CHAPTER 4

Radiative Transitions
between Electronic States

4.1 The Absorption and Emission of Light
by Organic Molecules

Schemes 1.1-1.3 are key working paradigms used to initiate analysis of organic
photophysics or organic photochemistry. In this chapter we are concerned with the
portion of the working paradigm of molecular organic photochemistry that involves
(1) the absorption (R + v — *R) of light by an organic molecule (R) to produce an
electronically excited state (*R), and (2) the emission (R — R + hv) of light from an
electronically excited state (*R) to produce a ground state (R) (Scheme 4.1). In this
chapter both spin-allowed and spin-forbidden radiative transitions will be discussed
in detail. Of particular interest are the radiative transitions of light absorption and
emission when *R is the lowest singlet (S,) and triplet (T,) state of an organic molecule
~ (shown in the rectangle of Scheme 4.1). ‘

4.2  The Nature of Light: A Series of Paradigm Shifts

The accepted paradigm that described the nature of light and its interaction with matter
has changed dramatically three times since the 1700s. Each paradigm tried to answer
the same questions: What is the nature of light, and What is the nature of the interaction
of light with matter? Each paradigm answered the questions in a new and radically
different way from that of the previous one, and each new one constituted a true
paradigm shift for science. With each new paradigm shift, light was positioned as an
ever more fundamental entity in the scientific universe; eventually, through the theory
of relativity, light was placed at a level of significance equivalent to that of matter.
Historically, there was relatively little documented scientific study and discussion
of the nature of light until the 1700s, when Newton proposed a paradigm that light
was composed of a stream of particles. Newton employed concepts of the motion and
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Radiative Processes
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*R(Sy) — R(Sp) + hvg (Flourescence, Spin Allowed Emission)
*R(Ty) — R(Sy) + hvp (Phosphorescence, Spin Forbidden Emission)
R(Sg) + hv —— *R(S,) (Spin Allowed Absorption)

R(Sg) + hv —— *R(T 1) (Spin Forbidden Absorptioh)v

" Scheme 4.1  Radiative transitions of organic molecules of greatest importance
in organic photochemistry.

energy of point particles as a foundation for the hugely successful structure of classi-
cal mechanics. It was therefore natural for Newton to explain the properties of light
by postulating that light also consisted of tiny particles emitted froni;light—producing_
objects such as the sun or a flame. These particles were imagined to move at great
speeds through empty space or through transparent media. Newton’s paradigm was
supported by the action of a prism, which “decomposed” a ray of white light into
its component “particles,” possessing the diverse visible colors of the rainbow. Thus,
eachof the different particles of light could be associated with a color, The sensation
of sight was interpreted as the result of the eye being excited by Jparticles of light
as they struck the eye. In large part (possibly because of Newtoh’s towering reputa-
tion rather than the demonstration of a convincing array. of experimental evidence),
during the 1700s, the ruling paradigm of the nature of light was that it consisted of
particles. '

During the early 1800s, new experiments demonstrated aspects of light that New-
ton’s particle theory completely failed to explain. In particular, Newton’s theory could
not explain the phenomena of interference by which two light rays can interact with
one another constructively to make a more intense light ray or destructively to make
a light ray completely disappear. On the other hand, interference was a well-known
property of waves. For example, the interference of waves is commonly observed
when one produces waves by disturbing the surface of a still sample of water. The
theory of matter waves readily explained the phenomenon of interference. It seemed
obvious that particles could commingle with one another, create a sort of constructive
interference, and amplify each other’s effect; on the other hand, there was no known
way for particles to “cancel each other” and explain the phenomenon of destructive in-
terference. The easily demonstrated and reproducible observation that light rays could
interfere with one another was the beginning of the end for the paradigm of light as
particles. A paradigm shift was about to occur.

In the mid-1800s, Maxwell put forward a new paradigm for the nature of light,
proposing that light is composed of a force field of oscillating electric charges that
have the characteristics of waves, not particles. If electric charges are oscillating, they
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generate not only an oscillating electric field but also an associated oscillating mag-
petic field. In this paradigm, the wave nature of light was contained in an-elegant set

.of mathematical equations (Maxwell’s equations), which described light as a wave,

driven by an oscillating electromagnetic field surrounding oscillating charged pa@-

cles (later identified as negatively charged electrons and positively charged nuclei).

Maxwell’s paradigm for the nature of light also provided a beautiful, previously un-

recognized synthesis of the electrical and magnetic forces in both light and matter.

Maxwell’s equations quantitatively explained the phenomena of interference, sc:jlt-

tering, reflection, and refraction. Maxwell’s paradigm probably possessed a special

appeal to many scientists because it was formulated in an elegant mathematical lan-
guage and because it integrated electrical and magnetic phenomex:ta. By the end (?f
the 1800s, Maxwell’s paradigm for light as a form of electromagnetic waves was uni-

versally accepted by the scientific community and was widely considered a universal
and unshakable paradigm of physics. Physicists refer to Maxwell’s paradigm as the
classical paradigm of light as electromagnetic waves.

In spite of its mathematical elegance and ability to integrate electricity and mz?g—
netism, Maxwell’s paradigm for the wave nature of light ran into serious difficulties
because of certain experiments that were unexplainable if light was fundamentally an
electromagnetic wave. Toward the end of the 1800s, the validity of the classical par-
adigm for the electromagnetic wave nature of light was called into question be‘cal‘xse
of its inability to explain two very simple experiments, one involving the emission
of light and the other involving the absorption of light: (1) the first experiment dealt
with the measurement of the wavelength dependence of the energy distribution for
light emitted by a hot object, such as a heated metal bar (so-called black-body ra-
diation, Fig. 4.1); and (2) the second experiment dealt with the measurement of the

Experiment Classical
and Planck’s theory
theory

I (Intensity of emission) —>

Figure 4.1 The UV catastrophe. The classical theory of
light predicted that the intensity (/) of light emitted by a
metal bar should be proportional to the temperature (T')

of the bar and the inverse fourth power of the wavelength
(M) of the emitted light.
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wavelength (or frequency) dependence of the kinetic energy (KE) for electrons emit-
ted when light is absorbed by a metal (the so-called photoelectric effect, Fig. 4.2).
At the beginning of the 1900, the issue of the nature of light and its interaction with
matter to produce the absorption and emission of light was a source of great debate
among physicists. '

4.3 Black-Body Radiation and the “Ultraviolet
Catastrophe” and Planck’s Quantization of Light
Energy: The Energy Quantum Is Postulated

The energy distribution of light emitted from a heated metal bar is found experimen-
tally (Fig. 4.1) to depend on temperature (7). At lower temperatures the heated bar
emits at wavelengths, A (or related frequencies, v), that maximize in the infrared (IR)
range; as the temperature of the metal is increased, the bar begins to glow red, green,
then white, as all wavelengths in the visible (vis) region of the spectrum are emitted.
A typical heated metal bar emits an energy distribution that possesses a maximum
in the visible or ultraviolet (UV) region of the electromagnetic spectrum. The distri-
bution of wavelengths emitted by the heated metal was modeled by a “black body,”
or a sample of matter that absorbs all of the light energy that strikes it. Black-body
radiation is simply the emitted radiation of the electromagnetic field (light) that is in
equilibrium with the body (matter) at a given temperature. The classical theory of light
predicts that the electromagnetic field associated with the black body will possess a
certain distribution of wavelengths (frequencies) characteristic of the temperature of
the black body (Fig. 4.1).

In quantitative terms, the classical theory predicted (Fig. 4.1, right) that the inten-
sity / (energy per unit time) of emitted light by a metal bar at a given temperature (7°)
is proportional to 7/A*. Thus, according to classical theory, as A — 0, the intensity of
the emitted light should become infinite, a preposterous prediction! If the intensity /
indeed was proportional to 1/A%, then a firefly, when it flashed its light, would release
sufficient energy to cause the entire universe to be destroyed! The prediction of un-
limited energy in the high-energy (UV) region of the spectrum was named (possibly
by a perplexed physicist) the “ultraviolet catastrophe.”

The beginning of a new paradigm shift for the nature of light was triggered by
Planck’s explanation of how to avoid the ultraviolet catastrophe and to theoretically
fit the experimental data. Planck’s radical paradigm-shifting contribution was to show
mathematically that the energy distribution of a heated metal would have a maximum,
in excellent agreement with experiment (Fig. 4.1), if the energy of a light wave was
quantized and if the energy of light was directly related to frequency by a remarkably
simple and now familiar relationship (Eq. 4.1). From this equation, the energy of alight
is assumed to be directly proportional to its frequency (v) through a proportionality
constant (h), which required a value of 6.6 x 10347 s in order to fit the experimental
data. We now know that this constant, k, is a fundamental quantity in quantum
chemistry and its appearance in any unit indicates the quantity obeys the laws of
quantum mechanics. In honor of his contribution, /4 is now known as Planck’s constant
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and the bit of energy, E (Eq. 4.1), that corresponds to the frequency v is known as
a quantum. When we say that the energy of the electromagnetic field is quantized
we understand that this means light of a given frequency v can only be absorbed
(or emitted) in energy steps equal to hv [i.e., light cannot be absorbed (or emitted)
continuously]. However, there is no limitation to the value that v can take.

E=h “.1)

Recall that the classical theory viewed light as an electromagnetic field that was
created by oscillating electric charges. Using the classical harmonic oscillator (Chap-
ters 2 and 3) as a guide, it was assumed that the charges could be stationary or they
could oscillate. Charges that were not oscillating were considered to be in a “ground
state” and incapable of emitting light; charges that were oscillating were considered
to be in an “excited state” and to be capable of emitting light energy on return to the
ground state. Planck’s basic idea, which solved the paradox of the ultraviolet catastro-
phe, was that a given temperature the energy (hv) associated with a quantum of very
short-wavelength light (a very high-frequency oscillator) was so high that the electric
oscillators contained in a light wave that are associated with very short wavelengths
are not excited; the energy available to the black body was insufficient to excite very
short-wavelength (high-frequency) oscillators. It was a very simple idea: As the wave-
length, A, of emitted light decreases, the energy, E = hv, associated with the quantum
required to excite the oscillator increases. Thus it become less and less likely that the
high-energy oscillator will be excited at a given temperature, since energy must be con-
served. Since the high-energy oscillator is not excited, it cannot emit light (oscillators
in their ground state cannot emit light according to the classical theory of a harmonic
oscillator). The quantization of energy effectively discriminates against the popula-
tion of the short-wavelength, high-frequency oscillators, and thereby mathematically
eliminates the ultraviolet catastrophe by preventing the intensity of emitted light to ap-
proach infinity as the wavelength decreases. Of course, Planck’s mathematical “trick,”
while impressive, was completely nonintuitive based on classical physics and com-
pletely at odds with the paradigm of the classical theory of light, which viewed the
absorption or emission of light as being continuous, and therefore able to be associated
with any arbitrary energy.

4.4 The “Photoelectric Effect” and Einstein’s
Quantization of Light—The Quantum of Light: Photons

For proponents of the classical paradigm of light, another experimental observation
called the “photoelectric effect” (Fig. 4.2) was just as baffling as the ultraviolet catas-
trophe. The photoelectric effect was the name given to the following phenomenon:
When light of a certain wavelength A (or associated frequency, v) is absorbed by a
metal surface, electrons are emitted from the metal (the phenomenon is the basis for
the common and familiar “electric eyes” that open and close “automatic” doors). The
ejected electrons possess a certain amount of KE. The maximum KE of the ejected
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Figure4.2 The photoelectric effect. (a) Light of frequency v, < v is reflected from the surface
of a metal. (b) Light of frequency v, > v, is absorbed by the metal and ejects an electron,
which possesses a certain measurable KE. (c) Energy diagram showing the relationship of the
frequency of light striking the metal, the energy (E;) required to eject an electron from the
surface of the metal, and the excess KE possessed by the ejected electron. For kv, there is
insufficient energy to eject an electron; for hv, there is just enough energy for the light to be
absorbed; for /v, the absorbed light contains sufficient energy to cause electrons to be ejected
with excess KE. (d) Plots of the excess KE as a function of frequency of absorbed light for Cs
(left) and Na (right).

electrons can be readily measured experimentally as a function of v (or 1) for the
absorbed light. However, the frequency of the light, v, capable of emitting electrons
had to be greater than a certain minimum value, v,.

Einstein showed that the simple relationships of Egs. 4.2 and 4.3 provide a quanti-
tative relationship between the maximum KE of the emitted electrons and the exper-
imentally measured frequencies v and v;.

Maximum KE of emitted electrons = hv — hy, “4.2)
Maximum KE of emitted electrons = A(v — vy) (4.3)A

According to Maxwell’s classical theory, the energy of a light wave should be
absorbed continuously by the metal (as more and more electron oscillators are excited)
and, in addition, the energy absorbed should depend only on the square of the
amplitude, A, of the light wave, not on the frequency, v, of the light wave. However,
the experimental measurements of the photoelectric effect demonstrated a number of
surprises (Fig. 4.2) that could not be explained by classical theory:

Section 4.4 The Quantum of Light: Photons

1. Electrons are emitted from the metal surface only if the frequency of the light
(v) striking the metal is larger than a threshold value (vy).

2. The value of v is characteristic of the metal and differs for different metals
(e.g., the value of vy is smaller for Cs than for Na).

3. If the frequency of light, vy, striking the surface of the metal is less than the
threshold value (v > vy), the light is completely reflected and is not absorbed
(Fig. 4.2a) even at high intensities.

4. If the frequency of light, v,, striking the metal is greater than the threshold
frequency (v, > 1), electrons with a certain amount of KE are emitted
“instantaneously” (Fig. 4.2b).

5. The maximum KE of the ejected electrons depends linearly on the frequency
of the light once the threshold frequency, v, is exceeded (Eq. 4.2c).

6. The slopes of plots of the maximum KE as a function of v are identical for
all metals (Fig. 4.2d). Most remarkable, the slope of such plots (KE,,,/v) are
equal to the value of & (6.6 x 10734T ), Planck’s constant!

Observations (1) and (3) taken together imply that energy is transferred from the
light to the metal surface but that the energy transferred does not accumulate, as
expected for a wave hitting a surface. Einstein interpreted these results in terms of the
instantaneous absorption of energy of the light striking the metal surface, reminiscent
of the instantaneous exchange of energy between two colliding particles. The colliding
particles were viewed as photons of the light striking the electrons on the surface of
the metal. Thus, Einstein concluded that not only is the energy of light quantized as
quanta, as described by Planck, but light itself is quantized and consists of energy-
carrying particles, termed “photons.” Since a photon is a quantized particle, its energy
can only be transferred to the electrons of the metal as an all-or-nothing event. In
other words, when a photon strikes a metal surface, it can only eject an electron by
transmitting none (reflection of the photon) or all (absorption of the photon) of its
energy to the metal. :

Furthermore, the energy imparted to the emitted electrons is directly related, by
Eq. 4.1, to the frequency of the absorbed light (v,) after the threshold value, v, has
been achieved. Observations (2) and (5) imply that the threshold energy, E = hy,
needed to remove an electron from a metal depends on the tendency of the metal to
hold on to its electrons. Cesium (Cs) does not hold on to its electrons as effectively
as sodium (Na), as expected from the lower position of Cs in the first column of
the periodic table. Thus, the energy required to remove an electron from Cs metal
is less (Fig. 4.2d) than the energy required to remove an electron from Na metal
(the frequency of light required for electron ejection, vy, is lower for Cs than for
Na). Observation (4) implies that a certain amount of energy (a threshold quantum,
E = hy,) is required to remove an electron from the surface of the metal, and that if
the quantum of energy provided by the absorbed photon exceeds that required to do
the work needed just to remove the electron, this excess light energy shows up as the
KE of the electron (in order to obey the law of conservation of energy). Observation
(6) is the most striking since it demonstrates that there is a universal relationship of
the energy, E, imparted to electrons by the absorption of light of a given frequency, v;
the proportionality constant between E and v is Planck’s constant, h.
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Thus, only five years after Planck’s proposal of the quantization of the energy
of light, Einstein connected Planck’s ad hoc explanation of the quantization of light
energy -and the existence of the quantum with a proposal that light itself (and, by
inference, all of electromagnetic radiation) was quantized and consisted of particles
that possess discrete “bundles” of energy that he called photons. As a result, two crucial
intellectual building blocks of a new paradigm of the nature for light and the beginning
of quantum mechanics were put in place: quanta of energy and photons of light. (Most
chemists do not use the word “quantized” to refer to matter, but in reality, matter had
long been accepted by chemists as quantized in the form of atoms and molecules.)
Einstein’s brilliant idea was more than a speculation, since it could be used to “prove”
the validity of Planck’s Eq. 4.1 quantitatively.

4.5 If Light Waves Have the Properties of Particles,
Do Particles Have the Properties of Waves?
—de Broglie Integrates Matter and Light

If Planck and Einstein were correct and light consisted of particles (photons) with
quantized energy (quanta) that was proportional to the light’s frequency; v, and if at
the same time Maxwell was correct and light consists of waves, then there must be a
correspondence between these two apparently incompatible views, however paradox-
ical the compatibility may seem at first. de Broglie postulated a fusion of the idea of
particle and wave by postulating that every particle possesses some wavelike charac-
teristics and that every wave possesses some particle characteristics. He hypothesized
that the conditions of measurement determined whether the wave or particle charac-
teristics were dominant in a given observation. In particular, de Broglie proposed that
the wavelength (1) of a particle is related to Planck’s constant (%), and also to the
mass (m) and velocity (v) of the particle through Eq. 4.4, termed the de Broglie equa-
tion. Since the product of mass and velocity (mv), is equal to the linear momentum
of the particle, then the wavelength, A, of a particle is inversely related to its linear
momentum. The de Broglie equation elegantly connects the nature of particles and
waves through £ as a proportionality constant. Whenever k appears in an expression,
we know that we are dealing with a quantum phenomenon.

Wave property A =h/mv Particle property “4.4)

The relationship between a photon’s energy and its associated wavelength is given
by connecting Egs. 4.1 and 4.4 to yield Eq. 4.5:

E=hv=h(c/x) @5)

Algebraically manipulating Egs. 4.4 and 4.5, the energy (E) can be related to
the particle’s momentum (mv), producing relationships among energy, frequency,
wavelength, the speed of light, and momentum in Eq. 4.6:

E =hv = h(c/\) = mvc (4.6)

If we accept that the velocity (v) of a particle can be replaced with the velocity of
light for a photon in Eq. 4.6 (i.e., v = ¢), then we can derive an expression (Eq. 4.7),
that is, the remarkable and well-known Einstein equation. This equation couples the
paradigm of relativity to the paradigm of light as photons and also demonstrates the
equivalence of photons (light) and mass.

2 Relativity “.7)

Photons E =hv =mvc=mc

Note that the rather drastic paradigm shifts concerning the nature of light (from
Newton’s particles to Maxwell’s oscillating electromagnetic waves to the wave parti-
cle of Planck-Einstein—de Broglie) should be a warning that no matter how powerful
a guiding paradigm may appear to be to a-community, in the face of new results
and new concepts, all current paradigms must be considered useful, but tentative and
conditional—and subject to eventual replacement by more powerful or more univer-
sally governing paradigms. :

Finally, the classical electromagnetic wave theory of light as an oscillating electro-
magnetic field resulting from oscillating electrons in matter continues to be a useful
quantitative paradigm to explain certain phenomena involving light, such as interfer-
ence effects and the ability to assign light a wavelength (interference and wavelength
both being signature properties of waves). On the other hand, the quantum mechan-
ical theory of light, as bundles of photons possessing energy and momentum (both
signature properties of particles), best explains phenomena such as the intensity of
black-body emission of light by a heated metal and the KE of ejected electrons after
light absorption by a metal in the photoelectric effect. The classical theory of light is
at its worst in trying to explain phenomena associated with light absorption (the pho-
toelectric effect) and emission (the ultraviolet catastrophe). In a qualitative manner,
when light is unperturbed by strong interactions with matter, it is well characterized
as a wave and displays wave properties that are completely explained by Maxwell’s
equations. In this model, light is part of the electromagnetic field that is spread out and
fills the entire universe; the wave can be considered to propagate through the universe
“at the speed of light”” When light is absorbed by a molecule, the “spread out” wave is
suddenly “localized” in the small space occupied by the molecule. The wave function
of the photon can be viewed as “collapsing” from one that is very diffuse and spread
out (infinite dimensions) and “wavelike” to one that is highly localized (molecular
dimensions) and “particlelike.” So a photon behaves more like a wave when it is not
strongly interacting with matter and more like a particle when it is strongly interact-
ing with matter (absorption and emission). We can view the initial, weak interactions
of light and matter in terms of an electromagnetic wave weakly coupling with the
electrons of a molecule; this weak coupling leads to scatteéring of light, which is well
understood in terms of classical wave theory. On the other hand, as the strength of the
interaction increases, we view the interactions in terms of a photon strongly interact-
ing with the electrons of a molecule leading to absorption of a photon (emission is the
reverse of the absorption process).

In closing this historical introduction to the nature of light, note that the uncertainty
principle provides the ultimate quantum explanation of the apparent wave—particle
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duality of light: For certain types of experiments, the measurement of a property that
pins down light as a photon (absorption and emission) will cause complete lack of
knowledge of all of its wave properties; and the measurement of a property that pins
down light as a wave (interference) will cause complete lack of knowledge of all of its
particle properties. Since this chapter is concerned with the absorption and emission
of light (Scheme 4.1) by the electrons of molecules, from the above discussion it might

seem that the photon model of light will be most useful. While this is true, we will

see that describing the initial interaction of light with the electrons of a molecule is
best modeled by considering light as an electromagnetic field that oscillates like a
wave and interacts with electrons that can be driven into oscillation by the absorption
of light.

4.6 Absorption and Emission Spectra of Organic
Molecules: The State Energy Diagram as a Paradigm
for Molecular Photophysics

The general paradigm of Scheme 4.1 can readily be integrated into the state energy
diagram of Scheme 1.4, which is a very useful starting point for discussing radiative
transitions. Electronic absorption and emission spectra provide important information

“concerning the structure, energetics, and dynamics of electronically excited- states

*R, in particular on the following parameters of *R: structures, energies, lifetimes,
electron configurations, and quantum yields. For example, from knowledge of the
So + hv — S, and Sy + hv — T absorption processes, and of the S; — S; + Av and
Ty — Sy + hv emission processes, one can often construct a fairly complete state
energy diagram (Scheme 1.4), which includes the electron configurations of S; and
T, and the energies of these two excited states relative to S. From measurements of the
lifetimes of S} and T and of the quantum efficiencies of emission ®, we can deduce the
rate constants (k) of the radiative and radiationless photophysical pathways available
to S; and T,. These energies and rates will set the stage against which photochemical
processes must compete if they are to occur with significant efficiency. '

4.7 Some Examples of Experimental Absorption
and Emission Spectra of Organic Molecules:
Benchmarks

In Chapter 1, we learned that for organic molecules the energy required to excite an
electron from an occupied valence orbital (o, 7, or n) to an unoccupied antibonding
orbital (7* or o°*) corresponds to light whose wavelength is typically in the range of
200 nm (UV light, 143 kcal mol ™) to 700 nm (red light, 41 kcal mol~Y). In initiating a
photochemical study of an organic molecule, the photochemist starts by measuring the
electronic absorption and emission spectra of the starting materials (solutes, solvents,

- and reaction vessels). Saturated organic compounds (alkanes) are generally “transpar-

ent” to light in the region ~ 200-700 nm (Table 4.1). The lowest-energy absorption

Section 4.7 Benchmarks

corresponds to a HO — LU (highest occupied — lowest unoccupied) orbital jump of
an electron; for saturated hydrocarbons this jump corresponds to a o (HO) — o*(LU)
orbital transition. The energy gap between o and o* orbitals for saturated hydrocar-
bons corresponds to energies greater than that of a 200-nm photon (~ 143 kcal mol~Y).

On the other hand, unsaturated organic molecules (ketones, olefins, conjugated
polyenes, enones, aromatic hydrocarbons, etc.) possess several absorption bands in
the conventional “photochemical” region of the electromagnetic spectrum, 250 —
—700 nm. Absorption of light in this region corresponds to 7 (HO) — 7 *(LU) tran-
sitions for olefins and aromatic compounds that possess a 7* electron in the HO, or
to n(HO) — n*(LU) transitions for compounds, such as ketones, that possess an n
electron in the HO.

The shorter wavelength limit of the photochemical region is set by the absorption .

of light by reaction vessels and solvents through which the light must pass (quartz and
common organic solvents absorb strongly at 200-nm and shorter wavelengths). The
longer wavelength limit is set by considerations of the minimum energy required to
excite electrons (electronic excitation of organic molecules usually requires light of
wavelengths < 700 nm). Wavelengths in the range of 700-10,000 nm correspond to
near-IR and IR radiation. The energy of photons corresponding to these wavelengths
is generally too small to excite electrons of organic molecules from a HO to a LU.
However, such light excites fundamental vibrations or overtones of fundamental
vibrations when absorbed.

A chromophore (“color bearer”) is defined as an atom or group of atoms that
behave as a unit in light absorption. A lumophore (“light bearer”) is an atom or group
of atoms that behave as a unit in light emission (fluorescence or phosphorescence,
Schema 4.1). Typical organic chromophores and lumophores are the common organic
functional groups, such as ketones (C=0), olefins (C=C), conjugated polyenes
(C=C—C=0), conjugated enones (C=C—C=0), and aromatic compounds (benzene
ring and condensed benzene rings). In this chapter and in Chapter 5, we concentrate
on these common chromophores as exemplars for both the photophysical properties
of organic molecules discussed in these chapters.

Table 4.1 lists some numerical benchmarks for the maximum of the longest-
wavelength absorption bands (Ay,,) and the extinction coefficient at maximum
absorption (g,,,,) of some common organic chromophores, and assigns an elec-
tron orbital transition to the band. The transitions listed generally correspond to the
lowest-energy (longest-wavelength) electronic HO — LU orbital transition of the
chromophore. The magnitude of &,,,, determines the “absorption strength” of a chro-
mophore; for organic molecules the value of &,,,, for spin-allowed absorption may
vary over several orders of magnitude. The usual units of gp,,, are cm™!M! (are-
ciprocal length per mole). Since M~! = cm?/ mol~!, then an equivalent unit for ¢ is
cm?/mol~! (area per mol). Thus, the units of ¢ are the same as a surface area per
mole of chromophore molecules. These units suggest that we may interpret ¢ as the
“cross-sectional area” that a mole of chromophores present to passing photons of a
given wavelength, A (as discussed in Section 4.15). The data in Table 4.1 show that
the wavelength (1) or corresponding frequency (v) of absorption maxima vary greatly
with the chromophore structure, as does the strength of the absorption as measured
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Table 4.1  Long-Wavelength Absorption Bands (Corresponding to-
HO — LU Transitions) of Some Typical Organic Chromophores

Chromophore  Apu(nm) &4, Transition Type

c—C <180 1000 o,0*
Cc—H <180 1000 o;0*
C=C 180 10,000 w,*
C=C—C=C 220 20,000 T,
Benzene 260 200 . mw,m*
Napththalene 310 200 ... mw,m*
Anthracene 380 10,000 w,m*
Cc=0 280 20 n,r*
N=N 350 100 n,m*
N=0 660 200, n,m*
C=C—C=0 350 30 n,m*

C=C—C=0 220 - 20,000 ot

by &max- We shall postpone discussion of emission parameters until Section 4.16;
we simply point out that both absorption and emission parameters vary widely as a
function of molecular structure. Note that the absorptions in Table 4.1 correspond
to spin-allowed singlet-singlet transitions. The values of &, for spin-forbidden,
singlet-triplet transitions, while finite, are usually < 1em™! M~ so that a sample
is effectively “transparent” at the wavelengths corresponding to the transition. For
essentially all purposes, when an organic photochemist discusses absorption spectra,
it is understood that spin-allowed singlet-singlet absorptlon is responsible for the
absorption.

Inspection of Table 4.1 poses a number of interesting and important questions
concerning R + Av — R (or *R — R + hv transitions) that will be answered in thlS
chapter:

1. Why is there such a wide variation in electronic absorption (and emission)
parameters of A, and g,,, for the different chromophores?

2. Why is the value of ,,, smaller for some aromatic molecules (e.g., benzene,
naphthalene) and larger for others (e.g., anthracene)?

3. How is the orbital configuration (HO — LU) for the electronic transition
R + Av — *R related to and assigned to a given absorption (or emission) band?

4. How are experimental absorption parameters related to-theoretical quantities,
such as quantum mechanical matrix elements? :

5. How are the processes of electronic absorption and electronic emission related
mechanistically?

6. How do vibrations influence electronic transition in absorption and emission?

7. What can we say about the interactions that provide a mechanism for
“spin-forbidden” transitions in absorption (Sy+ Av — T,) and emission
(Ty — So+ hv)? »

Section 4.9 A Pictorial Representation of the Absorption of Light

In order to answer these and other related questions, we will construct a pictorial
model of the radiative processes of Scheme 4.1 that relates the molecular structure
of R and *R (electronic, nuclear, and spin configurations) to interactions with the
electromagnetic field and to spectroscopic parameters. We will start by developing a
simple paradigm for the structure of light and for the interactions of light with the
electrons of molecules that are responsible for electronic absorption and emission.

4.8 The Nature of nght From Particles to Waves
to Wave Particles’?

As discussed in Sections 4.2-4.5, the classical wave theory of light as a wave has
been shown to be inadequate to explain the details of absorption and emission of light

- by molecules. Nevertheless, the classical theory of light is still a useful starting point

for producing a qualitative pictorial representation of the initial, weak interaction be-
tween light as the oscillating electromagnetic wave and the electrons of a molecule.
We start with Maxwell’s model of light as an oscillating electrical force field result-
ing from oscillating electric charges (electrons) in molecules. This oscillating force
field is used as a basis for constructing a quantum mechanical operator for the cal-
culation of matrix elements for the absorption and emission of photons by -organic
molecules. A justification for using the classical theory of light as a starting point for
the absorption and emission of light is that it provides a concrete pictorial explanation
(and therefore an intuitive physical explanation) for the initial interaction of light and
molecules, if not the overall process of absorption (or emission). This pictorial intu-
itive representation is generally much easier for the organic chemist to grasp than the
highly mathematical quantum theory.

4.9 A Pictorial Representation of the Absorption of Light

The basic idea for visualizing the interaction of light and the electrons of a molecule
is borrowed directly from the classical theory of light as a wave.? Photons are viewed
as particles that allow the exchange of energy between the (electric portion of the)
electromagnetic field and the electrons of a molecule under the rules of quantum
mechanics. The most important interaction between the electromagnetic field and the
electrons of a molecule can be modeled as the interaction of two oscillating electric
dipole systems: the oscillating electromagnetic field that fills the entire universe and

the oscillating electrons that are fixed to the nuclear framework of a molecule in.

matter. These two oscillating electric systems, when coupled to one another, behave
‘as a reciprocally interacting and coupled system of potential energy (PE) donor and
acceptor attempting to participate in a common resonance if a common frequency (v)
can be found. The electromagnetic field is visualized as a field of electric dipoles that
pervade the universe and oscillate at a range of frequencies (v). If the electrons of a
molecule possess a “natural” (resonance) oscillation frequency (v) that corresponds
to a “natural” (resonance) oscillation frequency (v) of one of the oscillating dipoles
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(photons) in the available electromagnetic field, and if the electrons and the field
are coupled by a significant dipole—dipole interaction, the electromagnetic field can
interact with the electrons and exchange energy with the electrons by driving the
electrons into oscillation and result in absorption of photons from the electromagnetic
field.

The interactions are completely analogous to that of two interacting antennae, one
an energy transmitter and the other an energy acceptor. The dipole—dipole interaction
can cause a coupling of the two antennae (i.e., a resonance results between the
two antennae). This resonance is most efficient when there exists a frequency (v)
that is common to both the electromagnetic field and the electronic transition for
the photon (E = hv) and for the energy gap for the transition of the electron from
one state to another (AE = hv). In the classical harmonic oscillator model for the
electromagnetic field, the field contains energy by virtue of its oscillating electrons
(oscillating electrons are excited, and therefore possess energy that can be transferred).
Transfer of energy from the field (absorption of a photon by a molecule, R) reduces
the oscillations and energy of the electromagnetic field, whereas transfer of energy to
the field (emission of a photon by an electronically excited molecule, *R) increases
the oscillations (energy) of the field. In the ground state (R) the electrons of a molecule
are considered to be at rest, and in the excited state (*R) the electrons of a molecule
are considered to be oscillating along the molecular framework in some manner.

At the special resonance frequency (v) corresponding to AE = hv, the electrons

* of a molecule (R) can absorb energy from the electromagnetic field (by absorbing

a photon). The electromagnetic field is then impoverished by one photon, and an
excited oscillating electron of a molecule takes all of the energy of the photon and
becomes an electronically excited molecular (*R). Emission is viewed as the reverse
process, in which an excited oscillating electron interacts through dipole—dipole
coupling with the electromagnetic field and the electromagnetic field becomes excited
by the photon emitted by the molecule (*R). The photon is transferred from the
oscillating electron of the excited molecule to the electromagnetic field; the field’s
energy is increased by the energy of one more photon and an electron of the molecule
returns from an excited state (*R) to its ground state (R). From the above qualitative,
intuitive classical description, it is now relatively easy to make a simple quantum
modification of the classical picture of energy transfer from the electromagnetic
field to the electrons of a molecule, and vice versa, as follows: The absorption of
energy from the electromagnetic field corresponds to the removal of a photon from
the electromagnetic field, and the emission of energy from a molecule corresponds
fo the addition of a photon to the electromagnetic field. Both pictures involve the
coupling and resonance of two oscillating electric fields.

4.10 The Interaction of Electrons with the Electric
and Magnetic Forces of Light

The absorption and emission of energy from the electric portion of the electromagnetic
field by electrons are described by the field of electronic molecular spectroscopy;
the absorption and emission of the electric portion of electromagnetic radiation by

Section 4.10 The Interaction of Electrons with the Electric and Magnetic Forces of Light

vibrating nuclei are the basis for the field of vibrational molecular spectroscopy. The
absorption and emission of energy from the magnetic portion of the electromagnetic
field by the electrons are the basis for the field of magnetic resonance spectroscopy.
All three forms of spectroscopy have relevance for an understanding of molecular
-organic photophysics and photochemistry.

Now, we analyze more deeply the resonance condltlon that is required for the ab-

sorption or emission of light by molecules. The absorption or emission of light, as for
all transitions of molecules, requires the conservation of energy. When two electronic
states separated by an energy, AE = E| — E,, are coupled by some interaction, the
electron density (square of the wave function) appears to oscillate and vary with time.
From the Einstein resonance relation (Eq. 4.8a), an energy separation of E; — E, cor-
résponds to a frequency of oscillation of v = (E; — E»)/h. This oscillation of electric
charge, or electric dipole moment (at the frequency v) interacts with the oscillating
dipolar electric field of electromagnetic radiation at this frequency and corresponds
to the resonance condition for the absorption or emission of light (Eq. 4.8b).

AE=E,—E,=hv ) (4.82)

v=(E,— Ey)/h (4.8b)

Now, we describe a concrete classical picture (Fig. 4.3) of an electromagnetic wave

and analyze the electric and magnetic features of the initial interactions of the electric
and magnetic fields of light with the electrons of a molecule.

An electromagnetic wave exerts both electric and magnetic forces on charged
particles (e.g., electrons and nuclei) and on magnetic dipoles (e.g., the magnetic

E (Electric field)
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Figure 4.3 An electromagnetic wave. The electric field (E) is imagined to be in the
plane of the page, and the magnetic field (H) is imagined to be perpendicular to the
plane of the page.
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moments associated with electron and nuclear spins). We can view light as mapping
oscillating dipolar electric and magnetic force fields into the neighborhood of space
about its direction of propagation (Fig. 4.3). In the volume of this space, two vectors
can be drawn: an electric vector (E) that represents the source of the electrostatic
Jforce of the light wave, and a magnetic vector (H) that represents the source of the
magnetic force of the light wave. The magnitudes of E-and H at any point in space
vary as-a function of time and oscillate from mathematically positive (attractive)
to mathematically negative (repulsive) values. A stationary spectator measuring the
magnitude of E (or H), as the wave passes, would thus record oscillating values of
E (or H) as a function of time. A test electric charge in space that can be coupled to
E and that possesses the frequency v can be set into oscillation by the oscillating
values of E. To both the spectator and the test charge, the light wave appears to
have the characteristics of a harmonically oscillating electric and magnetic dipole.
A characteristic of this harmonic motion is the back-and-forth linear oscillation of
the electric force field of the light wave and the electron cloud of the molecule.

A key idea in understanding the interaction of light with organic molecules is that
electrons can be set into resonant oscillation (resonance) by the oscillating dipolar
electric field of light only when Eq. 4.8 is obeyed. Under the condition of resonance,
an electron (of R) may absorb energy from the electromagnetic field set up by the light
wave, or an electron of *R may emit a photon as electromagnetic radiation. Thus, we
can visualize the interaction of light by molecules as a process in which energy is
exchanged by resonance between a collection of oscillating dipoles (electrons) that
are coupled to a radiation field (an oscillating electric field that pervades the universe).
In more concrete chemical terms, the oscillation of the dipoles corresponds to the
movements of electrons in bonds relative to positively charged nuclei in matter; that
is, electrons oscillate about the nuclear framework of molecules.

411 A Mechanistic View of the Interaction of Light
with Molecules: Light as a Wave

Now, let’s take a closer, more quantitative view on how the oscillating light wave (the
electromagnetic field containing photons) makes a ground-state electronic configu-
ration of R look like an excited-state electronic configuration of *R according to the
classical theory of light. Imagine a light wave passing a stationary molecule.? As we
have seen above, the electromagnetic wave causes both periodic electrical and mag-
netic disturbances in the region of space through which it passes, particularly in the
region occupied by our exemplar stationary molecule (Fig. 4.4). The magnitude of
force (F) exerted on an electron in a molecule by the light wave is given by Eq. 4.9:

Total force exerted
on an electron by .
a light wave \F —¢E + e[Hv]
¢ Magnetic
force

Electrical
force

4.9)

- .Section 4.12 The Hydrogen Atom
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Figure 4.4 Interaction of the electric field E and the magnetic field H of an
electromagnetic wave on an electron in an orbit about a nucleus.

where e is the charge of an electron, E is the electric field strength, H is the magnetic
field strength, v is the velocity of an electron, and c is the speed of light. Since the
speed of light (3 x 10'° cm 57! = 3 x 10'7 nm s™!) is much greater than the possible
speed of an orbiting electron (Vp,y ~ 108 cm s7! = 10" nm s, from the Bohr atom
model), the magnitude of eE, in general, will be considerably greater than the value
of the magnetié force (e/c)[Hv]; that is, eE > (e/c)[Hv]. Therefore, we conclude
that the electric force of the oscillating light wave operating on electrons is much
larger than the magnetic force operating on the electrons. Therefore, we can ignore
the magnetic force to a good first approximation when we are dealing with electronic
excitation by the electromagnetic field. Thus, because eE.>(e/c)[Hv], Eq. 4.9 is
approximated by Eq. 4.10, if the magnetic term of Eq. 4.9 is ignored.

Force on electron _ o
ignoring magnetic interaction . 10)
=¢E

Thus, although there is a simultaneous interaction of the electrons with. the os-
cillating magnetic field (H), this interaction is negligible compared to the electrical
interaction. However, the oscillating magnetic field of electromagnetic radiation inter-
acts strongly with the magnetic dipoles of electron and nuclear spins and is.the basis
of magnetic resonance spectroscopy. ‘

4.12 An Exemplar of the Interaction of Light
with Matter: The Hydrogen Atom

Let us consider the simple exemplar of an electron in a Bohr orbit of a hydrogen atom
interacting with the oscillating electromagnetic field (Fig. 4.5a). Here, we assume that
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Figure 45  Schematic of the electric portion of the light wave interacting with a hydrogen atom.

the massive nucleus holds the atom fixed in space as the light wave zips by, but the
electron of the atom can interact with and follow to some extent the oscillating’ electric
ﬁc?ld of the passing light wave. The maximum interaction between E and the electron
will occur if the electron possesses a natural resonance frequency of oscillation w)
that is equal to the frequency of oscillation of the passing light wave. Suppose that the
frfegilelr:czr v of the passing light wave corresponds to that of some natural frequency
:)hr : ueghyEq(.)i(?;b:'ltom, this frequency corresponds to an energy gap (AE = E 1—Ey)
‘ A't the start of the interaction (Fig. 4.5b, right, 0 1), for the sake of argument, let us
1me%gme that the electric field E has a value of zero; that is, at this particular poir;t of its
period, the light wave does not exert an attractive or a repulsive force on the electrons
of the hydrogen atom and the shape of the atom is spherical (Fig. 4.5c, right). One-
quart?r of a wavelength (1/4) later, we imagine that the value of E has d,ecreas;ed to é
negative maximum (defined as a repulsive electrical force on the electron) value and
that the light wave exerts the same force on the electron of the hydrogen atom as an
electxjc dipole with its negative end closest to the electron. This repulsion between
negative charges continues until one-half of a period (A /2) is completed. Thus, during
the first half-cycle of the passing light wave, the hydrogen atom’s electron is r’epelled

Section 4.12 The Hydrogen Atom

away from the passing light wave with the maximum force occurring after A /4 of the

. wave has passed. When exactly one-half of a wavelength (A /2) has passed the atom,

the force on the electrical force on the electron has dropped to 0. After 34 /4 has passed,
we imagine that the value of E has increased to a positive (defined as an attractive force
on the electron) maximum value and that the light wave exerts the same force on the
electron of the hydrogen atom as an electric dipole with its positive end closest to
the electron. During the second half-cycle of the passing light wave, the hydrogen
atom’s electron is attracted toward the passing light wave, with the maximum force
occurring when 31 /4 has passed. When one full wavelength A of the light wave has
passed, the value of E is back to 0, and the electromagnetic field exerts no force on
the electron. :

What is the positive nucleus doing during the passing of the light wave? After
all, the nucleus is a charged electrical particle just like the electron. Surely the
electromagnetic field was also exerting a force on the nucleus as the wave passed.
Indeed, this is correct: The nucleus does feel the force of the passing electromagnetic
wave. However, because the nucleus is so massive compared to-the electron that its
electrical interactions with electromagnetic radiation occur at much lower frequencies
(v ~ 1013-10 s71) than those that set electrons into oscillation (v ~ 105-10'6 571y,
This conclusion is easily deduced from the harmonic oscillator model (Eq. 2.25), for
which the frequency of oscillation is inversely proportional to the mass of the particle
undergoing oscillation. Thus, the nucleus is not set into resonance by frequencies that
set the electrons to resonance. In fact, the nucleus is set into vibrational resonance at
frequencies in the IR portion of the electromagnetic field and is the basis of vibrational
spectroscopy. :

" The effect of E on the electrons of a hydrogen atom may be compared to the effect
on an electron cloud of a hydrogen atom that is “fixed” in space between two charged
plates. If one plate is charged positive and the other is charged negative, an-induced
dipole is produced in the hydrogen atom, with the negative end of the electric dipole
pointing toward the positively charged plate. The important picture that emerges is
that as far as the electron of an atom is concerned, the oscillating E of the light wave
is an oscillating dipole that can interact with the electrons of a molecule; if the electron
can oscillate at the correct frequency (v), a resonance occurs and energy moves back
and forth from the electromagnetic field to the electron’s motion about the nucleus
(and back and forth with the electromagnetic field). In the Bohr model, the electron
in resonance with the electromagnetic field would be viewed as making harmonic
oscillations back and forth between two Bohr orbits during the resonance period. We
say that the interaction between E and the electron produces a transitory (or transition)
dipole moment in the hydrogen atom as it oscillates between the two Bohr orbits. The
greater the strength of the interaction of the charged plates with the hydrogen atom, the
greater the size of the transition dipole. The greater the ease with which the electron
can oscillate between two orbits, the more “polarizable” the electron and the larger the
transition dipole moment. We shall see how this classical idea of a transition dipole
carries over to help us understand the probability of absorption and emission of light
by molecules.
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4.13  From the Classical Representation to a Quantum
Mechanical Representation of Light Absorption
by a Hydrogen Atom and a Hydrogen Molecule*>

Now, let now modify the classical picture of the interaction of light and introduce the
required quantum mechanical features of wave functions so that we can obtain some
quantum intuition and can deduce the basis for the important selection rules for the
absorption and emission of light. Instead of an electron in a Bohr orbit (Fig. 4.5), now
we consider the electron of the hydrogen atom tobeina 1s orbital. The wave function
of a 1s state is spherically symmetric about the nucleus, and therefore does not possess
anet dipole moment. Figure 4.6a shows schematically how the oscillating E force will
alternately cause the 1s electron cloud of the hydrogen atom to move toward and away
from the passing light wave (in an analogous manner to that in which the oscillating E
force causes a distortion of an electron in a Bohr orbit in Fig. 4.5). As aresult, the light
wave “reshapes” the electron distribution from one that is spherically symmetric about
the nucleus to one that is alternatively more concentrated on one side of the nucleus,
closer to the light wave, and then is more concentrated on the other side of the nucleus,
* farther away from the light wave (Fig. 4.6a). The oscillation of negative charge back
and forth from one side of the atom to the other has the appearance of a transitory
oscillating dipole. The time average of the oscillating electron “looks like” a p orbital
(Fig. 4.6a, right), which possesses an electron distribution above and below a nodal
plane containing the nucleus. This picture provides the intuition that the resonance
interaction of an electromagnetic wave with a hydrogen atom in a spherically shaped
Is orbital will change the shape of the orbital and make it “look like” a 2p orbital.
The tuition gained is that there must be a selection rule saying that this sort of shape
change in the electron cloud corresponds to an “allowed” absorption.

In the above pictorial representation, the electron vibrates back and forth, just like
a harmonic oscillator according to the classical theory of light! In the 1s state, the
electron corresponds to a classical oscillator that is not vibrating. Translating this
classical picture into a quantum mechanical one, we say that, in the 1s orbital, the
electron has zero orbital angular momentum (I = 0) and that the interaction with the
light wave causes the electron to pick up exactly one unit of orbital angular momentum
as it is excited to a 2p orbital (I = 1). At this point, it is important to recognize
that a photon possesses one unit of spin angular momentum. The excitation process
requires both the conservation of energy (AE =0, because E = hy = energy gap
of 1s — 2p transition, exactly) and the conservation of angular momentum (Al = 0,
because angular momentum change increase for the 1s — 2p transition must equal
the loss of one unit of angular momentum of the absorbed photon). Experimentally,
the wavelength of the 1s — 2p transition in the hydrogen atom is 122 nm (deep UV)
and corresponds to an energy gap of 234 kcal mol ..

From the above description of examining the interaction of a light with the hydro-
gen atom’s 1s wave function, we deduce (Fig. 4.62) that a nodal plane of the 2p orbital
is produced at right angles to the oscillating electric vector (E). Thus, we conclude
that the interaction of E sets the electron into a harmonic oscillation (vibration) selec-
tively along the direction of motion of the electric vector. This idea, in turn, provides
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a pictorial representation of the absorption of polarized light: The electron of the hy-
drogen atom can be set in motion selectively along one of the three Cartesian axes (x,
¥, or z) corresponding to production of one of the three possible 2p orbitals (Px» Py»
or p,). The production of a single node in a wave function corresponds to the changye
of angular momentum by one unit, 7 (this symbol characterizes angular momentum
that has the units of Planck’s constant % divided by 2m,i.e., s = h/2x). An increase
in the number of nodes (e.g., 1s — 2p transition) during the absorption of a photon is
an essential feature of the absorption process. Conversely, a decrease in the number
of nodes (e.g., 2p — 1s transition) is an essential feature of the emission of a photon
from an excited hydrogen atom.

When the resonance condition is satisfied, the strength of the interaction between
an electron and E is related to the ability of the electron to couple with and “follow” the
electric force of the light wave, and to the magnitude of the maximal charge separation,
Ar, effected by the interaction of E and the charge on the electron, e. Classically, the
magnitude of development of charge separation as one proceeds from an s to a p orbital
is related to «, the polarizability of the electron cloud, which is defined as the transitory
(or transition) dipole moment (;) that is induced in the electron cloud by an applied
electric field (E) (Eq. 4.11). The magnitude of the transition dipole moment (g;) in
turn is given by the extent of displacement of the positive: and negative centers of
charge (r) times a unit electric charge (Eq. 4.12).

a=pu/E (4.11)

i =er 4.12)

The fundamental requirement for absorption or emission of light by an atom or a
molecule may now be summarized in terms of the simple models discussed above:

1. The energy conservation rule (Eq. 4.8): There must be an exact matching of
the energy difference that corresponds to the energy required for the transition
(AE) between orbitals and the energy of the photon (hv); that is, AE must
exactly equal hv (Eq. 4.8).

2. The momentum conservation rule: There must be an exact matching of

~ the angular momentum gained (or lost) during the transition and the angular
momentum of the photon; in quantum mechanical terms, the transition between
orbitals must generate a node (absorption) or destroy a node (emission).

3. The finite interaction rule: The transition dipole moment (py) created by the
interaction of the electron with the electromagnetic field must be finite. The
larger the value of u;, the more probable the absorption of light by R, and
conversely the more probable (the faster) the emission of light from *R.

4. The frequency matching (resonance) rule: There must be a matching of a
frequency (v) of the oscillating light wave and a frequency that corresponds to
the formation of a transition dipole moment. Since AE = hv and v = AE /h,
this rule is related to rule 1 above, the energy conservation rule. A matching
of energy, when there is an energy gap of AE, is equivalent to a matching of
frequency, which is the resonance condition.

Now, let us extend the ideas we have developed for a hydrogen atom and apply them
to the simplest molecular system, the H, molecule (Fig. 4.6b). In going from atoms to

diatomic molecules, the atomic s and p orbitals are replaced with molecular o and 7
orbitals. In the simple case of H,, the absorption of a photon promotes an electron in
the ground-state HO(c') orbital, which does not possess a node, into one of two low-
energy unoccupied orbitals containing a single node (for convenience we refer to both
of these orbitals as LU orbitals): a 7 orbital or a o* orbital. The bonding 7r LU orbital
(not an antibonding 7* orbital!) possesses a single node along the bond axis, and the
o* LU orbital possesses a single node perpendicular to the bond axis (Fig. 4.6b).

In the ground state, the hydrogen molecule possesses two electrons in the ¢ HO
orbital, which is cylindrically symmetric about the internuclear axis. Compared to an
atom, the nuclear axis imbues the molecule with an inherent axial asymmetry, and
one can imagine electronic oscillations of two types: one oscillation that is parallel
and one oscillation that is perpendicular to the bond axis.

Notice that both the o — 7 and the ¢ — o* transitions are similar to the 1s — 2p
transformation of atoms, respectively, in that a node is produced when the HO —
LU transition occurs for each. The major difference is that two symmetry-distinct
electronic oscillations are possible for the molecule: One oscillation (corresponding
to the transition dipole of the ¢ — o* transition) is in a plane perpendicular to the
bond axis and between the two nuclei (Fig. 4.6b, lower drawing) and the other
oscillation (corresponding to the transition dipole of the 0 — 7 transition) is in a plane
containing the bond axis and the nuclei (Fig. 4.6b, upper drawing). Experimentally,
the wavelength of the o — 7 transition in the hydrogen molecule is 100 nm (very deep
UV), which corresponds to an energy gap of 286 kcal mol~), and the wavelength of the
o — o*is 110 nm (deep UV), which corresponds to an energy gap of 264 kcal mol L,

Although an organic molecule is much more complex than a hydrogen atom or
a hydrogen molecule, the two systems provide exemplars such that the basic ideas
we have developed for these two simple species shall be sufficient as a starting point
to develop a working paradigm for the absorption and emission of light by organic
molecules.

In summary, an atom (or molecule) and the electromagnetic field of light are
viewed as analogous to two coupled harmonic oscillators, such as two coupled pendu-
lums. The electrons of the molecule possess a set of “natural transition frequencies,”
which correspond to the values of v; = AE;/ h, where AE; correspond to the energy
gap between two allowed electronic energy levels. We imagine that by changing the
frequencies of the incident light passing by a molecule we can achieve values of v
for the light that correspond to the values v; of the electrons of the molecule. When
a matching of the value of v of the light and the value of v; of the electrons of the
molecules occur, the electrons of the molecule behave like two coupled pendulums
and energy is transferred from the light field (absorption of a photon by the molecule)
or is transferred from an excited electron to the light field (emission of a photon by
the molecule). i

4.14 Photons as Massless Reagents

In spite of its shortcomings in describing the details of the weak initial interaction of
light with electrons, the concept of a photon has the concreteness that is associated with




Chapter 4 Radiative Transitions between Electronic States

the concept of a particle and provides a powerful intuition in dealing with quantum v
phenomena. The concept of a photon works well when the interaction of light with

electrons is strong and absorption occurs. Indeed, the concept of a photon as a particle
allows the organic chemist to consider the photon as a “massless reagent.” A photon
reagent may “collide” with molecules and “react” with them (i.e., be absorbed). Since
*R is clearly a completely different species than R in terms of its energy, its electronic
distribution, and its chemical reactivity, the photon reagent has certainly caused a
chemical reaction, R + Av — *R, to occur! Like the molecules of an organic reagent,
which can be counted, we can also count photons. A source of light of frequency v
can be regarded as being composed of N photons, each of which possesses the energy.
hv. Each photon of wavelength A = c¢/v carries an energy hv and a linear momentum
hv/c. Low-frequency ( long-wavelength) photons carry little energy and momentum;
high-frequency (short-wavelength) photons carry a great deal of both energy and
momentum. Eq. 4.13 provides a quantitative connection between the energy (E) for
Avogadro’s number (Nj) of photons with a light source of frequency v (wavelength A).

E = Nohw = Ny(c/3) 4.13)

From Eq. 4.13, Table 4.2 can be constructed to describe the relationship between
the number of photons (N) that correspond to 100 kcal of energy (selected as an arbi-
trary numerical benchmark energy for photons of varying frequency and wavelength
over the entire electromagnetic spectrum). From Table 4.2, it can be seen that 100 kcal
corresponds to about an einstein (a mole of photons) for the special case of 1 mol of
photons whose A = 286 nm (v = 1 x 10! s~1). However, for light of A = 1000 nm
(IR), the same 100 kcal of energy corresponds to over 3 mol of photons, and for ra-
diowaves (A = 10" nm) 100 keal of energy corresponds to 107 mol of photons! On
the other hand, for X Rays, 100 kcal mol~! of energy corresponds to < 1 millimole of
photons, and for y-rays 100 kcal mol~! of energy corresponds to a few micromoles
of photons! The concentration of photons can be computed from knowledge of the
number-of photons absorbed in a volume.

It is very important in photochemistry to understand the difference between the
energy and intensity of photons. The intensity of a beam of monochromatic light of
frequency v refers to the number of photons in the beam. The greater the intensity of
a beam of monochromatic light, the greater the number of photons in the beam. No
matter what the intensity of the beam, each photon carries the energy E = hv. The
greater the frequency of a beam of monochromatic light, the greater the energy of the
photons in the beam. Thus, a weak light beam of high frequency may possess sufficient
energy to break strong bonds, whereas a strong beam of light of low frequency may

not be able to break even weak bonds. This difference between energy and intensity
was noted by Einstein in his explanation of the photoelectric effect (Fig. 4.2).

Analogous to organic reagents, photons may be viewed as chiral reagents in that
they may possess a quality of “handedness” or “helical circularity” analogous to that
of optically active molecules.® In the discussion of light absorption, we noted that a
photon possesses one unit of angular momentum, #. A photon’s angular momentum
is due to its inherent spin. The existence of left- and right-circularly polarized light

Section 4.14 Photons as Massless Reagents

Table 42 Relationship of Number of Photons (einsteins) Corre-
sponding to 100 kcal mol™

SpectraRegion A (nm) v () - einsteins (N)

Gamma 0.001 1.0x10® 35x 10—j
X Ray 0.1 1.0 x 10'* 35x 10~
uv 300 1.0x 108 1.1

Violet 400 75%10* 1.5

Green 500 6.0x 10" 1.8

Red 700 43 x10* 25

NIR : 1000 3.0 x 10"* 3.5

IR 5000 0.6 x 10" 17.3 \
Microwave 107 3.0x101° 33x 107
Radiowave 10l 3.0x10°  33x10

. . 1
is @ manifestation of the spin angular momentum ofa phTful)ln. A t;ctam ;ﬁgﬁgﬁg
ol i i ich itself has right or
i through a quartz crystal (which i
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produces a torque tha . lar o eormtion
i the above description of lig|
the left or to the right! As we have seen in : s avsorpion
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in any-absorption or emission process, i °
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périences no net éhange in angular momentum. The fact that a photon pos.sessesdan
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i i he selection rule that requires the crea
angular momentum is the basis of t .
str%lction of nodes in the electron cloud of a molecule as ‘the re@lt of absorptlginr :lr
emission of light (Section 4.13). Perhaps the most-convincing ev%dence for the c o
ity of photons is the observation that racemic mixtures of organic mC{lecult?s lrlxtlayore
resolved if one enantiomer of a racemic pair absorbs circularly polarized lig trln ;i
efficiently than the other enantiomer, and if a reaction follows tl}e act of absorp on.d
Viewing the photon as a particle elicits a picture of absorption as an energy ;\tnl X
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coefficient (g, in cm™'M™") for absorption is given by Eq. 4.14.>

£ = 10%4* (4.14)
In Eq. 4.14, d? is the area or cross section of the molecule in squaxed centimetersf
(cmz)’ F‘ror;n the experimentally maximal value of &pgy, which is on the order o

105 cm~! M~! for organic molecules, we calculate (Eq. 4.15) d2, to be

02
d?, ~10°/10° =10 x 107 %cm? ~ 10 A (4.15)
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According to this evaluation, we have a numerical benchmark for the lar
section of an individual chromophore to be on the order of 10 A2
to a diameter of 3.2 A. The latter value is on the order of one

This is on the correct order of the size of typical organic chromophores (Table 4.1).

4.15 Relationship of Experimental Spectroscopic
Quantities to Theoretical Quantities*

gest cross
, which corresponds
or two bond lengths,

Now, we use the qualitative classical model for the interaction of light with electrons
as an intuitive basis for developing a quantum mechanical picture that will allow us
to establish a relationship between experimental quantities and theoretical electronic
wave functions (and matrix elements) for the radiative processes shown in Scheme 4.1.
Let us consider the simplest case for radiative processes between two energy levels,
one corresponding to the energy of R and one corresponding to the energy of *R.
The fundamental experimental spectroscopic quantities related to absorption and
“emission of light between two energy levels are (1) the extinction coefficient for
absorption (¢) for the R + Av — *R process as a function of wavelength, A; (2) the
intensity of emission (I) for the *R — R + Ay process as a function of wavelength,
A; and (3) the inherent rate constant of decay of emission (kg), the *R — R + hv
process (which is usually independent of the emission wavelength). From the full
state energy diagram (Fig. 1.4), we understand that an importantissue in understanding
photophysical phenomena is the fact that there generally will be a competition between
radiative *R — R 4+ hv processes and radiationless (physical and chemical) processes.
However, for simplicity, we start our discussion by assuming that emission is the only
pathway for excited-state deactivation of *R. This means that there are no competitive
radiationless pathways from the emitting state; in this special case kg represents the
rate constant for deactivation of the state by emission. By definition, the lifetime of a
state is equal to the reciprocal of the rate for deactivation of the state; for a unimolecular
decay k = 1/z. Thus, kg = l/teo, so that we immediately know the decay time of
emission reo if we know kg, the rate of decay of emission, and vice versa. N ow, we seek
to answer the question, How do these experimentally measurable quantities ¢ and k°
relate to theoretical quantum mechanical quantities (matrix elements
or emission of light?

According to quantum mechanics (Section 3.4), the rate of a measurable experi-
mental transition, P;,, such as ¢ or kg, may be computed in terms of the square of a
theoretical quantity, a matrix element (i.e., for transitions between an initial state, W,
and a final state, W), as shown in Eq. 4.16:

) for absorption

Experimental quantity:

Theoretical quantity:
.. Py = <¥|P|W,>? d Y
transition rate (g or k2)

4.16
<matrix element>2 (4.16)

To qualitatively or pictorially determine the value of Py,, we need to answer the
questions: In the matrix element of Eq. 4.16, to what electronic states of a molecule
do W; and W, correspond, and what is the nature of the operator Py, that triggers the
transition? If we can compute or approximate W, and W,, and if we have identified an
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jate operator Py, we can then proceed to evaluate the matrix elemergl gl\:lr;
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In Eq. 4.17, ¢ is the experimental extinction coefficient and 1') is the ene—rlg};e(rcr::l):d

v?:nti%naily ’given in units of 1/A, typically in reciprocal centimeters cm -,

wavenumbers) of the absorption in question.

area
Experimentally, the integral [ed? in Eq. 4.17 corresponds to the value of the

undel acurve Of a plot Of the rnoleCUIaI extinction coefﬁCICn[ & agalnSt Wavenumbet
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v corresponding to a single electron oscillator. The rate constant (kg)_ for emission
(probability of emission of photons per unit time), according to classical theory, is
related to the extinction coefficient for absorption®® by Eq. 4.18.

Radiative

0 —9-2 B o~ =2
rate constant ke =3 %1077 f edv =0y f 4.18)

In Eq. 4.18, 7, is the wavenumber (energy in 1/A units) corresponding to the
maximum wavelength of absorption, and the integral [edb is the same as that givenin
Eq. 4.17. We can see from Eq. 4.18 that the probability of light absorption as measured
by f is directly related to the experimental extinction coefficient, ¢, and the radiative
rate, kg, and depends on the square of the frequency of the absorption (since . is
directly proportional to 1/1). Immediately, we deduce from Eq. 4.18.that all other
factors being equal, the rate of emission of light will be faster for an emission at a
shorter wavelength.

The perfect electron oscillator in a molecule is predicted to have an oscillator

strength of 1, corresponding to the maximum values of S (and the related values of
€). However, from Table 4.1, the experimental values of f, calculated from Eq. 4.17,
are found to vary over an enormous range (from values near 1—10~10 cm~1 MY,
One of the major failings of the classical theory of light absorption and emission
was its inability to provide an adequate basis for understanding the wide variation in
the observed values of f computed from Eq. 4.17. Nonetheless, the oscillator strength
concept possesses the fundamentally correct form of the initial interaction oflight with
electrons, and upon reinterpretation in quantum mechanical terms, the wide variation
in the value of f (and of experimental values of & and kg) can be explained in terms of
the wave functions of the initial and final states involved in a radiative transition,
as well as an operator representing the dipolar electric forces that an oscillating
electromagnetic field imposes on an electron. Wave functions possess properties that
must reflect the electronic symmetries of R and *R. In addition, they must reflect the
vibrational and spin properties of these states. Since these important features were
not considered at all in the classical theory of light absorption and emission, it is not
surprising that the wide range of experimental values.of f could not be predicted by
classical theory and that the spread will be due at least in part to considerations of
molecular symmetry, molecular vibrations, and electron spins.

4.17 The Relationship between the Classical Concept
of Oscillator Strength and the Quantum Mechanical
‘Transition Dipole Moment

The classical theory of light approximates the excited electron in a molecule as a linear
harmonic oscillator or oscillating electric dipole. Let us consider some properties of
electric dipoles in order to obtain some insight into the connection between f and the
magnitude (strength) of an electric dipole. Then, we exploit this classical intuition to
understand how the values of ¢ and kg can be related to the dipole strength of a radiative

Section 4.18 Examples of the Relationships of ¢, k2, 0, < ¥{|P|¥, >, and f

(3

transition. If two equal and opposite electric charges (e) are sep?rated by a (vectfrllgl)
‘distancc (r), a dipole moment (u) of magnitude equal to er is ?reatefd (Eq. 4. b)
For an electronic transition of the type R 4+ Av — *R; an oscﬂl'atmg dipole II(lil.lst te
induced by the interaction of an electron with the electromagnetic field. Af:§§r ucllg( (;
¢lassical theory,*> the magnitude of f is proportionx?l to the square of the ini ucle trci)

transition) dipole moment (i;) produced by the action of a light wave on an electric

dipole (Eq. 4.19):

Oscillator strength f o uiz = (ver)2 Transition dipole moment “4.19)

In Eq. 4.19, g, is the induced transition dipole mome'nt.(or dipole .strfzngth) con(e);
sponding to the electronic transition (absorption or e'mlsswn). The dipole st‘reng;hth

a transition may be set equal to er, which can be v1ewe.d ‘as the‘avera.ge size f:il e
transition dipole, where r is the dipole length. By combining the classical osci a.tor
strength with the quantization of the oscillation of electrons, we haye ap expression

relating f and p;, which is given'by

87l’me1_) 2~ 5~ 2 ST (420)
f= (W) B = 10 vler,|
Eq. 4.20, where m, is the mass of the electron, v is the energy of the tra;l‘sition (in
cm™Y), 4 is Planck’s constant, and r is the length (in cm) of the translnop dlpole.
Now, we can identify u; with an observable quantity that can be computed as a
matrix qlemént, that is, u; =< ¥| P|¢, >, and produce Eq. 4.21:

8m,d

She? ) < P >?« Quantum mechanical 4.21)
e

Classical - f = (

Equation 4.21 connects the classical mechanical oscillatorzstrength (f) to the
quantum mechanical square of the matrix element, < ¥;| P|¥; >* of Eq .4.16. We are
now in a position to derive the relationships bet?veen the quantum mechanical quanu:));:
< W,| P|¥, >, and experimental quantities, since botl:) f anct) < Y| P{¥, >4n;z;y
directly related to experimental quantities, such as ¢, k; (= t.) through Eq. 4.18.

4.18 Examples of the Relationships of ¢, k0, 2,
< lp]lPl‘I’z >, and f

Note that the expressions given above that relate thec?ry and gxperiment are s?phfi;(i
and given only to provide quantum insight into the important factors contro l-tlrrllgl
nature of the radiative transitions R + hv — *R and "R — R + hl.). I\'Ieve eless,
the use of these equations is expected to provide at .least. a qm'zhtatzve order.-o:l‘-1
magnitude agreement with experiment and to serve as callb}'auon points and nl}met:llc
benchmarks for expectations and comparison with expenmental.results. With ese
qualifications in mind, let us present some exemplars as numerical bepchmarks in
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order to acquire a feel for the orders and limits of magnitude of quantities associated
with various radiative transitions. :

A molecular absorption spectrum corresponds to the absorption of light over a
range of many wavelengths. Consequently, Eq: 4.18 must be integrated over all of
the wavelengths at which absorption occurs. The integration of Eq. 4.18 is simplified
by the assumption that the absorption spectrum is a symmetrical curve that can be
approximated by an isosceles triangle.” With this assumption, we have Eq. 4.22:

f edv N'smaxAl-’l/z v (4.22)

In Eq. 4.22, ¢, is the value of ¢ at the absorption maximum and ATy, is the width
_of the absorption band at a value of 1/2 g, in wavenumber (energy) units.

As an example, let us take the absorption spectrum of a molecule with Emax =35 X
10*M~tem~'at b = 20,000 cm™~! (500 nm) and a half-width of Abyj, =5000 cm™L,
Such a half-width for an absorption band is typical for organic molecules, and the
extinction of maximum absorption in the example is close to the maximum found
for typical organic molecules. In other words, this exainple is an exemplar for a fully
allowed electronic absorp;ion and would correspond closely to the classical case of
an oscillator strength, f = 1. '

Now, let us relate the experimental quantity & to its theoretical counterparts,
namely, f and < W;| P|¥, > of Eq. 4.16. Guided by the classical model, the matrix
element < ¥,|P|¥, > is identified with a transition dipole moment, I =er. The
value of the matrix element < W,| P|W, > is then directly related to the value of the

transition dipole e<r >. Approximate expressions relating f and < r >2 are given by
Eqgs. 4.23 and 4.24: ‘ .

EmaxAV1 . :
f~ 5577 o8 (unitless) (4.23)
2 EmaxAVyp o
<r>~ —
25 x 105 Units em) (4.24)

)

Evaluating for £, = 5 x 10*M~'cm™! at 20,000 em~! with APy, = 5000 cm™!
we find for f and r: R

L (5x10Y(5 x 10%)
skl =10 : - (4.25)

5% 10%)(5 x 10%) .
<r>?~ L - -16 Lo g
25 x 109@ x 109 ~ > 1077 (unitsem?®) - (4.26)

f

Thus, we see (Eq. 4.25) that indeed such a large value for Emax corresponds to an
oscillator strength f of the order of 1.0.

In classical theory, such an exemplar system would correspond to an ideal electron
harmonic oscillator.** The transition dipole length r for the exemplar under discussion
is2.2 x 1078 cm = 2.2 A. Thus, according to quantum theory, our exemplar system

Section 4.18 Examples of the Relationships of ¢, kg, rf, < ¥ P|¥, >, and f
would have a transition dipole moment length of 2.2 A, corresponding to a transition
dipole moment er of 2.2 x 1078 cm x 4.8 x 1071 ~ 10 D (the symbol D here stands
for debye, the conventional unit for dipole moments). Thus, the strong electronic
transition in the exemplar has associated with it a transition dipole momentof ~ 10 D.
In other words, during the interaction of the light wave and the molecule, the electron
cloud is distorted enough to produce a transition dipole moment of 10D. For a
numerical benchmark comparison, the permanent dipole moment of water is ~ 2 D.
Now, let us estimate the value of the radiative rate constant (kg) associated with
emission of light from the state producing the absorption spectrum we have just
discussed. From our calculation of f and with the use of Eq. 4.18, we have Eq. 4.27:

K(=1/1%~0f~@2x10%*~4x10%s7! @270

In the calculation of kg, we take the theoretical relationship of absorption to emis-
sion through the oscillator strength, f, and then make a prediction of the relationship
between experimental quantities, that is, the integrated absorption spectrum and the
inherent emission lifetime t° (which is defined as llkg) for a corresponding radiative
transition. o

Now, consider a second exemplar of a molecule whose absorption spectrum is
identical in shape and spectral position (same frequency) to our first case, but whose
€max 18 only ~ 10. We find that

f=2x10"* r=03A k’~10°s! (4.28)

Note that the value of the oscillator strength f is orders of magnitude smaller than
the maximum value of 1.0, as are the associated dipole strength and radiative rate, and
that the size of the transition dipole is correspondingly also much smaller.

These order-of-magnitude calculations for exemplars allow us to generate numeri-
cal benchmark estimates of the most intense radiative absorptions (measured by &;,,,)
or the fastest radiative emissions (measured to kg) that we expect to encounter exper-
imentally for organic molecules. How large can the value of &,,, be for an organic
molecule? If one uses arguments derived from the classical theory of light absorption,
the largest value of ¢, is associated with an oscillator strength of 1.0. A limiting
value of &, ~ 100,000 is predicted for absorptions occurring near 400 nm (20,000
cm™Y). The corresponding radiative rate is ~ 10° s™1. Thus we have the values given
in Eq. 4.29:

Spin-allowed absorption &, — 10°cm? M~ (limit) (4.292)
Spin-allowed emission &k — 10° s (limit) (4.29v)

The typical bandwidths (Av; ;) of many absorption bands in the vis and near-UV
regions are on average ~ 3000 cm™! (at room temperature), so that from Eqs. 4.23

199




200

Chapter 4 Radiative Transitions between Electronic States

and 4.27 a convenient approximate relationship between the rate of emission, k and
Emax 18 given by

kd ~ Eqmax AT g ~ 10% 0 = 1/7° (4.30)

Note that lifetimes calculated in this way are pure radiative lifetimes (z%) that
is, lifetimes that would be observed in the absence of all radiationless processes by
which the excited molecule *R could return to the ground state. The values of 1/7°

. in turn are associated with rate constants (kg), which correspond to pure radiative

processes from *R. The experimentally observed lifetimes, 7y, are almost always
less than the calculated values because of competing radiationless processes, both
photophysical ("R — R) and photochemical (*R — I, *R — F), which compete with
the *R — R + hv radiative process.

Now, let us seek a benchmark for the smallest value of €max (smallest value of k°)
The smallest values of the matrix element for ¢ are expected when the R + Av — *R
process is spin forbidden (classical theory is of no help here because it does not
consider an electron’s spin at all). Of course, the theoretical limit for a spin-forbidden
process is precisely zero. However, finite perturbations. due to spin-orbit coupling!?
will always be present in organic molecules, so that, although the value of & for a
spin-forbidden radiative transition will always be much smaller than the value for
an analogous spin allowed transition, the value is finite. The experimental lower
limit for ¢ for organic molecules is in the range of &, ~ 104 This corresponds
to a radiative rate k) ~ 107'-102 s, which is the benchmark for spin-forbidden
radiative transitions. When spin-orbit coupling is particularly strong, an upper limit
of &5 ~ 10° may be observed (molecules possessing heavy atoms).

4.19 Experimental Tests of the Quantitative Theory
Relating Emission and Absorption
to Spectroscopic Quantities

Experimental tests® of a slightly modified form of Eq. 4.18 have been made for singlet—
singlet transitions; the results are given in Table 4.3. The agreement between the
calculated and experimental values is excellent when the geometries of the ground and
excited states are not significantly different and when the symmetry of the molecule
is not too high. Large geometry changes between R and *R result in a breakdown in
the assumptions of the above equations. High symmetry (e.g., benzene) may cause
an “orbital” forbiddeness in a transition to cause a lower experimental value of &
than expected. The reason for this can be understood qualitatively as being due to the
inability of the light wave to find a suitable molecular axis along which to generate a

_ transition dipole by a HO — LU transition. This is the situation for the lowest-energy

transition of benzene, naphthalene, and pyrene and other molecules possessing high
symmetry. An important collateral property of these molecules is that they possess
very long fluorescence lifetimes!

Although application of Eq. 4.18 to electromcally forbidden singlet-singlet and
spin-forbidden singlet-triplet radiative transitions is not theoretically justified, since

Section 4.20  The Shapes. of Absorption and Emission Spectra

Table 4.3 Experimental and Calculated Radiative Lifetimes for
Singlet-Singlet Transitions

Compound 9(x10%2 1(x10%
Rubrene 22 16
Anthracene 13 17
Perylene 4 5
9,10-Diphenylanthracene 9 9
9,10-Dichloroanthracene 11 14
Acridone 15 14
Fluorescein 5 4
9- Aminoacridine 15 14
Rhodamine B 6 6
Acetone 10,000 1,000
Benzene 140 60
a. Calculated

b. Experimental

the classical theory does not consider the influence of molecular symmetry or electron
spin on radiative transitions,'” nonetheless it appears that relative values of k0 still may
be approximately derlved from absorption data.!!

4.20 The Shapes of Absorption and Emission Spectra'?

We will examine a number of electronic absorption and emission spectra of several
exemplar organic molecules. Some of these spectra show relatively “broad” bands,
while others show a number of “sharp” bands. Now, we provide a qualitative descrip-
tion of the shape of the bands in an absorption or emission spectrum and provxde a
structural interpretation of the basis for their shapes.

Let the energy of the ground state R be E and the energy of the excited state

" *R be *E. The resonance equation AE = hv then corresponds to transitions between

two energy levels, E and *E, with an energy gap, AE =*E — E. For the absorption
(R + hv — *R), the energy change corresponds to AE = hv = |E — *E|, and for the
emission (*R — R + hv), the energy change corresponds to AE = hv = |"E — E|.
We might expect that absorption and emission spectra will be observed experimentally
as “sharp lines” with respect to the frequency v of the absorbed or emitted light. In
fact, only the absorption and emission spectra of atoms are close to belng ‘sharp lines”
(see Fig. 4.7a).

This sharpness of an atomic spectrum appears because the energies E and *E of
the electronic states of atoms can be accurately described by specifying the electronic
energies of the electronic orbitals. At low pressures in the gas phase for an atom, there
are no rotations, vibrations, or collisions that “broaden” the values of E and *E for the
ground and excited states of R and *R for atoms, and the value of AE = |'E — E| =
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Figure 4.7 ' (a) Sharp-line absorption and emission spectrum typical of atoms at low.
pfessure in the vapor phase. (b) Broad-band absorption and emission spectrum possessing
vibrational typical of certain rigid molecules at low pressure in the vapor phase.
(c) Structureless broad absorption and emission spectrum typical of molecules in solvents.
Each absorption or emission corresponds to a single electronic transition.

hv has a sharply and precisely defined magnitude since E and *E are sharply defined.
Thus, at low pressure in the gas phase, atomic absorption and atomic emission spectra
show:very sharp lines, since the values of E and *E are sharply defined and the value
of AE = hv is therefore sharply defined. An atomic electronic transition from thé
ground state, R, to an excited state, *R, requires a quantum of well-defined energy;
consequently, the absorption (R + Av — R) or emission (*R — R + hv) spectrum of
an atom in the gas phase is a very narrow band of wavelengths (Fig. 4.7a). For example,
both the absorption and emission spectra of the gaseous H atom in the visible region‘
of the spectrum (corresponding to transitions between the 7 = 2 (2s;2p) and n =3
(3s, 3p, 3d) states of the H atom) consists of four sharp lines at 410, 434, 486, and
656 nm, respectively. There is nearly an exact correspondence between positions of
the absorption and emission, because the energy of orbitals involved for R and *R in
the transitions do not change significantly for an atom.

Foramolecule, even in the gas phase atlow pressures, because of coupling between
the electrons and vibrations, the transitions between R and *R are not “pure” electronic
transitions, but rather are “vibronic” transitions that can possess a range of energies.
In order to describe the electronic states of a molecule, one must consider not only
the motions of the electrons, but also the motions of nuclei relative to one anothe; and
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the molecules as a whole (e.g., vibrations and rotations). Thus, a molecular electronic
transition between R and *R does not correspond to a well-defined single quantum of
energy, because an instantaneous ensemble of different nuclear shapes may correspond
to the initial or the final states (Chapter 3). As a result, the absorption (and emission)
spectrum for a HO — LU transition of a molecule may involve many vibrational
transitions over a range of energies corresponding to slightly different conformations
of R and *R, even in the vapor phase at low pressures (Fig. 4.7b). The sharp “line”
that characterized atomic transitions is replaced in molecular absorption by a set of
closely spaced lines characterizing the molecular vibrations. Usually, these sets of
closely spaced lines cannot be resolved and are termed an absorption or emission
“band.”

For organic molecules in solution, the situation becomes even more complex
(Fig. 4.7c). In solution, R and *R are surrounded by solvent molecules that may be in-
stantaneously intermolecularly oriented about R and *R in many different supramolec-
ular configurations; in addition, the vibrations are coupled to within the molecule
and to some extent to the solvent molecules. These supramolecular configurations
of solvent molecules around R may be described by the supramolecular terminology
R@solvent. Each one of these supramolecular configurations for the R@solvent +
hv —> *R@solvent transitions will have a slightly different energy gap for absorption
or emission, so that compared to the gas phase, the molecular spectrum is greatly
broadened and the molecular vibrational structure (Fig. 4.7b) is further broadened, or
may be blurred out (Fig. 4.7c) or lost completely (termed a “featureless band with a
single maximum). Similarly, for *R @solvent, the energy levels are broadened by the
range of solvent orientations about *R so that the *R @solvent — R@solvent + hv
emissions will be broadened, often leading to a single, featureless band.

In certain cases in solution, some molecular vibrational structure is still apparent
in a band corresponding to an single electronic transition. This situation occurs
when the couplings of the electronic transitions to the solvent are weak. The most
prominent vibrational progression of an electronic absorption or emission band is
often associated with a vibration whose equilibrium position is greatly changed by
the radiative electronic transition.'® Thus, a prominent vibrational progression reveals
the most important nuclear distortion that occurs during a transition. For “weak”™
spin-allowed electronic transitions (f < 1072), often the vibration in question is
the one that destroys the molecular symmetry to such an extent that a forbidden
transition (in idealized perfect molecular symmetry) is caused to become partially
allowed via electronic—vibrational interactions. When this is the case, the vibrational
structure for absorption provides information on the geometry of the excited state,
and the vibrational structure for emission provides information on the geometry of
the ground state. [Looking ahead, an experimental example of vibrational structure
for an aromatic hydrocarbon, pyrene, is shown in Fig. 4.15. The vibrational structure
is a mix of C=C and C—H motions that are involved in the & — 7* transition in going
from R — *R in the absorption spectrum, and those involved in the *7 — 7 transition
in going from *R — R in the emission spectrum.]

In some cases, the absorption and emission possess a vibrational structure that can

be assigned to a specific vibrational motion. For example, during the n,7* radiative
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transitions of a ketone, in the R(n?) + hv — *R(n,7r*) transition, an n electron is re-
moved from the HO and is placed in a 7w *LU. Thus, in the light absorption process, a
7* electron is produced along the C=0 axis so that the C=0 bond is suddenly weak-
ened and a C=O0 vibration is selectively excited. The structure of the C=0 vibration
of the excited state dominates the vibrational progression absorption spectrum. On
the other hand, the *R(n,7*) — R(n?) + hv process selectively removes an electron
from a r* orbital (LU) and places it in an n orbital (HO). Consequently, the C=0
vibration of the ground state dominates the emission spectrum.

The absorption and emission spectra of benzophenone provide excellent exemplars

of the concepts relating vibrational features to the electron configuration associated:

with radiative transitions. [Again looking ahead, Fig. 4.16 shows that some vibrational
structure occurs in the bands of the n,7* absorption of benzophenone in solution.]
The vibrational structure of the n — 7* transitions of benzophenone corresponds to
the two adjacent maxima in Fig. 4.16. The adjacent vibrational levels are separated
by ~ 1200 cm™, which corresponds to the C=O stretching vibration of *R. This
value of 1200 cm™! for the *R state is confirmed by direct time-resolved IR measure-
ments of the C=O0 stretch in R and *R. Figure 4.19a shows the emission spectrum of
benzophenone at 77 K. Under these conditions, the vibration bands in the (phospho-
rescence) emission spectrum of the T;(n, 7 *) state of benzophenone are well resolved

.and show a separation of ~1700 cm ™! between adjacent bands. This separation is in

good agreement with the energy of the C=0 stretching vibration of the ground-state
benzophenone (as measured by IR spectroscopy). Thus, the separation of the vibra-
tional bands of the absorption spectrum reflects the vibrational structure of *R and the
separation of the vibrational bands of the emission spectrum reflects the vibrational
structure of R. In passing, we note that the smaller value of 1200 cm™! for the *R
state is consistent with weaker bonding in *R, due to the existence of an antibonding
electron.

Now, we will see how vibration intensities in electronic absorption and emission
spectra are controlled by the Franck—Condon principle.

4.21 The Franck—Condon Principle and Absorption
Spectra of Organic Molecules!?

The Franck—Condon principle (Section 3.10, especially Fig. 3.3) leads to the conclu-
sion that there will be a difference in the probability of vibrational transitions between
the wave functions v/, and *y (corresponding to the R and *R states, respectively) of
a diatomic molecule X—Y. Here, we present examples of the role of the Franck—
Condon principle in terms of a semiclassical model (the vibrations are quantized, but
the vibrational wave functions are not considered explicitly). In Fig. 4.8, a situation
is shown for which the two potential curves for v, and *y are similar and not dis-
placed vertically; that is, the equilibrium separation I is the same for v, and *. The
situation in Fig. 4.8 corresponds to an electronic orbital jump for which the overall
bonding is similar in both ¥ and *y. As a result, the equilibrium geometries of R
and *R should be similar. In such a situation, the Franck—Condon principle requires
that, since absorption must occur vertically, a relatively strong v = 0 — v = 0 transi-
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Figure 4.8 (a) Potential energy curves for similar mini-

. mum for R and *R showing the Franck-Condon allowed
vertical transition for R — *R transitions. (b) Form of the
observed absorption spectrum. For an experimental exem-
plar, see Fig. 4.9. (c) Effect of solvent broadening on the

" vibrational structure of the absorption spectrum.

t10n (termed a 0 — 0 band) is observed for both absorption and emission (compared
with the intensity to other vibrational bands) and the 0 — 0 band of the absorption
and emission spectrum overlap significantly. The molecule in R undergoes zero-point
motion (v =0) between points A and E. A vertical transition to point B (v=4)is
Franck—Condon forbidden, as are transitions to points C and D (v = 4).. As a result,
the 0 — 4 transition is very weak.

- Examples of a molecule with a small displacement of the minimum of the energy
curves!' are rigid aromatic hydrocarbons, such as anthracene (Fig. 4.9). In the case of
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Figure 4.9  Absorption (dotted lines) and emission (solid lines) of anthracene
in solution. The lower portion displays an energy level diagram as the basis for T
vibrational assignments. €
anthracene, the excited-state curve minimum is slightly displaced from the ground- : v ' Vem") —
state curve minimum because the molecule in the excited state bends slightly to make fof signif
. ps . . 3 nif-
a “v” shape symmetrical about the 9,10 position of the molecule. In this case, rel- Figure 4.10 (@ Pgte;mal el;erg}{ cu;v:; ;)lrl ::ing
atively strong 0 — 0 and 0 — 1 vibrational bands are observed in both absorption icantly different minimum for a0 .
issi i issi : the Franck—Condon allowed vertical transitions for
and emission, and the 0,0 band of absorption and emission overlap.-Note that the vi- *R transitions. (b) Form of the observed ab-
brational patterns for the spin-allowed So < S, and spin-forbidden S < T, radiative R —:ion s arzlmm (;ee Fig. 4.15 for an exemplar).
transitions are slightly different. A possible reason is that the vibrations that best mix . z:)rpEffectIZ solvent broadening on the vibration
in triplet character are not exactly the same as those that have the best Franck-Condon structure of the absorption spectrum. A typical
factors. ) : ic k ndergoing n,7*
) } example is an aromatic ketone undergoing n,
Figures 4.10 and 4.11 represent situations for which the excited curve minima for . absorption (see Fig. 4.15).
*4 are significantly displaced relative to Yo (req is assumed to be larger in * than in
Yo because the antibonding electron weakens the bonds of *R, and therefore makes the
equilibrium geometry, Teq largerin *R). In Fig. 4.10, the 0 — 2 and 0 — 3 vibrational
bands are relatively intense and the 0 — 0 and 0 — 1 vibrational bands are relatively
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Figure 4.11  The effect of absorption to a dissociative state on the
absorption spectrum. A typical example is a molecule possessing
a very weak o bond, for example, CH;I or CH;00CH;.

weak. In Fig. 4.11, excitation of *y to produce geometries more contracted than point
C in the figure (points between B and C) results in dissociation of the diatomic XY
molecule into two atoms X + Y. When this happens, there is no vibrational structure
in the absorption spectrum since the atoms dissociate immediately after absorbing a
photon and do not undergo any vibrations.

4.22 The Franck-Condon Principle and Emission Spectra!?

In condensed phases, the rate of vibrational and electronic energy relaxation among
excited states is very rapid compared to the rate of emission (Chapter 3). As a
result, emission will generally occur only from the v = 0 vibrational level of the
lowest excited states of *R. Now, let us apply the Franck—Condon principle to the
*R — R + hv emission (Fig. 4.12). -

Section 4.22 The Franck—Condon Principle and Emission Spectra

(@)

(b) 0—2 The most probable
Franck-Condon transition

e 0-2
03\ 01
04 0-0
viem") —
(©) T
€
Viem") —

Figure 4.12 (a) Potential energy curves, (b) emis-
sion spectrum, and (c) solvent-broadened emission
spectrum. As shown, the 0 — 2 emission is the
most probable Franck—Condon transition. The
most probable absorption is from ry, and the most
probable emission is from r;‘y. Emission from R*
produces an elongated ground state.

In analogy to absorption, the most probable emissions will be those that oc::ur
“vertically”'with the smallest change in the value of the equilibrium geometr.y‘of‘ R,
which will generally be those emissions from the v = 0 level of *R. The equlhbx"lum
separation of the ground-state PE curve minimum is smaller than that of the excited-
state curve (because *R possesses an antibonding electron, whereas R does not), so

209




‘210

Chapter 4 ‘Radiative Transitions between Electronic States

that the most probable vertical transitions from *R produce an elongated ground state
(while absorption produces a compressed excited state) immediately after transition. It
is important to note that the frequency (energy) of emission cannot be greater than the
frequency (energy) of the 0 — 0 emission, since the emissions from 0 — 1,02,
and so on emissions correspond to smaller energies than the 0 — 0 emission. Since
the energy of the 0 — 0 transition is the maximum energy that can be produced in the
*R — R + hv transition, this energy is defined as the excitation energy of the state and
is given the symbol *E for the energy of *R(S 1) and the symbol *E, for the energy of
*R(T)). Figure 4.12 shows the emission spectrum expected from a molecule whose
PE curves are similar to those in Fig. 4.10.

Consider the two PE curves of Fig. 4.12a. When absorption occurs vertically from
the ground-state surface, the excited state is “born” near point A, a turning point for
the compressed vibration in v = 3. The molecule will begin to vibrate in the v = 3
state and, in the absence of any external perturbation (say, in the gas phase at low
pressure), the atoms XY would continue to persist in the v = 3 state. In solution,
however, there are many perturbations induced by collisions, which can also remove
energy. In addition, in a polyatomic molecule, vibrations in one part of the molecule
may act as a perturbation to vibrations in another part of the same molecule, so that
energy is rapidly transferred among vibrational modes (time scales on the order of a
few ps or less). Thus, vibrational energy is generally removed very rapidly from upper
vibrational levels, and transitions between vibrational levels seem to occur about as
fast as vibrational energy can either be removed by the environment or redistribute
itself within a molecule. In Fig. 4.12, this decrease in vibrational energy from v =3
to 0 is shown as a sequence of arrows. The mechanisms of removal of vibrational
energy from excited energy levels will be discussed in more detail in Chapter 5,
which deals with radiationless transitions. This rapid relaxation of vibrational energy
in electronically excited states is the fundamental basis for Kasha’s rule.

4.23 The Effect of Orbital Configuration Mixing
and Multiplicity Mixing on Radiative Transitions'4 15

In Section 3.4, we saw that the zero-order approximation of electronic states (ignore
electron—electron interaction and electron—vibrational interactions) is only a starting
point for describing transitions between electronic states, and that we must consider
electronic state mixing in order to understand the probability of radiative transitions
between electronic states. A basic result of state mixing is to imbue a zero-order
state, originally described in terms of a single electronic orbital configuration (or spin
multiplicity), with characteristics of a second electronic orbital configuration (or spin
multiplicity). We may, of course, consider the mixing of many orbital configurations.
Often, however, mixing of only one other orbital configuration (usually the orbital
that is closest in energy to the zero-order orbital of interest) is sufficient to interpret a
great deal of experimental data. How does mixing affect zero-order predictions? For
radiative (and radiationless) transitions, first order mixing is generally a significant

Section 4.23 The Effect of Orbital Configuration Mixing and Multiplicity Mixing

mechanism “allowing” processes that are strictly forbidden in zero-order to occur

"with measurable probability. We can view. the mixing as a interaction between wave

functions that are close in energy. Typically, a wave function for which a transitior} is
forbidden in zero-order borrows some of the character of a wave function for which
the transition becomes allowed in second order. ‘ .
" As an exemplar, let us consider the radiative processes involvmg tl}e absor[.)tilve
transition of an electron from an n orbital to a 7r* orbital (or the emissive transition
from a 7* orbital to an n orbital). We start with the simplej one-electror{ (zero-
order) description of an n and a m* orbital. This approximation does not include
any electron—electron or electron—vibrational interactions. We can term the zero-order
wave function that uses these orbitals as a “pure” state (Eq. 4.31a). o
Consider the magnitude of f, the oscillator strength (Eq. 4.21), which is directly
related to the probability of absorption (¢) and of emission (kg). In z«?ro-order, f = 0
fora Sy — S; (pure n,*) radiative transition, since the n-and 7* (?rbltals undergoing
transition are strictly orthogonal and therefore there is no orblfal overla.p. Ffom
Eq.4.21 <n|P|n* >=0, since <n|7*> = 0. Infirst order, we consider that ylbratlons
or electron—electron interactions may “mix” n,7*, and w,7* configurations (e.g.,
compare to Fig. 3.1). The result is that the n and 7r* orbitals are nf) longt?r onhf)gonﬂ
and the value of <n|P|n*> # 0. We say that the transition that is fOI“bldden in Zf:ro
order is “partially” allowed in first order because of vibronic interactions. In‘clud‘lng
vibronic interactions, Eq. 4.31b is therefore a better description of S;, YVthh is a
state of “mixed” configurations, and the coefficient A (a mixing coefficient, not a
wavelength) is a measure of the extent of mixing.

S; (pure) =n,* (4.31a)
S, (mixed) = n,7* + A(w,7*) (4.31b)

Since the Sy — 7, 7* transition is generally “allowed” (i.e., in Eq. 4.21 <P*> #0),
a transition Sq — S; (mixed) is plausible through the contribution of A(7,7*) to the
wave function describing Sy, although f is expected to be relatively vrleak compared
to a fully allowed transition of the Sy — 7, 7* type. Now, we may estimate the value
of f for Eq. 4.32.

+hy .
Sy =S, (mixed) 4.32)
—hv

The expression for f becomes Eq. 4.33:
F(So T2 8) =12f(So T2 ) (433)

In other words, the first-order Sy — S, (mixed) transitions are allowed ?nly to the
extent that S,(7r,7) is mixed into S;(n,7*). The amount of mixing is given by A,
the coefficient predicted from perturbation theory (Section 3.4). Thus, the observed
value of f(So— S;) may be evaluated in terms of the ;heoretical value of f for the
zero-order Sy — S, (or,7*) transition. .
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According to perturbation theory, the value of A is given by the value of the
matrix element for mixing of Sy and S, divided by the energy gap between S, and
S, (Eq.4.34). ‘ H

Mixing coefficient — A = M *~ Matrix elemeflt (4.34)
E, — E, | < Energy separation

If we replace A in Eq. 4.33 by its equivalent from Eq. 4.34, we produce Eq. 4.35,

Observed Mixing
mixed state coefficient Zero-order

2
(n,7*|P|m,m*)

fSo=8) =
Eﬂ,n’* - En’”*

f(So =7, Sy =w,n* (4.35)

where n,7* and 7, 7* refer to the zero-order states, and P corresponds to the interac-
tion that mixes S, and S,. ;
From Eq. 4.35, we see that the measured value of f(Sg— Sy) reflects both A

(Eq. 4.34) and f(Sq— 7,7*). The magnitude of f(S,— S;) depends on three
factors: :

1. The magnitude of the matrix element <n,7*|Plmw,m*>.
2. The energy gap *E, . — E, ’

n, ke
3. The zero-order oscillator strength, f(Sy — 7,7*), of the allowed transition.

In effect, theory predicts that f[S, — Si+ A28y (wr,w%)] will possess all of the
characteristic properties of Sq — 7,7* transitions except that the probability of the
observed transitions will be decreased by the factor A2 (Eq. 4.33). For example, the
electronic polarization (orientation of the absorbed light relative to the molecular
framework) of the Sy — S, transitions will be derived from the polarization of the
'Sg — S,(,*) transitions. For aromatic molecules, Sy — S,(,7*) transitions are
in-plane polarized.'* Thus, if S, is a mixture of n,7* and 7,7* states, the So— S
transitions will be in-plane polarized.

Now, we may straightforwardly apply the same ideas of mixing to the qualitative
evaluation of a spin-forbidden transition, that is, the value of f(Sq — T,). We assume
(Section 3.21) that *(n,7*) and '(rr,7r*) mixing is dominant for a So(n?) — T;(n,7*)
transition and that spin—orbit coupling is the dominant interaction that mixes singlet
and triplet states, and from perturbation theory we are led to Eq. 4.36:

3 * 1 * 2
((n,rr )'PSO, (77:7” ))
E, o —E

n,m*

fSe=2T) = fSo = m,7%) (4.36)

We see that the spin-“forbidden” S(n?) — Ty(n,7*) transitions pick up finite os-
cillator strength via a mechanism that mixes the S and T states. The magnitude of
f for Sy — T(n,7*) depends on the value of the matrix element and the oscillator
strength of the “pure” spin-allowed Sy — S, (7 ,7*) transitions. Both S — T,(n,7*)
absorption and T (n,7*) — S, emission are predicted to be in-plane polarized,
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Figure 4.13 (a) Emission of acetophenone possesses a Cc=0 Yibrational
pattern. (b) Emission of acetonaphthone possesses a C=C vibrational pattern.

because the oscillator strength of the “real” transition is due to the 7,7* state mixed

into T; and because 7,7* states are generally in-plane polarized. . } .

- From the above discussion, it is clear that measurement of “forbidden abso.rpnons

and emissions yield evidence of the identity of the mixing state that prov1fles an
interaction mechanism that makes a zero-order forbidden transition alloweq in first
order. In Section 4.20, we noted that the vibrational structure of abso‘rptlon and
emission bands provides information on the vibrational motions that. are mduc‘ed‘by
orbital transitions. A study of the vibrational structure of an absT)rpt‘:lon or emission
also provides clues as to which molecular motions are most. effef:UVe in mixing stfatems.
For example, like the situation for benzophenone, the vibrational structure ,0 t:,f
So + Av — Si(n,m*) absorptions of acetophenone shows a fegular progression 0

vibrational bands separated by ~ 1200 cm™!. 16 This separation corre'spom.is to the
energy required to stretch the C=0 bond in S;. Tl.le same C=O s,.tretchmg. v1brat10ni
are important in mixing allowed 7,7* character into S, which is a nominally n,r;

state if it is strictly planar and not vibrating. As soon as the C=0 stretch (and ben )
is turned on, the S; state begins to mix with other states.
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In contrast, again like benzophenone, the vibrational structure of T; — Sy + hv
phosphorescence spectrum of acetophenone shows a vibrational pattern with sepa-
rations between adjacent bands of ~ 1700 cm™, a value that is characteristic of the
C=O0 vibrational stretch in S, (shown schematically in Fig. 4.13a).16 Such a vibra-
tional pattern is expected for emission from an n,7* state if the transition is localized
on the C=0 group; that s, the 7* — 7 electron jump leaves excess vibrational energy
on the C and O atoms specifically because an antibonding node between these atoms
disappears as a result of the orbital jump. On the other hand, the phosphorescence
spectrum of acetonaphthone (Fig. 4.13b) does nor show the characteristic C=0 vi-
brational pattern. Instead, a complicated pattern of C=C vibrations characteristic of
the aromatic ring in S is observed. This is expected for emission from a 7, 7* state,
since the 7* — 7 electron jump leaves excess vibrational energy between certain C
atoms of the aromatic ring as the result of the destruction of a node.

In summary, numerous spectroscopic criteria from absorption and emission ex-
ist for the assignment of the electronic configuration to S, and T,. Photochemical
reactivity can also serve to classify S; and T in terms of their electronic config-
urations. Because of the two correlations, (a) spectroscopic parameters <> orbital
configurations, and (b) orbital configuration < photoreactivity, we expect (and will
find) correlations between spectroscopic parameters and photoreactivity. The theo-

retical basis for this relationship will be made via frontier orbital methods and state
correlation diagrams (Chapter 6).

4.24 Experimental Exemplars of the Absorption
and Emission of Light by Organic Molecules!

Now, we will consider a number of experimental examples of the radiative transitions
R+hv—*Rand*R — R 4+ A (Scheme 4.1). We only consider the lowest excited
singlet state (S;) or the lowest triplet state (T)) as likely candidates for the initiation
of an emission. This generalization, which is based on Kasha’s rule,'? results from
the experimental observation that the majority of photoreactions and photoemissions
studied to date do not appear to involve higher-order electronic states (Sy, Ty, ete.),
because rapid radiationless conversions (¢.g., S, > S;and T, — T,) compete favor-
ably with emission from upper electronically excited states (S,, T,, n> 1). (We will
discuss the reasons why this is generally the case in Chapter 5.) Thus, it is the spec-
troscopy of Sy and T; that is of greatest interest to the organic photochemist; since
these two states are the most likely starting point for initiating photophysical and

photochemical processes. Accordingly, we consider the following radiative processes
in detail:

1. So+m — S; Spin-allowed absorption (singlet—singlet absorption)
2. Sy+hv— T; Spin-forbidden absorption (singlet-triplet absorption)
3. 84— Sy+ v Spin-allowed absorption emission (fluorescence)

4. T;— Sy+hv Spin-forbidden emission (phosphorescence)

An exemplar that shows experimental examples of all four of these key radiative
transitions has already been given for anthracene in Fig. 4.9. For the allowed radiative
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transition, the S, — S; absorption occurs at the higher en‘ergies (~300 :z g?) ifn())nr}nh)é
émd S; — S fluorescence emission occurs at lower e‘nerg1es (~ 389 tq o 38(.) e
bands that nearly overlap in Sg — Sy absorptiorhl andinS; — Sy enzllsssxolt;l 00
correspond to transitions between the 0 vibrational level Cff So anb 11, " S, ecml;n
bands for absorption and emission (see the ent?rgy-level dlagramse owT abgo .
of anthracene in Fig. 4.9). At still lower energies, t‘he very we'ak 0= Th amri)iﬁed
(~ 500 to ~ 700 nm) appears. In the spectrum, the signal for this transition tlis o sp~ e
many times in order to be visible. The value of £, for the S(? — T} a:ﬁorpth: e
times smaller than the value of ey, for 1SO —>tSI abs.(;ptlon. Finally, 1 0
ission i ed at lowest energies. _

pho’;’l[;lel?;e:.:: ns:/:z;Ses;((:rlnl;l(:sft:rvomophores that are representative of the types
encountered in most organic photochemical systems. These are

1. The carbonyl chromophore tool :
j ne:
2. The ethylene chromophore and conjugated polye
3. Combinations of the carbonyl and ethylene chromophores (enoT\es) c
4. The benzene chromophore and aromatic chromophores and their derivatives

From these exemplar chromophores, we can e.x?mine a1'1d 'understtlz:ni;lllw(ii (;hz
important principles and features of radiative transitions. Bulldu;g;f onth einﬁ?lencei °
of the photophysics of this set of exemplar chr(.)mophore.:s, we can infer the nuchos o
substituted derivatives on the radiative properties of a wide range of organhlrc 0 hores.
In Chapter 5, we consider the radiationless procegses of some exempllar chromophores,
and in later chapters we examine the photochemistry of the exemplar chromop .

4.25 Absorption, Emission, and Excitation Spectra

The experimental measurement of an electronilc aba;gr;l);iozeilt)’esclt‘::vn; t;stets)a;;:(: t(:;
i rinciples: Lambert’s and Beer’s laws. mbert’s law :
;ngzit?zﬁ?tlight alfsorbed by a medium is indepejndent .Of the initial mtezs;;yl;)rfn thse
light, I,. This law is a good approximation for ordinary light souryce;s, su::a o gl e,
but it breaks down when high-intensity lasers are employefi. Beer’s avlt;s nat e
amount of light absorbed is proportional to the ccfncentratlon of abs;>r glg .nI:oto e
in the light path. This law is a good approximfitxon unless II.IOIGC;I c;sd tzg;bso om
aggregates at higher concentrations. The expemental quz}nnty relat T ;phere
that is conventionally measured is called the optical density (OD, eqh 3 : r,lSit -
I, is the intensity of incident light falling on the sample and I is .e 1:11 eth) yFor
transmitted light through the sample (usually unders.tO(‘)d tobe 1 cm 13 eptim.r o
example, an OD of 2.0 corresponds to ~ 1% transmission or ~ 99% a s((;r]g o 6 -
OD of 1.0 corresponds to ~ 10% transmission and 99% abfzmiptlon, an oD tilat
corresponds to ~ 98% transmission or ~ %)% absorpftltcl)ln. lItg 1& 1;;1;:;?(2)\:1]:6 ; o ey
ith an optical density > 2.0, most of the I ’
Z‘;’;:I‘l sva;;fxfev(:; the sanll)ple near to the place whefe the light impinges on ‘thel sdaérrllgll:
An absorption spectrum is completely descqbed by a grapoh of oll))tlcabed " g;
as the ordinate and the wavelength (A units typically nm, ~or A) of al S(;i ; lg4 )
as the abscissa (experimental example, Fig. 4.9; schematic examples, Fig. 4.14).
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Figure 4.14  Schematic representation of the absorption spectrum of a simple organic

molecule. Note the y-axis (left) plots log ¢ and the y-axis (right) plots f. Often the first
(So — S)) transition is relatively weak compared to Sy — §, and Sy — S transitions. The
S¢ — T; transition, while always present, is often too weak to measure experimentally.
Note that the ordinate is a log scale, each entry specifying a power of 10.

In some cases, it is more informative to use energy units (reciprocal wavelength,
cm™L, or frequency, s~1) instead of wavelength. Conventionally, the molar extinction

coefficient (¢) is employed in such graphs rather than absorption intensity, and is given
by Eq. 4.37b.

OD =1log (Iy/1,) 4.37a)
e =[log(lo/IDV[A] - © . (4.37)

In Eqgs. 4.37a and b, I, and I, are the intensity of the incident and transmitted light,
respectively; / is the optical path length (usually 1cm); and [A] is the concentration
of absorbing material, A. The coefficient (¢) is a fundamental molecular property and
is independent of concentration and path length if Lambert’s and Beer’s laws hold.
Because of the wide variation of the values of €, absorption spectra are sometimes
plotted as log ¢ versus wavelength (A, nm), as shown in Fig. 4.14 and as discussed in
Section 4.14. The units of ¢ are cm~! M1 (understood as the units of absorption).
For comparison with ¢, the oscillator strength, f, is plotted on the y-axis to the
right of Fig. 4.14. As discussed in Section 4.14, it is interesting to note that ¢ has
the dimensions of area/mol (i.e., cm™ ' M~ = cm~! mol~! 1 = cm? mol~}).

An emission spectrum is a plot in nm (or 1°\) of emission intensity I, (at a fixed
excitation wavelength and constant exciting intensity I,) as a function of wavelength

(or energy) of exciting light. For a weakly absorbing solution (OD < 0.1) of a
luminescent molecule A, I, is given by Eq. 4.38.

I, =23 Ije, IDA[A] (4.38)

In Eq. 4.38, ¢, is the extinction coefficient of the absorbing molecule, / is the optical
path length, ®A is the quantum yield of emission of A (discussed in Section 4.27),
and [A] is the concentration of A. The quantum yield of emission, 4, is usually

‘Section 4.25 Absorption, Emission, and Excitation Spectra
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Figure 415 (a) Absorption spectrum of pyrene. (b) ExcitaciO{l spectra of pyrenc:1 (Lelf':)
and fluorescence spectrum of pyrene (right) All spectra are in cyclohexaneds:) vthe
at room temperature. The insert of bands between ?’40—38? nm (:JO}TCSPOH 0 bl
Sp => S, absorption expanded by a factor of 10. This u, 7r Fransmon 1§ s;trr:nhx:n o
forbidden (Section 4.26) and possesses a much larger ext{nf:tlon coefficien

shorter wavelength S — S, and Sy — S5 absorptive transitions.

independent of exciting wavelength (Kasha’s 1'ule.).17 Thus, from Elq-. 4;38; 2;2:;3
values of [Al, Iy, and [, the intensity of emitted light from a samp e, fe, i e ,th
proportional to the extinction coefficient (€4). A plf)t o'f I, asa functlondoh wat\l'l ’ sagfn é
of exciting light will vary as &, is termed an ex?ztatwn spectrum and : astal o same
spectral shape and appearance as the absorption spec{rum. An advan iivit "
excitation spectrum over a standard absorption spectrl{m is the grea.tcr .sens tr); o
luminescence techniques, which often allows observau;n oi :1)1, excitation spec
directly measured by absorption spectroscopy. ‘

[A]Ft?goui:v:ffsb; an exa)r’nple of an absorption, ﬂuores?en.ce, and ﬂuore§cerlllcewe;icf)1r-l
tation spectrum, with pyrene as an exemplar. T’he excitation spectrum 1s sho o
the lower left portion of the figure together with the ﬂuorescex.lce sgfectr:llm o
right. The absorption spectrum of pyrene is shown for comparison 13r§c t): e
the fluorescence excitation spectrum. Notice, as expected from Eq. 4.38, the
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correspondence of the absorption spectrum and the excitation spectrum. Note, also,
the relationship of the vibrational spectra of the So — S; absorption and the S; — S,
fluorescence. Compare this relationship to that shown in Fig. 4.9 for anthracene. Both
anthracene and pyrene are examples of aromatic hydrocarbons whose absorption spec-
tra are “mirror images” of the fluorescence spectrum. However, there is an important
difference in the Sy + kv — S, transitions: the transition is allowed for anthracene
(émax ~ 100,000 for the Sy + hv — S, transition) and is partially forbidden for pyrene
(&max ~ 500, Sy — S, transition). Because the So + hv — S, transition is partially for-
bidden for pyrene, the S; — S, + hv fluorescence transition is also partially forbidden
“andrrelatively long lived. The energy gap between energy of the fluorescence transition
is easily perturbed by the polarity of solvents.!® This sensitivity to solvent polarity
makes pyrene fluorescence an excellent probe of the polarity of supramolecular media.
We have seen (Eq. 4.18) that the value of £max 18 proportional to the radiative rate of
emission. Consequently, the rate constant of fluorescence from anthracene (~103s7Y
is much faster than the rate constant for fluorescence of pyrene (~ 106 s™1).

4.26 Order of Magnitude Estimates
of Radiative Transition Parameters

By the term “spin-allowed electronic radiative transition,” we mean any radiative
transition that does not involve a change in spin multiplicity. For organic molecules,
spin-allowed electronic radiative transitions are of two types: singlet-singlet and
triplet-triplet transitions. Examples are S, — S, or Ty — T, absorptions and S; — S,
or Ty — T, emissions.

The probability of spin-“allowed” transitions ranges over four orders of magnitude
(Fig. 4.14 and Table 4.3). Thus, we must accept a wide range of “allowedness” in
radiative transitions, even for spin-allowed radiative transitions. We must understand
that the terms “allowed” and “forbidden” are relative and not absolute. We need
to think of these terms as the relative probability, or rate of one type of process
compared to another. It is important in making such comparisons that the processes
being compared have similar mechanistic features (analogous forces that induce the
transitions). For example, it is not proper to compare the allowed (or forbidden)
character of a radiative transition (e.g., S, — So + hv) to the allowed (or forbidden)
character of a radiationless transition (e.g., S; — Sg + heat) since the foriner involves
forces of interactions between the electrons of S and the electromagnetic field and the
latter involves forces of interactions between the electrons of S, and intramolecular
and intermolecular vibrations. We can obtain some insight to the terms allowed and
forbidden by considering the classical theory of the interaction of light with molecules,
where the “allowedness” or strength of radiative transitions was measured by the
oscillator strength (f). Order-of-magnitude estimations of f,¢e,and kg can be made by
use of the relationships given in Eq. 4.39.

fa / edv~ enyAby, and  f o k057! (4.39)

Table 44 Some Representative Examples of £, and f Values for Prototype
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Transitions® .
k(sh) Example Transition type  Emax f Vmalem™)
10° p-Terphenyl Sy(m, %) =Sy 3x10* 1 B 30,(;(5)3
Spin 108 Perylene S > Sy 4% 10; 10_2 22000
Allowed 107 1,4-Dimethyl-benzene  S(r,7*) = Sy 7 X 102 10_3 ,850
10° Pyrene Sy, t*) =Sy 5x 10 10_4 26,
10° Acetone S;(n,m*) =8y 10 10 ~30,000
10* Xanthone T,(,7*) =Sy 1 1 10:2 ~15,($
~ Spin 103 Acetone T,(m,7*) = So 10_2 10_7 ~§g,000
Forbidden 102 1-Bromonaph-thalene  T;(7,7*) = So 10—3 10—8 X
10 1-Chloronaph-thalene  Ty(w,7*) — Sy 10 10 , 20,600
107! Naphthalene - T, m*) = S 104 10~ 21,300

a, These values represent orders of magnitude only.

For orders-of-magnitude estimates, we assume that Avy, t_he on.e—half w1.dth of
the absorption band (in units of cm™~!, called wavenumbers, b, which are d\‘r:cctly
proportional to energy), is roughly constant for commor}ly ‘encount‘ered Transmons,
so that f is proportional to &, (Eq. 4.17). Thus, a qualitative relat}onshlp be‘twee'n
the commonly measured experimental quantity &yax a.nd thé thsoretxcal guantlty f is
available. Table 4.4 lists some exemplars of this relauonshslp. ‘Allowed transmonsl
(f ~ 1) correspond to values of &,y On the order of 10*-10° (exemplars, p-terphe?y
and perylene). The strongest spin-“allowed” tranguom POSSESS Emayx ~ 10 (ex.errtlp ar,
acetone) and therefore correspond to f ~ 10~*.Fig. 4. %3 compares &y, and f utll erglls
of absorption spectra. Table 4.3 compares values of k, Emao al‘.‘ld f. Impor‘tat? y, ! Oe
value of f is also related to the probability, or rate per unit time,- of emlssmnl, ! e(.l
The more probable the absorption (the larger the value of £ax), the faster the relate .
emission (the larger the value of k‘(’:)' For values of f lclzlose;)to 1, the fastest rates o

issi n the order of 10° s~! (exemplar, p-terphenyl).

e““;i‘:’;?;: c:luamtitative comparisons .of experiment_;)vith theory, we note that the
relationship between f and kg (Eq. 4.27) depends on v, the square of the frequenﬂcly
of the emission. Thus, the rate of emission depends not only on 8m but also on le
wavelength of emission, which determines thg frequency of efmssmn. For example
(Table 4.4), while 1,4-dimethylbenzene and pyrene possess similar yalues of &rnax (ca;
500-700), they absorb and emit at very different wavelengths (1 ,4-dimethylbenzene a
277 nm and pyrene at 372 nm). As a result, 1,4-dimethylbenzene and pyrene p<?fselss
quite different oscillator strengths, f, and values of kg for fluorescence. Similarly,
perylene possesses a slightly larger £, tha;x:h p-terphenyl, butd tshe latter possesses a
it possesses a larger v, of the two compounds.
larg./irnfill:;?r::ﬁtl::gnclusion fron;g the 3:(ta in Table 4.4 is that e})en for spin-allowed
transitions, there are factors that cause a certain degree of forbzdder?ness to ab.sorp-
tion and emission. If we think of a perfectly allowed transition as having an qscﬂlator
strength f ax = 1.0, then we may think of an observed measured f s value in terms
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of the product of the individual “forbiddenness factors” fi
i

Jinax from that of the ideal system, Eq. 4.40: hieh reduce the valueof

fobs = (f;, x fy x fs)fmax (440)

wh . .
Vib:;:io{:a;s aihe prohibition due to electronic factors, fy is the prohibition due t
ranck—Condon) factors, and fs is the prohibition due to spin factors,(')

For a spin-allowed transition £

. , fs =1, and for a spin-forbi .

on the spin—orbit coupling availsable urin pin-forbidden transition, f,
from 10~6-10-11),

' For ‘ depends
g the transition (typical values of f; range

The electronic factor . may b : . .
denness: _ [ may be subclassified in terms of different kinds of forbid-

1. i?lze;la% iiorl:;ddenness, which results from poor spatial overlap of the orbitals
olved in the HO — LU electronic transiti
ved it on. An exemplar is th *
transition in ketones (Section 2.11), f i 1 o
-11), for which the HO and LU
to one another in zero-order and the i o ey
: overlap integral <n|7*> i
. Ottt s s . g n|z*> is close to zero.
ry forbiddenness, which results from orbi
: . bi , orbital wave functio:
((:::,:,:l‘;d ;1;0 the transition) that overlap in space but have their overlap integ:d
e n b ausse of thf symmetry of the wave functions. Examples are
oo 31 * — Sy(m,7*) and S(7r,w*) — Sy + hv transitions in benzene
papieh thme, atxr'n:n pyrene. Inspection of the details of the phases of HO anli
ese sitions beyond the scope of this text i ii
understanding of orbital forbidde o it et
nness. However, some insight i i
o S or O ) insight is- available
ry. In order to produce a transition electric di
lassi ) ' tric dipole mo:
gl:t;s:lﬂlaung electric field of the light wave needs to drive an eleftron bacrlltlzrrllt&
o th(emiigltz rr:;lizculz;r t;1:(13;1 that is, a transition oscillating dipole must result
e int 0 of the electromagnetic field and the electr
:tlll)pﬁ);m‘lauon, we need consider only the HO — LU transitionzlsl.d:(t)e?n%i(:?d
e transition dipole along the molecular axi o
‘ s. For molecules possessi i
symmetry, quite often for the HO — LU iti  od Al
‘ > qu transition, there is no good axi
which a significant transition di : it
pole can be generated. Benzene and
for example, are very symmetrical molecules for which f is ~>10‘§)y;‘i>l:e’

" p-terphenyl, however, a favorable axis exi iti
A 1s exists along the 1,4-positions of the

e S:;ﬂg; tti'g; sg;r:l-lalk;wed transitions the electronic factor f, is the major factorin
ooyt “e ol se,x,'ved values of f. From Table 4.4, note that perylene and
Jlexpheny [t)l : ess “strong™ Sy — S, absorptions (f ~ 1-107, g, ~ 105-10%)
" ;pf orr;)s essentially correspond to fully allowed (r — 7*) transitions. For'
A enzerclle and naphtpalene), the Sg — S;(,7*) transition is orbital
Dbl ain; an, oe;?n ei«?:ztr;mc “forbiddenness factor” of £, ~ 10%~10~3 results
y w max Of ~10°. For acetone, the Sy — S transition corre.
:n : v:; u;‘riagsmon.‘ This transition is fo‘rbidden by both orbital overlap ansg zyn:zsrr:(e)tan
e predicted to have f ~ 0.if the n orbital were a pure p orbital, and if th'Z
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molecules were strictly planar. Experimentally, £.,, ~ 10 for this n — mr* transition
as the result of vibronic mixing of the n and 7 * orbitals.

Let us see how vibronic mixing operates. Out-of-plane vibrations (Fig. 3.1) allow
e n orbital to pick up s “character.” In the case of benzophenone, “mixing” of the n, 7 *
state with nearby 7, 77* states makes S; a hybrid of these two transition types (Eq. 3.9).
As a result, the S; — S, transition, which is an overlap forbidden n,7* transition in
zero order, picks up finite oscillator strength because of the 7r,m* character “mixed”
into S; (Eqgs. 4.31 and 4.35). In a manner of speaking, the S state picks up absorption
intensity from its acquired 7,7 character. In the case of acetone, S; is more nearly
“pure” n,7* because of the poorer mixing (AE is much larger in the denominator of
Eq. 4.35), and the absorption intensity is correspondingly lower.

Because of the direct relationship between f and the fluorescence rate constant
kS, (Bq. 4.27, k) = kQ), the factors determining the magnitude of f automatically are
proportional to those determining kg. This approximation is a good one for allowed
transitions if we can ignore f, (i.e., rigid molecules) as a major factor determining
the value of f or kg. If the nuclear geometry of the equilibrated excited state is very
different from that of the initial ground state, then the value of kg for the S; — Sg
transition will be determined by f, and by different Franck—Condon factors (see
Section 4.22) that relate to f for the Sg — S, transition. In the special cases for which
the equilibrium geometry and predominant vibrational progressions of Sy and S; are
similar, a “mirror-image” relationship is sometimes observed for the absorption and
related emission spectra (see Figs. 4.9 and 4.15); that is, Sg — Sy “mirrors” S; — Sp
and Sg — T, “mirrors” Ty — So. .

" Based on information from absorption spectra, an orbital configuration may be as-
signed to the electronic transition responsible for an absorption band. For anthracene,
benzene, pyrene, and other aromatic hydrocarbons, the entire 7 system can be as-
sumed to behave approximately as a single chromophore since the molecular orbitals
are delocalized over the molecular framework and only & — m* transitions are ener-
getically feasible in the 200—700-nm region. For benzophenone and aromatic carbonyl
compounds, both n — 7* (longer wavelength) and & — 7* (shorter wavelength) tran-
sitions are possible. Empirically, a number of criteria have been developed that allow
an orbital configuration change to be identified from characteristics of absorption and
emission spectra; these criteria are presented in Table 4.5. ‘ '

Consider Fig. 4.16a to be an example for the use of information in Table 4.5 to
identify the orbitals involved in radiative transitions that display the spin-allowed
absorption spectrum of benzophenone; this spectrum in cyclohexane consists of two
major absorption bands, one maximizing at ~ 350 nm and the other maximizing -at
~ 250 nm. Note that the n,7* absorption of a rigid cyclanone (Fig.4.16b) occurs in a
similar wavelength region to that for benzophenone. The relatively low value of £4x
(~ 100) for the longer-wavelength band of benzophenone and the wavelength of the
maximum allows assignment of an orbitally and spatially forbidden n — 7* transition
to the long wavelength band (see Table 4.5). This assignment is consistent with the -
“plue shift’ of the maximum upon going from cyclohexane to ethanol, since the
energy gap between thenand * orbitals is expected to be larger (therefore absorption
occurs at shorter wavelengths) in ethanol than in cyclohexane. The reason is because
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Table 4.5 Empirical Criteria for the Assignment of Orbital

Configurations of Ketones
Property n—m* w-*
So— S, So—=>T;  So— S So—> T,
Emax <200 >1072 >1000 <1073
k(s™hH 10°-109 10*-102  107-108 1-107!
Solvent shift Shorter wavelengths with Longer wavelengths with
increasing solvent polarity increasing solvent polarity
Vibrational Localized vibrations : Delocalized vibrations
structure
Heavy atom effect None Increases probability of
all S — T transitions
AEgy Small (< 10 kcal mol™1) Large (> 20 kcal mol™1)
Polarization of Perpendicular to  Parallel to  Parallel to Perpendicular to
transition moment molecular molecular molecular molecular
plane plane plane plane
oIk <0.01 ~05  1.0-0.05 <05
Er <175 < 65 Variable

hydrogen bonding stabilizes the n orbital in S¢ and destabilizes the 7* orbital in S;.
The destabilization of the * orbital results from the Franck-Condon excitation of an
nelectron into a 7* orbital. The ethanol solvent molecules do not have time to reorient
during the time scale of the electron orbital jump. As a result, the solvent dipoles are
oriented about the carbonyl oxygen atom with their positive ends (hydrogen bonds)
pointing toward the oxygen. Immediately after the electron jump occurs, the n orbital
is half-filled and is much more electronegative than it was in the ground state. The
solvent dipoles are in an unfavorable spatial distribution about the oxygen atom, and
this corresponds to an energy increase in the energy of the 7* orbital and a higher
energy required for the n — * transition in ethanol relative to cyclohexane.

To the photochemist, an idea of the limiting values of kg is important to calibrate
the maximum time allowed for reaction in S}, because if a reaction from S, is to
occur efficiently, its rate must be competitive with kg. Otherwise, fluorescence will
dominate as a decay pathway for S. In terms of numerical benchmarks, note from
Table 4.4 that, among organic molecules, a benchmark for the “world’s record” for
the largest kQ is ~ 10° s™! for p-terphenyl (a fully allowed 7 —» 7* transition) and
the benchmark for the “world’s record” for the smallest kg is ~ 10% s~ for acetone (a
weakly allowed n — 7* transition). These calibration points put the limits on the range
of lifetimes limited by the rate of fluorescence in the range of 107°-10~ s and provide
two useful rules for calibration: If an electronically excited organic molecule possesses
a lifetime shorter than 10~ s, its lifetime is limited not by fluorescence but by some
photophysical or photochemical radiationless process. If an electronically excited
organic molecule possesses a lifetime longer than 105 s, it cannot be a singlet state.

As benchmarks for spin—forbidden transitions, the largest value of the phospho-
rescence rate constant kJ is on the order of 10% s~! (lifetime 10~3 s), and the smallest
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Figure 4.16  (a) Absorption spéctrum of benzophenone in ethanol (dashgd line) and
cyclohexane (solid line). (b) Absorption and emission spectrum of a cyclanone.

value of k3 is on the order of 10! s~ (lifetime 10 s). Thus, *R(Ty) will pe‘rsis‘t many
orders of magnitude longer than *R(S,) before emitting a photon. This long-hfe.tlme
characteristic of triplets has important implications concerning their-photochemistry.

4.27 Quantum,Yields,fbr Emission.(*R — R + hv)

The rate constants of photophysical and photochemical processes from *R(S;) anfi
*R(T,) determine the efficiencies of the processes th'at occur from these elef:trom—
cally excited states. The quantum yield (®) is an efficiency parameter me'asunng the
fraction of absorbed photons. that produces a specific sequence shown in the para-
digm of organic photochemistry (Scheme 2.1). The parameter ® may be expressed in
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Figure 4.17  The exemplar state energy diagram for molecular organic photochemistry.

molar terms (the number of moles of *R that proceed along a particular pathway i
Scheme 2.1 relative to the number of moles of photons absorbed by R) or in kini;tlin
terms (the rate of a pathway of interest from *R compared to the sum of the rates of al(I:
pathv&fays for decay of *R). The state energy diagram (Fig. 4.17) serves as a convenient
parfldl‘gm for bookkeeping of the state electronic configurations, rates radiative and
radlau?nless transitions, energies, and efficiencies of radiative and radiationless pho-
toph'ys1cal processes. Note that the state energy diagram refers to a nuclear geoni
tl}at is very close to the equilibrium geometry of the ground state. In Chapter 6 tv:Z
gtllicu:ss altlh extension of the state energy diagram, namely, the state correlation diag,ram
" .
react;:fs. e way the states of R and *R correlate with I and F during photochemical
The absolut¢ quantum yield of emission for an organic molecule upon absorptio
of !1ght (®.) is an important experimental parameter containing useful informatil(—)[;l reI-l
lating the structure and dynamics of electronically excited states. In addition, emission
from organic molecules has become a valuable tool in analytical chemistry,and mod
ern photonics in the development of light-operated switches and sensors. Exam: le_
of the total (fluorescence and phosphorescence) emission spectra of diff;',rent t;;)e:
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_ of organic molecules are given in Figs. 4.18-4.21 for exemplar aromatic lumophores

(m,m* emission) and the ketone lumophore (n,7* emission).

We noted a number of times that the paradigm for analyzing emission of organic
molecules is Kasha’s rule,!” which states that, upon ‘photoexcitation of an organic
molecule, only fluorescence from an (thermally equilibrated) S; state or phosphores-
cence from a (thermally equilibrated) T state is observed experimentally. Whether
any emission is observed at all from S; or T, for an organic molecule is determined by
the experimental quantum yield for emission (g for fluorescence and ®p for phos-
phorescence). The value of @ is a direct and absolute measure of the efficiency of an
emission process and is defined as photons out (emitted) versus photons in (absorbed).
Although all excited states emit a finite number of photons in principle, it is found in
practice that quantum yields of < 10~3 are difficult to measure experimentally and are
prone to experimental artifacts. Thus, for practical purposes a molecule is considered
to be (measurably) fluorescent or (measurably) phosphorescent if the quantum yield
for emission, @, is > 1075.

A genéral expression for a quantum yield of emission @, from a specific state,
*R(S,) or *R(T)), is given by Eq. 4.41:

@, = *OkK® + Th) ' ="kt (4.41)

where *® is the formation efficiency of the emitting state, k‘e) is the rate constant (kg or
kg) for emission from the state, and Tk; is the sum of all rate constants (unimolecular
or pseudo-unimolecular) that radiationlessly deactivate the emitting state; that is,
T = (kg + Tk;)~'. The experimental lifetime (1), and therefore -the experimental
quantum yield of emission, ®,, depend crucially on the magnitude of Tk; relative
to the value of kg. The latter does not usually change very much with experimental
conditions, but Tk; can vary by many orders of magnitude depending on experimental
conditions.

For example; in fluid solution at room temperature, bimolecular, diffusional
quenching processes (oxygen is a ubiquitous and- efficient quencher of electroni-
cally excited states), photophysical radiationless deactivations, and photochemical
reactions may compete with radiative decay of an excited state (see the state-energy
diagram, Fig. 4.17). Thus, @, may be very small even if *® is close to unity.

Thus, in order to observe an electronic emission spectrum routinely, it is usually
necessary to minimize Xk;. This is accomplished by cooling the sample to a very
low temperature (77 K, the boiling point of liquid nitrogen, is an experimentally
convenient temperature) and/or by making the sample a rigid solid, such as a polymer
(all organic solvents are solids at 77 K). Numerous solvents form optically clear solid
solutions at 77 K and are called glasses at this tempera’fure. The low temperature and
sample rigidity cause terms in 2k; that correspond to the rate constants of processes
activated by several kilocalories per mole or more to become small relative to kg.
The rigidity of the sample also eliminates terms in Tk; that are due to bimolecular
quenching processes, since diffusion is eliminated in solid solution. In addition to
preventing diffusional quenching, a rigid solvent matrix may restrict certain molecular
motions (e.g., twisting of C=C bonds or extensive stretching of C—C bonds), which
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Figure 4.18  Emission spectrum of benzophenone and pyrene at 77 K of (a) benzophenone and

(b) pyrene as exemplars for ketones and aromatic compounds. The spectrum of 1-chloronaphthalene
(c, opposite) is shown as an exemplar of the heavy atom effect.

Figure 4.18 (continued)

In Eq. 4.42, ¥ @y is the sum of quantum yields for photochemical anfi photophysu(:;;.l
radiationless transitions from S; and T;. Identiﬁcat.ion and c?valuatlon of the drath-
ationless photophysical processes of ®g will be discussed in Chapter 5, l:;m e
photochemical sources will be discussed in Chapter 6:For our purpo§es,‘ erefv;e
note simply that radiationless processes czi17n7 ;)mpete with kg for deactivation of S;
i eactivation of T}, even at .

andl::tt: clicgﬁf:/);: from ﬂuorescer:ce spectra at 77 K are conveniently anilyzedlzz)rgl
interpreted in terms of Eq. 4.43, which is a specific form of Eq. 442 (*¢& =1.00,
since the emitting state is the absorbing state, k, = kg and Xk; = kgr).

are parﬁcularly effective at promoting physical and chemical radiationless transitions.
Thus, taking an emission spectrum at 77 K usually “quenches” many processes that
compete with emission from *R, allowing the quantum yield for emission to reach a
value that can be measured experimentally.

Even when fluorescence and phosphorescence spectra of organic molecules are
measured at 77 K in organic glasses, the total quantum yields of emission (®g + ®p)
are generally < 1.00. Evidently, some radiationless processes from S; occur even at
77K in rigid glasses, as shown in Eq. 4.42.

®p = kp(kg + ksy) ™! = kg, (4.43)

' is defined as (kg + ksp) %
(I)F + (I)P + Z(I)R =1 (4.42) where Tg 18 F
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of ®g, now let us determine how specific values of
value of @y s0 variable. ‘

Equation 4.43 has two limiting situations: (a) kg > kgr, in which case @ ~ 1.00,

and (b) kst > kg, in which case & = kg/ kst. In terms of these limits, note that (oM

will — 1 when kg is very large or kst is very small. Also, ®r — 0 when kg is very
small or kg is very large. From the limits of €max for S — S absorption, the limits

of the rate constant of fluorescence for organic molecules are expected to be in the
range (Section 4.26) given by Eq. 4.44.

10°57! > k> 10557 ‘ (4.44)
The limits of kg7 for organic molecules from experiment (Section 4.31) turn out to be
10Ms7!s kg > 105571 ’ (4.45)

Thus, it is expected that simply upon consideration of the competition between
fluorescence and intersystem crossing from S, the value ®p can vary over orders

of magnitude. For example, in one limiting case the fluorescence is intense and easy
to observe; in the other limiting case the fluorescence may be either intense or weak
or nonobservable, depending on the values of both kg and kgr.

4.28 Experimental Examples
of Fluorescence Quantum Yields

Some data for fluorescence (juantum yields (77 K, rigid organic glass) are given in
Table 4.6. The following generalizations may be made from the data:

1. Most rigid aromatic hydrocarbons (benzene, naphthalene, anthracene, pyrene,
etc.) and their derivatives possess measurable, but variable, fluorescence
quantum yields (1> & > 0.01), even at 77K,

- Low values of ®p. for nonrigid aromatic hydrocarbons are common and usually
the result of competing internal conversion (S; = Sy) or intersystem crossing
(S; — T)) triggered by molecular motion. Spin-allowed and spin-forbidden
radiationless transitions will be discussed in detail in Chapter 5.

. Substitution of Cl, Br, or I, for H on an aromatic ring generally results in a

decrease in @ such that ®ff > O > OF > oBr > @[, (cf. naphthalene with
the halonaphthalenes in Table 4.6). ’

4. Substitution of C=0 for H on an aromatic rmg generally results in a substantial
decrease in @, (cf. benzene with benzophenone). 8

. Molecular rigidity_(due to structural or environmental constraints) enhances
®p, (cf. rigid aromatics with stilbene, which possesses a flexible C=C bond).

- For rigid aromatic molecules, internal conversion does not compete favorably
with fluorescence or intersystem crossing.

Starting with aromatic hydrocarbons, which generally possess the highest values
kg and kgy contrive to make the

For benzene, naphthalene, and pyrene, the So — S; transitions are “orbital symme-

try forbidden.” These molecules are sufficiently symmetrical that the electric vector
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Table 46 Some Examples of Fluorescence Quantum Yields and Other Emission
et Configuration
Compound s £max K2 kst of Si
“ Benzene ~0.2 250  2x 108 10; n,n*
Naphthalene ~0.2 270 2x10® 5x 107 n,n*
’ Anlt)hracene ~0.4 8500 Sx 107 ~5x 107wt
' Tetracene ~0.2 14000 2 x 10; <1o7 .
9,10-Diphenylanthracene  ~1.0 12,600 ~5 x 10 <105 7.t
P rene ~0.7 510 ~10° <10 .
’ 7 *
) gi"l'rphenylene ~0.1 355 ~2x 10° ~107 n,n*
Perylene ~1.0 39,500 ~108 <109 n,n*
Stilbene® ~0.05 24,000 ~102 ~108 n,;*
1-Chloronaphthalene ~0.05 ~300 ~106 5 >: 189 Z,n*
1-Bromonaphthalene ~0.002 ~300 ~106 o ﬂ,n*
1-Todonaphthalene ~0.000 ~300 ~106 o n,n*
Benzophenone ~0.000 ~200 ~105 . ,”*
Biacetyl ~0.002 ~20 ~106 ~105 n.
~ LT
Diaza[2.2.2]bicyclooctene ~ ~1.0 ~200 105 < 139 1; i
Acetone ~0.001 ~20 ~105 ~107 n,n*
~20 ~10 ~ ,
Perfluoroacetone ~0.1 . j )
3-Bromoperylene ~1.0 ~40,000 ~igs » f, igs ]J:,J;*
Pyrene-3-carboxaldehyde ~0.25 ~70,000 ~ ; e n,n*
Cyclobutanone ~0.0001 ~20 ~106 e n,n*
Diaza[2.2.1]bicycloheptene  ~0.0001 - 400 ~10 s

T -
a. ey inM~'em™Y; kC and kgp in s

of the light cannot easily find an effective axis along which to oscillate an electr;::
and generate a significant transition dipole. Therefore, these molecules have 3 refor
tively low oscillator strength, f, and a relatively low value of &,,. Conseq}lenl Y, o
these hydrocarbons, €y ~ 102 and kg ~ 10°s™". The lat‘ter value of kg is os;re
the smallest for organic molecules. However, the rate of 1nter:ys_tfm croilsllgg ouel
S, — T, for aromatic hydrocarbons is also on the order of ~ 10° s~ for b(;al enz:lrlld
and naphthalene and is somewhat slower for pyr.ene. Thus, benzene, napht1 e;xe, and
pyrene all fluoresce with a moderate quantum yield <I>‘F > 0.20. The S;mo elm(x) es

do not fluoresce generally undergo intersystem crossing to T; (i.e., Pgr ~ 1.0).

For anthracene, the S; — S; transition is symmetry allowed (the electric vector of

light now easily recognizes the long or the short axis of anthrfcene asan ex;:ellfnlt at);:
for induction of electron oscillation). As a result, Emax 10* and kg > 10 ‘s 1. ntate
case of diphenylanthracene, ® ~ 1.0; that is, essentially every excited singlet s ate
formed fluoresces. In this case, a large value of kg and small values 'of kst (poooil spma
orbit coupling) and k¢ (large energy gap between S, and So) contibute to produce
is close to unity.

vah;\?o(\)xfz, f(l;nt:li?ite;sthe decreaset?n ®p, that generally accompar{ie§ the replacemeri: oi
H with halogen or C=0 functions. The small value of @ (within the framework o
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our assumption of negligible internal conversion) means that intersystem crossing is
much faster than fluorescence for these molecules; that is, kst > kg. For halogenated
naphthalenes, the substitution of halogen for hydrogen affects e,,, by a factor of only
~2, whereas @, varies over several orders of magnitude. From the constancy of ¢
we conclude that kg does not vary much in this series, so that kgy must be the changing
variable leading to the radical variation in . The enhancement of probability of
spin—forbidden transitions that result from the replacement of hydrogen by halogen is
known as the “heavy-atom effect,” where a “light” atom is defined as any atom in the
first two rows of the periodic table (e.g., H, C, N, O, F) and a “heavy” atom is defined
as any atom beyond the third row of the periodic table (e. g., Cl, Br, I). The theoretical
basis of this effect is due to enhanced spin—orbit coupling induced by heavy atoms
(discussed in Section 3.21).

Aromatic ketones (e.g., acetophenone and benzophenone) do not possess heavy
atoms, yet generally possess a very small value of ®p, implying a relatively fast in-
tersystem crossing compared to the rate of fluorescence. This low value of P (P~
0.01-0.0001) is a general feature of the emission of ketones possessing S; (n,7r*) states
(Figs. 4.18-4.21 and Table 4.6). Since the radiative rate of the orbital symmetry for-
bidden transition S;(n,7*) — S, + kv fluorescence is relatively slow (~ 10° s~! from

 Table 4.6), the magnitude of kgy need not be much larger than it is for aromatic hydro-
carbons. Strikingly however, values of kgt may reach values of 10!! s~! for certain ke-

tones (e.g., benzophenone), implying a very enhanced value of kgt relative to aromatic

" hydrocarbons (for an explanation of this effect see Section 4.3 1). Thus, a small value
of kg and a large value of kg combine to make @y very small for aromatic ketones.

In a few special cases (e.g., unstrained cyclic azoalkanes) a relatively small value
of kg is accompanied by an even smaller value of kst, so that @y is still ~ 1.0.

The general rule that @, is small for halogenated compounds and carbonyl com-
pounds has exceptions, which are informative to analyze. From Table 4.6, bromopery-
lene (g ~ 1.0) and pyrene-3-aldehydes (®p ~ 0.70) are examples. A large energy
gap between S, and any other T,, states produces a Franck—Condon inhibition to direct
S; — T, intersystem crossing (Section 4.30), so that the occurrence of a second triplet
(usually T5) that is of lower energy than S is required for state mixing and fast inter-
system crossing. In bromoperylene and pyrene-3-aldehyde, kgt is exceptionally slow
in spite of the attachment of a bromine atom or an aldehyde function to the aromatic
ring, because T, lies well above S;, and state mixing is inhibited.

Anthracene presents an interesting case for which T has an energy that is very
close to the energy of S;. The energy is so close that T, may possess a higher energy
than S, or a lower energy than S depending on the solvent or substitutents. When
*E(T,) > E(S)), intersystem crossing is slow and the fluorescence yield is high; when
*E(Ty) < E(S)), the intersystem crossing rate is fast and the fluorescence yield is low.
The effect of the position of T, relative to S; will be discussed in Chapter 5.

In addition to a competing fast intersystem crossing, ®r may be small for
molecules that undergo a very fast photochemical reaction in S,. For example, cy-
clobutanone (®g ~ 0.0001) undergoes an efficient very fast cleavage of a CO—C
bond in S, that competes effectively with both fluorescence and intersystem crossing.

The lesson to be learned from these examples is that the experimental value of &5
represents an efficiency that compares relative transition probabilities and does not

max»
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elate directly to rates or rate constants; thatis, & ~ 1.0 for9, 10—diphenylanthrace.ne,
or which kg ~ 5 x 108571, and ®p ~ 1.0 for diaza[2.2.2]bicyclooctane, for which
R~ 109 s™L, In the latter case, ®g is high in spite of a low value of kp because both
hotophysical or photochemical processes from S;-are. much slower than kg.. -

.. Note that bimolecular quenching processes (oxygen, impurities; solvent, etc.),

which are not related to the molecular structure of the fluorescing molecule, may fie—
 termine the observed value of ® in fluid solution, especially for molecules possessing

along S; lifetime. ‘ o "
- Saturated compounds!*® and simple alkenes, such as ethylenes!* and polyenes,
generally do not fluoresce efficiently. For example, tetramethylethylene shonfs avery
broad weak fluorescence (AL ~ 265nm), with ® ~ 10~* and 75~ 10~'!s. Such
short lifetimes and low emission efficiencies are typical of “flexible” molecules for
which a rapid radiationless deactivation may occur via a stretching motion along a
C—C (or C—H) bond or via a twisting motion about a C=C bon'd.v21 Th.e fole of
stretching and twisting motions in determining the rates of photophysical radiationless
deactivations will be discussed in detail in Chapter 5. o o

As exemplars of the role of stretching motions in determining ®g, consider?? the
aromatic hydrocarbons toluene (1) and tert-butyl benzene (2). The latter péss?sse.s a
“looser” side-chain vibration and a lower value of ®g than the former. The dissipation
of electronic energy through coupling to “loose” stretching vibrational modes has
been termed the “loose-bolt effect” of radiationless transitions (see further discussion

in Section 5.12).

‘ ,(]3“3
Oron Orton
CHg
Toluene (1) tert-Butyl benzene (2)
D =0.14 @ =0.032

For the role of twisting motions in determining ®g, consider the flexible stilbenes
3232 and 42% and their rigid cyclic derivatives 5 and 6234, which provide a nice
exemplar of how either molecular structure or environmental rigidity may control
the measured values of ®g:

S
) _ o8 =
dp

3
trans-Stilbene cis-Stilbene
Temperature  trans-Stilbene 3  cis-Stilbene 4 5 6
25°C 0.05 0.00 1.0 1.0
77K 0.75 0.75 10 1.0
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Although ' trans-stilbene (3) is only weakly fluorescent (P =0.05) and. cis=
stilbene (4) is essentially nonfluorescent in fluid solution at room temperature, in
a solid solution at 77 K, both compounds are strongly fluorescent (®g ~ 0.75). Both
temperature and environmental rigidity contribute :to. this:enhancement of fluores-

cence. For example,? the fluorescence efficiency of (3) increases by a factor of 3 in
going from nonviscous organic solvents (®g ~ 0.05) to viscous glycerol (P~ 0.15):
Presumably, twisting about the C=C bond induces the radiationless process that com-

petes with fluorescence, and the ability to twist is inhibited in the more viscous solvent

and entirely inhibited in rigid solvents: In' contrast, the fluorescence yields23®4 of
the structurally rigid stilbene analogues 5 and 6 are ~ 1.0 at both 25 °C and: 77 K.
Here, rigidity is built into the molecular structure, and inhibition of the twisting’
motion does not require assistance from the external environmental structure or tem-
perature. The dissipation of electronic energy through coupling to “loose” twisting
vibrational modes has been termed the “free rotor- effect” of radiationless transitions
(Section 5.12). - R :

Most ethylenes and polyenes do not display ﬂuorescence or phospherescence even
at 77 K. In several exceptional cases,2® structured fluorescence emission has been
reported from polyenes for which both loose stretching and twisting modes are in-
hibited by cyelic molecular structures. For example,-the rigid 1,3-dienes 7a and 7b
steroidal compounds sufﬁc1ent1y show structured fluorescence emission. Presumably,
structural rigidity of the steroid framework enhances the efficiency of light by in-
hibiting radiationless processes (especially internal conversion) that compete with
fluorescence, and by enhancing kg by preventing a large Franck—Condon geometry
difference between S, and S, (see Fig. 3.2), as well as by inhibiting a free rotor effect
about C=C bonds.

7a
x2'° =305 nm

Eg ~ 95 kcal mol-1

LF = 31 2nm
Eg ~ 92 kcal mol-1

4.29 Determination of “State Energies” Eg and E
- from Emission Spectra

The electronic energy of *R is an important property since it can be used as free en-
ergy to drive photochemical reactions. For example, the higher the energy of *R, the
stronger the bonds that can be broken in a primary photochemical process. The elec-
tronic energy of *R may be determined directly from its emission spectrum. The high-
est-energy (highest frequency, shortest wavelength) vibrational band in an emission
spectrum corresponds to the 0,0 transition (Fig. 4.9). The energy gap corresponding to

Section 4.30  Spin-Orbit Coupling and Spin-Forbidden Radiative Transitions

this 0,0 transition characterizes the energy of the excited state, *R, whichis responsible
for the emission. The energy gap of a 0,0 transition is the maximum energy derivable
from the excited state if Sy is regenerated by emission of a photon. The singlet-state
energy (Es) and the triplet-state energy (Er) are defined as the 0,0 energy gap for flu-
orescence, S; (v = 0) — Sy(v = 0), and phosphorescence, T;(v = 0) — So(v =0),
respectively.

Sometimes an emission spectrum does not show sufficiently resolved fine structure
for an accurate estimate of Eg of Ey to be made from emission spectra. In this case,
the “onset” or the high-energy (short-wavelength portion) of the emission spectrum
must be used to estimate the upper limit of Eg or Ey. If vibrational structure appears
in the absorption spectrum, the 0,0 band of absorption serves as a safe guide for an
upper limit to state energies, even if the emission spectrum is not available. In Figures
4.18-4.21, the 0,0 bands of fluorescence and/or phosphorescence are noted with an
arrow, and the values of Eg or E derived from the 0,0 vibrational band are given in
the associated energy diagrams.

4.30 Spin-Orbit Coupling and Spin-Forbidden
Radiative Transitions

The radiative Sy — T, and T; — S, processes are formally “spin-forbidden,” but
nonetheless are generally observed experimentally because of mixing of T, and
excited singlet states or mixing of T, and S,. The magnitude of the values of £(Sy —
Tp or of kg (T; = Sp) is directly related to the degree of spin—orbit coupling that
mixes Sg and T. From-Section 3.20, the degree of spin—orbit coupling was shown to
depend strongly on (a) the ability of the electrons in the HO or LU of *R to approach
a nucleus closely, (b) the magnitude of the positive charge (atomic number) of the
nucleus. that the HO or LU electrons approach and experience, (c) the availability. of
transitions between orthogonal (or nearly orthogonal) orbitals, and (d) the availability
of a “one-atom center” p, — p, transition that can generate orbital angular momentum
that could couple with spin angular momentum.

The degree of spin—orbit coupling between two states of an atom is related to.¢go,
the spin(S)—orbit(L) coupling constant available from atomic spectra (Section 3.21,

Eq. 3.21).%
Hgo = ¢{50SL (4.46)

The correlation between the magnitude of spin—orbit coupling within a molecule (as
judged from the magnitude of the spin—orbit coupling constant, {gq, of atoms) and the
magnitude of £(Sy — T) absorption and kg(T — S,) emission played a decisive role
in establishing the triplet state as an important entity in molecular photochemistry.2>
The oscillator strength of a spin—forbidden radiative transition is expected to be related
to the magnitude of ¢, since spin—orbit coupling is the major interaction responsible ‘
for mixing singlet and triplet states in molecules.?* This means the value of £(Sg — T)
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Table 4.7 . Spin-Orbit Coupling in Atoms®®

Atomic Atomic
Atom number ¢ (kcalmol™!) Atom number ¢ (kcal mol~1)
.Ce 6 0.1 1 53 14.0
Ne 7 0.2 Kr 36 15
o° 8 04 Xe 54 28
Fe¢ 9 0.7 Pb 82 21
Si¢ 14 0.4 Hg 80 .18
pe 15 0.7 Na 11 0.1
Se 16 1.0 K 19 . 0.2
CI° 17 1.7 Rb 37 .- 1.0
Br 35 7.0 Cs 55 24

a. Values are only representative and depend on electron conﬁguri\ﬁon; they are intended
here to show only trends.

b. The values are in kilocalories per reciprocal moles. They are rounded off and, strictly
speaking, apply to the radical part of {. In effect, the angular part of ¢ is considered to be
close to unity. Values of ¢ are for the lowest-energy atomic configurations.

¢. Because of substantial configuration interaction for these atoms, the values given are

extrapolated from nearby atoms in thé periodic table by assummg that ¢ varies with atomic
number Z*.

and kg(T — Sp) will increase as {gq increases, if factors involved in the transition are
similar. However, the magnitude of {so depends on the orbital configurations of the
states involved (Table 4.7). The important points to be derived from Table 4.7 are
(a) there is a rapid increase in the magnitude or spin—orbit coupling parameter, ¢sos
as the atomic number increases; (b) the magnitude of spin-orbit coupling is smaller
than the energy of vibrational couplings (~ 1-5 kcal mol ™) for first- and second-row
atoms, such as H, C, N, and O; and (c) for very heavy atoms (Pb, Xe), the magnitude
of spin—orbit coupling surpasses the value of vibrational energy levels and begins to
approach the value of electronic energy gaps and strong electronic interactions (~ 20—
30 keal mol™Y). For the molecules containing very heavy atoms, spin inversion can
occur on a time scale comparable to that of vibrational motions, and the zero-order
distinction between singlet and triplet states begins to break down; that is, the mixing
between spin states is very strong and the usual zero-order approximation is no longer
adequate to describe singlet and triplet states as ““pure.”

Under certain circumstances, spin—orbit coupling can be very effective even in
organic molecules containing only the “light” C, N, O, and H atoms. Effective spin—
orbit coupling occurs when the two states involved in mixing are close in energy,
so that effective mixing occurs because of the small energy gap, which brings the
states close together and allows for effective mixing through resonance. However, in
addition to a small energy gap, some other conditions involving the orbitals involved
in the intersystem crossing are required for strong spin—orbit coupling involving only
light atoms. We discuss these orbital factors in Section 4.31.

4.31 Radiative Transitions Involving a Change
in Multiplicity: Sy < T(n,7*) and Sy < (7, 7%)

7,' Transitions as Exemplars

For spin-forbidden transitions in organic molecules, oscillator strengthsare very small
and fall in the range f ~ 1075-10~°, whereas the oscillator strengths for spin-allowed
transitions are gerierally much larger and in the range f ~ 1-1073 (Table 4.3). This
means that radiative Sy <> T transitions are strongly forbidden relative to spin-allowed
S, <> S transitions. We can picture spin forbiddenness as the result of the requirement
that the light wave must “catch” the electrons of a molecule in a situation such thfslt
spin—orbit coupling is operating on the electron spins at the same time that the electric
vector of the light wave is operating on the electron cloud. This situation is generally
of low probability unless heavy atoms are involved or the transition involves two states
that are strongly spin—orbit coupled because of a small energy gap. More precisely,
from the quantum mechanical point of view, the wave functions of the singlet and
triplet states of the initial and final states must be mixed by spin—orbit coupling, as
the light wave interacts with the singlet portion of the wave function.

Expenmentally, it is found that, for a spin-forbidden radiative transition, So(n ) <
n,7* transitions possess a much greater oscillator strength than So(®?) <> 7w, m* tran-
sitions, as indicated by Eq. 4.47.

fISy < Tn,x*1> flSy< T, n%)] (4.47)

This is exactly the opposite of the situation for Sy < S, transmons, for Wthh
f(@@,w*) > f(n,7*). Evidently this turnaround in the relative magnitude of the oscil-
lator strength occurs because the spin—orbit force on an electron spin is much more
effective when n2 < n,7* transitions occur than when 7% < 7 ,7* transitions occur.
Let us examine why this should be the case.

The situation may be viewed schematically as follows. The f values of the
So(@?) < T(n,m*) and So(72) < T(w,7*) transitions are composed of three parts
(Eq. 4.40): the electronic (f,), vibrational (f,), and spin factors (fs). We know that,
in general, £, f,(w,7n%) > f,f,(n,7*) because (7 ,w*) > £(n,7*) for singlet-singlet
transitions for which spin cannot be a contributing factor. This implies that for spin-
forbidden radiative transitions, f,(n,7*) > fi(w,n*).

We can obtain a pictorial understanding of the reason why fs(n T*) > fs(n n'*)
from application of the rules for spin—orbit coupling to the n? & no*and 7?2 ©
7, m* transitions. First, as exemplars, let us consider a radiative So(nz) + hy —
T(n,*) transition for formaldehyde (Fig. 4.21) and a So(@?) + hv — T(mw,7*) tran-
sition for ethylene (Fig. 4.22). The spin change for formaldehyde is due to ann — 7*
transition, which may be viewed as a jump of an electron from a p orbital localized
on oxygen (say, p,) in the plane of the molecule to a p orbital (say, p,) perpendicu-
lar to the plane of the molecule (i.e., the atomic p orbital on oxygen that makes up
one-half of the w* orbital). The simultaneous p, — p, orbital jump is thus a one-

center jump involving an orbital angular mementum change. This type of situation is

Section 4.31 Radiative Transitions Involving a Change in Multiplicity
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Overall Sy(n?) —— T,(n,m)

S = n(Mn(Wm*( )

Spin flip coupling

» Spin-orbit
favored

T, (07 = =(M)n(Mm(h)

“Allowed” “Allowed”

Figure 4.21  Orbital description of the spin—orbit selection rules for a radiative transition
involving a spin flip. The n> — n,7* transition involves an orbital angular momentum change
that can be coupled with a spin momentum change on a single (oxygen) atom and is theréfore
spin—orbit “allowed.”

precisely what is required for generating orbital angular momentum and favors strong
spin—orbit coupling (Fig. 3.10); that is, the orbital momentum change associated with
the «f — aa (or o — B) spin flip can be coupled with a p, — p, orbital jump.

Now, let us compare this qualitative picture to the situation for a radiative
So(@?) — T(w,m*) transition, for example, for ethylene (Fig. 4.22). It is immedi-
ately seen that for a planar ground state, there is no orbital of low energy in the
molecular plane into which the 7 electron can jump (a o* orbital is available but has a
very high energy, which strongly inhibits spin-orbital coupling); that is, the analogue
of the low-energy p, — p, jump of ketones does not exist for ethylene. Consequently,
there are no “one-center” spin—orbit interactions to help flip spins when a light wave
interacts with the 7 electrons of the ethylene, spin-orbit coupling is inhibited, and
the oscillator strength of the transition is small.

We conclude that the matrix element for spin—orbit coupling is much larger for
n* — n,7* transitions than for 72 — 7 ,7* transitions. Since the oscillator strength
of a spin-forbidden transition depends directly on the square of the matrix element
(Eq. 4.36) corresponding to the perturbation (spin—orbit coupling) that mixes the states
undergoing transition, we can conclude that Eq. 4.48 holds.

2

FISo(?) < T (n,x")1> f[So(n?) — T (w,7*)] (4.48)

Equation 4.48 (and its extension to other transitions) represents a general situation
for organic molecules and is known as El-Sayed’s rule.2* As seen in the case of
ethylene, an aromatic hydrocarbon, such as benzene, cannot invoke ann — m* mixing
to generate a spin-orbital coupling mechanism.! The closest analogous Px — Dy
orbital mixing (in-plane to out-of-plane and vice versa) for benzene is of the ¢ — 7*
or 7 — o type; however, both of these mixings are ineffective because of the large
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Overall Sy(n?) — T,(n,7*)
n, o o -~

Forbidden Forbidden

SE) =nM)m()

T, (m,w*) = (M) w*(T)

Figure 4.22 Orbital description of the spin—orbit selection rules for a radiative
transition involving a spin flip. The 72 — 7, 7* transition does not involve an orbital
angular momentum change and is spin—orbit “forbidden.”

energy gap between the bonding and antibonding orbitals involved. We have seen how
out-of-plane vibrations can induce vibronic mixing between an n,7* and 7,7* state
(Fig. 3.1) and can thereby add oscillator strength to a spin-allowed transition that is
overlap forbidden in zero order. Now, let us try to picture an analogous theoretical
connection among the out-of-plane vibrations, the observation of spin-forbidden
phosphorescence emission, and the allowed transitions involving mixing with o or o*
orbitals. Consider Fig. 4.23, which shows (a) a planar benzene molecule and one of the
p orbitals involved in the 7 system, and (b) another benzene molecule undergoing out-
of-plane C—H vibrations on the carbon atom associated with the p orbital. As long as
the molecule is planar, the 7, * states and, say, the r,0* (or o,7*) states do not mix,
because there is no net orbital overlap between orthogonal orbitals. An out-of-plane
C—H vibration, however, destroys the planar symmetry of the molecule and allows
mixing of the w,7r* and 77,0 * (or o, 7 *) states. In the extreme case, a substantial out-of-
plane C—H vibration would cause a p orbital (originally symmetric above and below
the molecular plane) to be transformed into an orbital that possesses an asymmetric

H
R X
CH
vibration
T T

Pure p sp”
T= pure w,n* T = (n, t*<—>T,0%)

Figure 4.23 Schematic of the effect of an out-of-plane C—H
- vibration on the hybridization of a carbon atom in benzene.

The vibration induces “s character” in the carbon atom and

provides a “weak” mechanism for spin-orbit coupling.
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electronic distribution relative to the plane of the molecule and that acquires some
“s character” as a sp” hybrid. The mixing of the 7,7* and 77,0* states means some
of the character of the 7* — o* transition is mixed into the 7 — 7* transition so that
the latter transitions can “pick up” a certain amount of spin—orbit coupling ‘and the
spin-forbidden transition is “weakly” allowed. '

This mechanism of inducing spin-orbit coupling is not expected to be particularly
effective because of the large amount of energy required to deform the aromatic
7 electron cloud in this manner and because of the large energy gap between the
orbitals involved in the mixing; that is, the matrix element for vibronic mixing,
<n,7*| Pey|mw,0*>, is very small. On the other hand, no better mechanism for spin—
orbit coupling exists! Indeed, as a result of the very weak spin—orbit coupling, the
radiative phosphorescence lifetimes of aromatic hydrocarbons, such as benzene and
naphthalene, are very long—on the order of 10 s (f ~ 10~9)!

4.32 Experimental Exemplars of Spin-Forbidden
Radiative Transitions: S, — T, Absorption and
T, — Sy Phosphorescence?®

Some experimental data for radiative S, <> T, transitions were given in Tables 4.4
and 4.8. The following points may be derived from the data. The oscillator strengths
of radiative spin-forbidden Sy(?) < Ty(r,7*) transitions are very small (~ 10~
1079). Indeed, the values of &y, (So — T;) and kp for Sg < T, (w,7*) transitions are
among the smallest observed for organic molecules; that is, &, ~ 1075-10~% and
k3 ~ 1-107!'s. The largest values of £, (S — Ty) and kJ are found for T,(n,7*)
states or for T, (77, 7w*) states that possess a heavy atom (e.g., Br or I) conjugated to the
7 systems or that possess a strong mixing of n,w* and 7, 7* states (heavy atom effect
on spin-forbidden transitions). For these systems, &p,, ~ 107-10~2 and kp ~ 10—
102 5™, For some organometallic compounds (e.g., tetraphenyl lead), £.,,,, values as
high as ~ 10 have been reported.?%* Generally, there is a wide variation found in the
value of ®p in going from 77 K to 25 °C; this variation is usually the result of the onset
of diffusional quenching of long-lived triplet lifetimes at the higher temperatures (in
fluid solutions). The fact that triplet lifetimes at 25 °C in plastic films (a rigid medium
that prevents diffusional quenching) are often comparable to those at 77 K is strong
support for this conclusion. For example, the lifetime of triphenylene is 16 s at 77 K
and is 12 s at 25 °C in a plastic film.26
The substantial difference between the values of &,,,, (and k‘},) for w,* relative to
n,7* triplet states provides an experimental means of classifying molecules in terms of
the orbital configuration of T;. The rule is as follows. For non-heavy-atom-containing
molecules possessing “pure” 7,7* configurations: The value of Emax(So — T;) and
k3.(T; — Sg) will be on the order of 10~5-10~6 and 102-10~! s71, respectively. For
molecules possessing “pure” n,7* configurations: The value of Emax(So — T)) and
k9, will be on the order of 10~1-10~2 s~! and 102-10! cm~! M~ respectively.

Section 4.32 Experimental Exemplars of Spin-Forbidden Radiative Transitions

Table 4.8 Quantum Yields for Phosphorescence and Other Triplet
Emission Parameters.?

Pp Configuration
Compound 77K 25°C &g kY of Ty
Benzene ~02 (<107 ~0.7 ~107! n,m*
Naphthalene ~0.05 (<10™% ~0.7 ~1071 ot
1-Fluoronaphthalene ~0.05 (<1074 ~0.3 ot
1-Chloronaphthalene ~ ~0.3 (<107 ~1.0 ~2 m,m*
1-Bromonaphthalene ~0.3 (<1079 ~10 ~30 T,
1-Iodonaphthalene ~0.4 ~1.0 ~300 T,
Triphenylene - ~05 (<107 ~09 ~107! T,
Benzophenone ~09  (~0.1)» ~10 ~10? n,m*
Biacetyl - ~03 (~0.1° ~1.0 ~10% n,7*
Acetone . ~0.3  (~0.01)° ~1.0 ~10%> n,*
4-Phenylbenzophenone ~1.0 1.0 w,m*
Acetophenone ~0.7  (~0.03) ~10 ~10? n,7*
Cyclobutanone 0.0 0.0 0.0 n,m*

a. Unless specified, the temperature is 77 K in an organic solvent.
b. In deaerated perfuloromethylcyclohexane at room temperature.
c. In acetonitrile at room temperature.

Some examples of the relation of k‘l), and orbital configuration (Table 4.8) are
available for aromatic ketones. For aromatic ketones, T; may be either “pure” n,7*,
pure 7w,m*, or a hybrid mixture of the two configurations. An exemplar for a “‘pure”
T,(n,w*) state is acetone, for which kp = 60 s~; an exemplar for a “pure” Ty (x,7*)
state is naphthalene, for which kp = 0.1s~!. Examination of Table 4.8 shows that
aromatic ketones may be classified as acetone-like (k p within an order of magnitude of
60 s~1), or naphthalene-like (kp within an order of magnitude of 0.1 s~%). For example,
we may assign a nearly “pure” n, 7 * configuration to T of benzophenone (kp = 20 s71)
and amixed n,7* < 7,7 * configuration to T, of 4-phenyl benzophenone (kp ~1571).

Note in passing that molecular oxygen can enhance the intensity of the So— T,
transition of aromatic hydrocarbons.?” The enhancement of the forbidden transition is
explained as the result of charge-transfer interaction of the hydrocarbon with oxygen
and mixing of the triplet of the oxygen with the hydrocarbon’s singlet state.

As an example of the internal heavy-atom effect on a spin-forbidden radiative
transition, consider 2-bromobenzene undergoing a T; — S, transition. The triplet
state may be represented as a set of resonance structures of diradical character (see
resonance structures:8a <> 8b), at least one of which will place the odd electron on
the 1-carbon atom, which has a bromine atom attached. Since bromine is capable of
expanding its valence octet, some delocalization of the odd electron onto the bromine
atom is possible. This finite amount of localization on the “heavy atom” produces-a
good mechanism for spin inversion because of the strong spin—orbit coupling the 7*
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electron experiences when it is on the bromine atom (Chapter 3). The odd electron tha
undergoes the spin inversion does so by simultaneously jumping from one orbital f
another in order to satisfy the requirement of conservation of total angular momentum

.

-
:B'r: :B.r.
8a 8b

The heavy-atom effect on absorption spectra strongly enhances £(Sy — Ty), but
not £(Sy — S;). Because of the relationships between £(Sy — T,) and k?, and be-
tween £(So — Sy) and k2 (Eq. 4.23), we expect that k%, but not k2, will be influenced
by heavy-atom perturbation. For example, the shapes of the fluorescence and phos-

phorescence spectra of molecules 9a, 9b, and 10 are very similar in appearance:28

Br
. H Br
OO0 Qo
9a 9b 10
kp0 =1 %X 108 -1 1 X 106 s-1 1% 106s-1
kp0=3 X 10-2 1 500 X 10-2 s~1 1000 X 102 51

On the other hand, the fluorescence and phosphorescence quantum yields for the
molecule 9a, which contains only “light atoms,” are ®g ~ 0.5 and ®p ~ 0.06, and for
9b and 10, & ~ 1073 and ®p ~ 0.6. Although the values of kg are essentially con-
stant in this series, the values of kg are greatly enhanced in the bromine-containing
molecules. The much higher values of ®p reflect both a greater efficiency of popu-
lation of Ty (ksy enhanced by the heavy-atom effect; see Section 5.11) and a greater

efficiency of emission from T, (kg is enhanced more than k).

An example of the external heavy-atom effect? is shown for 1-chloronaphtha-
lene® (Fig. 4.24). When external heavy atoms are contained in the solvent (ethyl io-
dide as solvent or a high pressure of Xe gas),! there is a significant increase in absorp-
tion in the region from 350~500 nm. The vibrational structure of the absorption and its
mirror-image relationship to the phosphorescence spectrum of 1-chloronaphthalene
strongly suggests that the new absorption is due to the enhancement of the Sy — T,
absorption for 1-chloronaphthalene. For the case of I-chloronaphthalene (Fig. 4.24),
the pure liquid exhibits a number of weak absorption bands near 470 nm. A solution of
1-chloronaphthalene in ethyl jodide shows that the weak bands are greatly enhanced
in intensity.3° The 0,0 band of the enhanced So — T; absorption (58 kcal mol™?) oc-
curs at nearly the same energy as the 0,0 band of normal T — Sy phosphorescence,
confirming that in this case the effect is mainly on the oscillator strength of the spin-
forbidden transitions and not on the energies of the states undergoing the transitions.

Section 4.33 The T; — Sy + kv Process

CH,CH,I solvent
/ S~ Ty(m,7")

High pressure
of xenon

0.05 |-+

Figure4.24 Heavy-atom perturbation of the Sq —> T,
absorption of 1-chloronaphthalene. The dashed lm::
indicates the absorption spectrum in a “light-atom
solvent.

4.33 Quantum Yields of Phosphorescence, ®p:
The T; — Sy + hv Process

A general expression for the quantum yield of phosphorescence (®p) is given by
Eq. 4.49.

— 0
®p = Dgrkd(kS + Tky + Tkg[Ql ™) = Psrhptr (4.49)

i 1 k%i dia-
Dgri i i tem crossing, S; — Ty; kp is the radia-
InEq. 4.49, ®gy is the quantum yield for intersys 13 kpis
tive “:rlate of phosphorescence; Xk is the sum of the rate' constant:s of a.ll ur(;u;l(l)cle"»:t(:;]laii:
radiationless deactivations of T; (including photochtamlcal reactlor{s), an : gs x
the sum of all bimolécular deactivations of T (including photo%henucal rea; kO[Q].)—?
deﬁnition,'the experimental lifetime of Ty is given by 7r = (kp + E{cd + qd ) o%
From Eq. 4.49, we see that the quantum yield for phosphorescenc‘e is flt;e gro ;l
: of fa be experimentally identified and con-
number of factors. Unless these factors can ex ;
:lrolled, ®p is not areliable parameter for characterizing Ty, although it may be a useful
arameter in certain kinetic analyses. N ) »
? Data for the ®p value of molecules at 77 K in rigid glasses (optically clea;r <tl;roz§el
solvents) is given in Table 4.8. Experimentally, a wide rang? of values o lp e
found for organic molecules. High values of ®p(~ 1) n?quu'e th'at ‘.Ds'r o
0 k, + Tk, [Q]. At 77 K, it appears that all of the major deactivation proce ;
p : (El b +1 dqffusi‘onal quenching (Ekq[Q] term) are inhibited, so that the main
of bimolecular di ‘ ; ® i case
iati ivati i S, intersystem crossing. In this 1i A
radiationless deactivation of Ty is T} — S ltersy ! . :
the quantum yield of phosphorescence is simplified to Eq. 4.50; that is, the value
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of ®p depends only on the value of ®Dgr and the competition between the rates of

phosphorescence emission and intersystem crossing.

p = Pgrkg (kS + krs) ™! (at 77K) (4.50)

4.34 Phosphorescence in Fluid Solution
at Room Temperature32

The f)bservation of phosphorescence in fluid solution at room temperature was once
considered a rare and unusual phenomenon. Now, it is clear that if phosphorescence

is obFer\ted at 77K, it can also generally be observed at room temperature in fluid
solution if two conditions are met: .

1. Impl'lritie's (e.g., molecular oxygen) and other ground and excited molecules
requlre(‘i in the system (R and *R) capable of deactivating triplets by diffusional
quenching are rigorously minimized. »

2. The triplet does not undergo an activated unimolecular deactivation

(photophysical or photochemical) that possesses a rate of greater than ~ 10* k0
at room temperature. o

The routine experimental observation of measurable phosphorescence requires
a value of ®p ~ 107>, The value of ®, may be expressed in terms of the rate of
phosphorescence and all processes that deactivate T;. From Eq. 4.48, in the case for
which triplet formation from S, is efficient, ®p is given by Eq. 4.51. ,

0 0
Pp~ kp ~ K (in most fluid solution: 4.5
bt KJQU kgt kgl V@

In Eq. 4.51, k4 represents the sum of all unimolecular deactivations of Ty, and £,[Q]
represents the sum of all bimolecular deactivations of T;. ' !
As discussed above, a typical value of kg for a “pure” Tl(n,n*)‘is 10‘2 sl and a

Zygica] value of & for Ty(,7*) is 10~! s=1. For ®p ~ 104, we find Eqs. 4.52 and
53:. 7 o

kg +kg[Q1~10°s™! for T;(n,n*) (4.52)
kg +k[QI~10*s! for T,(n,x*) '('4.53)

Let us calculate the maximum value for the concentration of a quencher, [Q]

that is tole}'able for observation of phosphorescence if Q is a diffusional quencher.
For a nonviscous organic solvent, the maximal rate constant

‘ for diffusion is gi
kgig ~ 101 M1 s, Therefore, iffusion is given by

if kuelQl<10%s then [Q]<10~*M ©(454)
and |

if kuelQl<10*s then [Q]<10~"M (4.55)

Section 4.35 Absorption Spectra of Electronically Excited States

The limit of 10~* M for [Q] is relatively easily obtained, but the limit of 10~ M is
more difficult to achieve without very careful purification of solvents and degassing
to remove oxygen. These qualitative considerations allow us to understand why com-
pounds that phosphoresce from T;(n,7*) states are commonly observed in fluid so-
lutions, but phosphorescence from T;(rr,7*) is rarely observed, unless extraordinary
care is taken to eliminate bimolecular quenching.

The value of kg may be increased for aromatic hydrocarbons by external or
internal heavy-atom perturbation. In certain heavy-atom solvents, the value of kg
is increased to values approaching 10-10%s~! (e.g., bromonaphthalene). In these
cases, phosphorescence is observed even for aromatic hydrocarbons if the heavy-
atom solvent is not itself a triplet quencher.3?* Examples of phosphorescence data in
fluid solutions were given in Table 4.8 and Fig. 4.19. In very favorable or contrived
circumstances, phosphorescence from aromatic hydrocarbons occurs evenin the vapor
phase.3f An interesting method to prevent triplet diffusional quenching is to replace
a molecular solvent cage with a supramolecular cage (a supercage), such as the
hydrophobic core of a micelle. ’

4.35 Absorption Spectra of Electronically Excited States®

We have seen that the electronically excited states *R(S;) and *R(T;) undergo fluo-
rescence and phosphorescence emission, respectively. Since *R is a “real” molecular
structure, it must also possess absorption spectra: a *R 4 hv — **R processes (where
*Ris S, 1 or T, ). Indeed, S; + hv — S, and T; + hv — T, radiative transitions
can be observed experimentally through very fast excitation and detection methods,
termed pulse—probe flash spectroscopy.3 Since 1950, the speed of detection has in-
creased steadily from ~ 10~3 s (ms) and has now approached a limit of ~ 107 s
(fs);3% as a result, it is possible under favorable circumstances to detect *R by pulse—
probe spectroscopy even when the lifetime of *R is of the order of femtoseconds!

The idea behind flash spectroscopy is to deliver an intense preparation pulse (a
laser flash) of photons to an absorbing sample to produce *R in as short a period as
possible and then, with a weaker pulse probe of photons, to detect and characterize
the transient species (*R, I, P) that were produced after the preparation pulse in real
time. These short, intense pulses are readily provided by pulsed lasers. Lasers have
been developed that are capable of delivering intense pulses (10'6-1018 photons) in
time periods as short as from 1072 (a ps) to 10~ (a fs) second! In order to gain
an appreciation of the time scale implied by a picosecond, consider the following. A
bullet traveling 1000 m s~! takes 10° ps to travel 1 mm, and light travels 0.3 mm in
1ps. In a femtosecond, an electron in a Bohr orbit can move only a few angstroms.

Figure 4.25 shows an example® of the T; — T,..; absorption spectra of naph-
thalene along with the state energy diagram that schematically shows the transitions
relative to Sy. Such absorption spectra may be used to characterize the configurations
of the states involved in the transitions, but this is a difficult task for various technical
and theoretical reasons. However, the use of excited-state absorption spectra in fol-
lowing the concentration of excited states is a very important tool for photochemical
kinetics.
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Figure 425 The triplet-triplet (T-T) absorption spectrum of naphthalene.
(a) A state }diagram showing the pathway leading to T-T absorption.
Absorption (a) is followed by intersystem crossing (b) to populate T;. The
latter is capable of absorbing photons and undergoing T; — T, and T, — T
transitions. (b) The experimental T-T absorption spectrum of naphthalene.

Section 4.36 . Absorption Complexes and Exciplexes

 4.36 Radiative Transitions Involving Two Molecules:
Absorption Complexes and Exciplexes?> :

Thus far, we have considered absorption and emission: processes that involve a sin-
gle molecule (surrounded by “inert,” noninteracting solvent molecules). In certain
cases, two or more molecules may participate in cooperative absorption or emission;
that is, the absorption or emission can only be understood as arising from ground-
or excited-state complexes of a definite stoichiometry. Such complexes, formed by
two or more molecules, are termed supramolecular complexes. Commonly, the stoi-
chiometry of such complexes consists of two molecules, so we use this situation as an
exemplar. When two molecules act cooperatively to absorb a photon, we say that an
absorption (supramolecular) complex exists in a ground state and is responsible for
the absorption. An excited molecular complex of definite stoichiometry, but which is
dissociated in its ground state, is called an exciplex. Thus, if two molecules act coop-
eratively to emit a photon to a dissociative ground state, we say an exciplex exists; an
exciplex can be detected directly and characterized by the emitted photon. The impor-
tant conceptual distinction between an absorption complex and an exciplex is that the
absorption complex possesses some stability in its ground state, whereas the exciplex
does not.

Some significant experimental spectroscopic characteristics of absorption com-
plexes and exciplexes are one or more of the following:

1. Absorption Complex: The observation of a new absorption band, usually
occurring at longer wavelengths than the absorption of either molecular
component, that is characteristic of the complex but not of either of the
individual molecular components of the ground-state complex.

2. Exciplex: The observation of a new emission band, usually structureless and at
longer wavelengths than the absorption for either of the molecular components,
that is characteristic of the exciplex but not of the individual components of
the exciplex.

3. Absorption Complex and Exciplex: A concentration dependence of the new
absorption or emission intensity.

In the special case, where the molecular components of the exciplex are the same,
the excited molecular complex is termed an “excimer,” rather than the more gen-
eral term “exciplex.” Exciplex is reserved for excited-state complexes consisting of
two different molecular components. The notion of a specific stoichiometry is in-
cluded in our definitions of exciplex and excimer because we wish to distinguish
these species from those solvated excited molecules for which an undefined num-
ber of unexcited solvent molecules provide an environment. Both are examples of
supramolecular assemblies, which comprise the family of molecules that are held
together by intermolecular forces.>6
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4.37 Examples of Ground-State Charge-Transfer
Absorption Complexes®’ T '

Sollution’s* of mixtures of molecules that possess a low ionization potential (electron
dortiors, D) or a high electron affinity (eléctron acceptors, A) often exhibit absorption
bands that are not shown separately by either component. Generally, the néew band is
dqe to an electron donor-acceptor (EDA) or charge-transfer (CT) complex in which
D has donated an electron (charge) to a certain extent to A. Typical examples®® of
CT spectra are shown in Fig. 4.26. Generally, the absorption band of a CT complex is
bfoafi and devoid of vibrational structure. This breadth occurs because the rather small
binding energies of EDA complexes allows many different structural configurations
for the complex to exist in equilibrium with one another. The absorption energy for
faach configuration will differ and cause a broadening of the band. Since the boi)éin'
;;sl »‘:;eak anzir-ailn;im;)illecular, there are no characteristic vibrational bands that appeagr
e spectra. In additio i i

sufﬁCieEt e In vibrat:i;l til; faxcued complex may be very short lived and not have
' An ‘1mportant experimental characteristic of an EDA absorption band is its
sensitivity-to-solvent polarity. For example, the maxima of the EDA absorption band
f(?r enol ethers (donors) and tetracyanoethylene (acceptor) of the molecules showriin
Fig. 4.26 vary substantially as solvent polarity is varied.3® The energy ‘required for

NC CN
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Figure 426 The absorption spectra of some EDA
‘ complexes of tetra
and a variety of enol ethers. ’ yanoctylene

Section 4.38 - Excimers and Exciplexes

.terms of solvent-assisted mixing of the wave functions for the states involved in the
EDA transition, which cause a solvent-dependent energy separation of the HO and
LU responsible for the CT transition.

4.38 Excimers and Exciplexes™

Consider a pair of molecules R and N for which R absorbs a photon to form *R and then
*R collides with N. What factors contribute to the stability of an excited-state complex,
R-*-N (where excitation is shared to some extent by both molecular components) that

- are missing in the ground-state complex, R/N? An electronically excited-state *R pos-

sesses a much stronger electron affinity and a much lower ionization potential than
the ground state, because of the occurrence of an electrophilic half-filled HO and a
nucleophilic half-filled LU (Chapter 7). Consequently, these orbitals may participate
in CT interactions with other polar or polarizable species they encounter intermolec-
ularly. For example, a collision complex between an electronically excited molecular
species (R*) with any polar or polarizable ground-state molecule, N, will generally
be stabilized by some CT interaction involving the HO and the LU or *R with N,
This energetic stabilization will in turn cause the R-*-N collision complex to pos-
“sess a longer lifetime than the corresponding R/N (ground-state) collision complex.
The R-*-N collision complex should possess observable spectroscopic and chemi-
cal properties that are distinct from those of R*. When this is the case, the R-*-N
collision complex can be considered an electronically excited state that is distinct
from *R alone; that is, the R-*-N collision complex is a supramolecular electroni-
cally excited species, held together by attractive intermolecular forces. As mentioned
in Section 4.37, such a supramolecular excited complex is termed an exciplex if R
and N are different molecules (Eq. 4.56a), whereas if R and N are the same molecule
(Eq. 4.56b), then the excited complex *R-*-R is termed an excimer:

*R + N — R-*N Exciplex (4.562)
R* +R — R-*R  Excimer , (4.56b)

A simple theoretical basis for the enhanced stabilization of a R-*-N collision pair
relative to a R/N ground-state collision pair is available from the simple theory of
MO interactions (Fig. 4.27). If we consider R (or *R) and N colliding, then the major
electronic interactions will involve their highest-energy filled (HO)-and lowest-energy
unfilled (LU) orbitals. According to the rules of perturbation theory, the HO of R will
interact with the HO of N to yield two new HOs of the ground-state collision complex
or exciplex. Similarly, the LU of R will interact with that of N to produce two new LUs
of the collision complex or exciplex. The new HOs and LUs are split in energy relative
to the original HOs and LUs of R and N as shown in Fig. 4.27. In both, the collision
complex and exciplex, one of the new HOs is lower in energy than the original HOs
and one is higher. Similarly, the LUs of the collision complex and exciplex split in
energy above and below the original LUs.

absorption decreases as the solvent polarity increases. This effect is understood in: i
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Net stabilization = one electron

Figure 4.27  Orbital interactions of RN collision pairs and R-*-N exciplexes.

In the collision complex of the ground-state molecules R and N, the four electrons
th?t o‘ccupied the HOs of R and N occupy the new set of HOs according to the aufbau
principle and fill the lowest-energy orbital. Two electrons are stabilized in the HO
and two electrons are destabilized in the LU (Fig. 4.27, top); thus, no gain in energy
is achieved by interaction of R and N during their collisions since the bonding and
a‘ntibonding interactions are equal and cancel each other. In the exciplex, however,
since one of the partners (*R) is electronically excited, three electrons are stabilizeci
(two in the lower-energy HO and one in the lower-energy LU). Only one electron is
des'tabilizedv(in the higher-energy HO) as the electrons redistribute themselves from
their original noninteracting orbitals to the new orbitals of the exciplex (Fig. 4.27
bottom). Thus, a net gain in energy is always achieved by interaction of *R am;

N during their collision! This analysis provides the remarkable conclusion that an
electronically excited state has an inherent tendency to form a supramolecular complex
with other molecules. The only issue is the strength of the excimer or exciplex binding.
Now, consider the states produced by the collisions corresponding to the collision
cornpletx and the exciplex. If there is only a very weak interaction between R* and N
the emission of the collision complex will look very much like that of the monome;

*R, and the energy of the emission will be close to that for the molecular R* — R + hv
process. If the orbital interactions between the excited molecule and the ground-state
molecule are sufficiently strong, the collision complex between *R and N becomes an
exciplex (R-*-N), and the energy of the latter decreases relative to that of the ground-
state complex (R/N). The emission (R-*-N) — R/N + hv produces the unstable,
ground-state collision complex.

As distinct chemical species, exciplexes and excimers are expected to possess dis-
tinct and characteristic photophysical and photochemical properties. Perhaps the most
general distinguishing characteristic of an electronically excited state is its emission
to produce a ground state and a photon. Thus, if exciplexes exist, they should in princi-
ple exhibit fluorescence (singlet exciplexes) or phosphorescence (triplet exciplexes).
The emission from R-*-N will in general be different from that of R*. Furthermore,
since the ground-state collision complex R/N will generally be less bound than R-*-N,
emission from the exciplex will usually occur to a weakly bound or dissociative
ground state. .

Figure 4.28 shows a PE surface description of excimer (or exciplex) formation
and emission and relates the energy surface to absorption and emission of photons.
The situation shown assumes that the ground-state complex R/N experiences rela-
tively strong repulsions as the two molecules approach each other to close distances,
whereas the exciplex (R-*-N) experiences significant stabilizing attractions as the ex-
cited ground- and excited-state molecules approach each other. Since exciplexes are
typically stabilized by CT interactions, we can replace the symbols R and N with the
labels D and A for donor and acceptor molecules, respectively. At large separations
of D and A, the absorption spectrum of either component would be identical to that
of each monomer; that is, neither component would influence the other. As D and A
approach, the absorption spectrum remains constant. Eventually, D and A undergo
collisions. If there are no substantial attractions between D and A in their ground
states (lower surface), collisions will raise the energy of the system, and very few col-
lision complexes will exist at any given time. Consequently, their concentrations will
be quite low and no new absorption due to the collision complex will be observed.
The “instability” of the ground-state complex is a somewhat arbitrary feature of the
excimer and exciplex definitions. The essential idea is that the ground-state DA colli-
sion complexes are unstable, low-structured species, not that they lack a measurable
absorption spectrum. ‘

Consider the situation for the approach and collision of D* and A (or A* and D)
on the excited surface. At a large separation of D* and A, the emission spectrum
is that of the monomer, D*. As the two molecules approach, the bonding between
them may increase due to CT or excitation—exchange interactions. These interactions
will cause a minimum to occur in the PE curve; if this enthalpy decrease is not
offset by an entropy decrease, an excited-state complex (an exciplex) will form.
Emission from the exciplex will occur according to the Franck-Condon principle,
that is, vertically from the excited-state minimum. If the separation of D and A in
the excited-state minimum corresponds to a point on the repulsive part of the ground-
state potential curve, Franck—-Condon emission will lead exclusively to repulsive states
on the ground surface. Immediately after formation, D and A will fly apart. This

Section 4.38:  Excimers and Exciplexes
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Section 4.39 Exemplars of Excimers: Pyrene and Aromatic Compounds

monomer from v = 0 of the ground state to v = 0 or the excited state or the excitation
energy released when the monomer excited state (v = 0) emits a photon and produces
the ground state (v = 0).

Triplet excimers and exciplexes, while less often directly observed by their emis-
sion, are well-established excited-state species.3’ They tend to be more weakly bound
and to possess different structures than singlet excimers and exciplexes, probably
because of the generally decreased CT character of triplets.

Our theoretical analysis of exciplexes indicates that D-*-A should possess the
typical properties of electronically excited states (e.g., emission, radiationless tran-
sitions, and photochemistry). The exciplex may be treated stoichiometrically as a
supramolecular species and its reactions considered unimolecular, although its for-
mation is bimolecular.

4.39 Exemplars of Excimers: Pyrene
and Aromatic Compounds

The pyrene excimer serves as a classic exemplar of excimer formation and excimer
emission. 3540 Figure 4.29 shows the fluorescence of pyrene in methylcyclohexane as
a function of pyrene concentration. At concentrations of ~ 103 M or less, the flu-
orescence is concentration independent and is composed of pure pyrene monomer
fluorescence (Fig. 4.15), which shows vibrational structure and occurs with a maxi-
mum at ~ 380 nm. As the pyrene concentration increases to values in the vicinity of
~ 1075 M, two effects are observed: (1) a new broad, structureless fluorescence emis-
sion, due to the pyrene excimer, appears on the longer wavelengths of the monomer
emission; and (2) the relative amount of monomer emission-to-excimer emission de-
creases in intensity. As the concentration of pyrene is increased, the excimer intensity
continues to increase relative to the monomer (in Fig. 4.29, the monomer emission
is normalized and fixed in order to clearly demonstrate the increase in the excimer
emission relative to the monomer emission). At concentrations of pyrene of ~0.1M
and greater, only excimer emission is observed. '
Let us apply Fig. 4.28 (D = A = pyrene, Py) to describe the formation of a Py
excimer. The diagram indicates how the energy of two pyrene molecules varies as a
function of their internuclear separation. For the ground-state pair at large distances
of separation (~ 10 A, Fig. 4.28, left) the energy of the pair is constant, since
intermolecular interactions are weak at this separation distance. At a separation of
~ 4 A, which is close to the equilibrium separation of the excimer, the energy of
the ground-state collision complex Py/Py rises rapidly due to occupied 7 orbital
repulsions (Fig. 4.28, top). From this figure it is easy to see why the Py excimer
emission is structureless and why no absorption is observed that corresponds to
Py/Py 4 hv — Py-*-Py transitions, since there is essentially a zero concentration
of Py/Py pairs. The emission is structureless because the Py-*-Py — Py/Py + hv
emission is to an unstable, dissociative state (the molecule dissociates before it can
complete a vibrational cycle). There is no measurable absorption corresponding to
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Figure 4.29 Experi;nental example of the excimer emission of pyrene in methylcyblohex-
ane. The concentrations of pyrene in methylcyclohexane are shown.

the excimer ground state, because too few pairs of Py molecules are in a collision
complex at any given instant (the concentration of ground-state complexes of two Py
molecules is too small to be measured by absorption of light).

' From a spectroscopic analysis of Py excimer emission, and a correlatioﬁ of this
with the emission of Py crystals, it was concluded that the structure of the “face-to-
face” Py singlet excimer is favored. This structure is in agreement with expectations
based on maximal overlap of 7 orbitals. '

The electronic stabilization energy of the Py excimer is substaﬁtial (AH=-10
kcal mol %), but the entropy of formation is quite negative (AS = —20 eu; TAS =
6 kcal mol~! at room temperature in a nonpolar solvent).*! Thus, at ambien; tem ;
atures, formation of the excimer is favorable, with AG ~ —4 kca,d mol L, ”

In contrast to the large solvent shifts observed for exciplex emission, the emission
wav.elength'for excimers is usually not very solvent dependent. The rea;on is because
CT interactions are not as pronounced for excimers as for exciplexes. This finding is
to be expected from the inherently less polar nature of excimers.

Section 4.39 Exemplars of Excimers: Pyrene and Aromatic Compounds:
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Figure 4.30 | The dynamic behavior of Py monomér ér_ld excimer emission.
(a) After 1 ns, most of the excited Py exists as the monomer. (b) After 20 ms,
comparable amounts of excimer and momomer are observed. (c) After
100 ns, most of the excited Py molecules exist in the excimer form.

The time dependence of emission from Py solutions (time-resolved emission
spectroscopy) provides an excellent confirmation for the dynamic nature of excimer
formation.*? If a solution of pyrene in cyclohexane (~ 10~3 M) is excited with a brief
pulse of light, only the excited monomer is produced (the Py/Py collision complex
is too low in concentration to absorb). If the fotal emission spectrum is taken after
~1x 1079 s (~ 1ns), the spectrum is mainly that of the monomer (Fig. 4.30a); that
is, the diffusion of an excited monomer toward a ground-state Py and the formation of
an excimer is required for excimer emission, and Py molecules can only move a few
angstroms in 107 s. The small amount of excimer emission results from the forma-
tion of excimers by excited Py monomers that happen to encounter Py ground-state
molecules during the time of the excitation pulse. After ~ 20 ns, substantial diffu-
sional displacements have occurred, and the concentrations of excimer and monomer
become comparable (Fig. 4.30b). After ~ 100 ns, the emission spectrum (Fig. 4.30c)

is that which is normally seen under steady-state conditions. )
Because of the weaker binding generally found for triplet excimers, excimer

phosphorescence is not typically observed.
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4.40 Exciplexes and Exciplex Emission®? : Pulse
Py -*-- DMA <— DMA + Py*<— excitation
As in the case of excimer fluorescence emission, exciplex fluorescenc ission i orey
5 € emission is
usually observed as a broad structureless band at longer wavelengths relative to the ? @ Pyrene
monomer fluorescence emission (Fig. 4.31). The pyrene-diethylaniline system is an '
exemplar for exciplex formation and emission. For example, the monomer fluores- .
cence of aromatic hydrocarbons, such as Py, is often quenched at the diffusional rate I Exciplex
by electron donors, such as aniline and its derivatives. The quenching is accompa- _
nied by the appearance of a broad structureless band ~ 5000 cm™! (~ 15 kcal mol™}) '8
to the red of the fluorescence of the hydrocarbon monomer. This new fluorescence 2
(Fig. 4.31), assigned to the exciplex, increases in intensity as the electron-donor con- aE>
centration is increased. There is no corresponding change in the absorption spectrum ~ |®
as the donor concentration is increased.
s - ‘ | !
20.0 225 25.0
1.5 ‘ vxi0dem™) —
i O‘ " “Figure 4.32 'Dynamic behavior of the pyrene—dimethyl- i
O aniline exciplex. (a) After 1ns, most of the excited Py
exists as the monomer. (c) After 100 ns, most of the ?
Pyreﬁe excited Py molecules exist in the pyrene—dimethylaniline
2 . 12mM Pyrene diethylaniline exciplex -+ - exciplex form. :
2 Monomer
[} fluorescence
£ 1.0 N . , ‘
3 Exciplex The dynamic behavior of exciplex formation is nicely demonstrated by- time-
§ fluorescence resolved emission spectroscopy.*® Figure 4.32 shows the total emission of pyrene-
2 plus-dimethylaniline in cyclohexane: (a) about 1ns after an excitation of the Py
'§ chromophore, and (b) ~ 100 ns after the excitation. It is evident that immediately
"; ' after the excitation, emission is mainly from the Py monomer, but as time goes on the
:N_J v In methylcyclohexane solution exciplex begins to increase its contribution to the total.
g 0.5
S .
4.41 Twisted Intramolecular Charge-Transfer States™
From the above discussion of radiative transitions, we conclude that, as a rule, for
the majority of organic molecules only one fluorescence spectrum should be ob-
served, that is, the *R(S;) = R(Sy) + hv radiative transition. Reactions in which an
0.0 41 ) . : ' o : electronically excited state *R is converted into the excited state of a produce (*P)
350 400 450 500 550 600 would correspond to exceptions to this rule, since both *R(S;) — R(Sy) + Av and
A(nm) — i a *P(S;) — P(Sg) + hv radiative transitions are possible; producing a dual fluores-

cence, from a single initial *R. A *R — *P process occurs entirely on an electronically

ﬂf:rr:s:ei::e ZZ;;;; ﬂ';‘)rescence (dotted line) and pyrene-diethylaniline exciplex excited surface and is termed an “adiabatic” photochemical reaction. Excimer forma-
ne). tion, *R + N — R-*-N, is an example of a bimolecular adiabatic reaction. There are a
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_ number of cases of unimolecular adiabatic photoreactions that result from the twisting
about single bonds. If spontaneous intramolecular rotation occurs in *R and the rota-
tion leads to a product, *P that is in a spectroscopic minimum capable of detection by
emission from *P, the photochemical process is detectable if the *P — P + hv process
occurs, that is, if *P emits a measurable number of photons.

An exemplar*’ of the observation of dual fluorescence due to rotation about a single
bond is found for 4-N,N-dimethylaminobenzonitrile, 11. In the ground state R(11)
possesses a more or less planar conformation R(11p). Upon rotation about the C—N
single in bond for R(11p), a higher-energy twisted conformation R(11t) is produced.
Franck-Condon photoexcitation of R(11p) produces a planar excited state *R(11p).
It is not possible to directly photoexcite R(11t), since the later conformation is not
significantly populated in the ground state. In a nonpolar solvent, a single fluorescence
emission is observed from *R(11p) with a maximum at ~ 350 nm. However, in polar ‘
solvents a second fluorescence emission is observed at ~ 450 nm. The excited state E Figure 434 Example of the TICT fluorescence of 11t and 11c.
*R(11p) may be stabilized by rotation about the C—N bond because of CT from the
electron-donor amine group to the electron-acceptor cyano group (an example of a free
rotor effect about a single bond). Thus, fluoresce at ~ 350 nm is assigned to emission
from the planar *R(11p) and the fluorescence at ~ 450 nm is assigned to emission

! . TICT

I (emission) —>

T T T T T T !
300 400 500 600

Wavelength (hm) ——

structures where the nitrogen lone pair is perpendicular to the 7 orbital system (11¢t)

d at 450 nm. -
from the product of rotation about the C—N bond of *R(11p), the electronically favor the band a
excited twisted intramolecular CT structure, *P(11t). Thus, an adiabatic CT reaction ) CH
. . HSC\ /CH3 HSC':.,.. V. 3
*R(11p) — *P(11t) occurs upon rotation about the C—N bond on the excited surface. - N N

Because of its twisted intramolecular charge-transfer (TICT) characteristics, *R(11p)
is termed a TICT state. The planar state has been termed-a locally excited (LE) state.
A schematic representation of the adiabatic reaction is shown in Fig. 4.33.

Evidence (Fig. 4.34) for the fluorescence assignments for *R (11p) and *P(11t)
is found in the observance of a single fluorescence emission at ~ 350 nm for 12 , k m ﬂ}
(which is structurally constrained to be planar) and of a single fluorescence emission
at ~ 450 nm  for 13 (which is structurally constrained to be twisted). We conclude
that a coplanar conformation for which the lone pair is nearly parallel to the carbon
p-orbitals of the aromatic 7 system (11p) favors the emission at 350 nm. Twisted

11p 11t
Planar: 350 nm Twisted: 450 nm

Hsc\N H?C"..,_ N /CHS
H,C CHg
(S] @ i
Adlabatlc 7 A c ﬁ
D ‘ 1
photoreactlon N N
’ 12 13
LE state TICT state 350 nm only 450 nm only

(S4, planar, partial CT) (S4, twisted, full CT)

o : i 1 barriers:
Figure 4.33 A model for formation of a TICT state through an adiabatic *R — *P The conversion fronll the plana; et:) threezllzntel(i::i:: ;n;zlelzl V?zl;z S;Z:naodynanuc
charge-transfer process. A locally excited planar state, possessing partial charge-transfer (1) an intramolecular i ectronic energy . gh ER(11p): a1d (32 supramolecular
characteristics undergoes rotational relaxation toward a twisted conformation that is barrier if the energy of *R(11t) is higher than that o P volved in moving
coupled with intramolecular electron transfer to produce the TICT state. - barrier that depends on the friction and electronic reorganization in
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the solvent environment. Thus, depending on the structure of the molecule in nonvis-
cous solvents, the TICT state could be formed irreversibly if the energy of *R(11t) is
much lower than the energy of *R(11p), or reversibly if the energy of the *R(11¢t) is
comparable to the energy of *R(11p). In addition, the degree of CT depends on the
polarity of the solvent and its ability to promote or inhibit the formation of the TICT
state. Finally, as the friction of the environment increases, the formation of the TICT
state will be kinetically inhibited even if the energy of *R(11t) is much lower than the
energy of *R(11p).

The reaction coordinate for the *R(11p) — *R(11¢) transition involves not only
the “gas-phase” energy of the twist but also a certain degree of CT, solvent dipolar
relaxation, solvent friction, and probably some rehybridization at the N atom from
sp? to sp’. The sensitivity of formation for TICT states to the intramolecular and
supramolecular features of a system allow the TICT state to probe the micropolarity
and microviscosity of solvents. The large electronic, conformational changes makes
them ultrasensitive to supramolecular (solvent cage) effects.

An important characteristic of the exemplar perpendicular TICT state is the struc-
tural orthogonality (zero overlap) of the electron donor n orbital for the dimethylamino
group and the 7 orbital system for the acceptor benzonitrile group. This situation can
be viewed as one that leads to a dipole moment that is near maximum for full electron
transfer from the donor to the acceptor. This feature and the energy minimum for the
perpendicular configuration are the essential features of a TICT state. Twisted single
and double bonds can be understood within one single theoretical framework, that
of diradicaloid states (Chapter 6). An estimation of the energy of *R(11p) relative
to *R(11t) can be obtained from knowledge of electrochemical characteristics of the
donor (amine) and acceptor (cyano) groups.

The essence of the TICT phenomenon is the adiabatic transfer of an electron
(negative charge) during the *R — *P process. A related phenomenon is the transfer
of a proton (positive charge) during the *R — *P process. The latter is termed an
“excited state intramolecular proton transfer” (ESIPT). In appropriate cases, the TICT
and ESIPT processes can be coupled. The intramolecular hydrogen abstraction of
o-hydroxybenzophenone is an exemplar of ESIPT. In this case, the radiationless
deactivation of *R(ESIPT) is much faster than emission.

4.42 Emission from “Upper” Excited Singlets
and Triples: The Azulene Anomaly

Because of the large number of organic molecules known to obey Kasha’s rule!” (in
condensed phases, fluorescence is only observed from S; and phosphorescence only
from T), claims of “anomalous” emission from the S,, S3, and so on, and the T, T,
and so on, states of molecules should be viewed with suspicion. To date, examples
of emission from T,(n > 1) are extremely rare. However, well-documented cases
of S, = Sg + hv fluorescence are found for azulene (12) and its derivatives.*S The
fluorescence spectrum of 12 reaches a maximum at ~ 374 nm, whereas its Sog =54
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Figute 4.35 The anomalous S, — S, fluorescence of azulene.
The solid curve shows the S; — S, (UV) and the So — S, (vis)
absorption of azulene. The fluorescence of azulene (dashed curve)

is an approximate mirror image of the Sg — S,. )

absorption maximizes at 585 nm (azulene is a blue organic compound). The 0,0 band
of the fluorescence and the 0,0 band of Sy — S, absorption overlap and display an
approximate mirror-image relationship to one another (Fig. 4.35). A reason for the
observation of an S, —> S, emission is a large energy gap, which slows down the

normally very rapid rate of S, — S, internal conversion by decreasing the Franck—
Condon factor for radiationless transitions coupled with a fast inherent rate of kg from
S,. Examples of S, emission are known that can be ascribed to thermal population of
S, from S, followed by emission from S,.

Intcrestmgly, the “normal” S; — S fluorescence from azulene is extremely weak
(¢g < 10#) and can be obtained only under special conditions.*’ The anomalous lack
of normal fluorescence from azulene is understood in terms of arelatively small energy
gap between S, and S, which leads to a relatively fast internal conversion. Thus, this' -
explains the anomalous observation of significant fluorescence from S, and the virtual
lack of emission from.S; (both are violations of Kasha’s rule for emission): Because
of its unusual molecular orbitals, the energy gap between S, and S, is unusually -
large, leading to a relatively slow internal conversion and the energy gap between
S, and S, is relatively small, leading to a relatively fast internal conversion. As a
result, internal conversion can occur in competition with a relatively slow inherent
fluorescence.
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Substitution of fluorine atoms on the azulene*® can cause the S, — S, fluorescence
to increase to significant quantum yields. For example, the azulene 12F possesses a

Chapter 4 Radiative Transitions between Electronic States

value of ®p ~ 0.2, a significant quantum yield for emission!

12
Azulene
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