic spins. Because the electrons in the singlet excited state are confined
within the same orbital, the Coulomb repulsive energy between them is
higher than in the triplet excited state where these electrons are now in
separate orbitals. The splitting between these two states (S-7) also depends
on the nature of the orbital.
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FIGURE 5. Jablonski diagram showing the various processes associated with light
absorption and their time scale. Arrows in boxes, the relative spin states of the paired
electrons. (Modified from Ref. 2.)

Let’s consider a case where the two orbitals involved in a transition are
similar (i.e., two p-orbitals of an atom, or two m-orbitals of an aromatic
hydrocarbon). For this situation the overlap between them may be high, and
the two electrons will be forced to be close to each other resulting in the S-7
splitting being large. The other situation is the case where the two orbitals are
different (i.e., n— ©* or d— w transitions), resulting in a small overlap. Because
the overlap is small, the two electrons will have their own region of space in
which to spread, resulting in a minimization of the repulsive interactions
between them, and hence the S-T splitting will be small.

Absorption occurs on a time scale of about 10~ !> s.> When inducing the
promotion of an electron from the HOMO to the LUMO, the molecule passes
from an electronic ground singlet state S, (for diamagnetic molecules) to a
vibrational level of an upper singlet or triplet excited state S, or T, respec-
tively. The energy of the absorbed photon determines which excited state is
accessible. After a while, the excited molecule relaxes to the ground state via
either radiative (with emission of light) or nonradiative (without emission of
light) processes. The radiative processes (for diamagnetic molecules) include
either the spin-allowed fluorescence or spin-forbidden phosphorescence.
Nonradiative processes include intersystem crossings (ISCs), a process allowing
a molecule to relax from the S, to the 7T, manifolds, and internal conversions
(IC and IP), a stepwise (vibrational) energy loss process relaxing molecules
from upper excited states to any other state without or with a change in state
multiplicity, respectively.?

An internal conversion (IC) is observed when a molecule lying in the
excited state relaxes to a lower excited state. This is a radiationless transition
between two different electronic states of the same multiplicity and is possible
when there is a good overlap of the vibrational wave functions (or prob-
abilities) that are involved between the two states (beginning and final).
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FIGURE 6. Potential energy curves and vibronic structure in fluorescence spectra.
(Modified from Ref. 2.)

Internal conversion occurs on a time scale of 107'? s, which is a time scale
associated with molecular vibrations. A similar process occurs for an internal
conversion, (IP) when it is accompanied by a change in multiplicity (such as
triplet 77 down to Sy). Upon nonradiative relaxation, heat is released. This
heat is transferred to the media by collision with neighboring molecules.

Fluorescence (Fig. 6) is a radiative process in a diamagnetic molecule
involving two states (excited and ground states) of the same multiplicity
(e.g., S1 — Sy and S, — Sy). Fluorescence spectra show the intensity of the
emitted light versus the wavelength. A fluorescence spectrum is obtained by
initial irradiation of the sample, normally at a single wavelength, where the
molecule absorbs light. The lifetime of fluorescence is typically on the order of
1078-1077 s (i.e., an ns time scale) for organic molecules and faster for metal-
containing compounds (10~'° s or shorter).

In general, the fluorescence band, typically S; — S, is a mirror image of
the absorption band (Sy — S), as illustrated in Figures 6 and 7. This is par-
ticularly true for rigid molecules, such as aromatics. Once again, the Franck-
Condon principle is applicable, and hence the presence of vibronic bands is
expected in the fluorescence band. However there are numerous exceptions to
this rule, particularly when the molecule changes geometry in its excited state.
Another observation is that the emission is usually red shifted in comparison
with absorption. This is because the vibronic energy levels involved are lower
for fluorescence and higher for absorption, as illustrated in Figure 6. The
difference in wavelength between the 0-0 absorption and the emission band is
usually known as the Stokes shift. The magnitude of the Stokes shift gives an
indication of the extent of geometry difference between the ground and excited
states of a molecule as well as the solvent—solute reorganization.?

Another nonradiative process that can take place is known as intersystem
crossing from a singlet to a triplet or triplet to a singlet state. This process is
very rapid for metal-containing compounds. This process can take place on a
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time scale of ~107°—~10"%s for an organic molecule, while for organometallics
itis ~10~ """ s. This rate enhancement is due to spin-orbit coupling present in
the metal-containing systems—that is, an interaction between the spin angular
momentum and the orbital angular momentum, which allows mixing of the
spin angular momentum with the orbital angular momentum of S, and 7,
states. Thus these singlet and triplet states are no longer “pure” singlets and
triplets, and the transition from one state to the other is less forbidden by
multiplicity rules. A rate increase in intersystem crossing can also be achieved
by the heavy atom effect,’ arising from an increased mixing of spin and orbital
quantum number with increased atomic number. This is accomplished either
through the introduction of heavy atoms into the molecule via chemical
bonding (internal heavy atom effect) or with the solvent (external heavy atom
effect). The spin-orbit interaction energy of atoms grows with the fourth power
of the atomic number Z.

In addition to the increase in the intersystem crossing rate, heavy atoms
exert more effects, which can be summarized as follows. Their presence acts
(1) to decrease the phosphorescence lifetime due to an increase in the non-
radiative rates, (2) to decrease the fluorescence lifetime, and (3) to increase the
phosphorescence quantum yield. The presence of a heavy atom affects not only
the rate for intersystem crossing but also the energy gap between the singlet and
the triplet states, where the rate for the intersystem crossing increases as the
energy gap between S; and 7, decreases. Moreover, the nature of the excited
state exerts an important effect on the intersystem crossing. For example the
S1(n,w*) - TH(w,m*) (e.g., as in benzophenone) transition occurs almost three
orders of magnitude faster than the Sy(w,7*) - T»(w,n*) transition (e.g., as in
anthracene)®.

Excitation S, S, S, S, ISC

S 7o 87 B
So So So So

A4

Absorption Fluorescence Phosphorescence

FIGURE 7. Relative positions of absorption, fluorescence, and phosphorescence The
0-0 peak is common to both absorption and fluorescence spectra (see Fig. 6). ISC,
Intersystem crossing. (Modified from Ref. 2.)
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Relaxation of triplet state molecules to the ground state can be achieved
by either internal conversion (nonradiative IP) or phosphorescence (radiative).
Emissions from triplet states (i.e., phosphorescence) exhibit longer lifetimes
than fluorescence. These long-lived emissions occur on time scale of 1072 s for
organic samples and 10°—10"" s for metal-containing species. This difference
between the fluorescence and the phosphorescence is associated with the fact
that it involves a spin-forbidden electronic transition. Moreover, as already
noted, the phosphorescence bands are always red shifted in comparison with
their fluorescence counterpart because of the relative stability of the triplet
state compared to the singlet manifold (Fig. 7).> Nonradiative processes in the
triplet states increase exponentially with a decrease in triplet energies (energy
gap law). Hence phosphorescence is more difficult to observe when the triplet
states are present in very low energy levels. It is also often easier to observe
phosphorescence at lower temperatures, at which the thermal decay is further
inhibited.®

V. EMISSION LIFETIME

The luminescence lifetime is the average time the molecule remains in its
excited state before the photon is emitted. From a kinetic viewpoint, the life-
time can be defined by the rate of depopulation of the excited (singlet or triplet)
states following an optical excitation from the ground state.” Luminescence
generally follows first-order kinetics and can be described as follows.

[S1] = [Si],e™ (19)

where [S;] is the concentration of the excited state molecules at time ¢, [S], is
the initial concentration and I is the decay rate or inverse of the luminescence
lifetime.

Various radative and nonradiative processes can decrease the excited
state population. Here, the overall or total decay rate is the sum of these rates:

Ftota] = Fradialive + Fnonradialtive (20)

For a complete photophysical study, it is essential to study not only the
emission spectrum but also the time domain because it can reveal a great deal
of information about the rates and hence the kinetics of intramolecular and
intermolecular processes. The fundamental techniques used to characterize
emission lifetimes of the fluorescence and the phosphorescence are briefly
described next.

When a molecule is excited (eq. 21), it is promoted from the ground to the
excited state. This excited molecule can then relax to the ground state after
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loosing its extra energy gained from the exciting source via a radiative (eq. 22)
and nonradiative (eq. 23) processes:

Ay + hv— A* (21)
A* > Ay + hv' (radiative processes, k,) (22)
A*— Ay + heat (nonradiative processes, k) (23)
Therefore, we can write
djA* t
By ) P (24)
dt T

where [4*] is the concentration of the species A4 in its excited state at a given
time ¢ and &, and k,, are the rate constants for the radiative and nonradiative
processes, respectively.

The relative concentration of A* is given by

*
A k=t (25)
[A *]r:O T
Hence the mean lifetime (1) of [4*] is
T=1/(k; + ky) (26)

where k. and k, are the rate constants for the radiative and nonradiative
processes, respectively, represented by equations 22 and 23.

Thus the measured unimolecular radiative lifetime is the reciprocal of the
sum of the unimolecular rate constants for all the deactivation processes. The
general form of the equation is given by

T=— (27)

where T is observed radiative lifetime and the rate constant k; represents the
unimolecular or pseudo-unimolecular processes that deactivate 4*.'°

The lifetime can be measured from a time-resolved experiment in which a
very short pulse excitation is made, followed by measurement of the time-
dependent intensity, as illustrated in Figure 8.

The intensity decays are often measured through a polarizer oriented at
some angle such as about 55° from the vertical z-axis to avoid the effects of
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FIGURE 8. Time-domain lifetime measurement. (Modified from Ref. 11.)

anisotropy on the intensity decay.!' Then the log of the recorded intensity is
plotted against time to obtain a straight line predictable from the integration of
the equation 24. The slope of this line is the negative reciprocal of the lifetime.
When more than one lifetime is present in the decay traces, then there is more
than one radiative pathway to relaxation. This often signifies that more than
one species is emitting light at the excitation wavelength. The analysis of such
multicomponent decays involves the deconvolution of an equation of the same
form of equation 24 where a weighing factor for each component is added to
each component.

One possible explanation for the polyexponential curves can be an exci-
ton process. The exciton phenomenon is a delocalization of excitation energy
through a material. A description of this is given in Figure 9. It shows a one-
dimentional coordination or organometallic polymer denoted by —|M,|-| M,
-]M,, M, |-, where M, represent a mononuclear (n = 1) or polynuclear center
(n >1). The incident irradiation is absorbed by a single chromophore, |M,,|,
along the backbone, and then this stored energy is reversibly transmitted via an
energy transfer process to the neighboring chromophore (with no thermo-
dynamic gain or loss; i.e., AG® = 0). This newly created chromophore can
reemit, or not, the light (hv,, hvs, hvuy,...) at a given moment.

The interactions between the different units in the excited states are
called excimers. These excimers can be excited dimers, trimers, tetramers, etc.
These excited oligomers have different wavelengths and emission lifetimes.
The extent of the interactions in the excited state (dimers, trimers, tetramers) is
hard to predict because it depends on the amplitude of the interactions
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FIGURE 9. The excitation process.

and the relaxation rates. Hence the lifetime decay curve will have a poly-
exponential nature.

VI. GROUND AND EXCITED STATE
MOLECULAR INTERACTIONS

Ground state intermolecular interactions are present in some systems and
require measurements of the binding constants. These interactions are mani-
fested by the spectral changes experienced in the absorption spectra. Therefore,
these changes can be monitored as a function of the concentration of the
substrates leading to the extraction of the binding constants. On the other
hand, intermolecular and intramolecular excited state interactions refer to the
energy and electron transfer operating in the excited states of different dyad or
polyad systems. These can also be excimers, dimers, or oligomers that are
formed only in the excited states. Studies of photo-induced energy and electron
transfers involve the measurement of their corresponding rates. The theory and
methods used to characterize the different types of interactions are described
next. Binding constant considerations are described elsewhere.'?

A. Energy and Electron Transfer (Excited State
Interactions and Reactions)

The possible deactivation pathways of the excited state are summarized in
Figure 10. We discuss here the fluorescence and phosphorescence relaxation
pathways and the thermal deactivation processes.

A transfer of the excitation energy from the donor to the acceptor will
occur when an energy acceptor molecule is placed at the proximity of an
excited energy donor molecule. After energy transfer, the donor relaxes to its
ground state and the acceptor is promoted to one of its excited states. A photo-
induced electron transfer can be initiated after photoexcitation when an excited
single electron in the LUMO of the electron donor is transferred to a vacant
molecular orbital (LUMO) of the acceptor.

The mechanisms for the energy and electron transfers are outlined below.
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FIGURE 10. Different pathways for the deactivation of the excited state.

B. Energy Transfer

In presence of a molecule of a lower energy excited state (acceptor), the
excited donor (D*) can be deactivated by a process known as energy transfer
which can be represented by the following sequence of equations.

D + hv— D* (28)

D* + A—D + A* (29)

For energy transfer to occur, the energy level of the excited state of D* has to
be higher than that for A* and the time scale of the energy transfer process
must be faster than the lifetime of D*. Two possible types of energy transfers
are known—namely, radiative and nonradiative (radiationless) energy
transfer.

Radiative transfer occurs when the extra energy of D* is emitted in form
of luminescence and this radiation is absorbed by the acceptor (A).

D*—>hv+D (30)

hv + A— A* (31)

For this to be effective, the wavelengths where the D* emits need to overlap
with those where A absorbs. This type of interaction operates even when the
distance between the donor and acceptor is large (100 A). However this
radiative process is inefficient because luminescence is a three-dimensional
process in which only a small fraction of the emitted light can be captured by
the acceptor.

The second type, radiationless energy transfer, is more efficient. There are
two different mechanisms used to describe this type of energy transfer: the
Forster and Dexter mechanisms.
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i. Forster Mechanism

The Forster mechanism is also known as the coulombic mechanism or
dipole-induced dipole interaction. It was first observed by Forster.'*!> Here the
emission band of one molecule (donor) overlaps with the absorption band of
another molecule (acceptor). In this case, a rapid energy transfer may occur
without a photon emission. This mechanism involves the migration of energy
by the resonant coupling of electrical dipoles from an excited molecule (donor)
to an acceptor molecule. Based on the nature of interactions present between
the donor and the acceptor, this process can occur over a long distances
(30—100 A). The mechanism of the energy transfer by this mechanism is illu-
strated in Figure 11.

In Figure 11, an electron of the excited donor placed in the LUMO
relaxes to the HOMO, and the released energy is transferred to the acceptor via
coulombic interactions. As a result, an electron initially in the HOMO of the
acceptor is promoted to the LUMO. This mechanism operates only in singlet
states of the donor and the acceptor. This can be explained on the basis of the
nature of the interactions (dipole-induced dipole) because only multiplicity-
conserving transitions possess large dipole moments. This can be understood
considering the nature of the excited state in both the singlet and the triplet
states. The triplet state has a diradical structure, so it is less polar, making it
difficult to interact over long distances (i.e., Forster mechanism).

The rate of energy transfer (kgt) according to this mechanism can be
evaluated by the equation 32:'

6
1
ket = kp RS <E) (32)

where kp is the emission rate constant for the donor, R is the inter-
chromophore separation, and R is the Forster radius, which can be defined as
the distance between the donor and the acceptor at which 50% of the excited
state decays by energy transfer—that is, the distance at which the energy
transfer has the same rate constant as the excited state decay by the radiative
and nonradiative channels (kg = k.+k,;). RF is calculated by the overlap of
the emission spectrum of the donor excited state (D*) and the absorption
spectrum of the acceptor (4).'

LUMO —— —— LUMO
HOMO —j — 4L ——Homo
Donor*. . . Acceptor Donor . . . Acceptor”

FIGURE 11. Mechanism of energy transfer action according to Forster.
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ii. Dexter Mechanism

The Dexter mechanism is a nonradiative energy transfer process that involves
a double electron exchange between the donor and the acceptor (Fig. 12).'¢
Although the double electron exchange is involved in this mechanism, no charge
separated-state is formed.

The Dexter mechanism can be thought of as electron tunneling, by which
one electron from the donor’s LUMO moves to the acceptor’s LUMO at the
same time as an electron from the acceptor’s HOMO moves to the donor’s
HOMO. In this mechanism, both singlet-singlet and triplet-triplet energy
transfers are possible. This contrasts with the Forster mechanism, which
operates in only singlet states.

For this double electron exchange process to operate, there should be a
molecular orbital overlap between the excited donor and the acceptor
molecular orbital. For a bimolecular process, intermolecular collisions are
required as well. This mechanism involves short-range interactions (~6—20
A and shorter). Because it relies on tunneling, it is attenuated exponentially
with the intermolecular distance between the donor and the acceptor.'” The
rate constant can be expressed by the following equation.

kET = 277( V(%JD eXp (— ZRTDA) (33)

where Rpy is distance between the donor and the acceptor, Jp is the integral
spectral overlap between the donor and the acceptor, L is the effective Bohr
radius of the orbitals between which the electron is transferred, /2 is Plank’s
constant, and V) is the electronic coupling matrix element between the donor
and acceptor at the contact distance.

Comparing the two energy transfer mechanisms, the Forster mechanism
involves only dipole—dipole interactions, and the Dexter mechanism operates
through electron tunneling. Another difference is their range of interactions. The
Forster mechanism involves longer range interactions (up to ~30—100 A), but
the Dexter mechanism focuses on shorter range interactions (~6 up to 20 1&)
because orbital overlap is necessary. Furthermore, the Forster mechanism is used
to describe interactions between singlet states, but the Dexter mechanism can be
used for both singlet-singlet and triplet-triplet interactions. Hence for the singlet-

LUMO — —— —wwo
HoMO —4— — il ——Homo
)
Donor* ... Acceptor Donor . .. Acceptor”

FIGURE 12. Mechanism of energy transfer action according to the Dexter mechanism.



22 Introduction to Photophysics and Photochemistry

(a) (b)

Dexter is dominent. ,”
/

L4 / m
N ,/ ~= | Forster is dominent. /_~” Dexter is dominent.
//
4 , 4
_| Forster is dominent. ,Z |
7 4
_ 7 a 4
/ /
/ /
T T T T T T T T T T T T T
Long Distance Short Distance Long Distance Short Distance
exp(—2R/4.8) 1/R8 (A™6)

FIGURE 13. Qualitative theoretical plots for (a) and (b) kgt versus 1/RS (Férster). kgt
versus exp(—2R/4.8) (Dexter) (Modified from Ref. 18.)

singlet energy transfer, both mechanisms are possible. Simulated graphs using
reasonable values for the parameters for the two mechanisms have been con-
structed for the purpose of distinguishing between the zones where Forster and
Dexter mechanisms are dominant.'® The experimental values of the energy
transfer rates in cofacial bisporphyrin systems were found to agree with the
theoretically constructed graphs (Fig. 13).'® .

In these graphs a Bohr radius value (L) of 4.8 A (the value for porphyrin)
is used in the Dexter equation 33.'® Also, the solid lines correspond to hypo-
thetical situations in which only the Forster mechanism operates; the dotted
lines are hypothetical situations for when the Dexter mechanism is the only
process.'® The curved lines are simulated lines obtained with equation 32
(Forster) or 33 (Dexter) but transposed onto the other graph (i.e., Forster
equation plotted against Dexter formulation and vice versa).

These plots clearly suggest the presence of a crossing point between the
two mechanisms. There is a zone in which one mechanism is dominant and vice
versa. All in all, the relaxation of an excited molecule via energy transfer
processes will use all the pathways available to it so the total rate for energy
transfer can be better described as kgt (total) = kgt (Forster)+kgr (Dexter).
According to Figure 13, the distance at which there is a change in dominant
mechanism is ~5 A.

C. Electron Transfer

Photo-induced electron transfer (PET) involves an electron transfer within
an electron donor-acceptor pair. The situation is represented in Figure 14.

Photo-induced electron transfer represents one of the most basic photo-
chemical reactions and at the same time it is the most attractive way to convert
light energy or to store it for further applications. In Figure 14, one can see a
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process taking place between a donor and acceptor after excitation, resulting in
the formation of a charge separated state, which relaxes to the ground state via
an electron-hole recombination (back electron transfer).

A theory used to study and interpret the photo-induced electron transfer in
solution was described by Marcus.'”~% In this theory, the electron transfer
reaction can be treated by transition state theory where the reactant state is the
excited donor and acceptor and the product state is the charge-separated state of
the donor and acceptor (D*-47), shown in Figure 15.

According to the Franck-Condon principle, the photoexcitation triggers
a vertical transition to the excited state, which is followed by a rapid nuclear
equilibration. Without donor excitation, the electron transfer process would be
highly endothermic. However, after exciting the donor, electron transfer occurs
at the crossing of the equilibrated excited state surface and the product state.

The change in Gibbs free energy associated with the electron transfer
event is given by the following relation."”

(A + AG%)?
4)

hv Electron EIectron
transfer recomblnatlon

FIGURE 14. Photo-induced electron transfer process.

Ex0|ted state
\ D*A

AGO
hn
Ground state

Reaction coordinate

AGH = (34)

Energy

v

FIGURE 15. Potential energy surfaces for the ground state (DA), the excited state
(DA*, reactant state), and the charge-separated state (D-4~, product state), proposed
by Marcus’s theory. \, total reorganization energy; 7S, transition state. (Modified from
Ref. 19.)
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The total reorganization energy (X\), which is required to distort the
reactant structure to the product structure without electron transfer, is com-
posed of solvent (A\g) and internal (X\;) components (A = \;+X\g). The reaction
free energy (AG®), is the difference in free energy between the equilibrium
configuration of the reactant (DA*) and of the product states (D*A7). The
internal reorganization energy represents the energy change that occurs in
bond length and bond angle distortions during the electron transfer step and is
usually represented by a sum of harmonic potential energies. In the classical

Marcus theory, the electron transfer rate is given by equation 35.2%*
—AG*
kET — KRETVn €XpP < ) 35
n T (35)

where v, is the effective frequency of motion along the reaction coordinate and
ket 1S the electronic transmission factor.

The transmission factor is related to the transition probability (Py) at the
intersection of two potential energy surfaces, as given by the Landau-Zener
theory.?*

Energy

Reaction coordinate

Optimal Region
A= —AG°
Normal Region Inverted Region

Reaction rate

N> —AGP N < —AG?

Driving force

FIGURE 16. The free energy regimes for electron transfer (top) and the corresponding
reaction rate dependence on the free energy (bottom; driving force is AG’-N). (Modified
from Ref. 19.)
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A graph showing the change of the driving force for the electron transfer
rate, calculated from Marcus theory, versus the rate constant is given in Figure 16
(bottom).

Using equation 35 to estimate the electron transfer rate, we can assign
the Marcus normal region as that where the free reaction energy (AGY) is
decreased, leading to an increase of the electron transfer rate (kgt). The
second region that can be identified in Figure 16 is the optimal or activation-
less region, where the driving force for electron transfer equals the reorga-
nization energy—that is, —AG° = X\. If AG" becomes even more negative,
the activation barrier AG” reappears, resulting in a decrease in the values
of kgt. This last situation is observed over the region known as the inverted
Marcus region and was first experimentally demonstrated by Closs
and Miller.?> The potential energy illustrating the different Marcus regimes
can be seen in Figure 16 (top).

VII. NONLINEAR OPTICAL BEHAVIOR

Nonlinear optics (NLO) involves the interaction of light with materials
resulting in a change in the frequency, phase, or other characteristics of the
light. There are a variety of frequency-mixing processes. Second-order NLO
behavior includes second harmonic generation of light that involves the fre-
quency doubling of the incident light. Frequency mixing where the frequency
of two light beams are either added or subtracted. Electrooptic effects can
occur where both frequency and amplitude changes and where rotation of
polarization occurs. NOL behavior has been found in inorganic and organic
compounds and in polymers. The structural requirement is the absence of an
inversion center requiring the presence of asymmetric centers and/or poling.
Poling is the application of a high voltage field to a material that orients some
or all of the molecule dipoles generally in the direction of the field. The most
effective poling in polymers is found when they are poled above the T, (which
allows a better movement of chain segments) and then cooled to lock in the
poled structure. Similar results are found for polymers that contain side chains
that are easily poled. Again, cooling helps lock in the poled structure. At times,
cross-linking is also employed to help lock in the poled structure.

Third-order NLO behavior generally involves three photons, resulting in
effects similar to those obtained for second-order NLO behavior. Third-order
NLO behavior does not require the presence of asymmetric structures.

Polymers that have been already been found to offer NLO behavior
include polydiacetylenes and a number of polymers with liquid crystal side
chains. Polymers are also employed as carriers of materials that themselves are
NLO materials. Applications include communication devices, routing com-
ponents, and optical switches.
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VIII. PHOTOCONDUCTIVE AND PHOTONIC
POLYMERS

Some polymeric materials become electrically conductive when illumi-
nated with light. For instance, poly(N-vinylcarbazole) is an insulator in the
dark, but when exposed to UV radiation it becomes conductive. The addition
of electron acceptors and sensitizing dyes allows the photoconductive response
to be extended into the visible and NIR regions. In general, such photo-
conductivity depends on the materials ability to create free-charge carriers,
electron holes, through absorption of light, and to move these carriers when a

current is applied.
R
RW

N

\

Poly(N-vinylcarbazole).

Related to this are materials whose response to applied light varies according
to the intensity of the applied light. This is nonlinear behavior. In general, polymers
with whole-chain delocalization or large-area delocalization in which electrons are
optically excited may exhibit such nonlinear optical behavior.

A photoresponsive sunglass whose color or tint varies with the intensity
of the sunlight is an example of nonliner optical material. Some of the so-called
smart windows are also composed of polymeric materials whose tint varies
according to the incident light. Currently, information is stored using electronic
means but optical storage is becoming common place with the use of CD-ROM
and WORM devices. Such storage has the advantages of rapid retrieval and
increased knowledge density (i.e., more information stored in a smaller space).

Since the discovery of doped polyacetylene, a range of polymeric semi-
conductor devices has been studied, including normal transistors, field-effect
transistors (FETs) photodiodes, and light-emitting diodes (LEDs). Like con-
ductive polymers, these materials obtain their properties from their electronic
nature, specifically the presence of conjugated w-bonding systems.

In electrochemical light-emitting cells, the semiconductive polymer can be
surrounded asymmetrically with a hole-injecting material on one side and a low
work function electron injecting metal (such as magnesium, calcium, or alu-
minum) on the other side. The emission of light may occur when a charge
carrier recombines in the polymer as electrons from one side and holes from the
other meet.
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Poly(p-phenylene vinylene) (PPV) was the first reported (1990) polymer
to exhibit electroluminescence.?® PPV is employed as a semiconductor layer.
The layer was sandwiched between a hole-injecting electrode and electron-
injecting metal on the other. PPV has an energy gap of about 2.5 eV and thus
produces a yellow-green luminescence when the holes and electron recombine.
Today, many other materials are available that give a variety of colors.

§ N

Poly(p-phenylene vinylene).

A number of poly(arylene vinylene) (PAV) derivatives have been pre-
pared. Attachment of electron-donating substituents, such as two methoxy
groups (3), act to stabilize the doped cationic form and thus lower the ioni-
zation potential.?® These polymers exhibit both solvatochromism (color change
as solvent is changed) and thermochromism (color is temperature dependent).

O—CH,

HsC—O
Poly(2,5-dimethoxy-p-phenylene vinylene).

The introduction of metals into polymers that can exhibit entire chain
electron delocalization is at the basis of much that is presented in this volume.
These metal-containing sites are referred to as chromophores, and the combina-
tion of metal chromophores exhibiting metal to ligand charge transfer (MLCT)
excited states opens new possibilities for variation of electronic and optical
properties needed for the continual advancement in electronics and electronic
applications. Application areas include light-emitting polymeric diodes, solar
energy conversion, and nonlinear optical materials and materials exhibiting
photorefraction, electrochromism, and electrocatalysis.

One of the major reasons for interest in this area is the ease with which the
new hybrid materials’ properties can be varied by changing the metal, metal
oxidation state, metal matrix, and polymer. Multiple metal sites are readily
available. This allows the metal-containing system to have a high degree of
tunability. This is due to the often strong electronic interaction between the metal
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and the delocalized electron systems. The already noted variety of available
metal sites is further leveraged by the increasingly capability of modern synthetic
methodologies to achieve the desired structures. But the presence of metal atoms
is at the heart of this.

IX. PHOTOSYNTHESIS

The recent environmental issues related to the greenhouse effect and
atmospheric contamination heighten the importance of obtaining energy from
clean sources, such as photosynthesis. Photosynthesis also acts as a model for
the creation of synthetic light-harvesting systems that might mimic chlorophyll
in its ability to convert sunlight into usable energy. The basis of natural pho-
tosynthesis was discovered by Melvin Calvin. Using carbon-14 as a tracer,
Calvin and his team found the pathway that carbon follows in a plant during
photosynthesis. They showed that sunlight supplies the energy through the
chlorophyll site, allowing the synthesis of carbon-containing units, mainly
saccharides or carbohydrates. Chlorophyll is a metal embedded in a protein
polymer matrix and illustrates the importance of metals in the field of pho-
tochemistry and photophysics. A brief description of the activity of chlorophyll
in creating energy from the sun follows.

The maximum solar power density reaching Earth is approximately
1350 W/m?. When this energy enters the Earth’s atmosphere, the magnitude
reaching the surface drops approximately to 1000 W/m? owing to atmo-
spheric absorption.?”*® The amount that is used by plants in photosynthesis
is about seven times the total energy used by all humans at any given time,
thus it is a huge energy source.

Solar energy is clean and economical energy, but it must be converted
into useful forms of energy. For example, solar energy can be used as a source
of excitation to induce a variety of chemical reactions.

Natural examples for conversion of light energy are plants, algae, and
photosynthetic bacteria that used light to synthesize organic sugar-type com-
pounds through photosynthesis.

In photosynthesis, green plants and some bacteria harvest the light
coming from the sun by means of their photosynthetic antenna systems. The
light harvesting starts with light gathering by antenna systems, which consist of
pigment molecules, including chlorophylls, carotenoids, and their derivatives.
The absorbed photons are used to generate excitons, which travel via Forster
energy transfers toward the reaction centers (RCs). This overall series of
processes is represented in Figure 17.

In reaction centers, this energy drives an electron transfer reaction, which in
turn initiates a series of slower chemical reactions. Energy is saved as redox

energy,””*® inducing a charge separation in a chlorophyll dimer called the special
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FIGURE 17. Light is absorbed by the antenna, and the energy is transferred to the
reaction center, where charge separation takes place to generate chemical energy.

pair (chlorophyll),. Charge separation, which forms the basis for photosynthetic
energy transfer, is achieved inside these reaction centers (eq. 37).

(Chlorophyll), + Energy — (Chlorophyll); + e~ (37)

Specialized reaction center proteins are the final destination for the
transfered energy. Here, it is converted into chemical energy through electron-
transfer reactions. These proteins consist of a mixture of polypeptides, chlor-
ophylls (plus the special pair), and other redox-active cofactors. In the RCs, a
series of downhill electron transfers occur, resulting in the formation of a
charge separated state. Based on the nature of the electron acceptors, two types
of reaction centers can be described. The first type (photosystem 1) contains
iron-sulfur clusters (Fe4Sy) as their electron acceptors and relays, whereas the
second type (photosystem II) features quinones as their electron acceptors.
Both types of RCs are present in plants, algae, and cyanobacteria, whereas the
purple photosynthetic bacteria contain only photosystem II and the green
sulfur bacteria contain a photosystem 1.>'*> To gain a better understanding of
these two types of RCs each will be further discussed.

A. Purple Photosynthetic Bacteria

In the mid-1980s, Deisenhofer reported his model for the structure of
photosystem II for two species of purple photosynthetic bacteria (Rho-
dopseudomonas viridis and Rhodobacter) based on X-ray crystallography of
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the light-harvesting device II (LH 1I).>} Photosynthetic centers in purple
bacteria are similar but not identical models for green plants. Because they
are simpler and better understood, they will be described here. The photo-
synthetic membrane of purple photosynthetic bacteria is composed of many
phospholipid-filled ring systems (LH II) and several larger dissymmetric rings
(LH TI) stacked almost like a honeycomb. Inside the LH I is a protein called
the reaction center as illustrated in Figure 18.%43°

The LH II complex antenna is composed of two bacteriochlorophyll a
(BCHI) molecules, which can be classified into two categories. The first one is
a set of 18 molecules arranged in a slipped face-to-face arrangement and
is located close to the membrane surface perpendicularly to these molecules.
The second ring is composed of 9 BCHI in the middle of the bilayer. The first 18
BCHI have an absorption maximum at 8§50 nm and are collectively called B850,
while the second (9 BCHI) have an absorption maximum at 800 nm and are
called B800. These structures are contained within the walls of protein cylin-
ders with radii of 1.8 and 3.4 nm. Once the LH II complex antenna absorbs
light, a series of very complex nonradiative photophysical processes are trig-
gered. First the excitation energy migrates via energy transfers involving the
hopping of excitation energy within almost isoenergetic subunits of a single
complex. This is followed by a fast energy transfer to a lower energy complex
with minimal losses (Fig. 19). These ultrafast events occur in the singlet state
(S;) of the BCHI pigments and are believed to occur by a Forster mechanism.>*

The energy collected by the LH II antenna is transferred to another
antenna complex known as LH I, which surrounds the RC. The photosynthetic
reaction centers of bacteria consist mainly of a protein that is embedded in and
spans a lipid bilayer membrane. In the reaction center, a series of electron
transfer reactions are driven by the captured solar energy. These electron
transfer reactions convert the captured solar energy to chemical energy in the

@ ‘f 'v‘, - e \- a )
Tl 7 e /

FIGURE 18. Two light-harvesting II (LH II) units next to one light-harvesting I (LH I)
unit. Gray circles, polypeptides, bars, rings of interacting bacteriochlorophylls a
(called B850). In the middle of LH I, there is the reaction center (RC), where the
primary photo-induced electron transfer takes place from the special pair of bacterio-
chlorophylls b.>*



Photosynthesis 31

| Energy migration (exciton) |

S-‘-“—/\—/\—/‘\—/—\—L)]ET

»
»

E A
SO I I I I I I
Donor Donor Donor Donor  Donor Acceptor

FIGURE 19. The exciton and energy transfer processes. (Modified from Ref. 8.)
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FIGURE 20. A cross-section of the photosynthetic membrane in the purple photo-
synthetic bactemria. PS II, photosystem II; P870, special pair; Q, plastoquinone; Q H>,
dihydroplastoquinone; 4D P, adenosine diphosphate; 4TP, adenosine triphosphate.

form of a charge separation process across the bilayer.**—>® The mechanism of
this process is illustrated in Figure 20.

A special BCHI (P870) pair is excited either by the absorption of a photon
or by acquiring this excitation energy from an energy transfer from the per-
ipheral antenna BCHI (not shown in the figure for simplicity), triggering a
photoinduced electron transfer inside the RC.>® Two photoinduced electrons
are transferred to a plastoquinone located inside the photosynthesis membrane.
This plastoquinone acts as an electron acceptor and is consequently reduced to
a semiquinone and finally to a hydroquinone. This reduction involves the
uptake of two protons from water on the internal cytoplasmic side of
the membrane. This hydroquinone then diffuses to the next component of the
apparatus, a proton pump called the cytochrome bcl complex (Fig. 20).
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The next step involves the oxidation of the hydroquinone back to a
quinone and the energy released is used for the translocation of the protons
across the membrane. This establishes a proton concentration and charge
imbalance (proton motive force; pmf). Thus the oxidation process takes place
via a series of redox reactions triggered by the oxidized special pair BCHI
(P870), which at the end is reduced to its initial state. The oxidation process is
ultimately driven, via various cytochrome redox relays, by the oxidized P870.
Oxidized P870 becomes reduced to its initial state in this sequence. Finally, the
enzyme ATP synthase allows protons to flow back down across the membrane
driven by the thermodynamic gradient, leading to the release of ATP formed
from adenosine diphosphate and inorganic phosphate (P,). The ATP fills the
majority of the energy needs of the bacterium.?’

B. Green Sulfur Bacteria

The observation of a photosynthetic reaction center in green sulfur bacteria
dates back to 1963.%° Green sulfur bacteria RCs are of the type I or the Fe-S-type
(photosystem I). Here the electron acceptor is not the quinine; instead, chlor-
ophyll molecules (BChl 663, 8'-OH-Chl a, or Chl a) serve as primary electron
acceptors, and three FesS, centers (ferredoxins) serve as secondary acceptors. A
quinone molecule may or may not serve as an intermediate carrier between the
primary electron acceptor (Chl) and the secondary acceptor (Fe-S centers).*’ The
process sequence leading to the energy conversion in RC I is shown in Figure 21.

PSI
Cytochrome ¢

Cytochrome hw H,S
. ’/—\®? C ATP Synthase
4H R . e®*g+Ht

H+
Outside
Q_/Zh:‘QHz )
Inside \
2H" H*
2H*
e NADPT+H*
e
Cytochrome be FOR
Y complex 2Fdiea~ \FNR App + P, ATP
2Fdgy 2Fdy NADP

FIGURE 21. Photosystem I (PS I). Py, special pair; Q, plastoquinone; QH,, dihy-
droplastoquinone; NADP, nicotinamide adenine dinucleotide phosphate; FOR, ferre-
doxin-quinone reductase; FNR, ferredoxin-NADP reductase; Fd, ferredoxin; ADP,
adenosine diphosphate; ATP, adenosine triphosphate.
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A large number of chlorophyll antennas are used to harvest the solar
energy, which in turn are used to excite the special pair P7o. The P79 donor
will in turn transfer an electron to a primary acceptor (A, phyophytin) and in
less than 100 ps to a secondary acceptor (A, a phylloquinone). The electron
received by A is in turn transferred to an iron-sulfur cluster and then to the
terminal iron-sulfur acceptor.*!

X. ORGANOMETALLIC POLYMERS AND
SYNTHETIC PHOTOSYNTHESIS SYSTEMS

Organic and organometallic polymers exhibit potential applications in
photonics. Organometallic polymers have received a lot of interest because they
could combine the advantages of the high luminescence of the organic moiety
with the high carrier density, mobility, steady chemical properties, and physical
strength of inorganic materials. Research on such materials is expanding
because of their potential use as electric components such as FETs, LEDs, and
solar cells.

Much effort involving solar energy conversion is based on the natural
chlorophyll system as a model. Here a metal atom is embedded within a
polymer matrix that exhibits high electron mobility (delocalization).
Ruthenium,*~ platinum,”*~>° and palladium™~> are the most employed
metals. The use of materials containing the bis(2,2-bipyridine)ruthenium 11
moiety is common with ruthenium because this moiety absorbs energy in the
UV region and emits it at energies approximating those needed to cleave water
molecule bonds. The use of solar energy to create hydrogen that is harvested
and later converted to useful energy has been a major objective.

Here we focus on a more direct conversion of solar energy into energy to
charge batteries. For this purpose, metal-containing polymers can be classified
into three types (types I, I1, and III), as illustrated in Figure 22.°*°! In type I,
the metal centers are connected to the conjugated polymer backbone through
saturated linkers, such as alkyl chains. Polymers of type I act as a conducting
support. The electronic, optical, and chemical properties of the metal ions in

S —

Type | Type ll Type I

(VD = metal center :: conjugated polymer
FIGURE 22. Types of metal-containing polymers. (Modified from Ref. 61a.)
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this type of polymer remain the same as they would be if they were alone (i.e.,
unattached to the polymer backbone). In the second type, the metal centers are
electronically coupled to the conjugated polymer backbone. This affects both
the polymer and the metal group properties. The metal centers for type III are
located directly within the conjugated backbone. In this last type, there are strong
interactions between the metal center and the organic bridge. For this arrange-
ment, the electronic interactions between the organic bridge and the metal group
are possible, and new properties can be obtained because of the combination of
the characteristics of the organic polymers with the common properties of the
transition metals.®*®!

Heavy metal atoms in the polymer backbone increases the intersystem
crossing rate of the organic lumophores due to enhanced spin-orbit coupling.
This populates more of the triplet states facilitating the study of interactions on
both singlet and triplet states.®’ The study of energy transfer in organic and
organometallic polymers is important. In fact, various types of organic and
organometallic systems (oligomers and polymers) have been specifically
designed for intramolecular energy transfer studies. Molecular architecture was
found to play an important role in the efficiency of the energy transfer. The
bridge between the donor and the acceptor chromophores exerts an important
effect on the rates as well as the mechanism through which the energy transfer
occurs.®*®* A through-bond mechanism operates very efficiently for the cases
of rigid saturated hydrocarbon bridges, while through-space mechanism are
efficient for flexible bridges.®*®

Harvey et al. studied the photophysical properties of macromolecules
built on M-P and M-CN (isocyanide) bonds, including the metal in the
backbone. (This topic is reviewed in Chapter 2. The presence of the metal atom
associated with the porphyrin moiety is examined here.

Photosynthesis is a source of inspiration for scientists interested in non-
natural systems that convert light into chemical potential or electrical energy.
Molecular wires, optoelectronic gates, switches, and rectifiers are typical
examples of molecular electronic devices envisioned for use in energy or elec-
tron transfer processes.®® % A basic device structure, stimulating the natural
systems, needs a scaffold on which the energy or charge transfer can be
induced. Such a scaffold is represented in Figure 23.

The approach for this system is the mimicry of the highly efficient pho-
tosynthesis process in biological systems, by which an antenna device collects
the light energy before a series of exciton, energy, and electron transfers, which
lead to the synthesis of the plant’s fuel.”*~"

Porphyrins are an interesting class of compounds used for the study of
energy- and electron-transfer functions of the natural photosynthetic machinery.
The interest in porphyrins is motivated in part by their photocatalytic
activity and electronic properties.’* Porphyrins are also structurally related to
chlorophyll.

Cofacial bisporphyrin systems use rigid spacers to provide a unique
placement of two chromophores (donor and acceptor) at a given distance,
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Donor Bridge Acceptor

r—J

Energy or electron transfer

FIGURE 23. A scaffold for photo-induced intramolecular energy or electron transfer.
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FIGURE 24. Examples of cofacial face-to-face porphyrin systems with different
spacers. (Modified from Ref. 75.)

inducing a through-space energy transfer as the shortest pathway for inter-
molecular interactions and communications.”

Recently, the effect of the donor-acceptor separation has been studied.”®
Both the fluorescence lifetime and quantum yield were found to decrease as the
distance between the two porphyrins—Ceso-Cmeso (€d) and CCleso-CCreso
(ab)—decreases (Fig. 24). As the two rings get closer to each other, they
interact more strongly, and hence nonradiative deactivation becomes more
pronounced.’>7

The rate dependence for the S; energy transfer (S; ET) for such systems
exhibits a dependence of the energy transfer (kgt) rate on the Ces0-Crneso dis-
tance. The rate increases as the distance decreases.”” Face-to-face donor-acceptor
separations are on the order of ~3.5 A verses the corresponding various
donor-acceptor separations in the living supramolecular structures (found in
plants, algae, and cyanobacteria) (Fig. 24 and 25) which are found to have
separation distances to ~20 A. Despite this observation, the S; energy transfer
data are strikingly slower (two orders of magnitude).>* This leads to the question,
What is missing?

Both through-space and through-bond energy transfer mechanisms are
known, by which singlet-singlet energy transfer occurs through both
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{ >~ Carotenoid

FIGURE 25. A LH II ring showing only the chlorophyll for the B850 network, the
noninteracting B800 bacteriochlorophylls, and the rhodopin glucosides. Two of the
B850 units are marked with arrows, representing the transition moments. (Modified
from Ref. 34.)
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FIGURE 26. Some donor-bridge-acceptor systems by which energy transfer occurs
through both Forster and Dexter mechanisms. (Modified from Ref. 78.)

Coulombic or dipole-dipole interaction (Forster) and double electron exchange
(Dexter) mechanisms.

Different donor-bridge-acceptor based dyads based on metallated and
free base porphyrins, by which singlet-singlet energy transfer occurs through
both Forster and Dexter mechanisms are given in Figure 26.”""® The S; energy
transfer in these systems occurs via a contribution from both coulombic and
double electron exchange, which have almost the same magnitude and are not
affected by the donor and acceptor distances. The electronic interactions
depend on the donor-bridge energy gap and the bridge conformation (planar or
nonplanar). Studies of the energy transfer rate as a function of the energy gap
between the donor and the bridge have facilitated the separation of the two
mechanisms. The rates observed for systems with the biggest energy gap were
found to be almost equal to the Forster energy transfer rates.
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oS e O (- O
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FIGURE 27. Examples of cofacial bisporphyrin systems containing heavy atoms.
(Modified from Ref. 75.)

Harvey’s group studied energy transfers arising from the longer-lived
triplet states as well as from the singlet states. These studies involved por-
phyrins containing a heavy metal (e.g., Pt and Pd), as shown in Figure 27.”
Spin orbit coupling of the heavy atom increased the intersystem crossing rates,
thus increasing the population of the triplet excited state. Triplet energy
transfers can be analyzed only according to the Dexter mechanism because the
Forster mechanism does not operate in the triplet excited states due to their dir-
adical nature and the multiplicity change during the process. Energy transfer for
the Dexter mechanism occurs via a double electron exchange—HOMO
(acceptor) > HOMO(donor) and LUMO(donor) - LUMO (acceptor)—between
triplet states of the donor and acceptor. In these systems (Fig. 27), the Pd- and
Pt-metallated chromophores act as triplet donors, whereas the free base and
Zn-containing complexes are the energy acceptors.

Analyses of energy transfer rates revealed that no sensitive transfer was
detected for systems in which the spacer was DPS. In contrast, for dyads with
the DPB and DPX spacers containing dyads, energy transfer occurred. This
result was explained on the basis that singlet states energy transfer occurs via
both Forster and Dexter mechanisms in the DPB- and DPX-containing dyads:
Chieso-Cmeso = 3.80 and 4.32 A, respectively. The singlet energy transfer
mechanism proceeded predominantly via a Dexter mechanism. Conversely,
singlet energy transfer in the DPS-containing dyad, Ces0-Crmeso = 0.33 A,
operated predominantly according to the Forster mechanism. This latter
mechanism is inactive in the triplet states.”” Thus, at such long distances,
orbital overlap is poor and energy transfer is either weak or nil. This concept is
of importance for designing molecular switches based on the distance separ-
ating the donor from the acceptor.

Through-bond energy transfer was also observed for porphyrin systems
(regardless whether it occurs via a Forster or a Dexter mechanism). Through-bond
energy transfer was reported for the rhodium meso-tetraphenylporphyrin-tin
(2,3,7,13,17,18-hexamethyl-8,12-diethylcorrole), which exhibits a Rh-Sn bond
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108 < kegr < 108571 ket = 4x10%,  2x105, <0.1s7!

FIGURE 28. Porphyrin systems with through-bond energy transfer.

length of 2.5069 Aanda3.4A separation between the average macrocycle planes,
Figure 28.7

A photophysical study of these porphyrin systems showed the presence of
significant intramolecular triplet energy transfer with an estimated kgt ranging
between 10 ®and 10 ®s ~'. Rates for the through-bond process were found to be
three to five orders of magnitude larger than the through-space energy transfer.
Other examples for through-bond energy transfer are shown in Figure 28.50%!
The intramolecular energy transfer rates within these systems were found to be
slower than those estimated for cofacial systems by two or three orders of
magnitude.** These results can be helpful in predicting the rates for energy
transfer (kgt) for unknown systems.

A similar observation was made by Albinson, using Zn(II)porphyrin as
the donor and free base porphyrin as the acceptor. The solvent viscosity and
temperature were investigated as factors affecting the donor-acceptor interac-
tions (Fig. 29).>? In this example, and in agreement with Figure 28,7 the rate
increased with an increase of conjugation. Conversely, energy transfer is
completely turned off when the conjugation is broken by the presence of the
saturated system. This indicates that the through-bond energy transfer process
occurs from the higher energy triplet state of Zn(II)porphyrin to the lower lying
triplet state of the free base porphyrin.

The triplet energy transfer rates were measured over temperatures from
295 K to 280 K. The free energies of activation were found to be in the range of
1.0—1.7 kcal/mol (about 4—8 kJ/mol) in low-viscosity solvents, whereas in
high-viscosity solvents, the temperature dependence is less pronounced. The
triplet energy transfer was dependent on the solvent viscosity. Dramatically
slower rates are observed in high-viscosity solvents due to smaller electronic
coupling. The triplet-excited donor porphyrin was suggested to adopt con-
formation in less viscous solutions, which have a much larger electronic cou-
pling than is possible in highly-viscous media. The porphyrins considered in the
study are prone to conformational change in the triplet-manifold. This was
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FIGURE 29. Porphyrin systems with through-bond energy transfer. (Modified from
Ref. 82.)

explained on conformational grounds. In a donor-spacer-acceptor system
(Fig. 29), with the ground state exhibiting a dihedral angle near 90°, the elec-
tronic coupling is changed in the triplet state to a situation in which the phenyl
group should rotate toward the plane of the porphyrin macrocycle, leading to a
considerable increase in the electronic coupling. This conformational freedom
is lost when the solvent rigidifies, leading to a decrease in the coupling between
the donor and the bridge. In solvents of low viscosity, another observation was
made. Indeed, the change in temperature led to a triplet state distortion,
inducing slower rates for triplet energy transfers.

All in all, the nature of the donor-acceptor linker is undoubtedly a
controlling factor for the energy transfer, especially in the case of the triplet
state interactions in which the mechanism of the interaction proceeds according
to the Dexter mechanism (i.e., double electron exchange). This analysis illus-
trates the importance of studying different donor-acceptor spacers and their
geometries during photo-induced energy transfer.

XI. SUMMARY

Interest in the electronic properties of m-conjugated oligomers and
polymers and polymers containing metal atoms continues to increase greatly.
The metal site can offer chromophores that exhibit metal to ligand charge
transfer (MLCT) excited states in the w-conjugated polymers systems. This
allows a variety of electronic and optical properties that are finding application
in numerous areas, including solar energy conversion devices, nonlinear optical
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materials (NLOs), and polymer light-emitting diodes (PLEDs), with applica-
tions in physical and chemical sensing, electrochromism, and a wide scope of
electrocatalysis. The presence of the metal allows the synthesis of a wide variety
of materials, with a variety of optical, electronic, chemical, and physical
characteristics. The particular properties are changed and tuned by varying the
metal, metal oxidation state, and metal environment. This volume describes
some of these materials and applications for metal-containing sites embedded
within polymer matrices and it suggests others.
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