In the preceding chapter we described the effects of solvent
and local environment on emission spectra, and how spec-
tral changes could be used to determine the properties of the
environment surrounding a fluorophore. We showed that
emission spectra could be affected by solvent polarity and
specific solvent effects. We also showed that fluorophores
could display charge separation and/or conformational
changes while in the excited state. During these descrip-
tions we did not consider the rate constants for these
processes, but mostly assumed the lifetime of a fluorophore
was in equilibrium with its environment prior to emission.
More specifically, we assumed the decay rates of the fluo-
rophores were slow compared to the rate constants for sol-
vent reorientation, charge separation, or conformational
changes in the fluorophore. The assumption of emission
from equilibrated states was reasonable because fluid sol-
vents reorient around excited fluorophores in 0.1 to 10 ps,
and the decay times are typically 1 ns or longer.

There are many situations where the fluorophore can
emit prior to or during other dynamic processes. For exam-
ple, in viscous solvents the rate of solvent relaxation around
the fluorophore may be comparable to or slower than the
decay rate. In this case the emission occurs during solvent
relaxation, and the emission spectrum represents an average
of the partially relaxed emission. Under these conditions the
emission spectra display time-dependent changes. These
time-dependent effects are not observed in the steady-state
emission spectra, but can be seen in the time-resolved data
or the intensity decays measured at various emission wave-
lengths. Many fluorophores undergo reactions in the excit-
ed state, such as the loss or gain of a proton. Depending on
the chemical properties of the fluorophore, its exposure to
the solvent, and/or the concentration of proton donors or
acceptors in the solution, the excited-state reaction may be
occurring during emission. In this case the steady-state
spectrum will contain contributions from each form of the
fluorophore, assuming that both forms are fluorescent.

Dynamics of Solvent

and Spectral
Relaxation

As was true for solvent effects, there is no universal
theory that provides a quantitative description of all the
observed phenomena. Time-dependent shifts occur as the
result of general solvent effects, specific solvent-fluo-
rophore interactions, formation of internal charge-transfer
states, and excited-state reactions. All of these processes
affect the time-dependent decays. Interpretation of the time-
resolved data should be based on a molecular understanding
of the fluorophore and the nature of its environment. In
some cases the effects are often similar and not immediate-
ly assignable to a particular molecular event. Hence, it can
be challenging to select a model for interpretation of the
time-dependent spectra.

7.1. OVERVIEW OF EXCITED-STATE PROCESSES

Prior to consideration of specific mechanisms, it is useful to
understand how emission spectra are affected by processes
occurring during the excited-state lifetime. We can divide
the time-dependent spectral changes into two categories: a
continuous spectral shift or a two-state model. In the con-
tinuous model the emission spectrum shifts with time but
does not change the spectral shape.!-* The continuous
model is usually appropriate for general solvent effects. In
the two-state model there are distinct emission spectral
from two forms of the fluorophore. The two-state model is
usually appropriate for excited-state reactions or formation
of internal charge-transfer (ICT) states.

Excited-state processes are usually studied by meas-
urement of the time-resolved emission spectra (TRES). The
TRES are the emission spectra that would be observed if
measured at some instant in time following pulsed excita-
tion. Figure 7.1 shows a schematic for the continuous spec-
tral relaxation (CR) model. The fluorophore is excited to
the Franck-Condon (F) or unrelaxed state. Following exci-
tation the solvent reorients around the excited-state dipole
moment, which occurs with a solvent relaxation rate k,
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Figure 7.1. Jablonski diagram for continuous spectral relaxation.

which can also be described by a solvent relaxation time T,
= k1. If the solvent is fluid the solvent relaxation time will
be less than the lifetime (1, << 1) and emission occurs from
the relaxed (R) state. At low temperature, solvent relaxation
can be slower than emission (1, >> 1) so that emission is
observed from the F' state. At intermediate temperature
emission where t, = T emission will be occurring during the
relaxation process. Hence a spectrum intermediate between
F and R will be observed (dashed curve in Figure 7.1),
which represents some weighted average of the emission
spectra at each point in time during the relaxation process.
In rigorous terms the intermediate spectrum would have the
same shape and half width as the F- and R-state emission
spectra. In practice the intermediate spectrum can be wider
due to contributions from fluorophores with varying extents
of relaxation. In Figure 7.1 we show the same lifetime t for
the fluorophore in the F and R state because the fluorophore
is emitting from the same electronic state. In practice these
decay times can be different.

Spectral relaxation can also occur in a stepwise man-
ner, which we will call the excited-state reaction (ESR)
model. In this case there are two distinct emitting species:
the initially excited state F and the species R resulting from
the excited-state reaction. The lifetime of the F and R states
(tr and ty) are different because emission is occurring from
a different molecular species (Figure 7.2). In the case of
excited-state ionization the emission would be from the ini-
tially excited and the ionized species. The F and R states

WAVELENGTH ——>

Figure 7.2. Jablonski diagram for an excited-state reaction.

can also have different emission spectra because the elec-
tronic states or chemical structures are different.

For the ESR model the F and R states are linked by a
rate constant k. The reaction can be reversible, but for sim-
plicity is shown as an irreversible reaction. The rate con-
stant k, is now a chemical rate constant that is determined
by the chemical structures and solvent composition. If the
rate constant is small relative to the decay rate of the F' state
(k; < 1" the emission occurs mostly from the F state. If
the reaction rate is greater than the decay rate of the F state
(k, > t1) then emission occurs primarily from the R state.
If the reaction rate and decay rates are comparable then
emission occurs from both species. If the emission spectra
of the F' and R states are well separated then two distinct
components will be seen in the emission spectrum. If the
emission spectra of the F and R states overlap, the interme-
diate emission spectra may show a shoulder or be wider
than the individual emission spectra.

The continuous relaxation and ESR models can also be
described in terms of reaction coordinates. In the CR model
emission is occurring from the same state (Figure 7.3),
except for a displacement due to solvent reorientation. The
rate constant k, describes the rate at which the excited-state
energy slides towards the equilibrium R state. Emission
occurs at all positions along the reaction coordinate. For the
ESR model there are two excited-state species, typically
separated by an energy barrier (Figure 7.4). Emission can
occur from either state, but the states are distinct. The rate
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Figure 7.3. Energy schematic for continuous spectral relaxation.
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Figure 7.4. Energy schematic for an excited-state reaction.

constant k, describes the rate at which the F state is trans-
formed into the R state.

7.1.1. Time-Resolved Emission Spectra

Excited-state processes result in complex time-dependent
decays. The intensity decays depend on the observation
wavelength because of the time needed for the F state to
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Figure 7.5. Schematic of time-resolved emission spectra. I(t) repre-
sents the decay of the total emission. Ii(f) and Ig(7) are the intensity
decays on blue and red sides of the emission spectrum, respectively.
The upper insert shows the emission spectra at # = 1, 2, or 3 ns.

become an R state or some intermediate state. This situation
is illustrated in Figure 7.5. In this figure the solid line shows
the intensity decay of the total emission, or the decay that
would be observed in the absence of excited-state process-
es. Now suppose the intensity decay is measured on the
short-wavelength side of the total emission. This decay,
I(t), is more rapid than the decay of the total emission,
I1(1), because the short-wavelength emission is decaying by
both emission and relaxation, which is removing excited
fluorophores from the observation wavelength. On the
long-wavelength side of the emission the emitting fluo-
rophores are those that have relaxed.

Time is needed for the F-state molecules to reach the R
state. Even if the F' and R states have the same intrinsic
decay time, the long-wavelength decay will appear to be
slower. Also, at the moment of excitation all the molecules
are assumed to be in the F state. No molecules are in the R
state until some relaxation has occurred. For this reason one
typically observes a rise in the intensity at long wavelengths
representing formation of the relaxed state. The rise time is
frequently associated with a negative pre-exponential factor
that is recovered from the multi-exponential analysis. Fol-
lowing the rise in intensity, the decay I(¢) typically follows
the total emission. Another way of understanding the wave-
length-dependent decays is to recall that emission is a ran-
dom event. Some fluorophores emit at earlier times, and
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Figure 7.6. Normalized time-resolved emission spectra for continu-
ous relaxation (top) and for a two-state process (bottom).

some at later times. The decay rate represents the ensemble
average. The fluorophores that emit at earlier times tend to
have shorter wavelength emission, and those that emit at
later times have longer wavelength emission.

Suppose that emission spectra could be recorded at any
desired instant following the excitation pulse (Figure 7.6)
and that the spectra are normalized. First consider a contin-
uous relaxation process (top panel). If the emission spec-
trum was observed immediately after excitation (¢ = 1 ns),
then a blue-shifted or unrelaxed emission will be observed.
If the time of observation is later, then more of the mole-
cules will have relaxed to longer wavelengths, resulting
in emission spectra that are progressively shifts to longer
wavelengths at longer times. For continuous spectral relax-
ation the shape of the emission spectra are expected
to remain the same. Now consider the ESR model (Fig-
ure 7.6, lower panel). At short times the blue-shifted emis-
sion would be observed. At long times the emission
would be from the reacted fluorophore. At intermediate
times emission from both species would be observed. Typ-
ically the emission spectrum would be wider at intermedi-
ate times due to emission from both forms of the fluo-
rophore. These emission spectra, representing discrete
times following excitation, are called the time-resolved
emission spectra (TRES). It is technically challenging to
determine the TRES, and the molecular interpretation can
be equally difficult.

DYNAMICS OF SOLVENT AND SPECTRAL RELAXATION

7.2. MEASUREMENT OF TIME-RESOLVED
EMISSION SPECTRA (TRES)

7.2.1. Direct Recording of TRES

The measurement of TRES is most easily understood using
pulse sampling or time-gated detection (Chapter 4). In fact,
the first reported TRES were obtained using this method,*-¢
but this method is rarely used at the present time. The sam-
ple was 4-aminophthalimide (4-AP) in propanol at —70°C.
At this temperature the rate of solvent relaxation is compa-
rable to the decay time. The sample is excited with a brief
pulse of light, and the detector was gated on for a brief peri-
od (typically <0.5 ns) at various times following the excita-
tion pulse. The emission spectrum is then scanned as usual.
For short time delays a blue-shifted emission was observed
(Figure 7.7). As the delay time was increased, the emission
spectrum shifted to longer wavelength. At these longer
times the solvent has relaxed around the excited-state
dipole.

400

TIME-RESOLVED FLUORESCENCE INTENSITY

400 500 600
WAVELENGTH (nm)

Figure 7.7. Time-resolved fluorescence spectra of 4-aminophthalim-
ide in n-propanol at =70 and —132°C recording using the pulse sam-
pling method (Chapter 4). The times between excitation and gated
sampling of the emission intensity are listed on the figures. Revised
from [4].
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Examination of Figure 7.7 reveals that the shape and/or
width of the emission spectrum is not changed during spec-
tral relaxation. This suggests that relaxation of 4-aminoph-
thalimide in n-propanol proceeds as a continuous process.
When the temperature was lowered to —132°C the emission
spectra were similar for time delays of 4 and 26 ns. This is
because at lower temperatures the relaxation time of the
solvent is longer than the decay time of 4-aminophthalim-
ide, which is near 10 ns.

TRES have also been obtained using TCSPC. When
using TCSPC one can record photons arriving within a
small time interval. In this instance one selects the output
pulses from the TAC to be within a limited range of voltage
values. The range of accepted voltages determines the time
window that is observed. The emission spectrum is then
recorded with a monochromator. While intuitively simple,
this method is rather inefficient and has not been widely uti-
lized.

Direct recording of TRES is easy to understand, but
this procedure has a serious limitation. The directly record-
ed TRES do not provide for deconvolution using the instru-
ment response function. Hence the recorded TRES are
apparent spectra containing distortions due to the instru-
ment response function. One exception is use of the pump-
probe or upconversion methods, when the time resolution
can be fast compared to the rates of spectral relaxation.

7.2.2. TRES from Wavelength-Dependent Decays

At present, time-resolved emission spectra are usually
obtained indirectly. The procedure starts with measurement
of the time-resolved decays at a number of wavelengths
across the emission spectrum, I(A,f).7-2 The intensity decays
are wavelength dependent. The short wavelengths decay
more rapidly than the longer wavelengths. This occurs
because the emission on the short-wavelength side of the
spectrum is decaying by both emission and by relaxation to
longer wavelengths. In contrast, the emission at long wave-
lengths requires that the fluorophores relax prior to emis-
sion, and is thus delayed by the relaxation time.

For calculation of the TRES the intensity decays are
usually analyzed in terms of the multi-exponential model

n

It = 2 adh) exp |[—t/t (L)

i=1

(7.1)

where I(A,f) are the intensity decays at each wavelength,
o) are the pre-exponential factors, t(A) are the decay
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times, with 2o, (A) = 1.0. In this analysis the decay times
can be variables at each wavelength t,(A), or assumed to be
independent of wavelength, t,, Wavelength-dependent
decay times are expected for the continuous model, and
wavelength-independent lifetimes are expected for the two-
state model. However, because of limited resolution and
parameter correlation, the data can usually be fit with either
wavelength-dependent t(A) or wavelength-independent T,
lifetimes, irrespective of whether relaxation is a continuous
or two-state process. For purposes of calculating the TRES
the choice does not matter as long as good fits are obtained.
The goal is to obtain a parametrized form of the intensity
decays, which are then used to reconstruct the TRES. Typ-
ically, no molecular significance is assigned to the intensity
decay parameters.

In order to calculate the TRES one computes a new set
of intensity decays, which are normalized so that the time-
integrated intensity at each wavelength is equal to the
steady-state intensity at that wavelength. Suppose F(R) is
the steady-state emission spectrum. One calculates a set of
H()\) values using

FO)
H,) =— " (7.2)
Jo 10\ p)de
which for the multi-exponential analysis becomes
H(\) = & (7.3)
)= s a0 |

These equations can be understood as follows. The term
H()) is the volume that, when multiplied by the time-inte-
grated intensity at the same wavelength, is equal to the
steady-state intensity at that wavelength. Then, the appro-
priately normalized intensity decay functions, which are
used to calculate the TRES, are given by

IO = HOOIOW) = 3 o4(0) expl = it (1))

i

(7.4)

where o;'(A) = HQA)o,(A).

The values of I'(A,f) can be used to calculate the inten-
sity at any wavelength and time, and thus the TRES. The
TRES can be shown with the actual intensities, as in Figure
7.5, or peak normalized, as shown in Figures 7.6 (top) and
7.7 (lower panel). Assuming the intensity decays have been
measured at an adequate number of wavelengths, this pro-
cedure (egs. 7.1-7.4) yields the actual TRES independent of
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Figure 7.8. Calculation of time-resolved emission spectra. Revised
from [9].

the nature of the relaxation process. The advantage of this
procedure is that the values of I'(A,t) are the actual impulse
response functions, corrected for distortions due to convo-
Iution with the instrument response function. The time
dependence of the spectral shifts, and the shape of the
TRES, are then used to determine the rates of relaxation and
the nature of the relaxation process.

DYNAMICS OF SOLVENT AND SPECTRAL RELAXATION

The calculation of TRES from the measured intensity
decays is best understood by a specific example (Figure
7.8). This example is for the probe 2-anilinonaphthalene (2-
AN) bound to phospholipid vesicles,?-10 but the procedure
is the same for any sample. The time-resolved decays are
measured at appropriate wavelengths across the entire
emission spectrum. Typical decays at 394, 409, and 435 nm
are shown in the upper panel. The time-resolved decays are
used to derive the impulse response functions at each emis-
sion wavelength, I(A,f). These decays were obtained using
an unusual deconvolution calculation (Figure 7.8, top
panel). A multi-exponential fit is used, but no physical sig-
nificance is attached to the values of o (A) and t,(1). These
are simply used to obtain an accurate representation for the
observed intensity decays. One may interpret these results
as follows. At shorter wavelengths the intensity decay is
faster due to spectral relaxation. At longer wavelengths one
selectively observes those fluorophores that have relaxed,
and hence those that have emitted at later times following
excitation. Thus the overall decay is slower at longer wave-
lengths.

The decays at each wavelength are then normalized so
the time-integrated areas for each wavelength are equal to
the steady-state intensity at that wavelength (middle panel).
These decays are then used to calculate the emission spec-
tra for any desired time following the excitation pulse. The
TRES are usually peak normalized to allow easy visualiza-
tion of the time-dependent spectral shifts. For 2-AN bound
to vesicles one notices that the spectra shift to longer wave-
lengths at longer times (bottom panel).

Examination of Figure 7.8 (top and middle panels)
shows a characteristic feature of solvent relaxation, which
is a rise in intensity at long wavelengths (435 nm). This rise
occurs because at t = 0 no fluorophores are in the relaxed
state. The population of the relaxed state increases prior to
decreasing due to the total intensity decay. Observation of
such a term provides proof that an excited-state process has
occurred. If the sample displayed only ground-state hetero-
geneity, then the decays would be dependent upon wave-
length. However, no rise in intensity would be observed for
ground state heterogeneity because all the pre-exponential
factors would be positive (Section 7.11).

7.3. SPECTRAL RELAXATION IN PROTEINS

Time-resolved emission spectra have been used to study the
dynamics of proteins and membranes. The basic idea is that
excitation provides an instantaneous perturbation because
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of the increased dipole moment of the excited state. If the
biomolecule is rigid, there will be no relaxation, as was
seen for 4-AP in propanol at —132°C (Figure 7.7). If the
biomolecule is flexible, then the TRES should relax on a
timescale characteristic of the macromolecule. Time-
dependent spectral shifts have been observed for probes
bound to proteins,!'-2! membranes,??>-33 micelles,3*3° and
polymers,*-4! and has recently been reviewed.*? Spectral
relaxation of intrinsic tryptophan fluorescence in proteins
will be described in Chapter 17.

7.3.1. Spectral Relaxation of
Labeled Apomyoglobin

One example of TRES of a protein is provided by labeled
myoglobin. Myoglobin is a muscle protein that binds oxy-
gen from the blood and releases oxygen as needed to the
muscles. Myoglobin thus acts as an oxygen reservoir. In
myoglobin the oxygen molecule is bound to the heme
group, which is near the center of the protein. The heme
group can be removed from the protein, leaving a
hydrophobic pocket that is known to bind a number of flu-
orophores.*-44 Myoglobin without the heme group is called
apomyoglobin. The dynamics of myoglobin are of interest
because myoglobin cannot bind and release oxygen without
undergoing structural fluctuations to allow diffusion of oxy-
gen through the protein. If the protein is flexible on the
nanosecond timescale for oxygen penetration, then it seems
likely the protein can be flexible during the nanosecond
decay times of bound fluorophores.

In the previous chapter we described Prodan and its
derivatives as being highly sensitive to solvent polarity. The
dynamics of the heme binding site was studied using the
probe Danca, which is an analogue of Prodan (Figure 7.9).
The carboxy cyclohexyl side chain serves to increase the
affinity of Danca for apomyoglobin, and to ensure it binds
to the protein in a single orientation. A single mode of bind-
ing simplifies interpretation of the data by providing a
homogeneous probe population. Excitation of Danca results
in the instantaneous creation of a new dipole within the
apomyoglobin molecule. If myoglobin is flexible on the ns
timescale, one expects time-dependent shifts in its emission
spectrum as the protein rearranges around the new dipole
moment.

Intensity decays were measured at various wavelengths
across the emission spectrum (Figure 7.9). The amplitudes
of these decays were adjusted according to eq. 7.3. The
decays are somewhat faster at shorter emission wave-
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Figure 7.9. Deconvolved fluorescence decays of Danca-apomyoglo-
bin complex from 400 to 528 nm at 298°K. The area under each trace
has been scaled to the steady-state intensity at that wavelength. Note
the intensity decays show a rise time at longer wavelengths. Revised
and reprinted with permission from [17]. Copyright © 1992,
American Chemical Society.

lengths. Importantly, there is evidence of a rise time at
longer wavelengths, which is characteristic of an excited-
state process. A rise time can only be observed if the emis-
sion is not directly excited, but rather forms from a previ-
ously excited state. In this case the initially excited state
does not contribute at 496 and 528 nm, so that the decays at
these wavelengths show an initial rise in intensity. The
emission at these wavelengths is due to relaxation of the ini-
tially excited state.

The time-dependent decays were used to construct the
time-resolved emission spectra (Figure 7.10). These spectra
shift progressively to longer wavelength at longer times.
Even at the earliest times (20 ps) the TRES are well shifted
from the steady-state spectrum observed at 77°K. At this
low temperature solvent relaxation does not occur. As was
described in Chapter 6 (Figure 6.28), Prodan-like molecules
can emit from locally excited (LE) and internal charge-
transfer (ICT) states. The short-wavelength emission at
77°K is probably due to the LE state. Hence, the emission
of DANCA-apomyoglobin is from the ICT state, which has
undergone nearly complete charge separation.

The TRES can be used to calculate the rates of spectral
relaxation. These data are usually presented as the average
energy of the emission versus time (Figure 7.11). Alterna-
tively, one can calculate the time-dependent change in the
emission maximum. In the case of Danca-apomyoglobin
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Figure 7.10. Time-resolved emission spectra of Danca bound to
apomyoglobin. Also shown is the steady-state spectrum at 77°K.
Revised and reprinted with permission from [17]. Copyright © 1992,
American Chemical Society.
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Figure 7.11. Decay of the mean energy of the emission (in cm!) of
Danca-apomyoglobin at various temperatures in water and glycerol-
water mixtures. Revised and reprinted with permission from [17].
Copyright © 1992, American Chemical Society.

the decay of the average energy was highly non-exponen-
tial, and with relaxation times ranging from 20 ps to 20 ns.
Spectral relaxation is typically a multi- or non-exponential
process for probes in solvents or when bound to macromol-
ecules. Methods used to determine the relaxation times are
described below.

7.3.2. Protein Spectral Relaxation Around a
Synthetic Fluorescent Amino Acid

The previous example showed relaxation of apomyo-
globolin around a Prodan analogue, which occurred in
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Figure 7.12. Emission spectra and color photographs of GB1 mutants
containing Aladan in the sequence. Revised from [45].

about 10 ns. It was not clear if a-10 ns relaxation time was
typical of proteins or a consequence of the artificial probe
in the heme binding site. Hence it was of interest to meas-
ure spectral relaxation in an unperturbed protein. Trypto-
phan is one choice as a probe, but it is usually more diffi-
cult to perform high time-resolution experiments with UV
excitation and emission wavelengths. To minimize the
effects of labeling a synthetic amino acid was synthesized
that was analogous to Prodan (Aladan in Figure 7.12).46
This amino-acid analogue was incorporated into the Bl
domain of streptococcal protein G (GB1). This protein
binds to IgG and is frequently used as a model for protein
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Figure 7.13. Time-dependent intensity decays and time-dependent
peak emission energy of the F30 Aladan mutant of GB1 measured
using fluorescence upconversion. The lower panel shows the time-
dependent peak energy for three mutants of GB1. Revised from [45].

folding.#’ Figure 7.12 shows the emission spectra of
Aladan-GB1 when Aladan is incorporated into four differ-
ent sites. The emission maxima are different for each
mutant, showing that the Aladan residue can be shielded,
partially exposed, or exposed to the aqueous phase.

Time-dependent decays are needed to calculate the
TRES (Figure 7.13). For Aladan-GB1 the wavelength-
dependent parts of the decays were complete in about 20 ps,
much faster than for Danca-labeled apomyoglobin. The 20-
ps timescale is too fast for reliable TCSPC measurements,
so these decays were recorded using fluorescence upcon-
version. The intensity decays were used to calculate the
TRES (Figure 7.14). The time-dependent shifts were found
to occur over a range of timescales. There is a rapid compo-
nent that occurs in less than 20 ps (Figure 7.13, lower panel)
and a slower shift occurring over several nanoseconds. Pre-
sumably, these slower components will result in the emis-
sion spectra becoming similar to the steady-state spectra
(thick lines in Figure 7.14).
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Figure 7.14. Time-resolved and steady-state emission spectra for GB1
mutants with Aladan in the sequence. The thick lines are the steady-
state emission spectra. The time-resolved spectra are at 200 fs (solid
lines), 1 ps (dashed line), 10 ps (dotted lines) and 150 ps (dot dashed
lines). Revised from [45].

7.4. SPECTRAL RELAXATION IN MEMBRANES

Time-resolved emission spectra have been extensively used
to study membrane dynamics.?*33 While not intuitively
obvious, frequency-domain data can also be used to deter-
mine TRES, as will be shown for Patman-labeled DPPC
vesicles. Patman is also a Prodan derivative, in this case
designed to bind to membranes (Chapter 6, Figure 6.20). As
for the time-domain measurements, the frequency-domain
data are measured for various wavelengths across the emis-
sion spectrum (Figure 7.15). The phase and modulation val-
ues are strongly dependent on emission wavelength. At
46°C on the blue side of the emission, the phase angles are
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Science.

shorter and the modulation values higher than on the red
side of the emission. The phase angles on the red side of the
emission exceed 90°, which is proof of an excited-state
reaction. The data at low temperature (6°C) are also char-
acteristic of an excited-state process, larger phase angles,
and lower modulation on the long-wavelength side of the
emission. However, the long-wavelength phase angles are
less obviously in excess of 90°. An absence of phase angles
over 90° does not prove relaxation has not occurred, only
that the conditions were not suited to result in very large
phase angles.

The phase and modulation data can be used to derive
the wavelength-dependent impulse response functions. In
this case the data at all wavelengths could be fit to a set of
three wavelength-independent lifetimes (Table 7.1). The
three decay times are similar at both 8 and 46°C. The main
distinction between the high- and low-temperature data is
the larger contribution of terms with negative pre-exponen-
tial factors at the higher temperature. Phase angles in excess
of 90° in the frequency-domain data are similar to negative
pre-exponential factors in the time-domain. At the longest
emission wavelength these positive and negative terms are
nearly equal in magnitude and opposite in sign. This is
characteristic of emission from a relaxed state that can be
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Table 7.1. Intensity Decays of Patman-Labeled DPPC Vesicles?

6°C (7, ns)

(0.98 ns) (3.74 ns) (5.52 ns)

Wavelength o, ()P o, (A) s ()
400 1.15 0.60 0.25
430 0.21 1.02 0.77
450 -0.13 0.95 0.92
470 -0.40 0.73 0.87
490 -0.50 0.57 0.93
510 -0.61 0.33 1.06
530 -0.74 0.18 1.08

46°C (t, ns)

(0.95 ns) (1.48 ns) (3.94 ns)
Wavelength o, (L) o, (A) oy (M)
400 1.84 - 0.16
430 0.52 1.16 0.32
450 -0.56 0.91 0.53
470 -0.77 0.45 0.78
490 -0.85 0.14 1.01
510 -0.71 -0.20 1.09
530 -0.50 -0.42 1.08

aFrom [26].

®The sum of the absolute values of o (L) are set to 2.0 at each wave-
length.

observed without a substantial contribution from the initial-
ly excited state.*8

The recovered impulse response functions (Table 7.1)
can be used to calculate the time-resolved emission spectra
(Figure 7.16). To facilitate comparison of these spectra we
chose to display normalized time-resolved spectra at 0.2, 2,
and 20 ns. For DPPC, below its transition temperature near
37° there is only a modest red shift of 15 nm at 20 ns. At
46°C a dramatic spectral shift is seen to occur between 0.2
and 20 ns, about 50 nm. These TRES indicate that the
extent and/or rate of spectral relaxation are greater at the
higher temperature. At 2 ns and 46°C, the time-resolved
emission spectrum of Patman appears wider than at 0.2 or
20 ns. This suggests a two-state model for spectra relax-
ation. Specifically, at 46°C and 2 ns emission is observed
from both the unrelaxed and relaxed states of Patman.

7.4.1. Analysis of Time-Resolved Emission Spectra

The time-dependent spectral shifts can be characterized by
the time-dependent center of gravity, in wavenumbers (cm-!
or kK). The center of gravity is proportional to the average
energy of the emission. The center of gravity of the emis-
sion is defined by
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Figure 7.16. Time-resolved emission spectra of Patman-labeled
DPPC vesicles. Top, 8°C; bottom, 46°C. Time-resolved spectra are
shown at 0.2 (®), 2 ($0%) and 20 ns ($D$). Revised from [26].
Copyright © 1984, with permission from Elsevier Science.

JEr(v,e) vy

Vel D) = [7 T(v.t) dv

(7.5)

where ['(v,f) represents the number of photons per
wavenumber interval. These are the intensity decays as nor-
malized in eq. 7.4, but on the wavenumber scale. The data
are typically collected for selected wavelengths, and the
center of gravity in kK (= 103 cm'!) is calculated using

>, IO L

v.(1) = 10,000
Verlt) >, FOut)

(7.6)

Note that the integral in eq. 7.5 is over the emission spec-
trum (v), and not over time. The TRES at any instant in time
are used to calculate v ,(7) at the chosen time. The calculat-
ed center of gravity is typically an approximation since the
time-resolved data are not collected at all wavelengths.
Also, a vigorous calculation of the center of gravity requires
use of the corrected emission spectra on the wavenumber
scale. Equation 7.6 is simply an expression which uses the
available data (I'(A,f)) to obtain an approximate value of
vcg(t).
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The time-dependent emission centers of gravity are
shown in Figure 7.17 (top panel). It is apparent that the
extent of relaxation is greater at 46°C than at 8°C. The rate
of relaxation is somewhat faster at the higher temperature.
If desired, the values of ch(t) versus time can be fit to
multi-exponential (eq. 7.15, below) or other non-exponen-
tial decay laws for v (7).

The time-dependent spectral half width Av(7) (cm!)
can be used to reveal whether the spectral relaxation is best
described by a continuous or two-step model. This half
width can be defined in various ways. One method is to use
a function comparable to a standard deviation. In this case
Av (1) can be defined as

— V()T (V,t) dv
JEr(v 1 dv

Jytv

[Av(n) = (7.7)
For calculation of Av(f) one uses the TRES calculated for a
chosen time ¢ and integrates eq. 7.7 across the emission
spectrum. For data collected at various wavelengths in
nanometers the value of Av(#) in kK is given by

- [10,000/ = V(1) PP (1)

AV() P = (7.8)
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Figure 7.17. Time-resolved emission center of gravity (top) and spec-
tral half width (bottom) of Patman-labeled DPPC vesicles. Revised
from [26]. Copyright © 1984, with permission from Elsevier Science.
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Figure 7.18. Time-resolved emission maxima and spectral half widths
for TNS-labeled egg lecithin. Redrawn from [48].

Examination of the time-dependent value of Av(¢) can
reveal the nature of the relaxation process. For Patman in
DPPC vesicles at 46°C there is an increase in half width at
intermediate times. This suggests that spectral relaxation
around Patman is best described as a two-state process.
Such behavior is not seen for all probes. For TNS-labeled
vesicles2048 the half-width remains constant during spectral
relaxation (Figure 7.18). This suggests that relaxation
around TNS is best described by a continuous process in
which an emission spectrum of constant shape slides to
longer wavelengths.

7.4.2. Spectral Relaxation of Membrane-Bound
Anthroyloxy Fatty Acids

Another example of spectral relaxation in membranes is the
anthroyloxy fatty acids, which have been extensively used
as membrane probes. One advantage of these probes is that
the fluorophore can be localized at the desired depth in the
membrane by its point of attachment to the fatty acid. The
localized anthroyloxy groups have been used to study the
dynamics of spectral relaxation at various depths in mem-
branes. The time-resolved emission spectra of these probes
are sensitive to the location of the probe in these mem-
branes.?® This is seen by the larger time-dependent shifts for
2-AS than for 16-AP (Figure 7.19). At first glance this dif-
ference seems easy to interpret, with larger spectral shifts
for the probe located closer to the polar membrane-water
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Figure 7.19. Time-resolved emission spectra of anthroyloxy fatty
acids (2-AS and 16-AP) in egg phosphatidylcholine vesicles. Revised
from [29].

interface. However, closer inspection reveals that the emis-
sion spectra of 16-AP are more shifted to the red at early
times following excitation. This is evident from the time-
dependent emission maxima (Figure 7.20). It seems that the
probes located deeper in the bilayer should display a more
blue-shifted emission. The reason for the larger red shift of
16-AP is not understood at this time. However, it is thought
that the anthroyloxy probes near the ends of acyl chains can
fold back to the lipid—water interface. The data in Figure
7.20 are consistent with the fluorophores in both 12-AS and
16-AP being localized near the lipid—water interface.

The rates of spectral relaxation for the anthroyloxy
probes also seem to be unusual. The fluidity of lipid bilay-
ers is thought to increase towards the center of the bilayer.
Examination of the time-dependent emission maxima (Fig-
ure 7.20) suggests that the relaxation becomes slower for
probes localized deeper in the membranes. This is seen
more clearly in the correlation functions (eq. 7.12, below),
which display the relaxation behavior on a normalized scale
(Figure 7.21). The apparent relaxation times increase from
2.7 t0 5.9 ns as the anthroyloxy moiety is attached more dis-
tant from the carboxy group. These results can be under-
stood by the membrane becoming more fluid near the cen-
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Figure 7.20. Time-dependent emission maxima of anthroyloxy fatty
acids in egg PC vesicles. Dots: 2-AS; triangles: 6-AS: boxes: 9-AS;
circles: 12-AS; asterisks: 16-AP. Revised from [29].
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Figure 7.21. Correlation functions for spectral relaxation of the
anthroyloxy fatty acids in egg PC vesicles. Revised from [29].

ter, if the 12-AS and 16-AP probes are located near the sur-
face. Irrespective of the interpretation, the data demonstrat-
ed that membranes relax on the ns timescale, but the details
are not completely understood.

7.5. PICOSECOND RELAXATION IN SOLVENTS
Advanced Topic

In fluid solvents at room temperature spectral relaxation is
usually complete within about 10 ps, which is prior to the
emission of most fluorophores. This rapid process is too
rapid to be resolved with the usual instrumentation for time-
domain or frequency-domain fluorescence. However,
advances in laser technology and methods for ultrafast
spectroscopy have resulted in an increasing interest in ps
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and fs solvent dynamics.49-¢! Because of the rapid timescale
the data on solvent dynamic are usually obtained using flu-
orescence upconversion. This method is described in Chap-
ter 4. Typical data are shown in Figure 7.22 for coumarin
152 (C152). The intensity decays very quickly on the blue
side of the emission, and displays a rise on the long-wave-
length side of the emission. The total intensity decay of
coumarin 152 with a lifetime of 0.9 ns is not visible on the
ps timescale of these measurements, as is seen as the near-
ly horizontal line after 1 ps in the lower panel. The wave-
length-dependent upconversion data were used to recon-
struct the time-resolved emission spectra, which are shown
in Figure 7.23 at 0.1 and 5.0 ps. By 5 ps the relaxation is
essentially complete, which is why time-dependent effects
are usually not considered for fluorophores in fluid solu-
tion.
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Figure 7.22. Fluorescence upconversion intensity decays of 7-
(dimethylamino)coumarin-4-acetate (C152) in water. The solid line
through the points is a multi-exponential fit to the intensity decay at
each wavelength. The peak near zero time in the upper panel is the
instrument response function (280 fs FWHM). Revised and reprinted
with permission from [61]. Copyright © 1988, American Chemical
Society.
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Figure 7.23. Time-resolved emission spectra of 7-(dimethylamino)-
coumarin-4-acetate in water at 0.1 and 5.0 ps after excitation. Revised
and reprinted with permission from [61]. Copyright © 1988,
American Chemical Society.

71.5.1. Theory for Time-Dependent Solvent
Relaxation

There is no comprehensive theory that can be used to
explain all time-dependent spectral shifts. This is because
the spectral shifts can have their molecular origin in gener-
al solvent effects, specific solvent effects, or other excited-
state processes. However, it is possible to predict the time
dependence of spectral shifts due to general solvent effects.
The basic idea is that the reaction field around the excited
molecule relaxes in a manner predictable from the dielectric
relaxation times (t,).92-%5 The dielectric relaxation time is a
measure of the time needed for solvent molecules to reori-
ent in response to an electric field. However, the spectral
relaxation time (tg) is not expected to be equal to T, but to
be equal to the longitudinal relaxation time (t, ). The value
of 1, is related to the dielectric relaxation time (tp,) by

28w + &c

P um— 7.9
b 280 + Ec ( )

Tg = T — 7T
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where ¢, is the infinite frequency dielectric constant, and g,
is the low-frequency dielectric constant. The value of €_ is
the dielectric constant of the cavity containing the fluo-
rophore and is usually set equal to 1, which is near the
dielectric constant of organic molecules. The values of T,
are often estimated using various approximations. The
value of ¢_ is often taken as n2, where n is the refractive
index, and the value of g, is taken as the static dielectric
constant €. Expressions used for t; include®-6°

€y n2

2n* + 1
= —1p = STD

= 7.10
2% +17°7 g (7.10)

Tg =T =

Values of t, and t; for typical solvents are given in Table
7.2. For polar solvents the spectral relaxation times are
expected to be five- to tenfold smaller than the value of t,.
Hence the rate of spectral relaxation is expected to be faster
than the rate of dielectric relaxation.

At first glance it seems that the spectral relaxation time
should be equal to the dielectric relaxation time, which
depends on the rotational rate of the fluorophore. It appears
that the difference between t, and 14 can be explained by
classical electrodynamics.®? The value of 1, refers to the
rate of reorientation of the fluorophores to a fixed voltage.
Experimentally a fixed voltage is placed on a capacitor at ¢
= 0, and this voltage is maintained while the system relax-
es. The solvent relaxation time is more consistent with cre-
ation of a fixed charge on the capacitor at r = 0, with no
additional current flow during relaxation. This second type
of experiment predicts the relationship between tq and 1, in
eq. 7.9.

Unfortunately, solvent relaxation even in simple sol-
vents is expected to be complex. This is because most sol-
vents are known to display multiple dielectric relaxation
times. For instance, propanol is known to display three
dielectric relaxation times. Typical values are listed in Table
7.3. The largest value (1) is too large for overall rotation

Table 7.2. Dielectric Properties of Solvents

Solvent °C € €, n Tp (ps) 7. (ps) Ref.
Water 25 78.3 52 1.33 8.3 0.4 70
Methanol 19 31.8 2.0 1.33 60 8.2 71
Ethanol 19 26.0 1.9 1.36 90 12.4 71
n-Propanol 19 213 1.9 1.38 320 59 ps 71

-20 27 5.6 - 1.3 ns 0.34 ns 72-74
Glycerol 12 46.8 4.0 - 39 ps - 75
=70 74 4.2 - 0.11 ns - 73
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Table 7.3. Dielectric Relaxation Times of Alcohols76-77

°C Tp1 (PS) Tpa (PS) Tps (Ps)
Methanol 20 52 13 1.4
Ethanol 20 191 16 1.6
n-Propanol 20 430 22 2

40 286 17 2
n-Butanol 20 670 27 24
n-Octanol 20 1780 38 3

40 668 29 3

of the alcohol molecules, and is attributed to rotation of the
alcohol following breakage of a hydrogen bond. The second
dielectric relaxation time (tp,) is assigned to rotational dif-
fusion of the free alcohol molecule. The shortest time (tpy;)
is assigned to rotation of the hydroxyl group around the car-
bon-oxygen bond. Based on this behavior, the center of
gravity of the emission spectrum of a fluorophore in n-
propanol is expected to decay as

ch(t) = Vv, t (VO - V00) z Bi exp(t/TSi) (7.11)

where 3, are the amplitudes associated with each relaxation
time (tg). Hence, the time-dependent values of ch(t) can
show complex multi-exponential decays even in simple sol-
vents. Complex decays of v, (f) were already seen for a
labeled protein in Figure 7.11.

Spectral relaxation data are frequently presented as the
correlation function

Cly = 2ot Y

VO_VOO

(7.12)

This expression has the advantage of normalizing the extent
of relaxation to unity, allowing different experiments to be
compared. However, when using eq. 7.12, one loses the
information on the emission spectra at = 0 and ¢ = co. If
some portion of the relaxation occurs more rapidly than the
time resolution of the measurement, this portion of the
energy will be missed and possibly not noticed.

7.5.2. Multi-Exponential Relaxation in Water

It is of interest to understand the relaxation times expected
for probes in water. Such experiments have become possi-
ble because of the availability of femtosecond lasers. One
such study examined 7-(dimethylamino)coumarin-4-ace-
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tate in water (Figure 7.22).6! The excitation source was a
styryl 8 dye laser, with a 1,1',3,3,3",3"-hexamethylindotri-
carbocyanine iodide (HITCI) saturable absorber, which
provided 70-fs pulses at 792 nm. These pulses were fre-
quency doubled for excitation at 396 nm.

The emission was detected using sum frequency
upconversion with a potassium dehydrogen phosphate
(KDP) crystal and the residual 792-nm light for gating the
crystal. The instrument response function with an FWHM
of 280 fs allowed the intensity decay to be directly record-
ed (Figure 7.22). These decays showed a rapid component
on the short-wavelength side of the emission (top panel), a
nearly single-exponential decay near the middle of the
emission spectrum (middle panel), and a rise time on the
low-energy side of the emission (bottom panel).

These upconversion data allowed construction of the
TRES. The time-dependent shifts all occur within 5 ps (Fig-
ure 7.24). In this case it was necessary to use two correla-
tion times of 0.16 and 1.2 ps to account for the time-
dependent shifts. Both values are smaller than the dielectric
relaxation time of water, which is near 8.3 ps (Table 7.2).
Similar results have been observed for other fluorophores in
other solvents. In general, spectral relaxation times are
shorter than the 1, values, but the values of 14 can be small-
er or larger than the calculated values of t, . This is illustrat-
ed by Yt-base in n-propanol at —20°C.78 At least two relax-
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Figure 7.24. Correlation function for spectral relaxation of 7-
(dimethylamino)coumarin-4-acetate in water. The upper section of the
figure is a superposition of an experimentally determined C(f) func-
tion for the water and a biexponential function with relaxation time of
0.16 and 1.2 ps. The lower panel shows the residuals for this fit
expanded threefold. Revised and reprinted with permission from [61].
Copyright © 1988, American Chemical Society.
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Figure 7.25. Time-resolved emission center of gravity of Yt-base in n-
propanol at —20°C. From [78].

ation times are required to explain the time-dependent shifts
(Figure 7.25). One can use the correlation functions C(#) to
compare the measured and expected relaxation times (Fig-
ure 7.26). For Yt-base in propanol the decay of C(t) is faster
than predicted from the dielectric relaxation time t,, and
slower than predicted from the longitudinal relaxation time

0
-20°C
-t /1,
1 n- Propanol
= C(t)
*
O
< Lt
”’c'q"\J:.Ir? -t /1,
(!.:Hg
Y.-base
-3 1 1 1 1
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Figure 7.26. Extent of spectral relaxation for Yt-base [C(r)], com-
pared to the dielectric (t,) and longitudinal (t; ) relaxation times of n-
propanol at —20°C. Revised from [78].
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7. This result is typical of that observed for many fluo-
rophores in polar solvents.”

7.6. MEASUREMENT OF MULTI-EXPONENTIAL
SPECTRAL RELAXATION

Measurement of the complete process of spectral relaxation
is a technological challenge. Such measurements are diffi-
cult because relaxation occurs over a wide range of
timescales. For instance, the dielectric relaxation times for
a simple solvent like n-octanol range from 3 to 1780 ps
(Table 7.3). Hence the apparatus needs to have resolution of
both ps and ns processes. As discussed in Chapter 4,
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Figure 7.27. Chemical structures of an amphiphilic starlike macro-
molecule (ASM) and coumarin 102 (C102). The lower panel shows
the emission spectra of C102 in cyclohexane (blue), ethyl acetate
(green), octanol (orange), water (red) and bound to the ASM in water
(black). Reprinted with permission from [80]. Copyright © 2002,
American Chemical Society. Courtesy of Dr. Edward W. Castner, Jr.
from the Rutgers University, NJ.
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Figure 7.28. Wavelength-dependent intensity decays of C102 bound
to the ASM. Top, fluorescence upconversion. Bottom, TCSPC.
Revised and reprinted with permission from [80]. Copyright © 2002,
American Chemical Society. Courtesy of Dr. Edward W. Castner, Jr.
from the Rutgers University, NJ.

TCSPC can measure decay time down to about 50 ps. Flu-
orescence upconversion can be used to measure subpicosec-
ond decay times but is generally less useful for decay times
above 100 ps. Hence it would be difficult to measure spec-
tral resolution in a solvent like n-octanol using either type
of instrument.

An instructive approach to measuring multi-exponen-
tial spectra relaxation is provided for coumarin 102 (C102)
bound to an amphiphilic starlike macromolecules (ASM).
Such molecules are being developed for use as nanoscale
drug carriers. A typical ASM contains a lipophilic core to
bind nonpolar drugs and a hydrophilic outer shell for water
solubility (Figure 7.27). Such molecules are more stable
than other carriers such as micelles or liposomes. The emis-
sion spectra of C102 is highly sensitive to solvent polarity.
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The emission spectrum of C102 bound to the ASM shows
that C102 is highly sensitive to solvent polarity, and that
C102 is located in a polar water-like environment.8 The
similarity of the emission spectra of C102 in water and in
the ASM solution suggests that C102 is in the aqueous
phase. However, the anisotropy decays (not shown) demon-
strated that C102 was mostly bound to the ASM.

Figure 7.28 shows the wavelength-dependent intensity
decays of C102 bound to the ASM. The top panel shows
decays measured using fluorescence upconversion for times
from O to 5 ps. The lower panel shows decays measured by
TCSPC for times up to 15 ns. As expected for spectral
relaxation, the intensity decayed more rapidly on the short-
wavelength side of the emission. These decays were used to
calculate the time-relaxed emission spectra (Figure 7.29).
Relaxation is occurring both on a subpicosecond timescale,
and on a timescale near 500 ps. Using TCSPC measure-
ments alone would have probably not detected the subpi-
cosecond component.

7.7. DISTINCTION BETWEEN SOLVENT
RELAXATION AND FORMATION OF
ROTATIONAL ISOMERS

The shape of the TRES can yield insights into the molecu-
lar origin of the time-dependent spectral changes.8! This
concept is illustrated by studies of two closely related fluo-
rophores (BABAPH and BABP, Figure 7.30). These dyes
have been used as probes of membrane potential, but an
understanding of their excited-state properties was not
available. These dyes are known to be solvent dependent,
but there was also the possibility that BABP formed rota-
tional isomers in the excited state. In order to separate the
solvent-dependent spectral shifts from formation of a polar
twisted rotamer, two closely related molecules were exam-
ined. The BABAPH derivative contains an ethylene bridge
that prevents rotation of the dibutylamino group in the
ground or excited state.

Time-resolved decays were recorded at single wave-
lengths and the decays analyzed in terms of the multi-expo-
nential model. These decays were then used to calculate the
time-resolved emission spectra. The normalized TRES
show that BABP displays a larger time-dependent shift than
does the restrained analogue BABAPH (Figure 7.31).
Importantly, the shape of the TRES were time dependent
for BABP, but were independent of time for BABAPH. This
result was interpreted in terms of formation of a polar twist-
ed state for BABP. Formation of the twisted state was also
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Figure 7.29. Time-resolved emission spectra of ASM encapsulated
C102. Top, fluorescence upconversion. Bottom, TCSPC. Revised and
reprinted with permission from [80]. Copyright © 2002, American
Chemical Society. Courtesy of Dr. Edward W. Castner, Jr. from the
Rutgers University, NJ.

an additional rate of deactivation, resulting in more rapid
intensity decays for BABP than for BABAPH (Figure 7.32,
lower panel).

The TRES were also used to determine the time-
dependent center of gravity (v (7)) and the time-dependent
half width (Av,(7)). The results of least-squares fitting of
the TRES line shapes are shown in Figure 7.32. The dra-
matic difference in spectral shape between BABP and
BABAPH is seen in the middle panel. The spectral width of
the restrained analogue BABP is independent of time,
whereas BABAPH shows an increase in spectral width. The
data are consistent with rotation of the dibutylamino group
in BABP to allow a larger charge separation than in
BABAPH. The larger charge separation results in a new
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Figure 7.30. Hemicyanine dyes 2-(sulfonatobutyl)-7-(dibutylamino)-
2-azaphenanthrene (BABAPH) and 1-(sulfonatobutyl)-4-[4'-(dibuty-
lamino)phenyl]pyridine (BABP). Reprinted with permission from
[81]. Copyright © 1996, American Chemical Society.
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Figure 7.31. Normalized time-resolved emission fluorescence
spectra of BABAPH and BAPH in butanol, 25°C, at time delays
of 20, 50, 150, and 2000 ps after excitation (from right to left).
The data are fitted by the log-normal spectral-shape functions.
Reprinted with permission from [81]. Copyright © 1996,
American Chemical Society.

species emitting at longer wavelengths, and thus the
increase in spectral half width of BABAPH. In this case the
TRES provided an explanation for the different spectral
shifts displayed by these similar molecules.
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Figure 7.32. Fluorescence dynamics of BABAPH (full symbols) and
BABP (open symbols) in butanol at 25°C. Top: Position of spectral
maximum. Middle: Spectral width (full width at half maximum).
Bottom: Integral intensity normalized to its initial value. Reprinted
with permission from [81]. Copyright © 1996, American Chemical
Society.

7.8. COMPARISON OF TRES AND
DECAY-ASSOCIATED SPECTRA

In Chapters 4 and 5 we described the use of time-resolved
data to calculate the decay-associated spectra (DAS). One
may ask how the DAS are related to the TRES. There is no
direct relationship between these two types of calculated
spectra. This can be seen by examination of the TRES and
DAS for a mixture of fluorophores (Figure 7.33, top). This
mixture contained anthracene (t = 4.1 ns) and 9-cyanoan-
thracene (9-CA, t = 11.7 ns).82 The TRES show contribu-
tions from anthracene and 9-CA at all times. At shorter
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Figure 7.33. Top: Steady-state (solid curve) and time-resolved emis-
sion spectra of a mixture of anthracene and 9-cyano-anthracene. The
TRES are shown for an early time window near 5 ns and a late time
window near 20 ns. Bottom: Decay-associated spectra: 4.1 ns (dotted)
and 11.7 ns (©). components. Revised and reprinted with permission
from [82]. Copyright © 1982, American Chemical Society.

times (approximately 5 ns) the contribution from
anthracene is larger than in the steady-state spectrum. At
longer times (approximately 20 ns) the relative contribution
of the shorter-lived anthracene becomes smaller.

The DAS for this mixture have a completely different
meaning (Figure 7.33, bottom). These calculated spectra
correspond to the emission spectra of the individual compo-
nents. Also, the DAS are not dependent on time. Interpreta-
tion of the DAS is straightforward for a mixture of fluo-
rophores. However, for time-dependent spectral relaxation
the DAS can be positive or negative, and hence do not cor-
respond to the emission spectra of any particular compo-
nent.

7.9. LIFETIME-RESOLVED EMISSION SPECTRA
Advanced Topic

In the preceding sections we described the relatively com-
plex experiments needed to calculate time-resolved emis-
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sion spectra. In some circumstances it is possible to obtain
information about the rate of relaxation using only steady-
state measurements. The basic idea is to use collisional
quenching to decrease the lifetime of the excited state (t) to
a value comparable to the relaxation time (tg). As described
in Section 7.5, the center of gravity of the emission can be
expected to decay exponentially from vyjatt=0to v, at¢
= oo according to

Vo) = Vo + (Vo = Vo) exp(—t/tg) (7.13)
Suppose the total intensity decays with a single decay time
7. The center of gravity observed in a steady-state emission
spectra is given by the integral average of v (7) over the
intensity decay:

I V(1) exp (—tlt)dt

Ve = — (7.14)
£ I Ve ()t
Substitution of eq. 7.13 into 7.15 yields
v, v, Vo — V. s 15
=v, + - Vo 7.
ch v (VO v )TS T ( )

This expression connects the center-of-gravity observed in
a steady-state experiment, with the relative values of the
decay time t and the spectral relaxation time tg. From this
expression one can also understand the spectral shifts
observed at low and high temperatures. At low temperature,
T4 >> 1, and the center of gravity is v,,. At high temperature,
T4 << 1, and the relaxed emission is observed. The center of
gravity and/or emission spectrum is sensitive to temperature
or lifetime when 14 = 1.

Examination of eq. 7.15 suggests an alternative way to
measure spectral relaxation.33-85 Suppose the lifetime t can
be changed. Then v, will vary depending on the relative
values of T and t4. One way to vary the lifetime is by colli-
sional quenching. In the presence of a quenching agent the
fluorescence lifetime is decreased according to

T =1/(1 + Kp|Q)) (7.16)
where 1, is the lifetime in absence of quenching, K}, is the
collisional quenching constant, and [Q] is the concentration
of quencher. Strictly speaking, calculation of t in the pres-
ence of quencher requires the separation of the static and
dynamic quenching constants. Hence, the dynamic quench-

DYNAMICS OF SOLVENT AND SPECTRAL RELAXATION

ing constant (K, Chapter 8) should be used when calculat-
ing the lifetime. For significant quenching one requires
solutions of relatively low viscosity to permit rapid diffu-
sion of the quencher. The quenching procedure is particu-
larly useful for biological macromolecules. This is because
it permits the relaxation rates to be measured without vari-
ation of the temperature. For proteins and membranes, such
temperature changes can themselves alter the relaxation
rates. An additional advantage of lifetime-resolved meas-
urements is that only steady-state measurements are
required, assuming t, and K}, are known.

Lifetime-resolved emission spectra of TNS-labeled
vesicles are illustrated in Figure 7.34. In this case
oxygen was used to decrease the lifetime of TNS. As the
average lifetime is decreased from 6.7 to 0.53 ns, the
steady-state spectra are seen to shift almost 20 nm to short-
er wavelengths. Quenching of fluorescence is a random col-
lisional encounter between TNS and the oxygen molecule.
Those fluorophores that remain in the excited state for a
longer period of time are more likely to be quenched. The
longer-lived fluorophores are also those for which relax-
ation is more complete. Quenching selectively prevents
observation of the emission from these more relaxed fluo-
rophores, and thus results in shifts of the average emission
to shorter wavelengths. The lack of change in spectral shape
is consistent with the continuous relaxation process shown
in Figure 7.6.
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Figure 7.34. Effects of oxygen quenching on the fluorescence emis-
sion spectrum of TNS-labeled DMPC/cholesterol (3:1) vesicles.
Reprinted with permission from the American Chemical Society.
Revised and reprinted with permission from [85]. Copyright © 1981,
American Chemical Society.
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Figure 7.35. Lifetime-resolved centers of gravity for TNS-labeled
DMPC/cholesterol vesicles. Revised and reprinted with permission
from [85]. Copyright © 1981, American Chemical Society.

These lifetime-dependent spectra can be used to meas-
ure the spectral relaxation times at the DMPC/cholesterol
membranes over a range of temperatures (Figure 7.35). The
solid lines through the datapoints represent the best fit using
eq. 7.15. Tt is interesting to note that all these relaxation
times fall into a narrow range from 8.6 to 0.75 ns, and do
not show evidence for a phase transition. This is probably
because the TNS is localized at the lipid—water interface,
when the dynamic properties are similar irrespective of the
phase state of the acyl side chains.

Oxygen quenching of fluorescence is particularly use-
ful for lifetime-resolved studies of solvent relaxation. Oxy-
gen quenching can provide a wide range of lifetimes with
little change in solvent composition. This is because oxygen
diffuses rapidly in most solvents, and it is a small nonpolar
molecule. In addition, oxygen is highly soluble in organic
solvents and is an efficient collisional quencher. These
properties result in a large accessible range of lifetimes.
However, oxygen quenching requires specialized pressure
cells,® and of course there are dangers when using high
pressures and/or organic solvents.

7.10. RED-EDGE EXCITATION SHIFTS
Advanced Material

In all the preceding discussions we assumed that the emis-
sion spectra were independent of the excitation wavelength.
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Figure 7.36. Emission spectra of 3-amino-N-methylphthalimide in
isobutanol at —100°C. The sample was excited at 365 nm (solid), 405
nm (dotted), and 436 nm (dashed). At 20°C all excitation wavelengths
yielded the same emission spectrum (dashed). Revised from [91].

This is a good assumption for fluorophores in fluid sol-
vents. However, this assumption is no longer true in viscous
and moderately viscous solvents. For polar fluorophores
under conditions where solvent relaxation is not complete,
emission spectra shift to longer wavelengths when the exci-
tation is on the long-wavelength edge of the absorption
spectrum. This effect can be quite substantial, as is shown
for 3-amino-N-methylphthalimide in Figure 7.36. This is
known as a red-edge excitation shift, which has been
observed in a number of laboratories for a variety of fluo-
rophores.86-97

What is the origin of this unusual behavior? The behav-
ior of polar molecules with red-edge excitation can be
understood by examining a Jablonski diagram that includes
spectral relaxation (Figure 7.37). Suppose the fluorophore
is in a frozen solvent, and that the sample is excited in the
center of the last absorption band (A.) or on the red edge
(Ag). For excitation at A the usual emission from the F state
is observed; however, excitation at A, selects for those flu-
orophores that have absorption at lower energy. In any pop-
ulation of molecules in frozen solution there are some fluo-
rophores that have a solvent configuration similar to that of
the relaxed state. These fluorophores are typically more
tightly hydrogen bonded to the solvent, and thus display a
red-shifted emission. In frozen solution the fluorophore-
solvent configuration persists during the intensity decay, so
that the emission is red shifted.

Knowing the molecular origin of the red-edge shifts, it
is easy to understand the effects of increasing temperature.
It is known that the red-edge shift disappears in fluid sol-
vents. This is because there is rapid reorientation of the sol-
vent. Hence, even if red-emitting fluorophores are initially
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Figure 7.37. Effects of red-edge excitation on emission spectra. The
term A indicates excitation in the center of the last absorption band
of the fluorophore. The term Ay indicates excitation on the red edge of
the absorption band. The solid lines represent the observed spectra. To
allow comparison the dashed lines represent the emission spectra of
either the F or R state. The dotted line (middle panel) represents a pos-
sible consequence of reverse relaxation. Revised and reprinted with
permission from [98]. Copyright © 1984, American Chemical
Society.

excited, the emission spectra reach equilibrium prior to
emission. This implies that there may be some reverse
relaxation from the red-shifted emission to the equilibrium
condition, as is shown in the middle panel for kg = ! (Fig-
ure 7.37). In fact, relaxation to higher energies has been
observed with red-edge excitation.

Red-edge excitation has been applied to biochemically
relevant fluorophores. The widely used probe 1,8-ANS dis-
plays a substantial red shift (Figure 7.38). As the excitation
wavelength is increased, the emission maxima converge to
the same value typical of the relaxed emission (Figure
7.39). This suggests that excitation red shift can be used to
estimate biopolymer dynamics.?8-190 Excitation red shifts
should only be observed if relaxation is not complete. Also,
the magnitude of the red shifts will depend on the rate of
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Figure 7.38. Fluorescence emission spectra 8-anilinonaphthalene-1-

sulfonic acid in 1-propanol at 77°K. Excitation and emission bandpass
are both 5 nm. Revised from [95].

spectral relaxation. Excitation red shifts have been observed
for labeled proteins, labeled membranes,!01-104 and for the
intrinsic tryptophan fluorescence of proteins.!05-109

7.10.1. Membranes and Red-Edge
Excitation Shifts

Red-edge excitation shifts (REES) are displayed by solvent
sensitive fluorophores in polar environments. This suggests
the use of REES to study fluorophores that localize in the
headgroup region of lipid bilayers. One example is shown
in Figure 7.40 for adducts of NBD. Two NBD derivatives
were used: NBD-PE and NBD-Cholesterol. It seemed like-
ly that the polar NBD groups would localize at the
lipid—water interface, especially below the phase transition
temperature of the DPPC vesicles where the acyl side
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Figure 7.39. Temperature dependence of fluorescence excitation red
shift for 8-anilinonaphthalene-1-sulfonic acid in 1-propanol. Revised
from [95].
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Figure 7.40. Red-edge excitation shifts for NBD-PE and NBD-cho-
lesterol in gel phase DPPC vesicles. Revised from [102].

chains are in an ordered conformation. The lower panel in
Figure 7.40 shows the dependence of the emission maxi-
mum on the excitation wavelengths. For NBD-PE the emis-
sion maxima shift about 8 nm with red-edge excitation. In
contrast, the emission maxima of NBD cholesterol remain
constant regardless of the excitation wavelength. The
absence of an REES and the short-wavelength emission
maxima of NBD-cholesterol indicate that the NBD group is
localized in the acyl side chain region of the membrane, as
shown in Figure 7.40. Apparently, the forces that orient the
cholesterol moiety are large enough to overcome the ten-
dency of the polar NBD group to localize at the lipid—water
interface.

7.10.2. Red-Edge Excitation Shifts and
Energy Transfer

Red-edge excitation shifts can explain some unusual obser-
vations. There are early reports that suggested the failure of
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homoresonance energy transfer on red-edge excita-
tion.!10-112 These studies also reported a decrease in the rate
of rotational diffusion upon red-edge excitation. The small-
er rate of rotational diffusion was explained as being due to
excitation of an out-of-plane transition that was not capable
of RET. In retrospect, these data are all understandable in
terms of the red-edge effect shown in Figure 7.37. The
decrease in homotransfer was probably due to the spectral
shifts that decreased the overlap integral for homotransfer.
The decrease in the rate of rotation can be explained as due
to increased hydrogen bonding to the solvent. It is known
that the rate of rotational diffusion decreases with increas-
ing numbers of fluorophore-solvent hydrogen bonds.!!3
Hence, shifts in the emission spectra can explain the failure
of RET with red-edge excitation.

7.11. EXCITED-STATE REACTIONS

In the preceding sections of this chapter we considered the
interactions of fluorophores with their surrounding environ-
ment. These interactions did not involve chemical reactions
of the fluorophores. However, fluorophores can undergo
chemical reactions while in the excited state. Such reactions
occur because light absorption frequently changes the elec-
tron distribution within a fluorophore, which in turn
changes its chemical or physical properties. The best-
known example of a fluorophore that undergoes an excited-
state reaction is phenol. In neutral solution phenol and
naphthols can lose the phenolic proton in the excited state.
Deprotonation occurs more readily in the excited state
because the electrons on the hydroxyl groups are shifted
into the aromatic ring, making this hydroxyl group more
acidic. Excited-state reactions are not restricted to ioniza-
tion. Many dynamic processes that affect fluorescence can
be interpreted in terms of excited-state reactions. These
processes include resonance energy transfer and excimer
formation (Table 7.4). Excited-state processes display char-
acteristic time-dependent decays that can be unambiguous-
ly assigned to the presence of an excited-state process.
Perhaps the most dominant type of an excited-state
reaction in the loss or gain of protons.!!4-124 Whether a flu-
orophore loses or gains a photon in the excited-state reac-
tion is determined from the direction of the change in pK,
in the excited state. If the pK, decreases (pK,* < pK,),
where the asterisk denotes the excited state, then the fluo-
rophore will tend to lose a proton in the excited state. If the
pK, increases (pK,* > pK,), then the fluorophore may pick
up a proton in the excited state. The best known examples
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Table 7.4. Known Excited-State Ionization Reactions

Reaction Compound pK, pK,* Dor P2
ROH = RO- + H+ Phenol 10.0 4.1 D
1-Naphthol 9.2 2.0 D
2-Naphthol 9.5 2.8 D
HPTSP 7.3 1.0 D
RNH, <= RNH- + H* 2-Naphthylamine >14 12.2 D
RNH;* < RNH, + H* 2-Naphthylamine H* 4.1 -1.5 D
ArN + H* & ArNH* Acridine 5.1 10.6 P
RCO,~ + H* = RCO,H Benzoic acid 42 9.5 P
1-Naphthoic acid 3.7 7.7 P
Anthracene-9-car- 3.7 6.9 P

boxylic acid

“Deprotonation (D) or protonation (P).
PHPTS, 8-hydroxypyrene-1,3,6-trisulfonate.

are phenols and acridines. In general, phenols undergo
excited-state deprotonation, and acridine undergoes excit-
ed-state protonation. Electron donors such as —OH, —SH,
—NH, have a lone pair of electrons, and these electrons tend
to become more conjugated to the aromatic ring system in
the excited state, resulting in pK,* < pK,. Electron accep-
tors such as —CO,~ and —CO,H have vacant 7 orbitals into
which electrons can be transferred in the excited state. This
increased electron density results in weaker dissociation in
the excited state: pK,* > pK,. Representative ground-state
and excited-state pK,s are given in Table 7.4.
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Figure 7.41. Steady-state emission spectra of 2-naphthol. Spectra at
24°C are shown in 0.1 M HCI, 0.05 M NaOH and in water at pH = 3.0
(dashed). Reprinted from [139]. Copyright © 1982, with permission
from Elsevier Science.

7.11.1. Excited-State lonization of Naphthol

Perhaps the most widely studied excited-state reaction is
the ionization of aromatic alcohols.!25-131 In the case of 2-
naphthol the pK, decreases from 9.2 in the ground state to
2.0 in the excited state.!3° In acid solution the emission is
from naphthol with an emission maximum of 357 nm (Fig-
ure 7.41). In basic solution the emission is from the naph-
tholate anion, and is centered near 409 nm. At intermediate
pH values emission from both species is observed (dashed).
Depending on pH, the excited-state dissociation of 2-naph-
thol can be either reversible or irreversible. At pH values
near 3 the reaction is reversible, but at pH values above 6
the reaction is irreversible.!2%-130 Hence, this system illus-
trates the characteristics of both reversible and irreversible
excited-state reactions.

The spectra shown in Figure 7.41 illustrate another fea-
ture of an excited-state process, which is the appearance of
the reaction product under conditions where no product is
present in the ground state. At low or high pH, the ground-
state fluorophore is present in only one ionization state and
only the emission from this state is observed. The absorp-
tion spectra of these low- and high-pH solutions are charac-
teristic of naphthol and naphtholate, respectively (Figure
7.42). However, at pH = 3 about 50% of the total emission
is from each species. Because the ground state pK, of 2-
naphthol is 9.2, only the unionized form is present at pH =
3, and the absorption spectrum is that of unionized naph-
thol. Whereas only unionized naphthol is present in the
ground state at pH 3, the emission spectrum at pH 3 shows
emission from both naphthol and naphtholate. At pH 3 the
naphtholate emission results from molecules that have
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Figure 7.42. Absorption spectra of 2-naphthol in 0.1 M HCI, 0.05 M
NaOH, and at pH 3.

undergone dissociation during the duration of the excited
state. The invariance of the absorption spectrum, under con-
ditions where the emission spectrum of a reacted state is
observed, is a characteristic feature of an excited-state reac-
tion.

This characteristic of an excited-state reaction is shown
in Figure 7.43. Suppose one measured the fraction of the
signal, absorption or emission, from unionized 2-naphthol.
The absorption measurement would show a decrease in this
fraction at pH 9.2, which is near the ground state pK,. The
fluorescence measurements would show a change near pH
2, near the pK,* value of the excited state. The difference
is due to ionization that occurs during the excited-state life-
time. Depending on the fluorophore and solvent, the excit-
ed-state reaction can be complete or only partially complete
during the excited-state lifetime. It is also important to note
that the extent of dissociation depends on the buffer concen-
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Figure 7.43. Comparison of ground state (dashed) and excited-state
(solid) ionization of 2-naphthol.
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tration. For instance, suppose that 2-naphthol is dissolved in
buffer solutions of the same pH, but with an increasing con-
centration of the buffer. The extent of ionization will
increase with increasing buffer concentration owing to reac-
tion of excited 2-naphthol with the weak base form of the
buffer.

The spectral shifts that occur upon dissociation in the
excited state can be used to calculate the change in pK,, that
occurs upon excitation. This is known as the Forster
cycle!32-135 (Figure 7.44). The energies of the ground and
excited states depend on ionization. Because the dissocia-
tion constants are small, the dissociated form of the fluo-
rophore is shown at higher energy. If the pK, value is lower
in the excited state (pK,* < pK,), then there is a smaller
increase in energy upon dissociation of the excited state
(AH* < AH). If one assumes that the entropy change for dis-
sociation is the same for the ground and excited states, then
the difference in energy between the ground and excited
states of AH and A- can be related to the change in pK, val-
ues by

ApK, = pKy — pK,y = (7.17)

23RT

where R is the gas constant and T is the temperature (°K).
The energies of the protonated form (E;,) and of the disso-
ciated form (E,") are usually estimated from the average of
the absorption v, and emission v maxima of each species:

E; = Nhe——— (7.18)

where v, and v are in cm!, £ is the Planck constant, N is
Avogadro's number, and c is the speed of light.

g (A')** H*
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Figure 7.44. Electronic energy levels of an acid AH and its conjugate
base A-in the ground and excited states (the Forster cycle). Reprinted
with permission from [131], the Journal of Chemical Education, Vol.
69, No. 3, 1992, pp. 247-249. Copyright © 1992, Division of Chemi-
cal Education Inc.
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While the Forster cycle calculation is useful for under-
standing the excited-state ionization of fluorophores, the
calculated values of ApK, should be used with caution.
This is because at 300 nm an error of 4 nm corresponds to
a shift of one pK, unit. Hence the Forster cycle is useful for
determining the direction of the change in pK, but is less
reliable in estimating the precise value of pK,*.

7.12. THEORY FOR A REVERSIBLE TWO-STATE
REACTION

The features of an excited-state reaction are illustrated by
the Jablonski diagram for the reversible two-state model
(Figure 7.45). The terms and subscripts F and R refer to the
initially excited and the reacted states, respectively. The
decay rates of these species are given by yp =Tz + k; + k,,F
and yg =TI’y + k, + kR, where ' and T’y are the radiative
decay rates, and kR are the rates of non-radiative decay.
The rate of the forward reaction is given by k, and the rate
of the reverse reaction by k,. For simplicity we have not
included the rates of intersystem crossing to the triplet state,
nor the rates of solvent relaxation. Depending upon the spe-
cific process under consideration, k; and k, can each be
more complex than a simple rate constant. For example, in
the case of a reversible loss of a proton, the reverse rate
would be k, = k," [H*]. In the case of exciplex formation the
forward rate would include the concentration of the species
(Q) forming the exciplex: k, = k,'[Q]. If the reaction is irre-
versible, k, = 0. It is simpler to interpret the decay kinetics
for irreversible reactions than for reversible reactions.
Because there are only two states with well-defined rate
constants, it is practical to derive analytical expressions for
the steady-state and time-resolved behavior.
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Figure 7.45. Jablonski diagram for a reversible excited-state reaction.
L(z) is the excitation function, which can be a pulsed or amplitude-
modulated light beam.
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7.12.1. Steady-State Fluorescence of a
Two-State Reaction

Prior to discussing the time-resolved properties of an excit-
ed-state reaction, it useful to describe the spectral properties
observed using steady-state methods. Assume that unique
wavelengths can be selected where emission occurs only
from the unreacted (F) or the reacted (R) states, and assume
initially that the reaction is irreversible, that is, k, = 0 (Fig-
ure 7.45). The relative quantum yield of the F state is given
by the ratio of the emissive rate to the total rate of depopu-
lation of the F state. Thus,

Fy = Tel(Ty + k& (7.19)

F=TW(T:+ ki + k) (7.20)
where F, and F are the fluorescence intensities observed in
the absence and presence of the reaction, respectively. Divi-
sion of eq. 7.20 by 7.21 yields

E — ; (7.21)
FO 1+ kl‘COF '

where 1tz =y = (T + k,,F)~! is the lifetime of the F state
in the absence of the reaction. Recall that for a bimolecular
rate process k; would be replaced by k,[Q], where Q is the
species reacting with the fluorophore. Hence, for some cir-
cumstances, the initially excited state can be quenched by a
Stern-Volmer dependence.

The yield of the reaction product R is the fraction of F
molecules that have reacted. This yield is given by

R F

R, Fy 1+ ko

kT
LoF (7.22)

where R and R, are the intensities of the reacted species
when the reaction is incomplete and complete, respectively.
In the case of excimer formation, R, would be observed at
high concentrations of the monomer. It is important to note
the distinctly different dependence of the F- and R-state
intensities on the extent of the reaction. The intensity of the
F state is decreased monotonically to zero as the reaction
rate becomes greater than the reciprocal lifetime. In con-
trast, the intensity of the R state is zero when the forward
rate constant is much less than the decay rate of the F state:
k, < vg or k;tor << 1. The intensity of the R state increases
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to a constant value when k; T,z >> 1. The reason for this
limiting behavior is that essentially all the F state is con-
verted to the R state. In practice, the fluorescence of the
reacted species may not reach a limiting value, but may
rather decrease as the rate of the forward reaction is
increased. This can occur because the conditions needed to
drive the reaction to completion may result in other interac-
tions that quench the R state.

7.12.2. Time-Resolved Decays for the
Two-State Model

The model described in Figure 7.45 is described by the fol-
lowing kinetic equations:

- A - R - Ly a23)

(7.24)

where [F] and [R] are the concentrations of these states and
L(t) is the time profile of the excitation. The solution to
these kinetic equations has been described previously with
the boundary conditions [F] = [F,] and [R] = 0 at ¢ =
0.129-130.136-137 Following d-pulse excitation the fluorescence
decays of the F and R states are given by expressions of the
form

Ie(1) = oy exp(—vit) + a, exp(—v,t) (7.25)

Ix(t) = Brexp(—yit) — By exp(—vaf) (7.26)
where the a,, B,, and t; values are moderately complex
functions of the various rate constants. The values of y, =
7, " and y, = 1,71 are given by

1 — 2 12
Yot = S ) F(x )+ Ak (727)
where
X = FF + kll:r + k| = YF + k] (7.28)
y=Tr+ kR +k, =y + k, (7.29)
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The important point from these equations is that both
species display the same decay times, and that the decays of
both states is a double exponential decay. Hence, the conse-
quence of a reversible excited-state reaction is that the F
and R states both display a double-exponential decay, and
that the decay times are the same for both species.

Another important characteristic of an excited-state
reaction is seen from the pre-exponential factors for the R
state. If only the R state is observed, then the pre-exponen-
tial factors (B,) for the two lifetimes are expected to be
equal and opposite (eq. 7.26). The negative pre-exponential
factor results in a rise in intensity, which is characteristic of
excited-state reactions.

For many molecules that display excited-state reactions
there is spectral overlap of the F' and R states. If one meas-
ures the wavelength-dependent intensity decays this will be
described by

I0nt) = ay (L) exp(—t/t,) + aa(h) exp(—tity)  (7.30)

where the same two decay times will be present at all wave-
lengths. In this case one can perform a global analysis with
two wavelength-independent lifetimes. The meaning of the
o(A) values is complex, and has been described in detail.!30
As the observation wavelength is increased one observes an
increasing fraction of the R state. The o, (1) values thus shift
from those characteristic of the F state (eq. 7.25) to those
characteristic of the R state (eq. 7.26). On the long-wave-
length side of the emission one expects to observe a nega-
tive pre-exponential factor, unless the spectral shift is small
so that the F and R states overlap at all wavelengths. The
values of a(A) can be used to calculate decay-associated
spectra (DAS), which shows positive and negative ampli-
tudes. The DAS do not correspond to the emission spectra
of either of the species. The I(A,f) data can also be used to
calculate the species-associated spectra (SAS), which are
the spectra of each of the states (Section 7.14.3).

The theory for an excited-state reaction is considerably
simplified if the reaction is irreversible (k, = 0). In this case
eq. 7.27 yields vy, = v + k, and y, = yx. Also, one of the pre-
exponential factors in eq. 7.25 becomes zero, so that

Ix(t) = oy exp (—1if) (7.31)

I(t) = Brexp (—1it) — Brexp (—12t)  (7.32)
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Figure 7.46. Time- and wavelength-dependent intensity decays of 2-
naphthol in 10 mM sodium phosphate buffer, pH = 6.6. Revised and
reprinted with permission from [141]. Copyright © 2001, American
Chemical Society.

Hence, the decay of the initially excited state becomes a
single exponential. This prediction has been verified in
experimental studies of reversible and irreversible reac-
tions. We note that the negative pre-exponential factor may
be associated with either of the decay times (t, or t,)
depending on the values of the kinetic constants. The nega-
tive pre-exponential factor is always associated with the
shorter decay time.!38

7.12.3. Differential Wavelength Methods

In considering excited-state reactions there is a general
principle that clarifies the complex decay kinetics and
results in simplified methods of analysis.!39-140 This princi-
ple is that the population of the R state can be regarded as a
convolution integral with the F state. That is, the F-state
population is the excitation pumping function of the R state.
Consider a measurement of the R state, made relative to the
F state. The F state effectively becomes the lamp function,
so that measurements relative to the F state directly reveal
the decay kinetics of the R state. The application of this pro-
cedure requires a spectral region where the emission from
the F state can be observed, without overlap from the R
state. Since non-overlap of states is frequently found on the
short-wavelength side of the emission, the time profile of
the F state can generally be measured directly. Deconvolv-
ing the R-state emission with the F-state emission yields the
lifetime of the R state that would be observed if the R state
could be directly excited.
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Figure 7.47. Time-resolved emission spectra of 2-naphthol in 10 mM
sodium phosphate, pH 6.6. The top panel shows the actual time-
resolved intensities. The lower panel shows the area-normalized inten-
sities. Revised and reprinted with permission from [1041. Copyright
© 2001, American Chemical Society.

7.13. TIME-DOMAIN STUDIES OF
NAPHTHOL DISSOCIATION

The properties of excited-state reactions can be effectively
studied using time-domain methods. Typical data for the
excited-state ionization of 2-naphthol are shown in Figure
7.46. The time-dependent data were collected at wave-
lengths across the emission spectrum ranging from 335 to
485 nm.!*! Examination of Figure 7.41 shows the emission
at 335 nm is from the unionized form of 2-naphthol and the
emission at 485 nm is due to the ionized naphtholate form.
The naphtholate emission starts at zero and shows a rise
time during which the ionized species is formed.
Time-resolved data collected across the emission spec-
tra can be used to calculate the time-resolved emission
spectra (Figure 7.47). The top panel shows the actual time-
resolved intensities, not the peak or area-normalized values.
As time proceeds the emission from both species decays to
zero. At T = 0 the emission is dominantly due to unionized
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2-naphthol. The ionized form shows a transient increase in
intensity at time from 3 to 12 ns. These TRES show two dis-
tinct emission spectra, which is different from the gradual
spectral shifts seen for solvent relaxation. The lower panel
in Figure 7.47 shows the TRES that are normalized to the
same total area. These spectra show an isoemissive point at
389 nm. Observation of an isoemissive point in the area-
normalized TRES proves that there are only two emitting
species.!3 An isoemissive point is not expected for contin-
uous spectral relaxation or if there are more than two emit-
ting species.

7.14. ANALYSIS OF EXCITED-STATE REACTIONS
BY PHASE-MODULATION FLUOROMETRY

Frequency-domain fluorometry provides a number of inter-
esting opportunities for the analysis of excited-state reac-
tions. One measures the frequency responses across the
emission spectra. These data can be used to construct the
TRES. However, the data can also be analyzed in terms of
the kinetic constants, which leads to insights into the mean-
ing of the measured phase and modulation values. Addition-
al detail can be found elsewhere.!42-144

For simplicity we consider the irreversible reaction (k,
= 0). Assume that by appropriate optical filtering the emis-
sion from the F and R states can be individually observed.
Then, relative to the phase and modulation of the excitation,
the phase and modulation of the F and R state are given by

tandp = o/(yp + k) = o1p (7.33)

e — vr + ki _
’ \/(yF + k) + o V1 + otk

(7.34)

Several aspects of these equations are worthy of mention.
Since we have initially assumed that F and R are separate-
ly observable, and the reverse reaction does not occur, the
decay of F is a single exponential. Hence, for the F state we
find the usual expressions for calculation of lifetimes from
phase and modulation data. In the absence of any reaction
(k, = 0) the lifetime is T,z = v !. In the presence of a reac-
tion, the lifetime of F is shortened to T = (v + k)~!. Thus,
for an irreversible reaction, the observed values of ¢ and
my. can be used to calculate the true lifetime of the unreact-
ed state.
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The phase and modulation of the R state, when meas-
ured relative to the excitation, are complex functions of the
various kinetics constants. These values are given by

o(yr + 1r + ki)
TR(YE + ki) — o’

tanpr = (7.35)

TR
mR -

= My ———— = MR
\/yzR + o’

(7.36)

In contrast to the F state, the measured values for the R state
cannot be directly used to calculate the R state fluorescence
lifetime. The complexity of the measured values (¢ and
myg) shows why it is not advisable to use the apparent phase
(t?) and modulation (t™) lifetimes of the relaxed state.

Closer examination of eqs. 7.33—7.36 reveals important
relationships between the phase and modulation values of
the F and R states. For an excited-state process, the phase
angles of the F and R states are additive, and the modula-
tions multiply. Once this is understood, the complex expres-
sions (eqs. 7.35-7.36) become easier to understand. Let ¢ g
be the phase angle of the R state that would be observed if
this state could be excited directly. Of course, this is related
to the lifetime of the directly excited R state by tan ¢,z =
®Tr- Using eq. 7.36, the law for the tangent of a sum, and
tan (¢p + ¢g) = tan ¢y, one finds

Or = 0p T dor (7.37)

Hence, the phase angle of the reacted state, measured rela-
tive to the excitation, is the sum of the phase angle of the
unreacted state (¢;:) and the phase angle of the reacted state,
if this state could be directly excited (¢). This relationship
(Figure 7.48) may be understood intuitively by recognizing
that the F state is populating the R state. Of course, these
are the same considerations used to describe differential-
wavelength deconvolution. For the irreversible reaction,
measurement of Ap = ¢y — dp = ¢z reveals directly the
intrinsic lifetime of the reacted fluorophore, unaffected by
its population through the F state.

The demodulation factors of the two states display sim-
ilar properties. From eq. 7.36 one finds that the demodula-
tion of the relaxed state (myg) is the product of the demodu-
lation of the unrelaxed state () and that demodulation due
to the intrinsic decay of the R state alone (mg). That is,

1
mg = My ———— = MpMR

(7.38)
V1 + ot}
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Figure 7.48. Relationship of the phase angles of the F and R states.

A further interesting aspect of the phase difference or
the demodulation between F and R is the potential of meas-
uring the reverse reaction rate k,. This reverse rate can be
obtained from the phase-angle difference between the R and
F states, or from the modulation of the R state relative to the
F state. For a reversible reaction these expressions are

tan(¢r — ¢p) = (7.39)

0) JE—
(e + k) 7R

m + k 1
e BRI (7.40)
My (g + k)’o’ N1+ o'ty

These expressions are similar to the usual expressions for
the dependence of phase shift and demodulation on the
decay rates of an excited state, except that the decay rate is
that of the reacted species (yg + k,). The initially excited
state populates the relaxed state and the reverse reaction
repopulates the F state. Nonetheless, the kinetic constants
of the F state do not affect the measurement of tan (¢ — ¢)
or mg/mg. Measurement of either the phase or modulation
of the reacted state, relative to the unrelaxed state, yields a
lifetime of the reacted state. This lifetime is decreased by
the reverse reaction rate in a manner analogous to the
decrease in the lifetime of the F state by k. If the decay rate
(yr) is known, k, may be calculated. If the emission results
from a single species that displays one lifetime, and ¢ and
m are constant across the emission, then ¢ — ¢ = 0 and
mg/mg = 1.

Returning to the irreversible model, we note an inter-
esting feature of ¢ (eq. 7.35). This phase angle can exceed
90°. Specifically, if ®? exceeds vy (yg + k;), then tan ¢ <0
or ¢ > 90°. In contrast, the phase angle of directly excited
species, or the phase angles resulting from a heterogeneous
population of fluorophores, cannot exceed 90°. Therefore,
observation of a phase angle in excess of 90° constitutes
proof of an excited-state reaction.
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7.14.1. Effect of an Excited-State Reaction on the
Apparent Phase and Modulation Lifetimes

The multiplicative property of the demodulation factors
and the additive property of the individual phase angles are
the origin of a reversed frequency dependence of the appar-
ent phase shift and demodulation lifetimes, and the inver-
sion of apparent phase and modulation lifetimes when com-
pared to a heterogeneous sample. The apparent phase life-
time (tx?) calculated from the measured phase (¢y) of the
relaxed state is

tandp = TR = tan(dp + dor) (7.41)

Recalling the law for the tangent of a sum one obtains

T + Tor (7.42)

=
1 — TFTOR

Because of the term ®?t,T g, an increase in the modulation
frequency can result in an increase in the apparent phase
lifetime. This result is opposite to that found for a heteroge-
neous emitting population where the individual species are
excited directly. For a heterogeneous sample an increase in
modulation frequency yields a decrease in the apparent
phase lifetime.!45 Therefore, the frequency dependence of
the apparent phase lifetimes can be used to differentiate a
heterogeneous sample from a sample that undergoes an
excited-state reactions. Similarly, the apparent modulation
lifetime is given by

1 —12
R = (7 — 1) (7.43)
mg
Recalling eq. 7.36, one obtains
= (1f + 1o + 0*titiR) (7.44)

Again, increasing o yields an increased apparent modula-
tion lifetime. This frequency dependence is also opposite to
that expected from a heterogeneous sample, and is useful in
proving that emission results from an excited-state process.
In practice, however, the dependence of tz™ upon modula-
tion frequency is less dramatic than that of t¢. We again
stress that the calculated lifetimes are apparent values and
not true lifetimes.

The information derived from phase-modulation fluo-
rometry is best presented in terms of the observed quantities
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¢ and m. For a single-exponential decay, and for the unre-
laxed state if relaxation is irreversible, mp = cos ¢p. Also
myg = €0S Py, irrespective of the reversibility of the reac-
tion. A convenient indicator of an excited-state process is
the ratio m/cos ¢, where m and ¢ are the experimentally
measured demodulation factor and phase angle, respective-
ly. This ratio is unity for a single-exponential decay, and is
less than one for a heterogeneous emission. In contrast,
m/cos ¢ > 1 if the emitting species forms subsequent to
excitation.!#¢ Using eqs. 7.37 and 7.38, and the law for the
cosine of a sum, we obtain

mg cos @ gr COS O g

cos hr cos(por + ¢F)

3 coS O gr COS O (7.45)

coSorCOSP — SindorsSindp

Dividing numerator and demodulator by cos ¢,y cos ¢p we
obtain

mg 1

coshpr 1 — tandortandr 1 — @’terTe

(7.46)

If relaxation is much slower than emission, significant
relaxation does not occur. The R state cannot be observed
and eq. 7.46 cannot be applied. If relaxation is much faster
than emission, ¢ = 0 and mg/cos ¢g = 1. Importantly, if
relaxation and emission occur on comparable timescales,
ratio mg/cos ¢y exceeds unity. Observation of m/cos ¢ > 1
proves the occurrence of an excited-state reaction. Howev-
er, failure to observe m/cos ¢ > 1 does not prove a reaction
has not occurred. Heterogeneity, spectral overlap or the
reverse reaction can prevent observation of m/cos ¢ > 1.

7.14.2. Wavelength-Dependent Phase
and Modulation Values for an
Excited-State Reaction

The general features of phase-shift and demodulation data
for a sample that undergoes an irreversible excited-state
reaction is illustrated by the excited-state protonation of
acridine by ammonium ion.!43 In basic solution an emission
maximum of 430 nm is observed (Figure 7.49). Upon acid-
ification this spectrum is replaced by a red-shifted spectrum
with an emission maximum of 475 nm. The former spec-
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Figure 7.49. Fluorescence emission spectra of acridine. Spectra are
shown for the neutral and protonated forms of acridine (top) and of
acridine at pH 8.3 with various concentrations of ammonium ion (bot-

tom). Reprinted from [143]. Copyright © 1982, with permission from
Elsevier Science.

trum is due to neutral acridine (Ac) and the latter is due to
the acridinium cation (AcH*). Since the ground-state pK,
of acridine is 5.45, only the neutral species is present at pH
= 8.3. Nonetheless, increasing concentrations of ammoni-
um ion, at pH = 8.3, yield a progressive quenching of the
short-wavelength emission, with a concomitant appearance
of the emission from the acridinium ion (Figure 7.49).
These spectral shifts are the result of protonation of the
excited neutral acridine molecules by ammonium ions. In
the excited state the pK, of neutral acridine increases from
the ground state value of 5.45 to 10.7.

This excited-state reaction illustrates the phase-modu-
lation theory just described. It is a two-state process that is
essentially irreversible. Time-resolved studies demonstrated
that at 410 nm the decay is a single exponential.!?* At 560
nm the fluorescence decay can be described with two life-
times, one of which has the same as the decay time
observed at 410 nm. The two lifetimes were independent of
emission wavelength, but the pre-exponential factors were
dependent on emission wavelength. These data imply that
the lifetime of each species (Ac and AcH*) is constant
across its emission spectrum, and that the irreversible two-
state theory is appropriate to describe this excited-state
process. Examination of the emission spectra (Figure 7.49)
reveals a region where only the neutral species emits
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Figure 7.50. Apparent phase lifetimes of acridine. The inserted
axis on the right-hand side indicates the phase angles relative to
the exciting light. The phase angle difference between the red (¢
= 54.6°) and blue (¢ = 3.1°) regions of the emission reveals the
lifetime of the acridinium cation that would be observed if this
species could be directly excited. The phase angles of acridini-
um, relative to the exciting light, do not yield true lifetimes for
the directly excited acridinium cation. Reprinted from [143].
Copyright © 1982, with permission from Elsevier Science.

(390-410 nm), a region of strong overlap (440-500 nm),
and a region of moderate overlap where the spectrum is
dominated by the AcH* emission (>500 nm).

The apparent phase lifetimes (t¢) for acridine in 0.05 N
NaOH, 0.1 N H,SO,, and 2 M NH,NO; are shown in Fig-
ure 7.50. In acidic or basic solution, one species is present
in both the ground and excited states, and the lifetimes (or
phase angles) are independent of emission wavelength. In
contrast, the lifetimes in 2 M NH,NO; are highly dependent
upon wavelength because of protonation of acridine subse-
quent to excitation. At short wavelengths (410 nm), where
neutral acridine emits, the lifetime is decreased in the pres-
ence of ammonium ion. A decreased phase angle (or life-
time) of the initially excited state is a characteristic feature
of an excited-state reaction. At longer wavelengths the
apparent lifetime increases until a nearly constant value is
reached for wavelengths longer than 500 nm. In this wave-
length range the emission is dominated by the acridinium
ion. The constant lifetime, or more correctly phase angle,
on the red and blue sides of the emission may be regarded
as evidence for the two-state model. If the overall emission
were shifting to longer wavelengths according to the contin-
uous Bakhshiev model,! such regions of constant phase
angle are not expected. Overall, the phase data for acridine
may be regarded as typical for a two-state reaction with
moderate spectral overlap. These characteristics include a
decrease in lifetime on the blue side of the emission, an
increase in apparent lifetime with emission wavelength, and
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nearly constant lifetimes on the blue and red sides of the
emission.

An interesting potential of phase fluorometry is the
ability to measure directly the intrinsic lifetime of the react-
ed species. By "intrinsic" we mean the lifetime that would
be observed if this species were formed by direct excitation,
rather than by an excited-state reaction. The intrinsic life-
time of the reacted species is revealed by the phase differ-
ence (Ad) between the blue and red sides of the emission
(Ad = ¢pg — ¢p). Consider the phase difference between 400
and 560 nm shown in Figure 7.50. This phase angle differ-
ence (Ap = 51.5°) yields the lifetime of the acridine cation
(t(AcH+)) according to

tanAp = ot(AcH™) (7.47)
which is found to be 20 ns in 2 M NH,NO;. Recall that the
origin of this simple result is that the excited neutral acri-
dine population is the pumping function for the excited-
state acridinium molecules.

Phase measurements alone, at a single modulation fre-
quency, cannot be used to distinguish between ground-state
heterogeneity and an excited-state reaction. The increase in
phase angle shown in Figure 7.50 could also be attributed to
a second directly excited fluorophore with a longer lifetime.
Of course, the decrease in the phase lifetime at short wave-
lengths indicates a quenching process. A rigorous proof of
the presence of an excited-state process is obtainable by
comparison of the phase shift and demodulation data from
the same sample. Figure 7.51 shows apparent phase and
modulation lifetimes and the ratio m/cos ¢ for acridine in
0.2 M NH,NO,. On the blue edge t¢ = t™ and m/cos ¢ =
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Figure 7.51. Apparent phase (open circle) and modulation (open
square) lifetimes of acridine at pH 8.3, 0.2 M NH,NO;. Also shown is
the wavelength dependence of m/cos ¢ (triangle). Reprinted from
[143]. Copyright © 1982, with permission from Elsevier Science.
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Figure 7.52. Emission spectra of 2-phenylindole in p-xylene at 10-

and 6 x 103 M. The emission at long wavelengths is due to excimer
formation. From [147].

1, indicative of a single-exponential decay and therefore an
irreversible reaction. In the central overlap region, t¢ < t™
and m/cos ¢ < 1, which is indicative of emission from more
than one state. At longer wavelengths, t¢ > t™ and m/cos ¢
> 1. These last results are impossible for a multi-exponen-
tial decay with any degree of heterogeneity. This observa-
tion proves that the emission at these longer wavelengths
was not a result of direct excitation, but rather is the result
of an excited-state reaction.

7.14.3. Frequency-Domain Measurement of
Excimer Formation

In the preceding section we described how the phase and
modulation values, when measured at a single modulation
frequency, were affected by an excited-state reaction. When
using a variable-frequency instrument, the intensity decay
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Figure 7.53. Frequency-domain intensity decays of 2-phenylindole (6
x 10-3 M) observed at 360 (F) and 480 nm (R). From [147].
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can be recovered without a detailed interpretation of the
individual phase and modulation values. This is illustrated
for excimer formation by 2-phenylindole (2-PI).147 At high-
er concentrations of 2-PI there is increased intensity on the
long-wavelength sides of the emission (Figure 7.52), which
is thought to be due to formation of excimers. However, the
long-wavelength emission could also be the result of
ground state complexes of 2-PI. These possibilities were
distinguished by measurement of the frequency response at
various emission wavelengths (arrows in Figure 7.52). The
data for observation at 360 nm (F) and 480 nm (R) are
shown in Figure 7.53. At 360 nm (®) a typical frequency
response was observed. At 480 nm (©O) the phase angles
increase rapidly with frequency and exceed 90°, which
proves the emission at 480 nm is not directly excited.

The frequency responses at each wavelength were used
to recover the intensity decays (Table 7.5). It was possible
to fit the data globally with two wavelength-independent
lifetimes. As the observation wavelength increases, the
amplitude of the 0.86-ns component becomes negative. At
480 nm the amplitudes are nearly equal and opposite, sug-
gesting that there is minimal contribution of the F state at
this wavelength. If desired, the decay times and amplitudes
in Table 7.5 can be used to construct the time-resolved
emission spectra (TRES), or the decay-associated spectra
(DAS). The decay-associated spectra of the shorter-lifetime
component show regions of positive and negative ampli-
tudes (Figure 7.54). This occurs because there is a negative
pre-exponential factor associated with this decay time at
longer wavelengths.

Another type of calculated spectra are the species-asso-
ciated spectra (SAS).!48-150 The species-associated spectra
are the emission spectra of the individual species if these
could be observed individually. The difference between

Table 7.5. Wavelength-Dependent Intensity Decays of 2-
Phenylindole (6 x 10-3 M) in p-Xylene at 20°C

7, = 0.86 ns? T,=3.42ns
A (nm) o h o £
360 0.967 0.879 0.033 0.121
380 0.951 0.831 0.049 0.069
400 0.731 0.405 0.269 0.595
420 -0.047 -0.012 0.953 0.988
440 -0.326 -0.108 0.674 0.892
460 -0.407 -0.147 0.593 0.853
480 -0.453 -0.172 0.547 0.828

“The intensity decays measured for each emission wavelength (%,,) were
fit with 7, and 7, as a global parameters. The y 2 of this global fit is 3.9.
From [147].
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DAS and SAS can be confusing. For ground-state hetero-
geneity or a mixture of fluorophores, the DAS and SAS are
the same because each lifetime is associated with a separate
fluorophore. For an excited-state reaction the SAS are more
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Figure 7.55. Top: Excited-state ionization of dihydroequilenin
(DHE). Bottom: Emission spectra of DHE bound to DMPC vesicles
(left) or DMPC vesicles containing 10 mole% cholesterol. Revised
and reprinted with permission from [138]. Copyright © 1986, Ameri-
can Chemical Society.
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complex. Recall from Section 7.12.2 that for a reversible
excited-state reaction both the decays of the F and R states
are both double exponentials. Hence, the DAS are not the
emission spectra of each species, but contain contributions
from both the F and R states. The SAS are the emission
spectra of the F and R states, not of a lifetime component.
The theory describing the relationship between DAS and
SAS is moderately complex and best explained in the
papers on this topic.!48-150 For the case of 2-PI, the SAS
indicate that the monomer emission of 2-PI is centered near
390 nm, and the excimer emission is only moderately red
shifted to 420 nm (Figure 7.54).

7.15. BIOCHEMICAL EXAMPLES OF
EXCITED-STATE REACTIONS

7.15.1. Exposure of a Membrane-Bound
Cholesterol Analogue

Excited-state reactions have been used to determine the
water accessibility of fluorophores when bound to biomol-
ecules. This is illustrated by the examples of the cholesterol
analogue dihydroequilenin (DHE), which can lose a proton
in the excited state (Figure 7.55). The emission spectra of
DHE were examined when bound to DMPC vesicles with-
out or with 10 mole% cholesterol.!3® The long-wavelength
emission from the ionized DHE was more intense in the
vesicles which also contained cholesterol. This result indi-
cates that cholesterol displaces DHE towards the surface of
the bilayers, allowing deprotonation and thus results in a
more intense long-wavelength emission. The concept of an
excited-state reaction was also used to study diffusion of
lipids in membranes. Similarly, pyrene-labeled lipids were
used to determine the extent to which excimer emission was
formed by diffusion, or due to preexisting ground state
complexes.!31-152 Excimer formation has also been used to
study end-to-end motions in polymers.!53-155

Additional information is available in detailed reports
that describe methods to determine the kinetics parame-
ters'155—161
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PROBLEMS

P7.1. Estimation of the Spectral Relaxation Time: Figure 7.56

shows time-dependent intensity decays of TNS bound to
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Figure 7.56. Fluorescence impulse response functions of TNS-labeled
egg lecithin vesicles. Time-dependent intensities are shown for 390,

435,

P.7.2.

and 530 nm. From [162].

egg lecithin vesicles.!9> The wavelengths of 390, 435,
and 530 nm are on the blue, center, and red regions of
the emission spectrum. Use the data in Figure 7.56 to
calculate the spectral relaxation time for the TNS-
labeled residue. Assume that the emission at 390 nm is
dominated by the initially excited states (F) and that the
emission at 435 nm represents the TNS, unaffected by
relaxation.

Interpretation of Wavelength-Dependent Lifetimes: TNS
was dissolved in various solvents or bound to vesicles of
dialeoyl-L-o-phosphatidylcholine (DOPC). Apparent
phase and modulation lifetimes were measured across
the emission spectra of these samples. Explain these
data in Figure 7.57.
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Figure 7.57. Fluorescence lifetimes and spectra of TNS, dissolved in various solvents and TNS bound to DOPC vesicles. Apparent phase shift (0)
and modulation (®) lifetimes were measured at 30 MHz. Normalized emission spectra are shown for TNS in glycerol and bound in DOPC vesicles
(solid), and for TNS in dioxane at 25°C (dashed).
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P7.3.

P7.4.

P7.5.

Lifetime of the R State: Use the data in Figure 7.53 to
calculate the decay time of the 2-PI excimer emission,
assuming this state could be excited directly.
Interpretation of Time-Resolved Decays of Acridine:
The excited-state protonation of acridine was examined
by time-resolved measurements of the fluorescence
decays.!? Neutral acridine is protonated in the excited
state by ammonium ions. The impulse response func-
tions for acridine in 0.2 M NH,NO;, pH = 8.3 (Figure
7.49), are listed in Table 7.6.

A. If available, how would you use the absorption
spectra of acridine in 0.05 M NaOH, 0.05 M H,SO,,
and 0.2 M NH,NO,; to distinguish between ground-
state and excited-state protonation of acridine?

B. What characteristics of the data in Table 7.6 most
clearly illustrate that an excited-state reaction is
present? Do these data indicate a two-state reaction
or some more complex process? Is the reaction
reversible or irreversible?

Interpretation of TRES: Figure 7.58 shows time-
resolved emission spectra of the solvent-sensitive probe
1-anilinonaphthalene (1-AN) in glycerol.'¢* The TRES
were obtained using excitation in the center of the
absorption band (337 nm) and excitation on the red edge
of the absorption (416 nm). Explain the difference
between these TRES.

DYNAMICS OF SOLVENT AND SPECTRAL RELAXATION

Table 7.6. Time-Resolved Decays of Acridine
in 0.2 M NH, NO,'%

A (nm) o T, (ns) o, T, (ns)
400 0.503 3.94 -0.001 33.96
410 0.220 4.00 - -
420 0.491 3.88 0.002 25.20
450 0.067 3.90 0.028 30.05
500 -0.010 491 0.082 29.13
540 -0.036 3.76 .064 29.83
550 -0.036 3.56 .058 29.94
560 -0.029 3.86 .046 29.90

“The lo;7,| products are normalized to the steady-state emission intensity at
each wavelength.
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Figure 7.58. The time-resolved fluorescence spectra of 1-AN in glyc-
erol at different excitation wavelengths. Left: 2 ns, 3 ns, and 14 ns
after excitation. Right: 2 and 8 ns after excitation. Revised from [163].
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