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Introduction

Luminescence refers to the emission of light from an
excited electronic state of a molecular species. In the
case of photoluminescence, 2 molecule absorbs light
of wavelength A, decays to a lower energy excited
electronic state, and then emits light of wavelength
Ay, as it radiatively decays to its ground electronic

l Theory l

state. Generally, the wavelength of emission, A,, is
longer than the excitation wavelength but in reso-
nance emission A, = A,. Luminescence bands can be
either fluorescence or phosphorescence, depending
on the average lifetime of the excited state which is
much longer for phosphorescence than fluorescence.
The relative broadness of the emission band is
related to the relative difference in equilibrium
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distance in the excited emitting state versus the
ground electronic state.

Photoluminescence of a molecular species is differ-
ent from emission of an atomic species. In the case of
atomic emission, both the excitation and the emis-
sion occur at the same resonance wavelength. In con-
trast, excitation of a molecular species usually results
in an emission that has a longer wavelength than the
excitation wavelength.

If a chemical reaction results in the production of
a molecular species in an excited electronic state that
emits light, this phenomenon is termed chemilumi-
nescence. Chemiluminescence usually occurs in the
gas or liquid phase. In contrast, photoluminescence
can occur in the gas, liquid or solid phases.

The next two sections provide a discussion of the
basic principles of luminescence spectroscopy, which
include the electronic transitions and the important
parameters determined from luminescence measure-
ments. Then follow two sections that describe the
general characteristics of luminescence measure-
ments and one which provides two case studies for
organic and inorganic luminophores. The remainder
of the article covers more specific topics and
phenomena in luminescence spectroscopy, namely
quenching, energy transfer, exciplexes and chemilu-
minescence. The examples in this article were select-
ed to cover multidisciplinary areas of science.

Electronic transitions and relaxation
processes in molecular
photoluminescence

The Jablonski energy level diagram

The radiative and nonradiative transitions that lead
to the observation of molecular photoluminescence
are typically illustrated by an energy level diagram
called the Jablonski diagram. Figure 1 shows a
Jablonski diagram that explains the mechanism of
light emission is most organic and inorganic lumino-
phores. The spin multiplicity of a given electronic
state can be either a singlet (paired electrons) or a
triplet (unpaired electrons). The ground electronic
state is normally a singlet state and is designated as
So in Figure 1. Excited electronic states are either
singlet (S, S,) or triplet (T) states.

When the molecule absorbs light an electron is
promoted within 10-*-10% s from the ground elec-
tronic state to an excited state that should possess
the same spin multiplicity as the ground state. This
excludes a triplet excited state as the final state of
electronic absorption because the selection rules for
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Figure 1 The Jablonski diagram. Radiative and non-radiative
processes are depicted as solid and dashed lines, respectively.

electronic transitions dictate that the spin state
should be maintained upon excitation. A plethora of
non-radiative and radiative processes usually occur
following the absorption of light en route to the ob-
servation of molecular luminescence. The following
is a description of the different types of non-radiative
and radiative processes.

Non-radiative relaxation processes

Vibrational relaxation Excitation usually occurs
to a higher vibrational level of the target excited
state (see below). Excited molecules normally relax
rapidly to the lowest vibrational level of the excited
electronic state. This non-radiative process is called
‘vibrational relaxation’. Vibrational relaxation pro-
cesses occur within 10-14-10-12 5, a time much short-
er than typical luminescence lifetimes. Therefore,
such processes occur prior to luminescence.

Internal conversion If the molecule is excited to a
higher-energy excited singlet state than S, (such as S,
in Figure 1), a rapid non-radiative relaxation usually
occurs to the lowest-energy singlet excited state (S,).
Relaxation processes between electronic states of
like spin multiplicity such as S, and S, are called
‘internal conversion’. These processes normally oc-
cur on a time scale of 1012 5,

Intersystem  crossing Non-radiative relaxation
processes between different excited states are not
limited to states with the same spin multiplicity. A
process in which relaxation proceeds between
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excited states of different spin multiplicity is called
‘intersystem crossing’. The relaxation from S, to T,

in Figure 1 is an example of an intersystem crossing. -

Intersystem crossing is generally a less probable
process than internal conversion because the spin
multiplicity is not conserved. Because of the lower
probability for intersystem crossing processes they
occur more slowly (~1078s) than internal conver-
sions. Intersystem crossing processes become more
important in molecules containing heavy atoms such
as iodine and bromine in organic luminophores and
metal ions in inorganic luminophores (transition-
. metal complexes). Significant interaction between
the spin angular momentum and the orbital angular
momentum (spin-orbit coupling) becomes more
important in the presence of heavy atoms and, con-
sequently, a change in spin becomes more favoura-
ble. In solution, the presence of paramagnetic species
such as molecular oxygen increases the probability
of intersystem crossing. In transition metal complex-
es, intersystem crossing processes become increasing-

ly important as one proceeds from complexes of the

3d-block to those of the 4d- and 5d-blocks.

Non-radiative de-excitation The excitation energy
stored in the molecules following absorption must be
dissipated owing to the law of conservation of
energy. The aforementioned non-radiative processes
occur very rapidly and only release very small
amounts of energy. The rest of the stored energy will
be dissipated either radiatively, by emission of
photons (luminescence), or non-radiatively, by the
release of thermal energy. The non-radiative decay of
excitation energy which leads to the decay of the ex-
cited molecules to the ground electronic state is
called ‘non-radiative de-excitation’. These processes
result in the release of infinitesimal amounts of heat
that cannot normally be measured experimentally.
The experimental evidence for non-radiative de-exci-
tation processes is the quenching of luminescence. A
major route for non-radiative de-excitation processes
is energy transfer to the solvent or non-luminescent
solutes in the solution. In the solid state, crystal vi-
brations (phonons) provide the mechanism for non-
radiative de-excitation.

Radlative processes: fluorescence and
phosphorescence

The spin selection rule for electronic transitions (both
absorption and emission) states that ‘spin-allowed’
transitions are those in which the spin multiplicity is
the same for the initial and final electronic states.
Therefore, spin-allowed transitions are more likely to

take place than spin-forbidden transitions, ‘Fluores-
cence’ refers to the emission of light associated with a
radiative transition from an excited electronic state
that has the same spin multiplicity as the ground elec-
tronic state. Fluorescence is depicted by the radiative
transition S; — S, in Figure 1. Since fluorescence
transitions are spin-allowed, they occur very rapidly
and the average lifetimes of the excited states respon-
sible for fluorescence are typically < 10 s,
Electronic transitions between states of different
spin multiplicity are ‘spin-forbidden’ which means
that they are less probable than spin-allowed transi-
tions. However, spin-forbidden transitions become
more probable when spin-orbit coupling increases.
The factors that increase the probability of phospho-
rescence are the same factors discussed above that
increase the probability of intersystem crossing.
Therefore, if the triplet excited state is populated by
intersystem crossing then luminescence might occur
from the triplet state to the ground state. ‘Phospho-

rescence’ refers to the emission of light associated

with a radiative transition from an excited electronic
state that has a different spin multiplicity from that
of the ground electronic state. Phosphorescence is
depicted by the radiative transition T, — So in
Figure 1. Since phosphorescence transitions are spin-
forbidden, they occur slowly and the average lifetime
of the excited states responsible for phosphorescence
typically range from 10-6s to several seconds.
Therefore, some textbooks refer to phosphorescence
as ‘delayed fluorescence’. Photoluminescence refers
to both fluorescence and phosphorescence.

Excited-state distortions and the
Franck-Condon principle

Luminescence spectroscopy can be used to gain
information about the geometry of a molecule in an
excited electronic state. Such information provides
an understanding of the difference in the bonding
properties of an excited state relative to the ground
state. These properties can be better understood
when the electronic transitions are discussed in the
context of the potential surfaces of the ground and
excited states.

Electronic absorption of light occurs within 10-1%s.
Since this time is extremely short the nuclei are
assumed to be ‘frozen’ during the time scale of
absorption. Therefore, the transitions between vari-
ous electronic levels are depicted as ‘vertical’ transi-
tions in energy level diagrams. This assumption of
negligible nuclear displacement during electronic
transitions is known as the ‘Franck—Condon
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Figure 2 The Franck-Condon principle. Only vertical elec-
tronic transitions are allowed.

principle’. Figure 2 illustrates the Franck-Condon
principle. Electronic excited states usually have dif-
ferent geometries than the ground state and, conse-

quently, different equilibrium distances. Since
electronic transitions are vertical, only transition A
in Figure 2 occurs. Transition C involves an excited

“state that is largely displaced from the ground state

and thus no vertical transition is possible to this
state, Transition B, on the other hand, terminates in
the lowest vibrational level of the excited state.
Figure 2 shows that this transition cannot occur ver-
tically, either. The three transitions depicted in
Figure 2 explain why in the Jablonski diagram
(Figure 1): (i) the absorption was depicted to a.
higher vibrational level of the S, excited state than
the v = 0 level, and (ii) no direct excitation to the tri-
plet excited state (T;) was depicted.

Usually, the nuclei of excited molecules are dis-
placed from their ground state positions. The
displacement is caused by differences in the bonding
properties between the molecular orbitals that repre-
sent the ground and excited states, respectively. The -
extent of the nuclear displacement varies from one
case to another. Figure 3 illustrates two cases (A)
and (B) of excited state distortion. The transitions
depicted in Figure 3 are called ‘vibronic transitions’.
A vibronic transition refers to a transition that
involves a change in both electronic and vibrational
states.
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Figure 3 Potential energy diagrams for two cases of excited state distortions: (A) non-zero distortion and (B) zero distortion. The
corresponding absorption and emission spectra are shown below. Reproduced with permission from Adamson AW and Fleischauer
PD (1975) Concepts of Inorganic Photochemistry, p 4. New York: Wiley-Interscience.
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The case shown in Figure 3B represents an
extreme case in which the excited state distortion is
virtually zero. As a result, the electronic transition
for which v =0 in both the ground and excited states
(called the 0-0 vibronic transition) has the greatest
probability and, thus, the strongest intensity in both
absorption and emission spectra. When excited state
distortion is significant, as in Figure 3A, the 0-0
transition becomes much less probable and so its in-
tensity becomes much weaker than other 0-v vibron-
ic transitions with higher v values.

The probability (P) of the occurrence of a vibronic
transition is proportional to the square of the
Franck—Condon factor, which is defined as the over-
lap integral of the vibrational wavefunctions, W(v).
Therefore,

P o [((v) [ (va) P i

In many instances the absorption and emission maxi-
ma correspond to the same (v4—V,) vibrational pair.
For example, Figure 3A shows that the 0-2 vibronic
transition has the strongest intensity in both the
absorption and the emission spectra. This is called
the ‘mirror image’ rule and is followed by lumino-
phores whose excited state distortion is zero or small.
However, the mirror image rule may not apply for
cases where large excited state distortion exists.
Examples of each case are provided in the section
dealing with organic luminophores.

Quantitative information about excited state dis-
tortion can be obtained from the luminescence spec-
tra. For cases where vibronic structure is observed,
the excited state distortion can be probed qualita-
tively simply by identifying the most intense vibronic
transition: the larger the value of the vibrational level
of the excited state, the larger the excited state distor-
tion (as illustrated in Figure 3). Quantitatively, the
displacement (Agq) of the excited state equilibrium
distance from the corresponding ground state dis-
tance can be calculated. The procedure involves the
calculation of the Franck—-Condon factor as a func-
tion of Aq for each vibronic transition. This results in
a calculated emission spectrum, which can be
compared with the experimental emission spectrum
as a function of Aq until a good fit is obtained. The
actual Ag would be the value that gives the best fit.

The emission (and absorption) spectra in many
practical cases do not show resolved vibronic peaks.
This is especially the case in solutions of the lumino-
phores at ambient temperatures. The interaction of
excited molecules of the luminophore with solvent
molecules (especially polar solvents) is responsible
for this broadening. There are methods to quantify

Aq in these cases with the aid of some computer pro-
grams but the description of these methods is beyond
the scope of this article. In the section on inorganic
exciplexes, nevertheless, we provide an example in
which Aq is evaluated theoretically for a system that
exhibits structureless emission bands.

Another quantitative measure of excited state dis-
tortion is the Stokes shift, defined as the energy dif-
ference between the emission and absorption peak
maxima for the same electronic transition. The lower
part of Figure 3A illustrates how the Stokes shift is
evaluated in typical cases. The Stokes shift of the rare
case shown in Figure 3B is zero because the absorp-
tion and emission spectra have the same peak posi-
tions. The band width can also be used to quantify
excited state distortions. The band width is normally
quantified in terms of the full-width-at-half-maxi-
mum (fwhm). The value of fwhm is calculated as the
energy difference between the band positions that
have intensities equal to one half the peak maximum,
assuming a gaussian shape is obtained for the emis-
sion band. In the absence of excited state distortions
the emission bands appear as sharp peaks with very
small fwhm values (Figure 3B),; whereas in more
common cases the electronic bands are much broader
because of excited state distortions (Figure 3A). In
those cases where the emission spectra are devoid of
vibronic structure, the fwhm values are calculated for -
the whole broad band. The Stokes shift and fwhm are
parameters for excited state distortion because their
values are larger for 0—v vibronic transitions with
higher v values. The Stokes shift and fwhm are espe-
cially useful in cases where the emission spectra are
structureless, because of the difficulty of carrying out
the Ag calculation in such cases.

Emission and excitation spectra

In luminescence spectroscopy the emission of the
luminophore is monitored. There are two different
types of luminescence spectra that can be recorded
with modern spectrofluorometers, emission and exci-
tation spectra. Note that although the name implies
that these instruments measure only fluorescence,
spectrofluorometers can also measure phosphores-
cence, especially when special accessories are added.
Spectrofluorometers contain both an excitation
monochromator and an emission monochromator.
In emission spectra, the excitation wavelength is
fixed and the emission monochromator is scanned.
The excitation is usually fixed at a wavelength at
which the sample has significant absorbance. In exci-
tation spectra, on the other hand, the emission wave-
length is fixed and the excitation monochromator is
scanned. The emission is normally fixed at a
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wavelength that corresponds to the emission peak of
the sample.

Theoretically, the excitation spectra should mimic
the absorption spectra of the luminophores. How-
ever, the lamp output is wavelength-dependent. For
example, a common light source in modern spec-
trofluorometers is a xenon lamp. The output of this
lamp is a continuum spectra in the range ~200-1200
nm. The radiation curve approximates blackbody
radiation with a maximum near 550 nm and a sharp
decline at short wavelengths. A correction is, there-
fore, needed for the lamp background in order for the
excitation spectra to correlate with the absorption
spectra. Corrected excitation spectra are usually
obtained by using a quantum counter, a strong lumi-
nophore capable of absorbing virtually all incident
light over a wide range of wavelength. Rhodamine B
is a commonly used quantum counter. Concentrated
solutions of rhodamine B absorb virtually all the
incident light in the 220-600 nm range. The excita-
tion spectrum of rhodamine B monitoring its emission
maximum (633 nm) is determined only by the lamp
output in the 220-600 nm range (Figure 4A).

Corrected excitation spectra of luminophores are
obtained by dividing the uncorrected spectra by the
excitation spectrum of the quantum counter. A
common improvement in the corrected excitation
spectra versus the uncorrected spectra is to eliminate
the sharp ‘spikes’ of the xenon lamp between 450
and 500 nm (Figure 4A). This makes the excitation
spectra of many’ luminophores very similar to their
absorption spectra. However, more dramatic differ-
ences may exist, especially for luminophores which
absorb in the UV region. An example of such a lumi-
nophore is the silver complex [Ag(CN)2]. Figure 4B
shows the corrected and uncorrected excitation spec-
tra of [Ag(CN)2] doped in NaCl crystals. Note that
the corrected excitation spectra are significantly dif-
ferent from the uncorrected spectra. This difference
is attributed to the low output of the xenon lamp at
wavelengths shorter than 280 nm (Figure 4A), at
which [Ag(CN)3] species absorb strongly.

Absorption and excitation spectra are complemen-
tary. The necessity to obtain a correction for the ex-
citation spectra represents a disadvantage. There are
advantages, however, for excitation spectra over
absorption spectra. The much higher sensitivity of
luminescence techniques compared to absorption
techniques is an obvious advantage for excitation
spectra. The greater sensitivity of luminescence tech-
niques stems from the fact that the luminescence in-
tensity can be enhanced by increasing the intensity
of the excitation source, which is not the case in ab-
sorption. The greater sensitivity of luminescence
techniques is, however, accompanied by less precision
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Figure 4 Correction of the excitation spectra by the quantum
counter method: (A) excitation spectrum of rhodamine B; (B) ex-
citation spectra of [Ag(CN);"¥NaC! doped crystals monitoring the
emission at different wavelengths. Corrected and uncorrected
spectra are shown as thick and thin lines, respectively.

compared to absorption techniques. The relative ease
of acquiring excitation spectra for some materials
such as solids represents another advantage over ab-
sorption measurements. Finally, excitation spectra
can provide valuable information about excited state
processes such as energy transfer (see below) that can-
not be obtained by absorption spectra.

Luminescence lifetimes
Theory

Consider the simplest case in which a molecule A
absorbs light and is in an excited electronic state
denoted by *A. If the molecule has a single pathway
for decay, say fluorescence, we can write the
following equation:

*A— A+ hy i2]

This is a first-order process whose rate can be
expressed mathematically as:

—d[*A}/dt = k:[" Al (3]
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where k; is the rate constant of the fluorescence decay
(Eqn [2]). The reciprocal of k; is called the fluores-
cence lifetime 1; (t; = 1/k;). Integration of Equation
[3] gives:

[A] = [*Al, exp(—t/) [4]

Hence, a plot of In [*A] versus time (¢) should give a
straight line with a slope of 1/1;. The value of [*A] is
determined from the fluorescence intensity. Experi-
mentally, lifetime measurements are obtained using a
pulsed laser source. Pulsing leads to the population of
the excited state of A, followed by emission of light by
"A with a time profile according to Equation [4].
Figure 5 shows a schematic description of a
luminescence decay curve (A) and the plot used for
the determination of the excited state lifetime (B).
Next, consider the case where "A can exhibit fluo-
rescence (Eqn [2]) and also non-radiative decay:

*A — A + vibrational energy 5]

with a rate constant of k. The decay of ‘A can now
be described as:

—d[*A]/dt = k["A] + ke[ A] = (ks + kac)[A] (6]
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Figure 5 Experimental determination of excited state lifetimes:
(A) a plot of the intensity (/) versus time after the laser pulse. The
lifetime corresponds to the time at which the intensity decays to
1/e of its maximum value; (B) a plot of In (/) versus time after la-
ser pulse. The lifetime here can be calculated directly from the
slope of the linear equation.

In this case the lifetime T becomes:
© = 1/(ke + kar) (7]

or the reciprocal of the sum of k;and k..

Generally, the non-radiative rate constant
decreases at lower temperatures. As the temperature
(T) approaches absolute zero, T approaches Uk, A
plot of 1/t versus T extrapolated to T=0 K allows
one to determine k; as the value of the intercept (see
the example in the case study on inorganic lumino-
phores). Therefore, the value of the fluorescence life-
time (t¢) is determined as 1/k. Note that the
treatment described in this section applies for both
fluorescence and phosphorescence lifetimes and not
just for fluorescence. '

Now consider a final lifetime case in which two
states are thermally populated at a temperature T. If
excited state 1 has a lifetime 7; and excited state 2
has a lifetime 7,, the observed lifetime 1, will be a
weighted average of the two lifetimes:

Tobs = (m1/N)t + (/N1 [8]

with N = n; + n,. Assuming that excited states 1 and
2 are non-degenerate and using the Boltzmann distri-
bution function gives:

Tobs = {[11+ T2 exp(—AE/T)]/[1 + exp(—AE/KT)]}
[9]

where AE is the energy difference between states 1
and 2 and k is the Boltzmann constant. Fitting T,
versus T to Equation [9] allows the determination of
the value of AE as well as 1, and 7,.

Fluorescence versus phosphorescence lifetimes

A major advantage of luminescence lifetime meas-
urements is their use for spectral assignment. Specifi-
cally, the assignment of the luminescence bands as
fluorescence or phosphorescence is primarily deter-
mined via luminescence lifetime measurements. As
a rule of thumb, lifetimes on the order of micro-
seconds and longer (milliseconds, seconds) are
normally indicative of phosphorescence, while fluo-
rescence lifetimes are normally on the sub-microsec-
ond level (nanoseconds, picoseconds etc). It should
be noted, however, that fluorescence and phospho-
rescence lifetime values vary from one case to anoth-
er, depending on the system under study as well as
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other factors such as the extent of excited state

distortion. This causes some subjectivity in the as- .

signment, especially when the measured lifetimes are
at borderline levels between the aforémentioned lev-
els of fluorescence and phosphorescence lifetimes.
The clearest cases are those in which fluorescence
and phosphorescence bands are both present in one
system. In.these cases, the phosphorescence bands
exhibit lifetimes that are orders of magnitude longer
than the lifetimes of the corresponding fluorescence
bands. An example is given for such a case in the sec-
tion on inorganic luminophores.

Luminescence quantum yields

The quantum yield is a luminescence property that is
related to lifetimes. The luminescence quantum yield
(@) is the ratio of the number of photons emitted to
the number of photons absorbed. Therefore, the
maximum value of ® is 1. In practice, the quantum
yield is less than unity for virtually all luminescent

materials. The reason is the large number of non-

radiative processes that lead to a decrease in the
number of emitted photons. The quantum yield can
be defined in terms of the rate constants of the radia-
tive (k..q) and non-radiative (k,,) processes according
to Equation [10]:

_ > Kraa
;‘q) DTS . 120}

The k4 term includes the rate of fluorescence and
rad
phosphorescence while the k,, term includes the rate

constants of all the non-radiative processes described
previously. Remembering that ;= 1/k; and also us- -

ing Equation [7], one can express the quantum yield
of the fluorescence (®y) in terms of the luminescence
lifetimes as:

& kf T

f = ——— e —
ks + Z ka7
A variety of factors are believed to influence the

luminescence quantum yields of luminophores.

The transition type Because luminescence is a tech-
nique of electronic spectroscopy, the same selection
rules apply for luminescence as those that apply for
absorption. For organic compounds, the most com-

mon luminescence bands are due to ©*-%t and £*-n

transitions. The 6*—o transitions, although strongly
allowed, are not normally seen because of their high
energies in most organic compounds. The spin

[up

selection rules also apply. Consequently, fluores-
cence in most luminescent organic compounds is
much stronger than phosphorescence (see the exam-
ple in the section on organic luminophores). For in-
organic compounds, the luminescence transitions
may involve the energy levels of the ligands (intra-
ligand transitions), the metal ions (d-d transitions),
or both the metal and the ligand (charge. transfer
transitions). Intra-ligand transitions are similar to
the transitions discussed above for organic com-
pounds. The d-d transitions are .usually forbidden
transitions, so the corresponding absorption and
emission bands are generally weak. Charge transfer
transitions are strongly allowed and can occur either
from the ligand orbitals to the metal orbitals (ligand-
to-metal charge transfer, LMCT) or vice versa (met-
al-to-ligand charge transfer, MLCT).

Structural rigidity Molecules that have rigid struc-
tures normally exhibit strong luminescence. Three
examples are shown in Scheme 1. In each pair the
fluorophore on the left has the more rigid structure,-
resulting in greater luminescence quantum yield.
Note in the third example that the stronger lumines-
cence intensity is due to the complexation with a
metal ion (i.e. the complex is more rigid than the free
ligand). The higher luminescence quantum yields for
rigid luminophores are probably due to the

Fluorene

Phenolphthalein

Fluorescein

Z

— o |
Nn<§
OH
/ \
0 VY

Bis(8— hWroMuinol ine) zinc 8-Hydroxygquinoline

Scheme 1
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inhibition of the internal conversion rates and vibra-
tional motion in these compounds.

Substitution The nature of the substituents on, say,
an aromatic ring may increase or decrease the
quantum yield. For example, halogen and ketone
substituents on anthracene generally decrease the flu-
orescence quantum yield. In contrast, the quantum
yield of diphenyl anthracene is nearly unity (compared
with ®; = 0.4 for unsubstituted anthracene). Phospho-
rescence becomes an important factor if the substitu-
ents contain heavy atoms (for example halogens). In
this case the reduction in fluorescence is accompanied
by an increase in phosphorescence. This effect (called
the beavy atom effect) is specially important in inor-
ganic luminophores because of the involvement of the

~metal ions. The strong spin—orbit coupling in metal
ions leads to the relaxation of the spin selection rules.
Therefore, most inorganic luminophores exhibit
strong phosphorescence (see below).

Other factors Many other factors affect lumines-
cence quantum yields. Among these factors are tem-
perature, solvent, phase and pH. A reduction in
' temperature suppresses non-radiative processes and
thus increases ®@. This is why it is common to run
luminescence experiments at cryogenic temperatures.
The solvent is involved in many non-radiative proc-
esses. An increase in the viscosity of the solvent gen-
erally decreases the rate of non-radiative de-
excitation. Also, the stretching frequency of the
bonds of the solvent molecules is an important fac-
tor. For example, one of the common procedures to
increase the quantum yield is to run the luminescence
measurements in deuterated solvents (e.g. D,O
instead of H,0). The quenching caused by the sol-
vent may be removed by running the luminescence
measurements in the solid state instead of solutions
(examples are given later). Finally, a change in pH
may strongly alter the ® value because the structure
of many luminophores may be different in acidic and
basic media.

Case studies for photoluminescence

Organic luminophores

The luminescence properties of anthracene and its
derivatives provide an excellent illustration of the
relation between the excited state distortion and the
profile of the luminescence spectra. Figure 6 shows
the luminescence and absorption spectra of anthra-
cene. Note that the extinction coefficient for the
singlet-singlet transition is 8 orders of magnitude
higher than the value for the singlet—triplet transition.

This observation suggests that the absorption and
emission bands in the region with A < 500 nm are due
to a spin-allowed transition (singlet < singlet), hence
the emission in this region is due to fluorescence. On
the other hand, the bands in the region with A >
500 nm are due to a spin-forbidden transition (singlet
© triplet), hence the emission in this region is due to
phosphorescence.

Figure 6 shows that the mirror image rule applies
very well to the absorption and fluorescence bands
of the Sy &> S, transition. Note that among the vi-
bronic bands, the 0-0 and 0-1 transitions have the
strongest intensities. These observations suggest that
the excited state distortion is very small in anthra-
cene. Figure 6 also shows that there is correlation
even between the absorption and phosphorescence
characteristic of the Sy ¢> T, transition. However,
the mirror image rule does not apply as strongly as it
does for the Sy > S, transition. For example, the in-
tensity is greater for the 0—1 transition than for the
0-2 transition in the phosphorescence band, but the
opposite trend is seen in the corresponding absorp-
tion band. Moreover, while the absorption and emis-
sion peaks are nearly superimposed for the 0-0
vibronic peak of the S, < S, tfansition, there is a
greater separation between the corresponding peaks
characteristic of the Sq ¢ T, transition. These obser-
vations are consistent with the excited state distor-
tion for the triplet excited state (T,) being greater
than the distortion of the singlet excited state (S,).

Substitution of hydrogen atoms of anthracene may
lead to a geometry change in the excited state. The
extent of this change can be probed by luminescence
spectroscopy. Figures 7 and 8 provide an illustra-
tion. In Figure 7, the absorption and fluorescence
spectra are shown for 9-anthramide. Similar geo-
metries of the ground state and the fluorescent excit-
ed state of 9-anthramide are illustrated by: (i) the ap-
plicability of the mirror image rule, (ii) the peaks
characteristic of the 0~0 and 0-1 transitions both be-
ing strong, (iii) the absorption and emission peaks
being superimposed for the 00 transition. The situa-
tion is not the same when the substituent on anthra-
cene is changed from an amide group to an ester
group. Figure 8 shows the absorption and emission
spectra of cyclohexyl-9-anthroate. Note that the
emission spectrum of cyclohexyl-9-anthroate is
structureless and the mirror image rule is lost. Also
note the large values of the Stokes shift (~6000 cm™1)
and fwhm (~5000 cm™). These observations suggest
a largely displaced excited state for cyclohexyl-9-an-
throate from the ground state geometry of the mole-
cule. In conclusion, Figures 7 and 8 show that the
luminescent excited state is much more distorted for
the ester derivative of anthracene (cyclohexyl-9-
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Figure 6 Emission (solid line) and absorption (dashed line) spectra of anthracene in solution. The assignments of the vibronic tran-
sitions are shown in the bottom portion of the figure. Reproduced with permission from Turro NJ (1978) Modern Molecular Photochem-

istry, p 94. Menlo Park: Benjamin/Cummings.
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Figure 7 Emission (right) and absorption (left) spectra of 9-an-
thramide in tetrahydrofuran. Reproduced with permission from
Shon RS-L, Cowan DO and Schmiegel WW (1975) Photodimer-
ization of 9-anthroate esters and 9-anthramide. The Journal of
Physical Chemistry 79: 2087-2092.

anthroate) than for the amide derivative of the same
molecule (9-anthramide). One can therefore predict
that the ester has a greater tendency to undergo
photochemical reactions than the amide.
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Figure 8 Emission (right) and absorption (left) spectra of cy-
clohexyl-9-anthroate in benzene. Reproduced with permission
from Shon RS-L, Cowan DO and Schmiegel WW (1975) Photo-
dimerization of 9-anthroate esters and 9-anthramide. The Journal
of Physical Chemistry 79: 2087-2092.

Inorganic luminophores

The compound BaPd(CN),.4H,0 provides an excel-
lent example for the differentiation between fluores-
cence and phosphorescence based on lifetimes and
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other luminescence properties. Inorganic compounds
that exhibit chain structures show interesting lumi-
nescence properties in the solid state. The X-ray struc-
ture of BaPd(CN),.4H,O consists of [Pd(CN),]J>-
square-planar ions stacked in one-dimensional chains
with an intra-chain Pd-Pd distance of 3.37 A at room
temperature. Figure 9 shows the luminescence spec-
trum of BaPd(CN),.4H,0 at 7K using a nitrogen
pulsed laser for excitation. Two emission bands are
observed at ~ 19 x 10% and 26 x 103 cm™! (~512 and
382 nm, respectively). These bands are designated the
lower energy (LE) and the higher energy (HE) bands,
respectively. In Figare 10 the lifetime of the LE band
is plotted versus temperature. A linear fit is obtained.
From the resulting equation, the lifetime at 0 K is esti-
mated to be ~ 2.5 ms and decreases by approximately
a factor of 2 for each 30 K temperature rise. The
shorter lifetimes at higher temperatures are due to the
larger values of k,, at higher temperatures (Eqn [7]).
In contrast, the HE band has a lifetime shorter than
the instrumental resolution of 10 ns. Thus, the life-
time data suggest that the HE band is fluorescence
while the LE band is phosphorescence.

Polarized light can be used to study the lumines-
cence bands for BaPd(CN),.4H,0. The HE band has
polarized emission with the phase of polarization of
the fluorescence perpendicular to the Pd(CN)»
square planar plane (z-direction). In contrast, the LE
band has polarized emission with the phase of the
polarized light the same as the Pd(CN)* molecular
plane (xy-direction). The metal ions in one-dimen-
sional chained compounds are oriented along one
particular direction in crystals of layered compounds
(along the xy-direction in BaPd(CN),.4H,0). The
absorption band of BaPd(CN),.4H,0 solid is polar-
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Figure 9 Luminescence spectrum of BaPd(CN),.4H,0 at 7 K.
A nitrogen laser was used for excitation. Reproduced with
permission from Ellenson WD, Viswanath AK and Patterson HH
(1981) Laser-excited luminescence study of the chain compound
BaPd(CN),.4H,0. Inorganic Chemistry 20: 780-783.
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Figure 10 Lifetime of the 19 x 10° cm luminescence band of
BaPd(CN),.4H,0 versus temperature. The dashed line is extrap-
olation to higher temperatures. Reproduced with permission from
Ellenson WD, Viswanath AK and Patterson HH (1981) Laser-
excited luminescence study of the chain compound
BaPd(CN),.4H.0. Inorganic Chemistry 20: 780-783.
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ized along the xy-direction. The fact that the HE
emission band has the same polarization as the ab-
sorption band provides further evidence that the HE
band is fluorescence. This is because fluorescence
takes place immediately after absorption (t < 10 ns)
and from the same singlet excited electronic state as
the one which absorption populates. In contrast, the
LE band occurs from a triplet excited state long after
absorption (T = 2.5 ms). Because the absorption and
the LE emission bands have different excited states,

-these bands have different polarization. In accord-

ance with the polarization of the HE band along the
same direction as the Pd chains, the emission maxi-
mum of the HE band undergoes a progressive red
shift (longer wavelength, lower energy) as the tem-
perature is decreased. The red shift occurs because
cooling leads to a thermal contraction of the intra-
chain Pd-Pd distance, which results in a smaller
HOMO-LUMO energy gap (HOMO = highest oc-
cupied molecular orbital, LUMO = lowest unoccu-
pied molecular orbital). In contrast, the position of
the LE band is independent of temperature because
this band is not polarized along the Pd chains.

The preceding results can be compared with the se-
lection rules for all the possible electronic transitions
obtained from group theory, to give electronic assign-
ments (term symbols) for each of the luminescence
bands. The resulting electronic assignments are 'A,,
and 3A,, for the HE and LE bands, respectively. A
discussion of the concepts of group theory that lead
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to this assignment is beyond the scope of this article.
However, it is enough to note that the term symbols
of the HE and LE bands of BaPd(CN),.4H,0 differ
only in the spin multiplicity (superscripts indicate sin-
glet and triplet, respectively). With this in mind, the
difference in the excited state distortion between the

HE and LE bands can be used to provide further evi-

dence for the band assignment. The lowest energy ab-
sorption band of BaPd(CN),.4H,0 solid has an
energy of ~31 x 103 cm™. This gives a Stokes shift of
~5000 and 11 500 cm for the HE and LE bands, re-
spectively. Figure 9 shows that the LE band is much
broader than the HE band. The fwhm values of the
HE and LE bands are 900 and 3300 cm™, respective-
ly. The higher values of the Stokes shift and fwhm for
the LE band are consistent with the assignment that
the LE band is phosphorescence while the HE band is
fluorescence of the same electronic transition. This is
_ the case because the excited state distortion of phos-
phorescence is greater than that of the fluorescence of
the same electronic transition (with a different spin
state). The Jablonski diagram shown in Figure 1) il-
lustrates the higher Stokes shift for phosphorescence
compared with fluorescence.

In summary, the HE and LE luminescence bands
of BaPd(CN),.4H,0 are assigned as fluorescence
and phosphorescence, respectively. The basis of this
assignment is the difference between the two bands
- in the lifetime values, polarization character, temper-
ature dependence, and excited state distortion
(Stokes shift and fwhm values).

Finally, an interesting aspect of the luminescence
spectrum of BaPd(CN),.4H,0 is the strong phos-
‘phorescence intensity (compared with the relative
phosphorescence/fluorescence intensity of anthra-
cene). This is a direct consequence of the strong
spin—orbit coupling of palladium. This provides an
illustration of the heavy atom effect which is general-
ly more important in inorganic luminophores rela-
. tive to their organic counterparts.

Quenching. of emission

Theory

In luminescence spectroscopy, quenching refers to
any process that leads to a reduction in the lumines-
cence intensity of the luminophore. Static and dy-
namic quenching are the most common types of
luminescence quenching and will be described in the
following sections. A third type of quenching also
exists, namely ‘inner-filter quenching’. An inner-fil-
ter effect occurs when the total absorbance of the so-
lution is high (greater than 0.1 au). This leads to a
reduction in the intensity of the excitation radiation

over the path length. Quenching of this type is not
generally categorized among the major quenching
process because it is a trivial type of quenching that
is not really involved in the radiative and non-radia-
tive transitions in luminescence spectroscopy.

Both static and dynamic quenching require contact
of the luminophore with a quencher molecule. This
requirement is the basis of the many applications of
luminescence quenching. Because there are so many
molecules that can act as luminescence quenchers, an
appropriate quencher can be selected for any lumi-
nophore under study in order to investigate specific
properties of the luminophore. An example of bio-
chemical applications of luminescence quenching is
given later in this section.

Static queliching

Static quenching oécurs upon the complexation of the
luminophore (L) with a quencher (Q):
L+Q=L-Q (12]

The total concentration of the luminophore, [L],, is

-given by:

[Llp = (L] +[L - Q] [13]

The dependence of the luminescence intensity on the
quencher concentration can be derived by consider-
ing the association constant for the formation of the

1-Q complex, K,

e _L-Ql_[U- [y
TR T L@

[14]
Rearrangement gives:

[Llo _
= 1+ K,[Q]

[15]
Static quenching occurs because the resulting ground-
state complex is not luminescent and, therefore, the
concentration of free L decreases upon its complexa-
tion. The ratio [L]y/[L] is a measure of the decrease of
the luminescence intensity due to static quenching. In
the absence of the quencher (Q), the luminescence
intensity, I, is highest because [L}, = [L]. In the pres-
ence of Q, the luminescence intensity, I, decreases due
to static quenching. Therefore, the ratio [L]y/[L] is the
same as Iy/I. Substituting in Equation [15] gives the
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Stern—Volmer equation:

Ip/T =1+ K;[Q] [16]

A Stern—Volmer plot of Iy/I against [Q] should give a
straight line with a slope equal to K, which is also
known as the Stern—Volmer constant for static
quenching.

Dynamic quenching (collisional quenching)

Dynamic or collisional quenching occurs when the
lifetime of the fluorophore is reduced, thus reducing
the luminescence quantum yield. The mechanism of
this type of quenching involves a collision of the ex-
cited luminophore molecule (*L) with a quencher
molecule (Q). As a result, *L returns to its ground
state without emitting photons and the excitation en-
ergy is transferred to Q. The transfer of the excita-
tion energy to Q leads to a reduction of the excited
state lifetime of *L and, therefore, a reduction of the
luminescence intensity. It can be shown that the re-
duction of the luminescence intensity due to dynamic
quenching is the same as the corresponding reduc-
tion of the excited state lifetime:

IQ/I=‘C0/T [17]

where 1, and 7 refer to the lifetimes in the absence
and presence of the quencher, respectively. The
Stern-Volmer equation that governs dynamic
quenching can be derived on the basis of the kinetic
model shown in Figure 11.

The radiative decay rate (k,,4) is the reciprocal of
the excited state lifetime in the absence of the
quencher (1/t,). The rates of depopulation of *L in
the absence and presence of Q are given in Equations
[18] and [19], respectively:

d[*'L]/dt = w — kea[*L], = 0 18]

d['L]/dt = w — kraa['L] — kq['LI[Q] =0  [19]

Substituting (1/1y) for K4, after rearrangement,
gives Equation [20], which is the Stern—Volmer
equation for dynamic quenching:

Io/T =1+ kq[Q] 20]

The term (kg 1o) is the Stern-Volmer quenching

*
S \ ~

w krad
kq
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Figure 11 Kinetic model for dynamic quenching. In the nota-
tion used w. k4 and k, refer to the absorption rate, radiative rate
and quenching rate, respectively. -

constant for dynamic quenching, K. Therefore, the
Stern-Volmer equation for dynamic quenching can
be re-written as:

In/I =1+ Kp[Q] [21]

Note that Equations [16] and [21] are identical in
form, and from both equations Stern-Volmer plots
can be made in order to obtain the constants K, and
Kp, respectively. This can be carried out simply by
measurements of the luminescence intensity in the
presence and absence of the quencher. However,
such a study does not distinguish between the two
mechanisms. The easiest and most definitive way to
determine the quenching mechanism is to carry out a
study of the lifetimes in the presence and absence of
the quencher. The excited state lifetime decreases in
the presence of quencher if dynamic quenching is the
mechanism involved. Note that according to Equa-
tion [17] a Stern—Volmer plot can be obtained by
plotting (ty/T) on the y-axis instead of I/I:

o/t =1+ Kp[Q)} (22]

In contrast, the excited state lifetime is invariant in
the presence of the quencher if static quenching is the
mechanism involved. Therefore, plotting (t4/1) ver-
sus [Q] will simply yield a horizontal line parallel to
the x-axis (y = 1).

Example

Tryptophan residues in a protein luminesce strongly
whether they are on the surface of the protein or in
its interior. When a quenching experiment is carried
out with ionic quenchers, such as the iodide ion, the
resulting quenching involves only surface-localized
tryptophan residues. On the other hand, non-ionic
quenchers, such as acrylamide, are able to penetrate
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into the interior of the protein and provide quench-
ing constants that are really average constants and
give information about both surface and interior
tryptophan residues.

One way of separating the fluorescence quenching
parameters associated with external and internal
fluorophores is to use a double-quenching method in
which two quenchers are applied simultaneously.
The first quencher is used to selectively quench the
fluorescence emission of exposed fluorophores. On
the other hand, the second quencher is used to
quench the fluorescence emission of both surface and
interior fluorophores non-selectively.

Figure 12 shows Stern—Volmer plots of two sam-
ples of high density lipoproteins, HDL,; and HDL,
(referring to different densities of high density lipo-
proteins). These samples were obtained from rats
raised on diets containing different amounts of the
element manganese. A linear plot was obtained only
for the manganese-deficient sample of HDL,. From
the equation of the straight line for this sample, the
Stern-Volmer constant was determined as 0.88 M.
The plots were non-linear for the other samples, in-
dicating the presence of more than one class of fluor-
ophores, which are unequally accessible to the
charged I quencher. In Figure 13, the fluorescence
quenching of HDL, by iodide in the presence of vari-
ous amounts of the non-ionc quencher acrylamide
are shown using a modified Stern—Volmer method.
The plots are all linear and provide fluorescence
quenching parameters characteristic of interior and
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Figure 12 A Stern—Volmer plot for the fluorescence quenching
of HDL, (solid lines) and HDL, (dashed lines). The different leg-
ends refer to samples obtained from rats fed with manganese-
adequate (0) and manganese-deficient ((J) diet. The fluores-
cence was monitored at 338 nm (A,,. = 295 nm) characteristic of
tryptophan residues. (Reproduced with permission from Taylor
PN, Patterson HH and Klimis-Tavatzis DJ (1997) A fluorescence
double-quenching study of native lipoproteins in an animal model
of manganese deficiency. Biological Trace Element Research
60: 69-80.
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Figure 13 A modified Stem—Voimer plot for the fluorescence
quenching of HDL by iodide in the presence of varying amounts
of acrylamide. The data are shown for HDL, samples obtained
from rats fed with manganese-deficient (top) and manganese-
adequate (bottom) diet. The fluorescence was monitored at 338
nm (lg,. = 295 nm) characteristic of tryptophan residues. Repro-
duced with permission from Tayior PN, Patterson HH and Klimis-
Tavatzis DJ (1997) A fluorescence double-quenching study of
native lipoproteins in an animal model of manganese deficiency.
Biological Trace Element Research 60: 69-80.

Table 1 Quenching constants for tryptophan residues in differ-
ent high-density lipoprotein samples

Quench- Lipoprotein

ing con- HDL, HDL,
stant/M-1 MnA MnD MnA MnD

K 9.1410.44 17.18+7.72 4.6310.00 0.88+0.00
Kas 521+0.88 6.15+1.50 1.61+0.50 —

Ko 4.27+0.11 5.96+0.05 1.51+0.00 -

MnA, manganese-adequate sample; MnD, manganese-deficient
sample; K, iodide quenching constant; K,, and K,,, acrylamide
quenching constant for exposed and partly-exposed fluoro-
phores, respectively.

surface-exposed residues. Table 1 shows a listing of
the quenching constants for the different samples.

A statistical analysis of the parameters in Table 1
indicates that the acrylamide quenching constant for
exposed fluorophores is significantly different in
manganese-adequate HDL, compared with manga-
nese-deficient HDL,. In manganese-adequate HDL,,
there were two populations of fluorophores access-
ible to acrylamide, whereas in manganese-deficient
HDL,, all fluorophores were accessible to both
quenchers. It was concluded based on these results
that the local environments of the external fluoro-
phores have different structures and charge
distribution in manganese-adequate HDL, versus
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manganese-deficient HDL;. For HDL, samples, it
was concluded that one-third of the fluorophores
were accessible to iodide and all external and inter-
nal fluorophores were accessible to acrylamide in
manganese-adequate samples, whereas in manga-
nese-deficient samples, all fluorophores were access-
ible to both quenchers.

Energy transfer
Theory

Energy transfer refers to a process in which an excit-
ed atom or molecule (donor) transfers its excitation
energy to an acceptor atom or molecule during the
lifetime of the donor excited state. Figure 14 shows
that as a result of energy transfer, the donor returns
to its ground state while the acceptor is promoted to
its excited state. If the acceptor is a luminescent spe-
cies, it can emit by virtue of energy transfer, i.e. the
acceptor luminesces as a result of the excitation of
the donor. Such a luminescence is called ‘sensitized
luminescence’, and some textbooks use the terms
‘sensitizer’ and ‘activator’ instead of ‘donor’ and ‘ac-
ceptor’. Many applications in chemistry, physics,
materials science and biochemistry are based on sen-
sitized luminescence. A later section provides an ex-
ample of the application of energy transfer processes
in biological systems. Energy transfer processes oc-
cur via radiative or non-radiative mechanisms.

Radiative mechanisms This mechanism involves
the absorption of light by a donor atom or molecule
(D) followed by emission of a photon by the donor
and the absorption of the emitted photon by another
molecule called the acceptor (A). The process can be
represented as follows:

D+ hv — D* 23]
D* - D+ hv [24]
A+h — A [25]

The radiative mechanism is important if the
acceptor A absorbs at the wavelength at which the
donor emits. The efficiency of the process is
determined simply by the quantum yield of the donor
luminescence and the absorbance of the acceptor at
the donor emission wavelength. No significant
interaction between A and D is required in this
mechanism and, therefore, radiative energy transfer
can occur over extremely large separations of D and

Figure 14 Energy transfer from a donoi(D) to an acceptor (A).

A. The radiative mechanism is not important if A
and D are similar molecules because of the usually
small overlap of the emission and absorption spectra
in this case.

Non-radiative mechanisms The radiative mecha-
nism is a trivial case of energy transfer because it can
be characterized by measuring the donor absorption
and the acceptor emission separately from each
other. In fact, most textbooks refer to the radiative
pathway as a ‘trivial mechanism’ for energy transfer
and do not really consider it as an energy transfer
mechanism. Note in Figure 14 that the donor does
not emit light. Instead, the excitation energy is trans-
ferred non-radiatively to the acceptor. The non-radi-
ative pathway shown in Figure 14 is the mechanism
that is typically used in most textbooks to represent
energy transfer processes. Non-radiative energy
transfer processes occur via two major mechanisms,
the Forster resonance mechanism and the Dexter
exchange mechanism.

The Forster resonance mechanism involves an elec-
trostatic interaction between D and A. Such an inter-
action can occur over a long range, i.e. it does not
require a very short contact between the donor and
the acceptor. Energy transfer via the resonance mech-
anism may proceed over donor—acceptor distances as
long as 50-100 A. In order for energy transfer to be -
efficient via the resonance mechanism, the energies of
the donor and acceptor transitions D* - D and
A — A* must be nearly identical (hence the name
‘resonance mechanism’). Nevertheless, the presence
of phonons (vibrational quanta) may provide assist-
ance for energy transfer when small differences exist
between the donor and acceptor excited states. Such
processes are called phonon-assisted energy transfer
processes (Figure 15). The energies of the phonons
should be high enough to surmount the difference
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Figure 15 Phonon-assisted energy transfer. The energy differ-
ence between the excited states of D and A is provided by
phonons. o

between the donor and acceptor excited states. How-
ever, too high phonon energies increase the likelihood
of non-radiative de-excitation (see above), which
would take place before energy transfer can take
place.

The Dexter Exchange Mechanism involves a direct
contact between the donor and the acceptor atoms
or molecules. The exchange interaction between the
donor D and acceptor A involves a transition state
with a DA distance that is close to the sum of the
gas-kinetic collision radii of D and A, respectively.
Therefore, information about the energy transfer
mechanism can begained by structural studies of the
system under consideration. If the D-A distance is
short (normally < 5 A) then the exchange mechanism
is the more likely, but if the D-A distance is long
(>> 5 A) then the resonance mechanism would be
more likely.

The energy transfer efficiency is strongly dependent
on the spectral overlap between the donor emission
and the acceptor absorption. This is valid for both ex-
change and resonance mechanisms, as shown in the
following expression for the energy transfer rate:

ker = f(rp-a) JIDSA dv (26]

where the integral represents the spectral overlap be-
tween the donor emission I, and the acceptor
absorption €,. The factor f{rp_,) is a function of the
intermolecular distance between the donor and ac-
ceptor centres (rp_,) and is governed by the relevant
energy transfer mechanism (Férster or Dexter mech-
anism). The donor-acceptor spectral overlap can be
determined experimentally by spectroscopic measure-
ments, as illustrated in Figure 16.
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Figure 16 Experimental determination of the donor--acceptor

_spectral overlap from emission and absorption spectra. Repro-

duced with permission from Turro NJ (1978) Modern Molecular
Photochemistry, p 299. Menlo Park: Benjamin/Cummings.

Example

Trivalent lanthanide ions, Ln(IH), can be substituted
for certain metal ions in proteins to gain structural
information about the sites of these metals. The abil-
ity of Ln(III) ions to substitute for metal ions such as
Ca(Il), Zn(II), and Mn(Il) in proteins stems from the
similarity between Ln(IIl) and these ions in ionic
radii, coordination numbers (6-9) and preference to
oxygen donor ligands. The higher charge density of
Ln(III) makes these ions substitute with higher affin-
ity than the metal ions in many metal-binding
proteins. The quantum yield of luminescence is low
for free Ln(Ill} but increases upon binding in close

'proximity to an aromatic amino acid within the pro-

tein: phenylalanine (Phe), tyrosine (Tyr) or tryp-
tophan (Trp). When the protein is irradiated with
wavelengths that correspond to the absorption maxi-
ma of these amino acids (~250-300 nm), the lumi-
nescence bands of the bound Ln(III) are enhanced by
energy transfer. The strong sensitized luminescence
of the Ln(IlI) makes these ions act as ‘probes’ of de-
tailed and accurate structural information about the
metal-binding sites in the proteins studied, as illus-
trated in the following example.

The protein o-lactalbumin is involved in the regu-
lation of lactose synthesis. The binding of bovine o-
lactalbumin (BLA) to Ca(ll) is very strong (log
K = 8-9). Eu({Ill) can bind apo-BLA (apo: metal-free)
in the Ca(Il) binding site. The appearance of sensi-
tized luminescence for Eu(Ill) is illustrated in
Figure 17. Note that owing to energy transfer, the
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Figure 17 Luminescence titration of apo-a-lactalbumin (BLA)
with europium chloride in D,0. The luminescence intensity is
monitored for the D,—’F, emission line of Eu(lll) with A, = 395
nm. The upper curve shows the data for BLA-bound Eu(lit) and
the lower curve shows the data for EuCl, alone. Reproduced with
permission from Biinzil JCG and Choppin GR (1989) Lanthanide
Probes in Life, Chemical and Earth Sciences, p 279. Amsterdam:
Elsevier. ’

luminescence intensity of BLA-bound Eu(IIl) (upper
curve) is much stronger than the intensity of free
Eu(Ill) (lower curve). Figure 17 shows that the in-
crease in the intensity of the Dy, — F, transition is
most drastic when the ratio (R) of [Eu(III)/[BLA] is
between 1 and 2, and the intensity continues to
increase when R >2. This is an indication of the
binding of at least two Eu(Ill) ions to BLA. The
Eu(IIl) luminescence is recorded in Figure 17 for the
Dy — ’F, bypersensitive transition. A hypersensitive
transition is a transition whose intensity is extremely
sensitive to changes in the environment of the Ln(III)
ion. Hypersensitivity is exhibited because of the
AJ =2 quadrupolar nature of the transition. The

R=10.53

Intensity —»

importance of this transition in the BLA-bound
Eu(Ill) is illustrated in Figure 18. The excitation
spectra of the Eu(lll)-bound BLA are shown in
Figure 18 monitoring the Dy, — ’F, emission. The
excitation spectra are resolved into several compo-
nents, especially for R values > 1. The appearance of
bands I and II indicate the presence of two different
binding sites for Eu(Ill) in BLA. Band III is due to
non-bonded (solvated) Eu(Ill) ions. Therefore, it is
concluded that Eu(Ill) ions displace Ca(Il) ions from
BLA and bind into two sites.

Besides the determination of the number of metal
binding sites, luminescence studies of Ln(III) ions in
biological systems allow the determination of other
structural properties of proteins such as the number
of bonded water molecules, the sum of ligand formal
charges and the site symmetry of the metal ion sites.
For example, lifetime measurements in H,0/D,0
mixtures allow the determination of the number of
water molecules (1) that are coordinated to the metal
ions in the different binding sites:

n = 1.05[1/x(Hz0) - 1/1(D;0)] 27]

I

In the preceding example, the numbers of coordinat-
ed water molecules in sites I and II were determined
as 2 and 4, respectively.

Excimers and exciplexes

Theory

Excimers and exciplexes are excited state complexes.
An excited state dimer is called an excimer. Excimer
formation can be represented by the following

R=1.76

rluv..l.r-.luunrjl...-I.-..|..uv—lulur..l..-.l...rl—-

17.26 17.30 17.25

17.30 17.25 17.30

103xcm™! —»

Figure 18 Curve-resolved Eu(lll) excitation spectra of apo-BLA in D,0. A represents the [Eu(I)JBLA] ratio. Reproduced with per-
mission from Biinzil JCG and Choppin GR (1989) Lanthanide Probes in Life, Chemical and Earth Sciences, p 280. Amsterdam:

Elsevier.
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equation:

A+'A*[A-A [28]

where the asterisks refer to species in their excited
states. According to Equation [28], an excimer is
formed when an excited molecule interacts with
another identical ground-state molecule. As a result
of this interaction, an actual bond forms between the
two monomer atoms in the excited state. Excited
state interactions are not limited to the formation of
homonuclear diatomic complexes. If interaction
occurs between an excited molecule of one type and a
ground state molecule of a different type, the result-
ing excited state complex is called an exciplex:

A+*B—*[A—B [29]

An exciplex can also form if more than two atoms
are involved in the excited-state bond, whether these
atoms are identical or different. Therefore, we can
write a general equation to represent exciplex
formation:

nA +m*B—*[A, — Bl [30]

From Equation [30], it is clear that an excimer is a
special kind of exciplex where A=Band n=m=1,
so it is more appropriate to use the term exciplex
when referring to excited state complexes in general,
including both homoatomic and heteroatomic
species.

It is important to recognize that exciplex forma-
tion is a physical phenomenon and not a chemical
one. That is, bonding between the molecules only
lasts as long as the excited state lifetime of the mole-
cule, and the exciplex bond dissociates upon radia-
tive or non-radiative de-excitation. Nevertheless,
there are cases in which exciplex formation leads to
photochemical reactions. For example, exciplexes
are believed to be the reactive intermediates in the
photochemical pathway of the Diels—Alder cycload-
dition reactions of unsaturated organic compounds.
Since photoluminescence is a photophysical process,
the focus here will be on the photophysical aspect of
exciplex formation instead of the photochemical
reactions that result from exciplex formation.

Example of an organic exciplex

The characteristics of exciplex emission can be
understood from potential energy diagrams of

exciplex-forming species. Figure 19 illustrates the
spectroscopic features of exciplexes in relation to the
potential surfaces of the ground and the excited elec-
tronic states. The spectra and potential surfaces are

~ shown for pyrene, the classical example for excimer

emission in organic compounds. According to
Figure 19, the ground state is repulsive (no potential
well) and the excited state is strongly bonding (deep
potential well) along the pyrene—pyrene internuclear
distance. This explains why the excimer bond forms
only in the excited state.

Organic exciplexes are best identified by studying
the variation of their emission spectra with concen-
tration. This is illustrated in Figure 19 for pyrene
(py). At low pyrene concentrations (<10~ M), the
major luminescence band is due to the monomer.
The characteristics of the monomer emission include:
(i) vibronic structure is present, and (ii) the emission
profile is independent of concentration at concen-
trations <10-5 M. As the pyrene concentration is in-
creased above 105 M, the monomer emission is
quenched and a new lower-energy emission band ap-
pears due to the formation of a *[py—py] excimer.
The intensity of the excimer band increases with a
concentration increase. The characteristics of the

<55 .
Face to face excimer
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Figure 19 Excimer emission of pyrene. The upper curves
show the potential surfaces of the ground and the luminescent
excited electronic state (Reproduced with permission from Turro
NJ (1978) Modern Molecular Photochemistry, p 141. Menlo Park:
Benjamin/Cummings.
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excimer emission band of pyrene in Figure 19 are: (i)
it is a structureless band with no vibronic structure,
(ii) it has a lower energy than the monomer emission
band and (iii) its intensity increases relative to the
monomer emission band as the concentration is in-
creased above a critical value (10~ M for pyrene).
These characteristics of the pyrene excimer bands are

valid for the emission bands of organic exciplexes in -

general.

Examples of Inorganic exciplexes

The formation of inorganic exciplexes has attracted
attention only recently. Exciplexes formed in coordi-
nation compounds could be either ligand-centred
exciplexes, or metal-centred exciplexes..Ligand-cen-
tred exciplexes are normally formed from coordina-
tively saturated complexes (where the metal ion has
a high coordination number with no ‘vacant’ sites)

and another species. In this situation, excitation of a

ligand in the complex may result in the formation of
an exciplex bond between the ligand and another
molecule that exists in the solution (such as a solvent
molecule). Metal-centred exciplexes, on the other
hand, are normally formed from coordinatively un-
saturated complexes and another species. In
coordinatively unsaturated complexes, the potential
coordination site(s) present in the metal ion can be
filled by neutral electron-donor species (Lewis bas-
es), anions or another metal ion. The latter type gives

tise to the formation of metal-metal bonded exci- .

Plexes. This class of inorganic exciplexes is rather in-

teresting because thus far all reported examples are

luminescent. : -

The formation of the silver—silver bonded exci-
plexes *[Ag(CN),], (n>2) will serve as an illustra-
tion. The formation of these exciplexes in the solid
state has been reported by the authors of this article.
The [Ag(CN)3] complex ion is a good candidate for
the formation of metal-metal bonded exciplexes
because its low coordination number (2) implies that
several potential coordination sites are available.

Single crystals have been grown from a saturated
solution . of KCI that contains small amounts of
K[Ag(CN),]. The crystals harvested from this solu-
tion are called [Ag(CN);)/KCl doped crystals, that is,
[Ag(CN)2] guest ions are incorporated into (or

doped in) the KCl host lattice. In these doped crys-.

tals, the Ag* and CN- ions replace the K* and CI-
ions, respectively, in some sites in the KCl lattice. In-
frared measurements of single crystals of [Ag(CN)3)/
KCl have shown that multiple peaks exist in the Ven
region, indicating the presence of several local envi-
ronments for the [Ag(CN),]- ions within the KCl lat-
tice. This result has been explained in terms of the

presence of monomers, dimers, trimers, etc of
[Ag(CN)2] in the doped crystal.

The luminescence spectra of [Ag(CN)2)/KCl doped
crystals at 77 K are shown in Figure 20. It is inter-
esting to note that at least four emission bands ap-
pear in the luminescence spectra of a single crystal of
[Ag(CN)2J/KCl. The most prominent bands are la-
belled as A, B, C and D in Figure 20. This observa-
tion is consistent with the conclusion based on the
infrared spectra that the [Ag(CN)3] ions exist as
monomers, dimers, trimers, etc in the KCl lattice.
Therefore, [Ag(CN)3], oligomer ions in the KCI lat-
tice with different values of # are responsible for the

‘different luminescence bands. The strong depend-

ence of the emission spectra on the excitation
wavelength is unusual because emission spectra of
luminescent materials are usually independent of the
excitation wavelength. By controlling the excitation
wavelength, a specific [Ag(CN);], oligomer can be
excited -independently. from the other oligomers so
that the luminescence occurs primarily - from this
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Figure 20 Photoluminescence spectra of [Ag(CN)ZVKC]]
doped crystais at 77 K. The letter assignment of the lumines-
cence bands follows the notation used in Tabile 2. Reproduced
with permission from Omary MA and Patterson HH (1998) Lumi-
nescent homoatomic exciplexes in dicyanoargentate (I) ions
doped in alkali halidé crystals: 1. Exciplex tuning by site-selective
excitation. Journal of the American Chemical Society 120: 7696
7705.
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Figure 21 Potential energy diagram of the ground and the first excited electronic states of [Ag(CN)], (eclipsed configuration) as
plotted from extended Hickel calculations. The excimer [Ag(CN)z), corresponds to the potential minimum of the excited state. The
optical transitions shown are (a) excimer emission, {b) solid state excitation and (c) dilute solution absorption. (Reproduced with per-
mission from Omary MA and Patterson HH (1998) Luminescent homoatomic exciplexes in dicyanoargentate (1) ions doped in alkali
halide crystals: 1. Exciplex tuning by site-selective excitation. Journal of the American Chemical Society 120: 7696-7705.

excited oligomer. That is, different [Ag(CN)3], oli-
go-mers in the KCl lattice act as independent lumi-
nophores, each of which has a characteristic
excitation wavelength. The emission is tuned to any
of the bands A-D' by changing the excitation wave-
length. This is an interesting optical phenomenon
that has been called exciplex tuning.

The luminescence bands of [Ag(CN)3)/KCl are as-
signed, as shown in Table 2, to *[Ag(CN),], exci-
plexes that differ in the value of 7 and in their
geometry. The exciplex assignment of these bands is
based on both experimental and theoretical consid-
erations. The following is an overview of the
-evidence used for this assignment:

Table 2 Assignment of the Iuminesbence bands of [Ag(CN)zl/
KCI doped crystals

Band 3%, nm ASe nm gggz ) Assignment

A 285-300 225250 3.31 *[Ag(CN); ],
(excimers)

B 310-360 270-390 3.70 Angular *[Ag(CN); ],
(trimer exciplexes)

c 390-430 250270 3.05 Linear *[Ag(CN);],
(trimer exciplexes)

D 490-530 300-360 4.01 *[AG(CN)z], (n = 5,

delocalized exci-
plexes)?

* It is assumed that the stabilization due to Ag-Ag interactions
converges in [Ag(CN)z], oligomers with n 2> 5. '

(1) The energies of the luminescence bands of
[Ag(CN)3]/KCl are extremely low relative to the ab-
sorption bands of dilute solutions of [Ag(CN)3]
(which represent the [Ag(CN)3] monomer).

The absorption spectra of dilute solutions of
[Ag(CN)2] show peak maxima with energies
>50 000 cm™. The excitation and emission maxima
are red-shifted by as much as 23000 and
30 000 cm™, respectively; from the monomer transi-
tion. These large red shifts must be due to the
oligomerization of [Ag(CN)3] units, as suggested by
electronic structure calculations (see below).

The fact that the Ag(I) ion has a 4d1° closed shell
electronic configuration forbids the formation of
strong Ag—Ag bonds in the ground state. Excited
states such as 4d® 5s!, however, do not have a closed
shell configuration. Hence, Ag-Ag bonding in the
excited state is possible, which leads to the forma-
tion of *[Ag(CN);],, exciplexes. Figure 21 depicts
the potential surfaces of the ground state and the -
first excited state of a [Ag(CN)3], dimer, as plotted
from electronic structure calculations. The formation
of a *[Ag(CN)2], excimer is illustrated by the deep
potential well in the excited state at a shorter Ag—Ag
equilibrium distance than the corresponding ground
state distance. The electronic transitions depicted in
Figure 21 explain the low emission and excitation
energies (transitions (a) and (b)) relative to the mon-
omer absorption (transition (c)).
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(A) [Ag(CN), 1,
(staggered)

HOMO

LUMO

{B) [Ag(CNJ}, 1,
{eclipsed)

Figure 22 Surfaces of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for

[AQ(CN)z], (staggered isomer) and [AQ(CN)]; (eclipsed isomer),

as plotted from ab initio calculations. Note the Ag—Ag antibonding

character for the HOMO and the Ag-Ag bonding character for the LUMO in both cases.

(2) The excited states of [Ag(CN)3], oligomers are
largely distorted from their ground states.

The Stokes shifts for the luminescence bands of
[Ag(CN)2)/KCl range from 7000 to 15 000 cm™.
The fwhm values are in the 3000—4000 cm™! range
(Table 2), which are large values. As explained earli-
er, large excited state distortions are due to large dif-
ferences in the bonding properties between the
molecular orbitals that represent the ground and ex-
cited states, respectively. The ground state of an ex-
ciplex is antibonding while its first excited state is
bonding. Figure 22 illustrates this fact for the dimer
[Ag(CN)z], and the trimer [Ag(CN)3];. In both
cases, the HOMO has a Ag-Ag antibonding charac-
ter while the LUMO has a Ag-Ag bonding character.
Similar results were obtained for other [Ag(CN)3],
oligomers. Photoexcitations from antibonding
HO-MOs to bonding LUMOs lead to the formation
of *[Ag(CN),], exciplexes.

(3) The luminescence bands are generally lacking
in structure.

Note that all the luminescence bands shown in
Figure 20 have no detailed structure. This is a

similar feature to exciplex emission in organic com-
pounds, as illustrated in Figure 19 for the excimer
band of pyrene. The apparent structure for band B is
due to the existence of two different geometrical iso-
mers of the [Ag(CN)3]1; trimer, not to vibronic struc-
ture. The absence of structured emission was
obtained for [Ag(CN)3]/KCl even though the lumi-
nescence measurements were carried out in the solid
state for a doped crystal (1.1 mol% Ag) at cryogenic
temperature (77 K). Doping and low temperatures
normally reduce the chances of band broadening for
luminophores that do not exhibit exciplex emission.
Hence, the structureless emission of [Ag(CN)3]/KCl
must be due to exciplex formation.

Chemiluminescence

When exothermic chemical reactions occur, the
product species are usually in their ground electronic
states. However, some chemical reactions produce
product species in electronically excited states which
luminesce. This phenomenon is called chemilumines-
cence. Incidentally, chemiluminescence occurs in a
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number of biological systems (for example, the fire-
fly), where it is called bioluminescence.

A common example of chemiluminescence is the
reaction of luminol in basic solution with an oxidiz-
ing agent such as oxygen:

0
H -
| + Op+ 20H
H
0  NH,
HooC
— + No+ 2H0 + hv [31]

HooC
NH,

The 3-aminophthalate product ion is in an excited
electronic state and shows luminescence in the visible
region. Reaction [31] is catalysed by the presence of
certain metal ions such as Cr(IIl) and the intensity of
the chemiluminescence has been found to be propor-
tional to the concentration of the specific metal ion,
usually in the concentration range of parts per bil-
lion (ppb). Thus, the luminol reaction can be used to
determine the concentration of selected metal ion
species at very low concentrations.

A second common example of chemiluminescence
in the gas phase is the reaction of nitric oxide with
ozone:

NO + O3 — Oy + NO*(— NOy + hv)  [32]

Here, the product species NO, is produced in an ex-
cited electronic state and emits light in the visible—
near IR region. It has been found that the intensity of
the chemiluminescence is proportional to the con-
centration of NO in the ppm—ppb range. Thus, the
reaction shown in Equation [32] can be used as the
basis for the development of a chemical sensor for
NO. The detection of NO is important because nitric
oxide is a chief environmental pollutant, and also be-
cause NO plays an important role in human biology.

See also: Biochemical Applications of Fluorescence
Spectroscopy; Laser Spectroscopy Theory.
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