Chapter 15
Experimental Techniques for Excited
State Characterisation

J. Sérgio Seixas de Melo, Joao Pina, Fernando B. Dias
and Anténio L. Macanita

Abstract The characterisation of the excited state of a molecule implies the
determinations of the different quantum yields and lifetimes. Additionally, complex
kinetic systems are frequently observed and need to be solved. In this contribution,
we give our particular way of studying systems of organic molecules where we
describe how a quantum yield of fluorescence (in fluid or rigid solution, or in film),
phosphorescence, singlet oxygen and intersystem crossing can be experimentally
determined. This includes a brief description of the equipments routinely used for
these determinations. The interpretation of bi- and tri-exponential decays (associ-
ated with proton transfer, excimer/exciplex formation in the excited state) with the
solution of kinetic schemes (with two and three excited species), and consequently
the determination of the rate constants is also presented. Particular examples such
as the excited state proton transfer in indigo (2-state system), the acid—base and
tautomerisation equilibria in 7-hydroxy-4-methylcoumarin (3-state system), toge-
ther with the classical examples of intramolecular excimer formation in 1,1’-dip-
yrenyldecane (2-state system) and 1,1’-dipyrenylpropane (3-state system) are given
as illustrative examples.
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15.1 General Jablonski Diagram: What parameters are
needed to fully describe the excited state
of a molecule?

The investigation of the excited state relaxation processes is one of the experi-
mental key determinations to the interpretation of correlations between reactivity,
stability and molecular structure. Prior to electronic excitation a molecule is
usually in its ground electronic state. One of the few exceptions is molecular
oxygen whose ground state is a triplet. Upon electronic excitation (1 fs) to any
state above the first singlet excited state (S;), deactivation occurs through internal
conversion to the S; state, and here after vibrational relaxation to the lowest
vibronic state of S;, the molecule further decays to its ground electronic state
through several slower deactivation processes: radiative (fluorescence and phos-
phorescence) and radiationless (internal conversion and intersystem crossing), see
Scheme 15.1. Photochemistry can compete with all the foregoing processes,
including vibrational relaxation. This last process will be discussed in the context
of the so-called vibronic effect, which will be described later in this chapter.

The general processes and deactivation mechanisms in Scheme 15.1 have been
already described in Chap. 1. In this chapter, we will be mainly concerned with
aspects associated with the experimental determinations of these parameters
(energies, lifetimes, quantum yields and rate constants) and with particular
emphasis on the determination of rate constants of reactions occurring in the
excited states. These reactions include the formation of additional species (2, 3 and
4-state systems) or particular competition between deactivation processes—see the
vibronic effect—and their dependence on the experiment conditions (solvent,
temperature etc.).
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Scheme 15.1 Jablonski-type diagram schematising the overall set of deactivation processes
occurring upon excitation. vr vibrational relaxation; /C internal conversion; ISC interystem
crossing. In addition, the vibronic effect is illustrated in red, where ky and kpc are the vibrational
relaxation constant and the photochemistry rate constant, respectively. This model for the fate of
quanta absorbed into any vibrational level of any excited electronic singlet state excludes the
occurrence of intersystem crossing
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15.2 Characteristics of an Excited State

The lifetime of an excited state of a molecule is one of its fundamental charac-
teristics; the others being its energy, quantum yields of decay processes and their
respective rate constants. After generation of an excited population of molecules of
concentration cg in the lowest vibronic state of S, the concentration c(¢) at the time
t after excitation decreases exponentially with time, according to the law
c(t) = coe /™, where 1, is the reciprocal of the sum of the rate constants of all the
decay processes available for this state. When the time ¢ is equal to t(, the con-
centration ¢ has fallen to 1/e of its initial value. The value of 7 is defined as the
lifetime of the excited state (Eq. 15.1). When the excited state is luminescent, the
most common method to measure the lifetime consists in recording the lumines-
cence decay. Since the luminescence intensity I(¢) is proportional to c(z), it follows
that I(r) = Ipe™"/™, with,

1

e 15.1
ke + kic + kisc (15.1)

To

where kg, kic and kigc are the rate constants for respectively the fluorescence,
internal conversion and intersystem crossing. It is worth noting here that the
foregoing exponential law does not hold when higher vibronic levels are excited
and the decay includes the time region (fs-ps) where vibrational redistribution and
relaxation occurs. In this time region, redistribution leads to oscillating functions
and relaxation leads to additional negative exponential terms (rise times). These
features become important in the particular case of competition between vibra-
tional redistribution/relaxation and photochemistry. When fluorescence (or phos-
phorescence) is the only deactivation process, the value of 7 is commonly
designated as 1 (or tp) with the meaning of radiative lifetime.

Additional excited state reactions add new pathways for energy dissipation, and
consequently additional rate constants in (the denominator of) Eq. (15.1). Among
these, we can find processes leading to the formation of new species (for example
excimer formation, electron transfer or proton transfer) and/or quenching (e.g.,
energy transfer). Oxygen, present in all solvents in equilibrium with air, acts as a
very efficient quencher, which is due to energy transfer to the triplet ground state
of oxygen to generate singlet molecular oxygen (1270 nm, =1 eV), see
Scheme 15.1. Obviously, the efficiency of diffusional oxygen quenching depends
on the lifetime of the probe being quenched, and particularly on the nature and
energy of the quenched state.

In the case of triplet states, due to their longer lifetimes, rigid matrices (frozen
solutions or glasses for example) can be used to prevent diffusional collision
between molecular oxygen and the probe, thus avoiding quenching. In the case of
the singlet state, molecules with long lifetimes are highly sensitive to the presence
of oxygen, whereas those with short lifetimes are only slightly affected. An
important example of long-lived probes is pyrene, whose measured fluorescence
lifetime (> 100 ns) critically depends on the oxygen content of the media; in
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contrast, compounds with lifetimes shorter than 1 ns can generally be considered
to be insensitive to the presence of oxygen. This can be easily explained with he
Stern—Volmer equation (Eq. 15.2) [1].

T
70 = 1 4 k,70[02] (15.2)

In liquid solutions at room temperature, the fluorescence of aromatic hydro-
carbons or derivatives is known to be quenched by oxygen with a nearly diffusion-
controlled rate constant. Values of kq for more than 100 aromatic compounds in
common solvents can be found in Ref. [2], as well as the concentration values of
dissolved oxygen at 1 atm for ca. 70 common solvents. Let us take as an example
9,10-diphenylanthracene (DPA), whose lifetime is equal to 7.44 ns and
kg =17 x 10" mol~" dm? s_l, in cyclohexane at 20 °C, ([O,] = 2.4 x 1073
mol dm™>). Substitution of these values in Eq. 15.2 yields 1o/t = 1.30. This
means that, if oxygen is not removed from a solution of 9,10-diphenylanthracene,
a significant difference will be observed in the lifetime of the probe, as shown in
Fig. 15.1. However, suppose now that the lifetime is 1 ns. Now the ratio
10/t = 1.02 and the effect of oxygen can be considered to be essentially negligible.

For fluorescent molecules with lifetimes ranging from 10 ns up to 500 ns, the
influence of oxygen is even more relevant. For example, for pyrene (one of the
most used, and probably most long-lived fluorescence probe), lifetimes values
ranging between 382 and 650 ns can be found in the literature for the same solvent
[2, 3].

One other way to observe this effect is by obtaining the rate constant for oxygen
quenching from reorganisation of Eq. 15.2, leading to Eq. 15.3, and then compare
the obtained values with those in the literature:
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Fig. 15.1 Fluorescence emission decays for DPA (with Z.x = 373 nm) obtained in a previously
degassed with nitrogen and sealed solution of cyclohexane and b in air-saturated solution of
cyclohexane. The autocorrelation functions (AC), weighted residuals and 12 values, are also
shown. The blue line is the pulse instrumental response
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The values for pyrene and other aromatic hydrocarbons lifetimes are presented
in Table 15.1. Note that the most dramatic change in the decay time values in the
presence (for 0.21 atm pO,) and absence of oxygen is displayed for pyrene. This is
a clear consequence of its long lifetime, making it particularly sensitive to the
presence of the oxygen quencher. Applying Eq. 15.2, and using the fluorescence
lifetimes of common aromatic hydrocarbons provide rate constants for singlet state
quenching by oxygen (kq), which can be compared with those found in the liter-
ature [2] (see Table 15.1).

15.3 Quantum Yields and Energies

15.3.1 Quantum yields

From the Jablonski diagram, the different deactivation processes and the associated
quantum Yyields and lifetimes are easily visualised. For all the deactivation pro-
cesses the quantum yield is defined as the absolute ratio quanta out/quanta in. In
the case of the fluorescence process:

number of emitted fluorescence quanta

br

= 15.4
number of absorbed quanta for a given singlet excited state ( )

However, experimentally, room temperature fluorescence quantum yields (¢g)

can be determined by comparison with standards of known quantum yield (d)fff)

The emission quantum yields of these reference compounds should be independent
of the excitation wavelength and the absorption and emission range of the sample
(cp) and reference (ref) compound should match as much as possible. In practice,
the quantum yield is determined by comparison of the integrated area under the

emission spectra of optically matched solutions of the samples ([ (1) dA) and

that of the suitable reference compound ([I(2)"*'dJ). The absorbance values

should be kept as low as possible to avoid inner filter effects. In these conditions,
using the same excitation wavelength, the unknown fluorescence quantum yield
(¢f) is calculated using Eq. 15.5 [4],

P _ fl()L)CPd/L . ODTef I’lgp . dc_ei . pref
T J1G) i ODgy miy fiel T

(15.5)

where n, is the refractive index of the solvents in which the compounds and the
reference were respectively dissolved; OD,.s and OD,, are the optical densities of
the reference (ref) and compound (cp) at the excitation wavelength used. Since
these experiments are done under usual laboratory conditions (room temperature
and atmospheric pressure) and oxygen is present and dissolved in the solvent. In
these conditions, oxygen must be removed ideally under several freeze-pump-
freeze cycles. However, this is usually not practical. An alternative and more
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straightforward approach consists in the introduction of a correction factor, fj.,
that represents the degassing factor for the sample and reference compound, which
is given by the ratio between the integrated area under the emission spectra in the
absence and presence of oxygen. In general, the most used reference compound is
quinine bisulfate [5], which ensures a good reliability in terms of the absolute
value of the determined quantum yield (0.546 in 1 mol dm—> aqueous H,SO,).
However, because it is critical to guarantee the same absorption of sample and
reference at the excitation wavelength, the required match of absorption spectra
may not be possible with quinine bisulfate. A detailed list of other fluorescence
standards can be found in Refs. [6, 7].

15.3.1.1 Fluorescence Quantum Yields at Low Temperature (77 K)

The fluorescence quantum yields at 77 K can be obtained by comparison with the
spectrum at 293 K run under the same experimental conditions. Equation (15.6) is
then applied [8],

71K __ fI 77K 293K 15.6
F fI zgdei F fL ( . )

where [1(4)*d2 is the integrated area under the emission of the sample at 77 and
293 K, ¢293 Kis the fluorescence quantum yield at 293 K and f. is the factor that
considers the “shrinkage” of the solvent volume (V) upon cooling, given by V7i/
Vaok-

15.3.1.2 Solid-State Fluorescence Quantum Yields

The solid-state fluorescence quantum yields in thin films can be obtained with the
help of an integrating sphere, using the method outlined by de Mello et al. [9] and

developed by Palsson and Monkman [10]. Equation (15.7) is used to determine the

solid-state fluorescence quantum yields (qﬁs"l‘d ),

Solid _ JP1(2)dA
F [SAI(Z)di. — [SSI(2)dJ. - 10A0D(er)

(15.7)

where [ PI(1)dA is the integrated area under the emission of the sample compound
in the thin film (which excludes the integration of Rayleigh peak), [SAI(1)d/ is
the integrated area under the Rayleigh peak of a sample containing only the quartz
or sapphire disc support and [ SSI(1)d). is the integrated area under the Rayleigh
peak in the emission spectra of the compounds under investigation in thin films.
Since the emission from the samples is much weaker than the scattered excitation
light (Rayleigh peak), the spectra are recorded with a filter that attenuates the
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Fig. 15.2 Phosphorescence emission spectrum (a) and phosphorescence decay (b) for an
oligothienyl-imidazole in ethanol glass at 77 K. (Reproduced with permission from Ref. [94],
Copyright 2010, the American Chemical Society)

emission intensity at the excitation wavelength. This is considered in Eq. 15.7 by
1OAOD(A“), the filter transmittance at the excitation wavelength.

15.3.1.3 Phosphorescence Quantum Yields

Phosphorescence measurements (spectra and decays, see Fig. 15.2) can be carried
out in glasses at 77 K using a spectrometer equipped with a phosphorimeter unit
(and an appropriate light source which can be a pulsed xenon lamp or a laser). The
phosphorescence spectra should also be corrected for the wavelength response of
the system.

Phosphorescence quantum yields (¢p,) are obtained by collecting the phos-
phorescence emission spectra from optically matched solutions (at the excitation
wavelength) of the samples and the reference compound and by applying the
following equation,

P _ fI(A)de)' . ODFEf . pref 15.8
Ph f](/l)refd}v ODCp Ph ( . )

where [1(1)*d2 is the integrated area under the phosphorescence emission of the

samples and the reference and d);?hf is the phosphorescence quantum yield of the

reference compound. When possible, the phosphorescence quantum yields are
determined using benzophenone (¢p, = 0.84 in ethanol) as standard [2]. It is
worth noting that, as with fluorescence (Eq. 15.5), in the determination of phos-
phorescence quantum yields, the same solvent should be used for the standard and
sample. However, in the case that different solvents have to be used the correction
introduced by the refractive index, n, in Eq. (15.5) is not necessary since the
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phosphorescence quantum yields are obtained in rigid matrices and the properties
of the solvent can be considered to be roughly identical.

15.3.1.4 Room-Temperature Singlet Oxygen Phosphorescence

Room-temperature singlet oxygen phosphorescence can be detected at 1,270 nm
with the help of an appropriate detector (e.g., Hamamatsu R5509-42 photomulti-
plier cooled to 193 K in a liquid nitrogen chamber), and following laser excitation
(at 266, 355 or 532 nm) of aerated solutions of the samples in a laser flash
photolysis spectrometer [11]. In addition, the interposition of a 600-line diffraction
grating, instead of the standard spectrometer grating (1,200-line), is needed to
extend spectral response to the infrared.

In cases where the singlet oxygen phosphorescence emission intensity is suf-
ficiently strong, measurements can be performed in a spectrofluorimeter using
the Hamamatsu R5509-42 photomultiplier previously reported [12]. In both cases
the use of a filter (Schott RG1000 for example), placed between the sample and the
emission monochromator is essential to eliminate the first harmonic contribution
of the sensitiser emission in the region below 850 nm. A characteristic singlet
oxygen phosphorescence emission spectrum is shown in Fig. 15.3.

15.3.1.5 Singlet-Oxygen Formation Quantum Yields

When using the laser flash photolysis apparatus, the singlet oxygen formation
quantum yields (¢,) are obtained by direct measurement of the phosphorescence
at 1,270 nm following irradiation of aerated solutions of the compounds. The ¢
values are determined by plotting the initial emission intensity for optically
matched solutions as a function of the laser energy (Fig. 15.4) and comparing the
slope with that obtained upon sensitisation with the reference compound (see
Eq. 15.9). Biphenyl in cyclohexane (Ao = 266 nm, ¢, = 0.73 [13]), 1H—phen-
alen-1-one in toluene (4., = 355 nm, ¢p = 0.93) or Rose Bengal in methanol
(Jex = 532 nm, ¢5 = 0.76) are generally used as standards [14].

o slope® .
P = N (15.9)

slope™

In a spectrofluorimeter, the sensitised phosphorescence emission spectra of sin-
glet oxygen from optically matched solutions of the samples and that of the reference
compound should be obtained in identical experimental conditions (see Fig. 15.3).
The singlet oxygen formation quantum yield is then determined by comparing the
integrated area under the emission spectra of the samples solutions ( [ /(1) d/) and

that of the reference solution ( [/ (A)™'d ) and applying Eq. 15.10,
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Fig. 15.3 Sensitised emission spectra of singlet oxygen in aerated toluene solutions of 1H-
phenalen-1-one and a bis(naphthalene)-oligothiophene at 293 K. Reproduced with permission
from Ref. [12], Copyright 2009, the Royal Society of Chemistry

® 1Hphenalen-1-one L

0.0014 O C6BPhBT
3
o,
=
£ 0.0007
c
o
£

0.0000

0

Laser Energy (% Dose)

Fig. 15.4 Plots of the initial phosphorescence of singlet oxygen at 1,270 nm as a function of
laser intensity for 1H-phenalen-1-one and an oligothiophene derivative in air-saturated toluene
solutions at 293 K. Reproduced with permission from Ref. [95], Copyright 2006, the American
Chemical Society
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with qbrAef the singlet oxygen formation quantum yield of the reference compound.
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15.3.1.6 Triplet-Triplet Transient Absorption Spectra

The transient triplet—triplet absorption spectra are collected by monitoring the
optical density change at intervals of 5-10 nm over the range 250-850 nm and
averaging at least 10 decays at each wavelength. First-order kinetics should be
observed above the ps time range for the decays of the lowest triplet state. Special
care should be taken in order to have low laser energy (<2 mlJ) to avoid multi-
photon and triplet—triplet annihilation effects. All solutions should be degassed
using the freeze-pump-thaw technique, or by bubbling with argon or nitrogen for
~20 min, and sealed. The earlier is more accurate; however, for routine deter-
minations, and for systems containing polymers, biomolecules, surfactants, etc., it
is preferably to degas gently, which leads to the second method.

15.3.1.7 Triplet-Triplet Molar Absorption Coefficients Measurements
Singlet Depletion Method

This technique uses flash photolysis excitation and involves comparing the
observed loss of ground state absorption with the gain in triplet absorption (see
Fig. 15.5). The triplet molar absorption coefficients (er) are determined according
to the well-known relationship [4, 15],

- &g * AODT

er = AODs (15.11)

where AODg and AODr are the changes in optical density due to singlet depletion
and to triplet absorption in the differential transient absorption spectra,
respectively, and &g is the singlet molar extinction coefficient. Since assumptions

0.2 1

AOD,

a
O \OD_
<] S

350 420 490 560 630
A (nm)

Fig. 15.5 Generic transient differential absorption spectrum
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Scheme 15.2 Schematic representation of the energy transfer method used for determination of
the triplet molar absorption coefficient in the laser flash photolysis apparatus

have to be made concerning the absence of absorption of the triplet state in the
region of the ground state absorption, where the depletion is being monitored, this
method is frequently associated with 50 or more percent error [16].

Energy Transfer Method

The energy transfer method is the most generally applicable method and involves
sensitisation of the triplet state of the unknown compound (acceptor) by an
appropriate energy donor in the triplet state (see Scheme 15.2). When using the
flash photolysis technique, the unknown triplet—triplet molar absorption coefficient
of the acceptor molecule can be obtained by comparison with that of the donor
compound (with known molar absorption coefficient) by applying Eq. (15.12) [4].

D D

fr _A0D° (15.12)

&g AOD
where AODP is the maximum absorbance from the transient triplet—triplet
absorption spectra of the donor in the absence of acceptor and AOD” is the
maximum absorbance of the acceptor triplet when both the donor and acceptor are
present (see Fig. 15.6). For determination of AOD”, additional corrections were
taken into account, in particular, when the decay rate constant of the acceptor k3 is
not negligible. For this situation Eq. (15.13) should be applied [4];

lnkz/k3:|

-2 15.1
kafks — 1 (15.13)

obs

AODA = AOD” exp[
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Fig. 15.6 Illustrative example of the shape of the triplet-triplet absorption decay obtained at the
wavelength maxima of the transient absorption spectra of the acceptor in the presence of the
donor

where k, is the donor decay rate constant in the presence of acceptor and AODOAbs is
taken from the maximum observed in the triplet—triplet difference spectra of the
acceptor in the presence of donor.

The decay in Fig. 15.6 clearly shows that the acceptor is being formed (by
energy transfer from the donor) at the expense and during the decay of the donor
(which occurs with a rate constant of k» = 4 x 10° s~') and then decays with a
rate constant of k3 = 2 x 10* s

Experimentally the samples under study are dissolved in solutions of relatively
high concentrations of the donor compounds (107>~10~* mol dm™ solutions),
while the concentration for the samples with unknown ey should be of ~107°
mol dm >,

15.3.1.8 Intersystem Crossing Quantum Yield Determinations

The singlet—triplet intersystem crossing quantum yields (¢sc) for the compounds
with unknown values, ¢75-, but known triplet molar absorption coefficient, &7, can
be obtained by comparing the AODY, in the triplet-triplet absorption maximum of
the compounds, with the AODrTef in the triplet wavelength absorption maximum of
a reference compound with known intersystem crossing quantum yield, qbi‘;fc, and
triplet molar absorption coefficient, ngef, using Eq. (15.14) [17].
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Care must be taken in order to have diluted solutions of the compounds and the

reference optically matched at the laser excitation wavelength. Typically, we

should have standards to obtain the ¢fer. value for the three available wavelengths

of a Nd:YAG laser: 266, 355 and 532 nm. Optical parametric amplifiers can be
used to tune other wavelengths, but these are not always available and always
reduce the laser intensity reaching the sample. Therefore, the ¢ values are gen-
erally determined using as standards naphthalene in ethanol (er = 24,500 mol ™
dm® cm™! at 415 nm, ¢t = 0.8) when the laser excitation is with the fourth
harmonic  (Aex = 266 nm) of a Nd:YAG, benzophenone in benzene
(er = 7,220 mol ™" dm® em™" at 530 nm, ¢ = 1) with A, = 355 nm and tetra-
phenyl-porphyrin in toluene (¢r = 6,000 mol~' dm® cm™" at 790 nm, ¢ = 0.82)
for Jex = 532 nm [2, 15].

15.3.1.9 Photoacoustic Calorimetry

An alternative method to evaluate the intersystem crossing quantum yield is the
photoacoustic calorimetry (PAC) technique, which requires previous knowledge of
the triplet energy (see below). In a PAC experiment, the fraction of heat released
following excitation with a laser pulse is measured by way of the resulting sound
wave [18]. Using knowledge of the energies of the excited states involved (S; and
T;), and the quantum yield of fluorescence (¢g), it is possible to determine the
quantum Yyields for the non-radiative processes [18]. Moreover, it is also possible
to split the relative contributions of the radiationless processes (heat released) into
two components occurring in different time ranges: a fast and slow step (¢; and ¢,
respectively). The fast component results from the internal conversions, S, ~> S;
and S; ~> S, and the intersystem crossing to the triplet manifold, and lasts a few
ns. The slower component is associated with radiationless processes originating
from the lowest triplet state, thus occurring on a much longer time scale (> 10 ps).
Longer lived processes are not detected using appropriate PAC transducers.
Therefore, the process is considered ‘blocked’ at that energy level, and thus the
deactivation of the system (as seen from PAC) stops in the triplet manifold. In this
situation, it can be showed that the product of the singlet—triplet intersystem
crossing yield (¢sc) and energy (Et) is given by Eq. (15.15), [18, 19] where Ejpax
is the energy of fluorescence (more correctly, the energy at the maximum fluo-
rescence intensity taken as the Gaussian centre of the fluorescence band), and Ej,
is the energy of the laser.

disc - Er = (1 = ¢1) - Emv — Pk - Evmax (15.15)
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Fig. 15.7 Total electronic spectra including absorption (So — S;5), fluorescence (S; — So),
phosphorescence (T; — Sy) and transient triplet—triplet absorption spectra for naphthalene in
methylcyclohexane. The absorption, fluorescence and transient triplet—triplet spectra were
acquired at 293 K, whereas the phosphorescence spectrum was recorded at 77 K

The photoacoustic calorimetry technique together with the triplet—triplet energy
transfer method (see below) has been used to characterise the non-emissive triplet
excited state of indigo, that is, to evaluate the intersystem crossing quantum yield
and triplet energy values for this compound [20].

A value of ¢; = 0.9952 was obtained for indigo, and based on the triplet
energy of indigo, 134.7 kcal mol ™' (1.05 eV), and the values of ¢p = 0.0023
[21], together with the energy of the singlet state 43.78 kcal mol ™! (Eymax), a value
of ¢rsc = 0.0065 was obtained [20]. In addition, this value was found in agree-
ment with the value obtained for ¢, = 0.0012 [22], which validates the obtained

¢dr1sc value.

15.3.2 Triplet Energy Measurements

As mentioned before, the energy of the first triplet state T can be taken from the
0-0 vibronic of the T; — S, transition (or from the Sy — T, transition when
induced by the external heavy atom effect [23]), or from the band onset. This is
illustrated in Fig. 15.7 for naphthalene, which also includes the transient triplet—
triplet absorption of this compound.

In the absence of phosphorescence, the triplet state energy can be obtained
by the triplettriplet energy transfer method as described in the next section
[4, 24, 25].
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Scheme. 15.3 Schematic representation of the pulse radiolysis energy transfer technique applied
to the characterisation of the triplet state (triplet energy determination)

15.3.2.1 Triplet-Triplet Energy Transfer

The absorption spectra of triplet states can also be obtained by the pulse radiolysis
technique (see Chap. 8), which briefly consists of using 200 ns—-2 ps high-energy
electron pulses from a 12 MeV linear accelerator, which is passed through solu-
tions in a 2.5 cm optical path-length quartz cuvette attached to a flow system [26—
28]. Optical spectra are normalised for the radiation dose and recorded using a
spectrometer consisting of a xenon arc lamp, monochromator, photomultiplier and
appropriate filters [27]. In the absence of appropriate sensitisers, pulse radiolysis of
benzene solutions containing organic molecules can produce excited states and
radical ions (see Sect. 8.2.1.4) [29-32]. However, upon pulse radiolysis of an
argon-saturated solution of a donor D (in the sense that it can further transfer
energy to an acceptor if present, for example 1 x 1072 mol dm™ solutions of
biphenyl) in benzene, the only significant species seen by transient absorption
spectroscopy (within the time resolution used in this type of experiments; i.e. a few
ns) is the triplet state of the donor (biphenyl). On this basis, triplet states of an
acceptor (A), for example, a conjugated organic polymer or oligomer, can be
selectively produced by energy transfer from appropriate donors which act as
triplet sensitisers (S) following pulse radiolysis of benzene solutions as illustrated
in Scheme 15.3 [33, 34].

The experiments are subject to the kinetically demanded concentration ratio
[Bz] > [S] > [A]. This technique was applied to characterise the triplet state of
conjugated oligomers and polymers where the concentrations of these were
107> mol dm™ (in terms of repeating units for the polymers), and they were
dissolved in benzene solutions of biphenyl and degassed [11, 34-36].


http://dx.doi.org/10.1007/978-90-481-3830-2_8
http://dx.doi.org/10.1007/978-90-481-3830-2_8
http://dx.doi.org/10.1007/978-90-481-3830-2_8
http://dx.doi.org/10.1007/978-90-481-3830-2_8
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Table 15.2 Triplet energy values (in eV) for several useful donor/acceptor compounds

Compound Energy (eV)
Benzophenone 2.97
Biphenyl 2.84
9,10-Anthraquinone 2.71
Naphthalene 2.63
Terphenyl 2.52
1-Naphthaldehyde 244
Benzil 2.32
9-Fluorenone 2.19
Pyrene 2.10
Acridine 1.97
Anthracene 1.84
Azulene 1.68
Ferrocene 1.65
Perylene 1.54
Tetraphenyl-porphyrin (TPP) 1.43
Tetracene 1.27
Phthalocyanine 1.24
Rubrene 1.14
0, ('Ay 0.94
p-Carotene 0.91
Pentacene 0.78

This technique also allows the determination of the triplet energy of the
compounds and is known as the triplet-triplet energy transfer method which was
developed by Bensasson and Land [4, 24, 25]. Briefly, the procedure is as follows:
the compound, with an unknown triplet level, is excited in the presence of a given
compound whose triplet energy is known (see Table 15.2). If the unknown triplet
is quenched, then its triplet energy level should lie above that of the standard,
whereas if it is not quenched its level lies below that of the standard. By this way,
it is often possible to fix upper and lower limits to the lowest triplet levels of the
compound under study. The method is based on the finding that when the triplet
levels of two compounds differ by more than 0.08-0.12 eV, then the triplet energy
will be transferred from the compound with the higher triplet level to the com-
pound with the lower triplet level with a rate constant approaching the diffusion-
controlled limit [4]. As an example, indigo quenches the triplets of biphenyl
(2.84 eV), perylene (1.53 eV), TPP (1.42 eV) and rubrene (1.14 eV). Assuming
that these all involve energy transfer and since indigo is known to sensitise single
oxygen (0.94 eV), this puts the triplet somewhere above 0.94 but below 1.14 eV,
i.e., 1.0 plus or minus 0.1 eV (see Scheme 15.3).
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11

Scheme 15.4 Some of the molecules, described in the text, where the vibronic effect was found
and investigated

15.4 The Vibronic Effect

Exceptions to Kasha’s rule can not only be found with azulene and other com-
pounds [37], where emission from S, is observed (typically because the energetic
difference between the S, and S; states is sufficiently large to reduce the S,—S;
internal conversion to values close to the S,—S, radiative rate), but also when there
is competition between vibrational relaxation and photochemistry, the so-called
vibronic effect. This is an important concept that has been recently developed
contrasting with the general wisdom in photochemistry, that only very few
exceptions to Kasha’s rule exist. The foundations of the vibronic effects were
found in 1966 when Ralph Becker and Joseph Michl noticed that the fluorescence
excitation spectrum of a photochromic compound, 2,2-diethylchromene (see
Scheme 15.4), was significantly different from the absorption spectrum [38].

In 1969, a further development of the phenomenon was made [39] in which the
relative quantum yields of fluorescence, ¢ !, were obtained for excitation of all
the vibronic levels in the first two electronic excited states of 2,2-diethylchromene

(I in Scheme 15.4). It was there found that qﬁ}flshowed variation as a function of
(a) the electronic state, (b) the vibrational mode and (c) the vibrational level that
was being excited. Comparison was made to a molecule of similar structure to 2,2-
diethylchromene except the O atom was replaced by —CH, (1,2-dihydronaphtha-
lene, IT in Scheme 15.4). In this case, excitation over 15 wavelengths, between 296
and 250 nm (first entire transition), did not result in any deviation (£ 5 %) of qﬁ{fl

and no photochemistry was observed over irradiation times comparable to that
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rel

used for the chromene. Indeed, in that work the ¢ values for 2,2-diethyl-
chromene changed, within the first absorption band, from qbffl at 329 nm, to (Z);el:
0.33 at 303 nm and in the second electronic absorption band from ¢j'= 0.51 at

278 nm, to qﬁffl: 0.10 at 257 nm [39].

Very surprisingly, these findings had no impact or repercussion during more
than 30 years until 1999, when further work with another photochromic compound
(Flindersine, IIT in Scheme 15.4) was published [40]. An improved mechanism
was developed to understand the strong dependence of qi);el on the particular
vibronic level excited for molecules that underwent photochromism. It is worth
noting that in order to validate this model, and equations, no triplet state can be
formed, which was validated on the absence of phosphorescence [41, 42] and
triplet transients with chromenes and benzochromenes, except for a small amount
(~0.1 %) for molecules having a 7,8-benzochromene core. This means that
photochemistry should, in these molecules, be considered uniquely in competition
with vibrational relaxation at every vibronic level. With this premise, the fraction
of molecules that relax from an upper (n) to a lower (n-1) vibronic level (within a
given mode) is given by [39-41]:

kv / (kv + kpc) (15.16)

where ky is the vibrational relaxation constant (in the one of the pioneering works
[39] ky was identified as kic) and kpc is the photochemistry rate constant. The
subsequent model is valid in the absence of vibrational redistribution, as it is
implicit in Scheme 15.1 and Egs. 15.16 through 15.22. Considering n vibronic
levels one gets:

£ (n) = [k/ (ke + kec)]" (15.17)

rel

Applying logarithms to this equation shows that a plot of log ¢r (n) versus
n should give a straight line with a slope equal to log[ky/(ky + kpc)] and conse-
quently from this, the ratio of ky/kpc can be obtained. This, by itself, showed that,
for these molecules, the quantum yield was changing with energy, which was in
contradiction with the known wisdom, Kasha’s—Vavilov’s rule.

In order to obtain all the rate constants, and to fully solve the kinetic scheme,
one would need to also evaluate the dependence of ¢pc as a function of n, which
was established in the 1999 work where the absolute ¢pc and ¢ values for
Flindersine were experimentally determined [40]. This led to improved equations
to obtain ¢r, particularly because ¢r(n) was considered as the experimentally
absolute quantum yield of fluorescence as a function of the vibronic level (n) and
state that is excited and:

¢5(0) = ke /[kr + kpc(0) + knw] (15.18)

with ¢g(0) the quantum yield of fluorescence (from n = 0) of S; and kng includes
kisc if any triplet is formed [from S{(0) to T,]. Furthermore, an equation for ¢pc
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was given (expansion in series) which allowed the evaluation of ¢pc(n) and its
dependence on ¢y and the vibronic or state level excited.

brc(n) = Ppc(0)Y + dpc[l + Py + by + ... R (15.19)
with
¢y = kv/(kv + kec) (15.20)

where ¢y is the vibrational relaxation quantum yield (in the absence of triplet
formation). The ¢y can be considered a measure of the efficiency of relaxation
from one vibronic level to another, in competition with photochemistry within a
given mode. It is worth noting that the concept of a vibrational relaxation quantum
yield was new and had never been considered before in photochemistry or
photophysics. Note also that such as the fluorescence quantum yield at the zero
level (Eq. 15.18) has a different expression relative to qbrlfl (n) (Eq. 15.17), and the
same occurs with the photochemistry quantum yield, ¢pc(0):

$pc(0) = kpc(0)/[kpc(0) + knr + k] (15.21)
where kyr includes kg if triplet states are formed and since ¢pc is given by:
bpc = kec/(kec + kv) (15.22)

this means that for n =0, ¢pc(0) = kpc(0)/[kpc(0) + knr + kg], for n =1,
Prc(1) = dpc(0)y + dpc and for n =2, dpc(2) = Ppc(0)dy + Ppc(l + dy).-
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Fig. 15.8 Typical ways light interacts with matter in a cuvette. The eye in the emission
represents the detector location
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15.5 Absorption and Emission: Avoiding
Experimental Pitfalls

The way light interacts with matter and is observed in solution can be summarised
in four different manners: absorption, transmission, emission and scattering
(Fig. 15.8). The first two are related through the relation of absorbance (A) with
transmittance (7) (A = —logoT). Considering as T = I/l and I, = Iy—I, that is
the difference between the incident light (/y) and the emerging light (/), the
intensity of light absorbed is given by Iy = Iy — I = Iy — IoT = Iy(1 — 1074).
This expression can be further developed in terms of series of terms,

Lps = Ip |1 — (1 —2.303 x ecl + (2.303ecl)? /2! + ... (15.23)

which, for sufficiently low values of A, reduces to Ljps = Ip(1 — 1O’A) =~ 2.3031ecl.

The intensity of emission, /., is proportional to the number of molecules in
solution and therefore Ie,, = Ips X ¢ and consequently ley = Io[2.303ecl]dp or
I = Ip X A X ¢pp. However, this stands only for diluted solutions, typically with
A < 0.01. When this is not the case, the light that excites the molecules does not
reach the centre of the cuvette, where the photomultiplier ‘eye’ is set to observe
the emitted light, and in extreme cases no emission is observed even for solutions
of a highly fluorescent compound.

When recording the emission spectra of a fluorophore other considerations/
observations should be taken into account. The excitation, also known as the
Rayleigh, and the Raman peaks is commonly observed in the emission (and
excitation) spectra (see Fig. 15.9). For several reasons, people tend to avoid

Rayleigh peaks

=290 nm

Intensity

Raman peaks

2860 200 300 310 320 330 340
A (nm)

Fig. 15.9 Illustrative representation of the Rayleigh and Raman peaks observed in the
fluorescence emission spectrum
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collecting the excitation (Rayleigh) peak when acquiring the emission spectra.
However, this can be sometimes critical. The so-called scatter peak should be
centred at the wavelength of excitation and this gives a good indication of the
monochromator position; any departure from this can indicate that the spectro-
fluorimeter is somehow misaligned.

The intensity of the Rayleigh scattering (Irs) is proportional to the size of the
solute particles (r) and to the excitation wavelength (4.y) through the relationship
Igs < 1°/ i:x. Moreover, the Raman peak is also present in the emission spectra
when the solutions are very dilute or display very low fluorescence quantum yields.
Indeed, this transition results from the fact that part of the excitation energy is
subtracted by the active vibrational modes of the solvent molecules. For example,
with water or other hydroxylic solvents the dominant vibrational mode is the O-H
stretching mode at ~3,300 cm™'. When collecting an emission spectrum, this
Raman peak (Ags) will be observed at a wavelength that should be energetically
lower by 3,300 cm™ ! than the excitation (Rayleigh peak), Aex(Ars); which is easily
mirrored from the relationship: 1//ga = 1/2—0.00033. Taking into consideration
that the usual units when tracing an emission spectrum in a spectrofluorimeter are
nm, if one excites with ., = 290 nm one gets lga = 320.69 nm (a difference of
30.69 nm), whereas when the same solution is excited with 4., = 300 nm one gets
Ara = 333 nm (a difference of 33 nm). Indeed, this difference should be identical
and would constitute a proof that what we are observing is a Raman peak. This,
indeed, is true when we considered energetic units: A, = 290 nm
(33,482.76 cm™") and Jga = 320.69 nm (31,182.76 cm™'); Ao = 300 nm
(33,333.33 cm™ ') and Aga = 333 nm (30,030 cm™'); in both situations an iden-
tical energetic difference of 3,300 cm~! is obtained.

15.6 Fluorescence Lifetimes. Decay Times. Fluorescence
Lifetime Standards in the ns and ps Time Scales

Fluorescence decays are generally measured using the time-correlated single
photon counting (TCSPC) technique [43, 44], although the ‘phase-shift’ [45]
method has been also used (see Chap. 14). A brief description of TCSPC apparatus
with nanosecond and picosecond time resolution is given below in order to
illustrate the essential components and requirements for each time resolution.

15.6.1 Fluorescence Decays with Nanosecond
Time Resolution

The light source is either a pulsed flash lamp (e.g., the IBH 5000 coaxial flash-
lamp, typically filled with N, D,, H, or mixtures of these gases), or pulsed


http://dx.doi.org/10.1007/978-90-481-3830-2_14
http://dx.doi.org/10.1007/978-90-481-3830-2_14
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Fig. 15.10 Fluorescence decays for a polythiophene derivative in toluene solution at 293 K and
in thin film. The dashed lines in the decays are the pulse instrumental response functions in
solution (obtained with a Ludox solution) and in the solid state (obtained with a blank sapphire
disc inside the Horiba-Jobin—Yvon integrating sphere). Autocorrelation functions (AC.),
weighted residuals and Chi square values (x°) are also present as insets. Reproduced with
permission from Ref. [49], Copyright 2007, the American Chemical Society

NanoLEDs. The excitation wavelength is selected with interference filters or a
monochromator (e.g., a Jobin—Yvon H20, with a UV-blazed grating), and focused
on the sample. The sample emission is passed through a second monochromator
(Vis-blazed grating) and detected with a high gain photomultiplier, such as the
Philips XP2020Q. The electric signals from the light source and from the photo-
multiplier are supplied to a TCSPC board (Becker & Hickl or PicoQuant) in a
computer as start and stop signals. The TCSPC board integrates two discrimina-
tors, a time-to-amplitude converter, and a multichannel analyser where the his-
togram of counts as a function of time is recorded. Since the measurement time
can be long, alternate collection of pulse (recorded with a scattering solution) and
sample is usually made [46—48]. If the controlling software allows alternate
measurements (1,000 counts per cycle) of the pulse and sample profiles to be
performed, a typical experiment is made until 5 x 10* to 20 x 10* counts at the
maximum intensity are reached.

With this equipment solid-state fluorescence decays can also be measured with
samples in a Horiba—Jobin—Yvon integrating sphere [49]. For these experiments
the pulse profile, at the excitation wavelength, is obtained by collecting the pulse
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Scheme. 15.5 Time-correlated single photon counting experimental setup: SHG/THG, second and
third harmonic generator; ND, neutral density filter; WDPOL-A, depolariser; POl;, vertically
aligned polariser; POL,, polariser at magic angle; F,, lenses; PD, photodiode; Mono, monochro-
mator; MCPMT, microchannel plate photomultiplier; PA, pre-amplifier; CFD, constant fraction
discriminators; TAC, time-to-pulse height converter; ADC, analog-to-digital signal converter

with a sapphire blank disc inside the integrating sphere. In this way, it is possible
to produce the pulse profile with the instrumental response function (IRF) as
generated within the integrating sphere, that, as seen from Fig. 15.10 is signifi-
cantly different from the IRF obtained with a scattering Ludox solution. In the
case of our laboratories, the fluorescence decays are usually analysed using the
modulating functions method to evaluate the decay times [6], which are then
optimised [50].

15.6.2 Fluorescence Decays with Picosecond Time
Resolution

A TCSPC apparatus with ps-time-resolution requires three changes with respect
to the previous equipment: the light source, the emission photomultiplier and
several details in the optical path. An example of a simple home-built pico-
second TCSPC apparatus is shown in Scheme 15.5 [35, 51]. The excitation
source consists of a picosecond mode-locked Ti:Sapphire laser (Tsunami,
Spectra Physics, tuning range 700-1,000 nm, 82 MHz), pumped by a diode-
pump YAG Laser (Millennia® Pro-10s, Spectra Physics). A harmonic generator
is used to produce the second and third harmonic from the Ti:Sapphire output.
The pulse frequency of the excitation beam is reduced with a pulse-picker unit
whenever decays longer than 2 ns are present. Samples are measured using the
second (horizontally polarised) or the third (vertically polarised) harmonic output
beam from the GWU that is first passed through a depolariser (WDPOL-A) and
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Fig. 15.11 Fluorescence decays showing monoexponential fits of the reference compounds
(obtained for the calibration of the ps time-resolution apparatus) a 2,2':5,2":5" 2'"’-quaterthi-
ophene in methylcyclohexane (Z.x = 425 nm) and b p-terphenyl in cyclohexane (1ex = 296 nm).
For better judgment of the quality of the fits, autocorrelation functions (AC.), weighted residuals
(W.R.) and »* values are also presented as insets. The shorter pulse is the instrumental response

after by a Glan—-Thompson polariser (POL;) with vertical polarisation. Emission
at 90° geometry is collected at magic angle polarisation (POL,) and detected
through a double monochromator (Mono) by a microchannel plate photomulti-
plier (MCPMT, Hamamatsu R3809U-50). Special care with focusing, and
keeping the diameter of the emission beam as small as possible is recommended.
Signal acquisition and data processing are performed employing a Becker and
Hickl SPC-630 TCSPC module. The full width at half maximum (FWHM) of the
IRF ranges from 17 to 22 ps and is highly reproducible within identical system
setups. Again, deconvolution of the fluorescence decay curves is performed using
the method of modulating functions [50].

The verification of good calibration of the ps-TCSPC system is performed,
when possible, with standard compounds that are easily obtained/purified and
exhibit a single exponential decay independent of excitation and emission wave-
length in a solvent of good spectral grade. In general, depending on the excitation
wavelength, p-terphenyl (p-terp) in cyclohexane [52] and 2,2":5',2":5" 2""-qua-
terthiophene («4) in methylcyclohexane are used as standards for calibration of our
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Table 15.3 Fluorescence lifetimes for reference compounds obtained with ns and ps time-
resolution apparatus. Unless noted the solutions were previously degassed for 20 min and sealed
with nitrogen before measuring

Compound Solvent dex  Aem Lifetime (this work) Lifetime
(nm) (nm) 74+ s(ns)b (literature)(ns)

p-terp Cyclohexane 282 330 0.98 £+ 0.01 0.98 (Ref. [52])
296 360 0.92 (air saturated)®

PPO Cyclohexane 311 360 1.34 £ 0.01 1.36 (Ref. [52,

53]
DPA Cyclohexane 373 430 7.44 £ 0.01 7.50 (Ref. [52])
Cyclohexane 392 430 4.59 &+ 0.02 (air saturated)®

ol Methylcyclohexane 373 450 0.46 £+ 0.01 0.44 (Ref. [7, 16])
425 450 0.44 (air saturated)®

C153 Methanol 460 550 4.27 £+ 0.02 4.30 (Ref. [52])

p-terp (p-terphenyl), PPO (2,5-diphenyloxazole), DPA (9,10-diphenylanthracene), o4
(2,2:5',2":5" 2" -quaterthiophene), C153 (coumarin 153)
% psTCSPC time resolution
° 7 is the averaged lifetime (resulting from five independent measurements); the s values are the
3 1/2
sample standard deviation that was obtained by applying, s = {(n -7y (x— X)z
n=1

Scheme 15.6 Kinetic scheme involving two excited state species (A* and B*) formed at the
expense of a single ground-state species (A)

system (see Fig. 15.11 and Table 15.3). However, 2,5-diphenyloxazole (PPO),
9,10-diphenylanthracene (DPA) and coumarin 153 (C153) are also commonly
used standards for calibration of pico- and nanosecond TCSPC, see Table 15.3
[52, 53].

15.7 Excited-State Kinetics

15.7.1 Analysis of Two-State Systems

As mentioned before, an electronically excited molecule A” can undergo a number
of (intramolecular or intermolecular) reactions, from which another excited mol-
ecule B”, emitting (or not) at a different wavelength, results. This may be called a
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two-state system, for which, in the most general case, the fluorescence decays of
both A* and B” follow a sum of two exponential terms.

We will briefly describe the kinetics of the two-state system, and then apply the
result to some common examples of inter and/or intramolecular reactions: excimer
formation, charge transfer (leading to an exciplex), electron transfer (leading to
radical ions), proton transfer or isomerisation. Scheme 15.6 is a condensed rep-
resentation of the two-state system.

15.7.1.1 Dynamic Approach

The time evolution of the concentrations of A” and B [A(?) and B(?)] is given by
Eq. (15.24), where ki, k., ko and kg represent the rate constants of the four
processes involved (Scheme 15.6). kx = k; + k4 is the decay constant of A and
ky = k»l + kB is that of B.

d|A | —kx ko || A
218l =3 % ][4 1524
The solution of Eq. (15.24) predicts double exponential decays for the two
species, A and B, (Eq. 15.25),

A aig axp | e M
{B](t): Lm an] [e_w] (15.25)
where the reciprocal decay times A; = 1/7; are the eigenvalues of the characteristic

polynomial (Eq. 15.26),

A—kx kg

b ke =0 (15.26)

and the pre-exponential coefficients a; j are linear combinations of the eigenvectors
of the rate constants matrix K that satisfies the initial conditions (see below).

Substitution of Egs. (15.25) and (15.26) provides an expression of the rate
constants matrix k as a function of the pre-exponential coefficients (a;;) matrix
a and the reciprocal decay time (4; = 1/t;) matrix 4 (Eq. 15.27, or abbreviated as
k =aia™h).

-1
—kx  k_ a a -4 0 a a
_ X N RN R TR 1 o |41 a2 (15.27)
ki —ky a| axp 0 -4 a| axp
However, because the pre-exponential coefficients a; ; (concentrations) must be
evaluated from the experimental pre-exponential coefficients A;; (fluorescence
intensities at a given wavelength, depending on the experimental setup and number

of accumulated counts), it is easier, in the case of the two-state system, to evaluate
the rate constants using the procedure first introduced by John Birks [54] to solve
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the kinetics of excimer formation (the relation between a;; and A;; will be dis-
cussed latter for three-state or four-state systems [55]).

In the Birks” method the two reciprocal decay times are expressed as functions
of the rate constants by Eq. (15.28) (which also results from Eq. (15.26)).

2y = (kx + ky) %\l + ky)? + 4kik (15.28)

The pre-exponential coefficients can also be expressed as functions of the rate
constants after definition of the initial conditions. If only A has been excited, then
the normalised concentration of A™ at 7 = 0 is unity, i.e., AO) =a;; +a;, =1
and that of B is equal to zero, i.e., B(0) = a; + a,, = 0. Note that the last
equation implies a, ; = —as .

aip :% (15.29)
ai :% (15.30)
= kxl;;” x IZ‘ — ij (15.31)
ary = k= do A=k (15.32)

The problem of relating the pre-exponential coefficients g;; to the experimental
pre-exponential coefficients A; ; is solved here by using the ratios of the coefficients
(because A;; = S; a; j, being S; a constant for a given measurement, a, ;/a;» = A; ;/
A, >). However, this solution leaves us with only three experimental values, the two
decay times and the A; ;,/A; , ratio (the A, /A, ratio equals —1, i.e., Eqs. 15.31
and 15.32 are not independent), for the four unknowns (rate constants). There are
several methods to obtain the fourth piece of information, the most common being
the measurement of the lifetime of A” in the absence of reaction (1/k,), when
possible. From the A; ;/A; , ratio one obtains,

_A172 B )4 — kx

== 2 15.33
Al kx— 4 ( )
and from rearrangement of Eq. (15.33) we obtain the value of ky,
A+ R
ky =——— 15.34
X =Ry (15.34)

' As a general rule, the credibility of the results obtained from the analysis of fluorescence
decays should be (with few exceptions) assessed, by checking the interconsistency of results
obtained under different experimental conditions (temperature, solvent viscosity and/or polarity
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which, with the value of t4 and from ky = k; + 1/7,, provides the value for k;.
ki = kx — ka (15.35)
Because kx + ky = Ay + 4 (from Eq. 15.28) we obtain the following relationships:
ky = A1+ 2o — kx (15.36)
and
kik_y = kxky — 212 (15.37)
Simple manipulation of Egs. (15.36) and (15.37) leads to:

kg = hocky = 2172 (15.38)
ky
and finally, from 73 = 1/(ky — k_;), we obtain 7g.

Despite its mathematical simplicity, the foregoing procedure may present some
experimental difficulties, which normally result from: (1) small values of some
pre-exponential coefficients in the decays of A™ and/or B”, (2) too close decay
times (differing by less than a factor of two) that mix, or (3) insufficient time
resolution. In most cases, these difficulties can be overcome by changing the
experimental conditions (temperature, solvent viscosity and/or polarity, and con-
centration among others, e.g. pressure)’ and/or by coupling the results from time-
resolved fluorescence with those obtained from steady-state experiments
(Stern—Volmer [1] and/or Stevens-Ban [56] plots).

15.7.1.2 Steady-State Approach

Under steady-state conditions (continuous irradiation), the concentrations of A and
B do not change with time,

(Footnote 1 continued)
and concentration, among others, e.g. pressure). Changing temperature provides Arrhenius plots
of the rate constants, which should be linear. Otherwise, something is wrong with the experi-
ments, or something interesting/new is happening. Changing solvent viscosity (1) provides log—
log plots of diffusion-dependent rate constants versus 1, which should also be linear (slope = —1)
for diffusion-controlled processes (deviations are also interesting) [56-59]. Solvent polarity
strongly affects charge and electron transfer processes in a well-known way. For inter-molecular
processes, changing the concentration [Q] provides linear plots of the pseudo-unimolecular rate
constant k; = kpimoi[Q] and an accurate value for the bimolecular rate constant, ko1

Finally, coupling results from time-resolved fluorescence with those obtained from steady-state
experiments are essential in some cases (complex kinetics or low time resolution), and advisable
in most other cases. For example, the rate constants obtained from time-resolved experiments can
be used to evaluate Stern—Volmer or Stevens—Ban plots (see below) and compare them to those
obtained from steady-state experiments. Agreement tells us that everything is alright, while
disagreement means that something else is happening, as for example, undetectable short com-
ponents in the decays (e.g., static quenching and transient effects, see below).
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d|A
- {B](I) =0 (15.39)

and, if only A is excited, Eq. (15.24) reads:

]ss _kX k71 Ass _
D
where I is the mole of quanta absorbed by A, per litre and per second and A and

B, are the steady-state concentrations of A and B, respectively. Rearranging Eq.
(15.40) [57], one obtains,

Ass Im kY Iss kY
- =% 15.41
|:Bss :| det(k) k] kaY — klkfl k[ ( )
and, because the (wavelength) integrated fluorescence intensities of A and B are
proportional to their respective steady-state concentrations and radiative rate

constants (¢ = kpaAgs and ¢gp = kppBy,), the following relationship between the
fluorescence intensities and rate constants holds:

(pbA Iss kFA kY
= ko — ik 15.42
|:¢B kxky — kik_, ke Ky ( )

15.7.1.3 Stevens-Ban plots: Determination Of Thermodynamic
Parameters Associated with an Excimer Formation Reaction

Equation (15.42) is the basis of Stern—Volmer and Stevens—Ban plots. The Ste-
vens—Ban plot [56] is a representation of In(¢p/¢d4), given by Eq. (15.43), versus
the reciprocal temperature, 7~

In(¢p/¢pa) = ke R (15.43)

kg k_y + kg
For exothermic reactions, these plots have a characteristic parabolic like shape
(see Fig. 15.12) where two limits are reached: the high (HTL) and the low tem-
perature limits (LTL). In the LTL, k_; < kg, while the reverse condition
(k_1 > kg) defines the HTL. In these limits, Eq. (15.43) reads:

In(¢p/da)itL = lnk +1 l]:_]l; (15.44)
k
In(dg/Pa)urL *hlz +1In ﬁ (15.45)

Considering that the ratio of the radiative rate constants is approximately
independent of temperature (the dependence of the radiative rates on the solvent
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In (1./1,)

HTL LTL

1T

Fig. 15.12 Generic Stevens—Ban plot showing the high (HTL) and low temperature limits
(LTL), the transition temperature between these two regimes (T*), the enthalpy (AH) and the
activation energy of excimer formation (E,), together with the 6 parameter (see text for further
details)

refractive index, which depends on temperature, cancels), and the dependence of
kg on temperature is often weak, the LTL slope of the Stevens—Ban plot
(Eq. 15.44) provides an approximate value for the activation energy of the forward
reaction (E;), and the HTL slope (Eq. 15.45) is equal to the reaction enthalpy
(UH = E, — E_)).

By comparing Eqs. (15.44) and (15.45), it is seen that the LTL and HTL straight
lines cross at a temperature at which k_; = kg (see Fig. 15.12). At this temper-
ature, the difference 6 between the crossing point and the full function (Eq. 15.43)
is equal to In 2.

When the fluorescence intensity of A in the absence of reaction ¢0A
(% = kpaAdg, with Adg = Iss/ka) can be measured, the ¢} /¢, ratio (Eq. 15.46)
provides an alternative method to analyse the steady-state data.

ki kg

— 15.46
ka k_y+ kg ( )

%/¢A:1+

Classical Stern—Volmer plots are normally used when the back reaction is
negligible (k_; < kg) and the forward reaction in Scheme 15.6 is bimolecular,
and consequently k; is a pseudo-first-order rate constant of the form k; = kq[Q).

Under these conditions, the representation of the d)?\ /¢4 ratio as a function of [Q]
is linear with intercept = 1, and slope ksy = ki/ka (= kqTa).

Pa/da = 1 +kg1alQ) (15.47)

However, Eq. (15.46) can be useful in many other ways. For example, the
representation of (qSOA/ ¢ a — 1)ka as a function of the reciprocal temperature, T '
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Scheme 15.7 Kinetic k,[M]
scheme for intermolecular M*+ M E*
excimer formation ﬂy k d %‘E
Th v
M

provides a modified Stevens—Ban plot, which has, at least, three advantages over
the classic Stevens—Ban plot. First, it does not require B to be fluorescent. Second,
it avoids the assumption that kgp/kg, is independent of temperature. Third, from
the LTL (k_; < kg), the value of k; is obtained, besides that of E;. Finally, when

both ¢y /¢, and @2/, are available the kpp/kra = Pg/da — P/ P4 ratio can
be obtained (Eqgs. 15.43 and 15.46).

As mentioned, the formalism derived here is valid for any excited state system
involving two species. We will next describe the required adaptations for the most
common reactions.

15.7.1.4 Excimer Formation

Aromatic hydrocarbons such as pyrene, naphthalene, perylene or other related
compounds are known to undergo excimer formation reactions in the excited state.
For intermolecular excimer formation, the kinetics fall in the category of two-state
systems (Scheme 15.7), as well as for the intramolecular case when the inter-
connecting chain is sufficiently long. With short connecting chains, two excimer
conformations may occur, leading to three excited state species (three-state sys-
tem, see below).

It is worth noting that Scheme 15.6 is equivalent to Scheme 15.7, with
k; = k,JM], where k, is the bimolecular association rate constant (diffusion con-
trolled in most excimer formation reactions) and [M] is the concentration of
monomer in the ground state (k_, is the dissociation rate constant, which is usually
denoted ky).

From the above-mentioned aromatic hydrocarbons, pyrene is for sure the most
widespread excimer forming fluorescent probe. The fluorescence spectra of pyrene
are known to display the characteristic vibronically resolved pyrene band with a
maximum at =375 nm, together with a structureless long-wavelength band (ca.
480 nm). Typically, only at concentrations of pyrene above ca. 10~ mol dm™?,
intermolecular excimer formation is clearly observed. For intramolecular excimer
formation (concentration independent kinetics) the long-wavelength emission
band can be observed for concentrations as low as 10~’ mol dm™>.

Due to the fact that the two emission bands of pyrene (monomer and excimer)
are well separated, the monomer and excimer decays can be measured without
mutual interference, and analysed with the two-state model (Eqgs. 15.33-15.38).
For the intermolecular case, the monomer lifetime is measured with pyrene at very
low concentration (< 1077 mol dm73), but for the intramolecular case a model
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Fig. 15.13 Fluorescence decays of 1Py(10)1Py in n-decane at 293 K obtained with
Jex = 339 nm and collected at 375 nm (monomer) and 480, 520 nm (excimer). At 375 nm an
additional exponential of 259 ns (with a pre-exponential factor of 0.028) is needed to fit the
decay. This most likely results from un-reacted pyrene; a similar situation has been reported
elsewhere [89, 96] for 1Py(3)1Py. For a better judgment of the quality of the fits, autocorrelation
functions (AC.), weighted residuals (W.R.) and 12 values are also present as insets. The short
pulse line in the first channels is the pulse instrumental response

compound (an alkylpyrene) is required [58, 59]. For short interconnecting chains
this procedure may also be problematic [60]. Excimer formation with pyrene has
also been measured as function of temperature, using both time-resolved and
steady-state fluorescence (Stevens—Ban plots), in order to evaluate the energy
parameters of the reaction.

In Fig. 15.13, the fluorescence decays of 1,1’-dipyrenyldecane [1Py(10)1Py] in
n-decane, are presented. In this compound, the two pyrene units are connected by a
saturated carbon chain of 10 carbons, in this case only one excimer (more stable
and non-parallel conformation) and one monomer exist; this leads to a bi-expo-
nential decay in which the sum of pre-exponential factors at the emission wave-
lengths of the excimer cancel out.

(a) K (b) K
—1e by . 1 = Kaiss a
A"+D —— (A"D*Y) A+D == (A"D") —= A"+ D*

[T

Scheme. 15.8 a exciplex formation and b full electron transfer. The excited molecule can be
either the electron acceptor A or donor D
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15.7.1.5 Charge Transfer and Electron Transfer Exciplexes

There is some parallelism between charge/electron transfer and excimer formation.
They both are two-state systems (in the simplest case), and both can occur either
intra- or intermolecularly [61-69]. In this case, Scheme 15.6 is slightly modified as
for excimer formation (Scheme 15.8). The major difference between charge
transfer (Scheme 15.8a) and electron transfer (Scheme 15.8b) reactions lies on the
reaction product: an exciplex (more or less fluorescent), resulting from partial
charge transfer, and a non-fluorescent, solvent-separated radical-ion pair from
(full) electron transfer, respectively.

For a given acceptor—donor system, charge transfer can switch to electron
transfer by increasing solvent polarity. Potentially, the kinetic analysis of electron
transfer can be more complex than charge transfer for a number of reasons. First,
the reaction product is non-fluorescent (less information is available from fluo-
rescence techniques). Second, electron transfer can occur at distances larger than
the collisional distance, leading to distance-dependent rate ‘constants’, i.e., to non-
exponential decays. Third, the geminate radical-ion pair can count as a third
species (leading to a three-state system), except when either the dissociation rate
constant kg;ss (leading to the solvent-separated radical-ion pair) or the recombi-
nation rate constant k.. (to give the ground states of acceptor and donor) is much
larger than recombination to the excited state of either the acceptor or donor
(which is frequently true). In this case k_; = 0 and thus a;; = 0 (Eq. 15.27),
leading to a single exponential decay of the fluorophore. Thus, only the electron
transfer rate constant is accessible from fluorescence studies, being the sequent
processes accessible only from time-resolved absorption (flash photolysis and/or
pump probe). Note that for intramolecular electron transfer, the full dissociation of
the geminate radical-ion pair is hindered.

For charge transfer leading to a fluorescent exciplex, all rate constants can be
evaluated from the fluorescence decays, but particular attention should be paid to
the possibility of occurrence of (1) transient effects, (2) the harpoon mechanism
[70] (the electron goes first and then the exciplex is formed) and (3) ground-state
charge-transfer complexes. All these phenomena lead to deviations from double-
exponential decays and/or differences between Stern—Volmer plots obtained from
time-resolved (to/t vs [Q]) and steady-state (Io/I vs [Q]) measurements.

In conclusion, for the analysis of fluorescence data in systems where charge or
electron transfer reactions occur, the availability of both time-resolved and steady-
state fluorescence data, as a function of solvent polarity and temperature, has
particular importance. Moreover, experimental (or theoretical) oxidation and
reduction potentials of A and D are also important to rationalise the results.

15.7.1.6 Proton Transfer

It is well-known that aromatic alcohols become stronger acids in the excited state
(less negative charge on the hydroxyl oxygen), while aromatic acids or ketones
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Scheme 15.9 Two examples of proton transfer in the excited state. The fop (with fS-naphthol,
[73]) is illustrative of an intermolecular proton transfer (to the solvent) process whereas the
bottom (with indigo, [22]) is illustrative of an intramolecular proton transfer. In the two cases the
kinetic scheme (in the middle) applies with a single ground-state species; however in the case of
indigo, the back-proton transfer reaction in the excited state is unlikely

become stronger bases (more negative charge on the carbonyl oxygens) [51, 71-74].
Therefore, electronic excitation triggers a proton transfer reaction (usually to or from
water). When an aromatic molecule possesses both acid and base moieties in
appropriate locations, intramolecular proton transfer can occur in a few ps or faster as
with 3-hydroxyflavothione [75]. A classical example of intermolecular proton
transfer to water is f-naphthol shown in Scheme 15.9, where N is the neutral (acidic)
form, and A is the anionic (base) form [73].

Scheme 15.9 is once again similar to Scheme 15.6 except that the protonation
back reaction is bimolecular. Thus, the two-state formalism is applicable with
some changes concerning the determination of the fourth unknown. Because the
lifetime of N in the absence of reaction, Ty = 1/kgn, cannot be reliably measured
with N even at very low pH values, it has to be obtained with a parent compound,
with which the proton transfer reaction does not occur (in this case, 2-methoxy-
naphthalene). However, the implicit assumption of the procedure, that the lifetime
measured with the methoxylated compound would be equal to Ty, may be dan-
gerous with the strongly hydrogen bonding solvent water (the most common
solvent for proton transfer).

Alternatively, T4 may be evaluated independently at sufficiently high pH values
such that A is present in the ground state and can be selectively excited. This
provides a single exponential decay with the lifetime, t4. Another, perhaps safer,
solution is to profit from the fact that the back reaction is bimolecular, k_; =
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Scheme 15.10 Kinetic scheme involving three species

k,[H*] and we can vary [H"]. Thus, k, can be obtained, [51, 55], from the slope the
plot of A; + A = kx + ky as a function of [H*], because all the remaining rate
constants are pH independent.

15.7.2 Three-State Systems

Excited state processes involving three species (three-state systems) are now
commonly observed. These can be found in excimer formation (oligomers and
polymers containing pyrene, naphthalene and carbazole), proton transfer [76],
charge transfer, etc.

The most general kinetic scheme for a three-state system is the so-called
photokinetic triangle (Scheme 15.10), described by Egs. (15.48-15.50) (these are
simple extensions of Eqgs. (15.24—15.26). The decays are sums of three exponential
terms (Eq. 15.49), and the kinetics involves nine unknowns (six reaction rate-
constants and three reciprocal lifetimes).

J[A —kx k. ko1TA
TIBlO=|k kv ks |[|B|0) (15.48)
"¢ ky ki —ky||C

with kx = kA + k] + kz, kY = kB + k_l + k_3, and kZ = kc + k_2 + k3.

A ayy aip aiz | [e !
B|(f)=|a1 ap ayj||e ™ (15.49)
C as) azp as3 e !

A—kx ko ko
ki A—ky ks |=0 (15.50)
k, ks d—kg

In this case the extension of the algebraic analysis of Birks is too complex and
the rate constants are better evaluated with Eq. (15.51) (see also Eq. 15.27), which
relates the experimental pre-exponential coefficients A;j to a;j, as previously
discussed.
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k=axixa (15.51)

Let us first consider that only the species A is excited, and that the fluorescence
decays of A, B and C can be measured in independent experiments (the presence
of emission overlap will be discussed latter). Then, each of the three rows of the
experimental pre-exponentials matrix A is affected by a constant depending on: (1)
the number of counts accumulated, (2) the fraction of the total emission collected
at the measurement wavelength and (3) the instrumental response at that wave-
length, ie. A;; = Sia;;. The relation between matrixes A and a is given by
Eq. (15.52), and its substitution in Eq. (15.51) yields the explicit relation of the
rate constants matrix to the experimental matrixes of rate constants 4 and pre-
exponential coefficients, A (Eq. 15.53).

S5 0 0

A=10 S O0|la=Sxa (15.52)
0 0 S;
k=s"1AJA""'S (15.53)

This adds three unknowns (S;, S, and S3) to the initial nine unknowns giving a
total number of 12 unknowns, which are larger than the number of independent
equations provided by the three decays (3 reciprocal decay times plus 7 = 3 +
2 + 2 pre-exponential coefficients). Therefore, the solution of Eq. (15.53) requires
additional information.

As discussed for the two-state systems, there are several possibilities,
depending on the system, to obtain such information. These are: (1) independent
measurement of ka, kg or kc, (2) changing the concentration of quencher (when a
bimolecular reaction is involved) and (3) using steady-state fluorescence data
(Egs. 15.55 and 15.56).

Under steady-state conditions, the integrated fluorescence intensities of A,
B and C are given by Eq. (15.54) (an extension of Eq. 15.42),

ba I ka(kykz — k3k_3)
(,ZSB = ﬁgk) kFB(klkZ - k2k3) (1554)
$c kec(kik_3 — koky)

and the ratios of fluorescence intensities are given by Egs. (15.55) and (15.56).

Pa _ kea kykz — ksk s
¢ kes  kikz — koks

bo ke kikos + kaky
¢ ke kikz + koks

(15.55)

(15.56)

Two examples, illustrating the foregoing possibilities to obtain the additional
information will be described below.
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Fig. 15.14 Chemical structure of 1Py(3)1Py, together with the drawings of the two excimers
[97] (E; and E,) conformations

15.7.2.1 Excimer Formation

A classic example of a three-state system is the intramolecular excimer formation
with 1,1’-dipyrenylpropane [1Py(3)1Py], a dipyrenyl oligomer with three carbon
atoms connecting the two pyrenes (see Fig. 15.14). Three species are observed:
one monomer and two excimers (sandwich-like and twisted conformations). It is
worth noting that in the case of 2,2’-dipyrenylpropane [2Py(3)2Py] only one
monomer and one excimer (less stable with a parallel sandwich-like geometry and
decay time of 150 ns, [59]) are present, because the C, symmetry of the pyrene-
chain bond axis allows only one excimer conformation. Also, with the longer (ten
carbon atoms chain) of 1,1’-dipyrenyldecane [1Py(10)1Py], see Fig. 15.13 above,
only one monomer and one excimer are present, because the longer chain is
sufficiently flexible to allow relaxation to the most stable conformation of the
excimer (two-state system).

The short propane chain of [1Py(3)1Py] does not allow direct interconversion
from E; to E, or E, to E; without excimer dissociation, i.e., k3 and k_5 are equal to

k1/¢ Ey ——
K A/l'H
-—T M
\kz\
ke
k.
2 E, 2

Scheme 15.11 Kinetic scheme for the formation of two distinct and non-interconverting
excimers E; and E,
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Fig. 15.15 Fluorescence decays of 1Py(3)IPy in n-heptane at 313 K obtained with
Aex = 339 nm and collected at 375 nm (monomer) and 480, 520 nm (excimer). Autocorrelation
functions (A.C.), weighted residuals (W.R.) and 7> values are also presented as insets

zero (Scheme 15.11), thus reducing the number of unknowns to seven. Addi-
tionally, ky can be measured with a parent compound (e.g., 1-propylpyrene).

Despite the simplification to a number of six unknowns (smaller than the seven
equations obtained from the fluorescence decays), there are still problems, because
the fluorescence decays of the two excimers cannot be measured independently
from each other (due to strong overlap of the emission spectra of E; and E,). Thus,
the pre-exponential coefficients of the excimer decays are linear combinations of
A, and A3, and their splitting implies knowledge of the emission spectra and the
radiative rate constants of the two excimers (see below). The splitting is not simple
because the emission spectra of E; and E, nearly overlap, and thus the fluores-
cence decays of [1Py(3)1Py] do not substantially change along the excimer band
(see pre-exponential coefficients at 480 and 520 nm in Fig. 15.15).

This limitation leaves us with only five pieces of information from the fluo-
rescence decays (three decay times and two ratios of pre-exponential coefficients
from the monomer decay), for the six unknowns.

The kinetics were successfully solved, using an extension of the Birks’ method,
by measuring the decays as a function of temperature, and globally fitting the data,
under a number of reasonable assumptions on the temperature dependence of the
rate constants [58].
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Fig. 15.16 Emission spectra of 7H4MC in water as a function of the pH. The spectra display
three bands: N*(380 nm), A*(450 nm), T*(480 nm). The structures of N, A and T are depicted in
the picture

15.7.2.2 Proton Transfer and Tautomerisation

Another representative example of a three-state system has been observed with 7-
hydroxy-4-methylcoumarin (7H4MC) in water, where three excited species are
present: the neutral N*, anionic A* and tautomeric T* forms of 7TH4MC (see
Fig. 15.16 [77]).

Figure 15.17 illustrates a typical decay at pH = 1.6 (obtained with ps time
resolution) and the overall decay time dependence on pH (obtained with ns-time
resolution). There is good agreement of the ns and ps data, as attested by the values
obtained at [H'] = 0.025 mol dm> (ps-time resolution) which match the
extrapolated values in the left-hand panel obtained with ns time resolution.

The fluorescence decays and steady-state data (see below) indicated that all the
prototropic reactions shown in Scheme 15.12 had to be considered (six rate con-
stants plus three reciprocal lifetimes).

An additional difficulty to solving the kinetics results from the fact that the
fluorescence decay of A” cannot be obtained without contribution from those of N*
and T, and that of T" will always have some contribution of A" (see Fig. 15.16).
When the decays of A” and T" are measured at 450 and 530 nm, respectively, the
equation that relates the pre-exponential matrixes @ and A is given by Eq. (15.57),
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Fig. 15.17 Left: decay time values dependence with [H*], obtained with ns-time resolution, for
7THAMC in a dioxane—water mixture 1:4, [77]. Right: fluorescence decays of 7H4MC in a
dioxane—water mixture 1:4, [H*] = 0.025 M, obtained at 293 K and at three different emission
wavelengths: 370 nm (N*), 450 nm (A*) and 530 nm (T*), with ps-time resolution. The arrows
in the left-hand panel indicate the [H*] value at which the decay times values in the right hand
panel were obtained

Si 0 0
A= OCSz S2 ﬁSZ a (15.57)
0 '))S3 S3

where o = ?iﬁiigi » B =§1§3§3§ 7 2’};‘2?28? and f;(1) = ki <. is the fraction of
[ 1(ar
0

the fluorescence intensity of the species i (= N, A or T) that is emitted at wave-
length A. Therefore, the determination of the rate constants using Eq. (15.53)
involves five additional unknowns (S, S», o, f§ and y), i.e., a total of 14 unknowns

Scheme 15.12  Photokinetic triangle for 7TH4MC [77]
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for the 10 pieces of information provided by the fluorescence decays (three life-
times and seven pre-exponential coefficients).

Let us see for this case how the four missing pieces of information can be
obtained. First, the fluorescence lifetime and quantum yield of N* can be measured
with the parent compound 7-methoxy-4-methylcoumarin, thus providing the values
of kyn and kgy. The same measurements can be carried out for the anion, by mea-
suring 7H4AMC at basic pH, to evaluate the values of k5 and kga. At this stage, the
number of unknown rate constants has been reduced to seven (ky and k, are
known), and the values of f(4) and fa(1) can be evaluated from the radiative
constants and emission spectra (after spectral decomposition, shown in Fig. 15.16),
yielding the value of a. Now, by guessing a value for kgr, fr(4) can also be eval-
uated to obtain estimated values for f and y (depending only on the guessed kgr).
This reduces the number of the additional unknowns to three (S;, S, and kgy), i.e., a
total number of unknowns (7 + 3 = 10) equal to the number of pieces of infor-
mation provided by the fluorescence decays. However, because of the propagation
of the experimental errors in the calculations, this equality is not sufficient.

Let us now analyse the information that can be extracted from steady-state
fluorescence data. First we note that the matrix of rate constants k (Eq. 15.57)
contains two pseudo-unimolecular rate constants, k_;[H"] and k3[H*] (Eq. 15.58,
where kx = kn + ki + ko, ky = ka + (kfl + k73)[H+} and kz =kt + ko + k3).

—kx ko [HT] ko
k=| k  —ky ks (15.58)
ky ks[HT] —kg

Second, by adapting Eqgs. (15.55) and (15.56) (replacing A, B and C with N,
A and T) one obtains Egs. (15.59) and (15.60), which predict that ¢n/¢pa and
¢1/pa are linear functions of [H'], a prediction that has been experimentally
observed [77].

Thus, the intercepts and slopes of ¢n/¢pa and P/ versus [H'] gives four
additional values related to the rate constants, which complete and exceed the
required information.

On _ kex kakz ken kz(k—1 +k_3) — ksk_3

= — - [HT 15.59
Oa  kea kikz +koks  kpa kikz + koks [H] ( )
k kik ki ko (k_ k_3) — k1k_
ﬁzﬂ. %A OFT 2kt +k3) — ki 3~[H+] (15.60)
Oa  kra kikz +koks  kpa kikz + koks

The data analysis can be carried out by calculating the matrix of rate constants
k with an initial guess of S, S, and kgr and optimising these values by minimi-
sation of the differences between the experimental and calculated values of ky;, ka,
which result of intercepts 1 and 2 and slopes 1 and 2 in Egs. (15.59) and (15.60).
Other examples of three-state systems can be found with the f-carboline har-
mine [78, 79], poly(acrylic acid) labelled with pyrene [80] or naphthalene [81],
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polyphenylsiloxanes [82], poly(N-vinylcarbazole) [83, 84], etc. The solution of a
four-state system has also been carried out [55].

15.7.3 Other Models: Lifetime Distributions, Stretched
Exponential and Transient Effects

15.7.3.1 Lifetime Distributions

The analysis of time-resolved fluorescence decay curves, using a sum of discrete
exponential functions to fit the experimental data, is based on a simple assumption:
the number of different exponential terms used has to be equal to the number of
kinetically different excited state species present in the molecular system. While
this assumption has the advantage of providing a clear physical meaning for the
fitting parameters, decay times and pre-exponential coefficients, the identification
of the different kinetic species is frequently not evident, particularly in more
complex systems like polymers and proteins, and this approach has been ques-
tioned [85].

The possibility of using alternative kinetic schemes to rationalise the same
fitting parameters, and the fact that in general a distribution of lifetimes can be
fitted successfully by a sum of discrete exponential terms are the main reasons
against the multi-exponential approach [86]. However, this difficulty can be
overcome when narrow and well-separated time distributions can be identified, and
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Fig. 15.18 Maximum entropy method (MEM) analysis of PF2/6 and PF/FLx copolymers
fluorescence decays a, and fluorescence decay of PF/FL ,5, with emission collected at 415 nm,
analysed with a sum of three exponential functions, decay times (t;), amplitudes (AHS ™) and Xz
are also given in b. Reproduced with permission from Ref. [90], Copyright 2006, the American
Chemical Society
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data obtained from other techniques can be used as a functional block to help on
the model selection.

Lifetime distributions can be expected in different situations: molecules
incorporated in micelles and cyclodextrins, polymers—in solution and films, solid
solutions, complex biological molecules—as for example proteins with several
residuals located within different environments, which make impossible the use of
the multi-exponential approach [45, 85, 87, 88].

In such cases, the individual pre-exponential amplitudes (a;) are substituted by
distribution functions a;(t), and the intensity decay component, associated with a
time constant t, is given by I(t,1) = a(t)e "/*. The entire decay law will then be
described by the sum of the individual decay components, weighted by the

amplitudes: 1(t) = [ a(tr)e /*dr, with [ a(t)dt =1 [45, 85].
0 0

In the absence of a physical model, describing the underlying physics that leads
to the appearance of a distribution of lifetimes in the molecular system, the best
way to analyse the data is to use a method that does not require the assumption of a
particular distribution shape to describe the a(t) values, as for example the max-
imum entropy method (MEM) [6].

While still being criticised by some for subjectivity on the specification of the
fitting parameters, MEM is thought not to introduce more components than those
necessary to fit the data, and has the advantage of giving a smooth a(z) plot, that
reveals the shape of the distribution. However, the instability of the distribution
recovered has been reported for repeated experiments, even under exactly the same
experimental conditions [63, 89, 90].

The MEM analysis of time-resolved fluorescence decays of several copolymers
is shown in Fig. 15.18a. For the homopolymer PF2/6, only a narrow distribution is
observed around 360 ps. However, for copolymers PF/FLx, with different fractions
of fluorenone residues, distributed randomly along the polymer chain, the distri-
bution at 360 ps is accompanied by two additional peaks. These are observed
around 20 and 100 ps as a result of quenching of polyfluorene emission, due to
energy transfer from the fluorene to the fluorenone sinks. Figure 15.18b shows the
fluorescence decay of the copolymer labelled with 25 % of fluorenone groups,
analysed with a sum of three exponential functions. Note the good agreement
between MEM and multiexponential analysis [91].

15.7.3.2 Dipole-Dipole Energy Transfer and Stretched Exponential

Dipole—dipole (Forster) energy transfer depends on the distance and relative ori-
entation of the donor and acceptor dipoles. For the simplest case of transfer from a
donor to an isotropic three-dimensional distribution of energy acceptors, the
fluorescence decay of the donor is given by Eq. (15.61), where A = (4/3)7%/?R3ca
is proportional to the cubic power of the Forster radius R, and to the acceptor
concentration ca, and f is equal to 1/2.
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Fig. 15.19 Stretched exponential decay curves for several values of . For small f values, the
curve decays faster for 1 < 1¢, and is followed by a slower tail afterwards

1(t) = Iyexp|—t/7o — A(1/70)"]

For other distributions and/or dimensionalities the donor decay becomes more
complex with § assuming values equal to 1/6 and 1/3 for one and two dimensional
systems, respectively [85, 86]. In many cases, such as photon-harvesting polymer
systems, where a distribution of relaxation times is expected, due to intrachain
donor—acceptor energy transfer steps, either the distributions and/or the dimen-
sionality are difficult to define a priori. Thus the use of a stretched exponential
(Eq. 15.61, where 0 < § < 1 is an empirical parameter) has been proposed.

Equation 15.61 predicts two time regimes for 0 < f# < 1 (see Fig. 15.19, where
A was set equal to 1). The non-exponential behaviour is more pronounced for
small values of f§ and becomes almost imperceptible when f§ approaches unity.

In the particular case of conjugated polymers, the situation can be even more
complex due to the presence of both Dexter and Forster energy transfer mecha-
nisms (the former being dominant at short distances), and the possibility of
interchain energy transfer steps; these are favoured in polymer solid films due to a
closer proximity between chains.

Energy migration is strongly dependent on the number of neighbour chro-
mophores that a given excitation can ‘hop’ to and in conjugated polymers this is
particularly evident. These long molecules can be looked as being formed by an
array of different chromophores (conjugated segments) of close energy, separated
by chemical and conformational defects. Since shorter segments have higher
energies than the longer ones, an energy funnelling from shorter to longer seg-
ments occurs every time an excitation is created at sufficiently higher energies.

At early times, after an excitation has been created, there are a large number of
acceptors available, and migration proceeds in a sub-ps time scale, after some
hops, as the excitation moves to lower energy sites, the number of acceptors

(15.61)
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Fig. 15.20 Stretched exponential analysis of PF/FL,,s copolymer fluorescence decay, with
emission collected at 415 nm. Reproduced with permission from Ref. [91], Copyright 2006, the
American Chemical Society

Table 15.4 Results, fit parameters (7o, A, ) and Xz values, obtained from deconvolution with a
stretched exponential, of fluorescence decays of PF2/6 and of PF/FLx in toluene solution at
295 K. Reproduced with permission from Ref. [91]., Copyright 2006, the American Chemical
Society

Compound Aem (nM) To (n8s) A p Xz
PF2/6 415 0.367 0.048 1.0 1.16
PF/FLg o, 415 0.419 0.324 0.415 1.58
PF/FL o5 415 0.433 0.801 0.364 1.1
PF/FL, , 415 0.441 1.379 0.108 1.12
PF/FL »5 415 0.487 2.011 0.077 1.39

decreases, and the rate of migration slows down. This initial regime of migration is
described by a time-dependent rate constant and is referred to as dispersive
migration.

After reaching the lower energy sites available in the polymer density of states,
energy migration can only proceed via dynamical thermal fluctuations of the
polymer backbone that dynamically alter the polymer energy landscape. Such
fluctuations can break and form new energy sites very close in energy that allows
migration to proceed with a constant rate. This regime, occurring in solution on a
time window that goes typically up to a hundred of picoseconds, is referred to as
non-dispersive migration.
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Fig. 15.21 Energy migration rate constant plotted against the reciprocal of temperature, for a
fluorene copolymer containing dibenzothiophenedioxide and benzothiadiazole units. Both
activated and barrier-less temperature regimes are observed. Reproduced with permission from
Ref. [92], Copyright 2009, Wiley—VCH

The analysis with a stretched exponential (Eq. 15.61) of the fluorescence decay
of a fluorene copolymer labelled with 25 % of fluorenone groups is shown in
Fig. 15.20. Table 15.4 shows the results obtained from the analysis of fluorescence
decays of PF2/6 and several PF/FLx copolymers in toluene solution with
Eq. (15.61) [91].

Apart from the identification of different physical kinetic species, the picture
that emerges from the data analysis with Eq. (15.61) (see Table 15.4) agrees with
the interpretation obtained from analysis with a sum of three exponential func-
tions, showing that with the increase on the fluorenone fraction in the copolymer
backbone, the decay times associated with the quenching of the copolymer
emission are becoming faster, in agreement with a more efficient energy transfer
from fluorene to fluorenone moieties [91]. At higher fluorenone fractions the local
concentration of acceptors increases, giving larger A values; the importance of the
fast component in the overall decay also increases with the fluorenone fraction,
giving smaller f§ values. However, the physical meaning of parameters 7y and f5 is
not so clear; actually the former increases with the fluorenone fraction, assuming a
value of 487 ps for PF/FL »5, about 120 ps longer than the polyfluorene lifetime.

However, even in the absence of a physical model, which would justify the use
of a particular model, sum of exponentials or stretched exponential functions,
relevant information can be obtained from time-resolved fluorescence decays of
complex systems. For example, Fig. 15.21 shows the temperature dependence of
the migration rate constant (obtained using a sum of exponential functions) in the
non-dispersive regime for a polyfluorene copolymer film. At room temperature,
the migration shows an activated regime with an energy barrier of 23 meV, turning
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over to a non-activated regime below 200 K. Above this temperature transition,
migration is a thermally assisted process, with indication that the thermal energy
value (kg7) is larger than the average energy difference between two close seg-
ments, and both “downhill” and “uphill” exciton jumps in energy are possible.
Below 200 K, the thermal energy value, kgT, becomes smaller than the average
energy difference between two close segments and thermal assisted around Uphill
and downhill with in a non-activated way and at slower rate, since the number of
energy acceptors available has also decreased [92]. The behaviour identified in
Fig. 15.21 was confirmed by fluorescence steady-state experiments, giving similar
energy barrier in the activated region and turn-over temperature.

15.7.3.3 Transient Effects

An additional source of non-exponential emission decays is the transient effect that
might appear at short times following excitation. This effect is frequently found in
collisional quenching controlled by diffusion. In this situation, the quenching rate
depends on the encounter probability between the fluorophore and the quencher,
which is obviously also dependent on the diffusion coefficient and on quencher
accessibility; at early times, fluorophores that have quenchers located at short
distances will react almost ‘immediately’, leaving behind just those that have to
diffuse to encounter a quencher centre. The phenomenon is going to be perceived
as a quenching rate that is time dependent at early times, and results in a faster
decay component of the fluorophore emission [93].

While important, transient effects often pass unnoticed due to limited time
resolution of the experimental apparatus or due to the small magnitude of the
effect; in fact, the phenomenon is more easily detected on slow diffusion processes
in viscous media and long fluorescence lifetimes. The non-exponential intensity
decay, resulting from a transient effect is described by Eq. (15.62), where a and
b depend on diffusional parameters (diffusion coefficient and collision distance)
and quencher concentration.

1(t) = Ipexp( — at — bt'/?) (15.62)

Such decays can also be fitted by an infinite sum of exponential terms, but those
components cannot be assigned to different populations of excited state species,
i.e., in the case of a transient effect, it is the single fluorophore population that
gives origin to a non-exponential decay.

There are thus several different models able to describe time-resolved fluo-
rescence decays, all of them equally valid but giving origin to different physical
meanings of the fitting parameters. The choice of an appropriate model is crucial
and should rely on our knowledge of the system under investigation and the
underlying physical phenomena involved.
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15.8 Conclusions

In this chapter, we have described the fundamental parameters that should be
obtained when characterising an electronic, singlet or triplet, excited state and how
to determine them experimentally including methodologies and required equip-
ment. These characteristics include electronic energy, quantum yields, lifetimes
and number and type of species in the excited state. Within this last context, i.e.,
when excited state reactions give rise to additional species in the excited state we
have explored several excited state kinetic schemes, found to be present when
excimers, exciplexes are formed and (intra and intermolecular) proton transfer
occurs. This includes a complete formalism (with equations) for the steady-state
and dynamic approaches for two and three-state systems, from where all the rate
constants can be obtained. Additionally, we have explored additional recent
developments in photophysics: the competition between vibrational relaxation and
photochemistry, and the non-discrete analysis (stretched-exponential) of fluores-
cence decays.
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