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Theory is presented for the analysis of excited-state reactions by fluorescence phase shift and demodulation methods.
Initially, a two-state model with spectral overlap is considered to illustrate most simply the effects of excited-siate reactions on
the expected phase and modulation values. Secondly, a multistate model is described to illustrate the probable effects of a
fluorophore interacting with several solvent molecules. We note the following unique features of phase-modulation data
expected from a fluorophore whose emission spectrum shifts during the lifetime of the excited state: (1) The modulation
frequency dependence of the apparent phase (7P) and modulation (+™) lifetimes of the reacted species is opposite to that of a
heterogeneous population of fluorophores. (2) For the reacted species 7P = 7™. For a heterogeneous sample P << =™, (3) The
phase angle of the reacted species can exceed 90°. For a heterogeneous sample phase angles are always less than 90°. Thus,
phase and modulation measurements can distinguish between time-dependent processes and spectral heterogeneity by
observation of any feature described above. Additionally: (4) The lifetime of the product species can be measured directly. (5)
Reverse relaxation can be identified, and the reverse relaxation raies calculated. (6) The wavelength-dependent phase and
modulation data can be used to resolve the individual spectra from a two-state reaction. (7) And finally, under favorable
conditions, a two-state excited-state process can be distinguished from a continuous multiple-state process. In each instance,
model calculations are presented to illustrate the unique potentials of phase-modulation fluorometry for investigations of

excited-state processes.

1. Introduction

The kinetics of excited state reactions are widely
utilized to investigate the structural and dynamic
properties of proteins and membranes. We note
the following examples. Excimer formation in
membranes has been used to estimate membrane
microviscosity and the rates of lateral diffusion of
lipids [1,2]. The rates of energy transfer between
fluorophores have revealed distances between flu-
orophores and the distances of closest approach
[3-5]. Gain or loss of protons by fluorophores in
the excited state has revealed the accessibility of
biopolymer-bound fluorophores to the solvent and
the presence of nearby proton donors or acceptors
[6,7]. And, finally, the rates of spectral relaxation
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of polarity-sensitive fluorophores have recently
been used to estimate the relaxation rates of pro-
teins and membranes around the excited-state di-
pole moments of fluorcphores [8—12]. Such ex-
cited-state processes have been widely studied by
pulse time-resolved methods [13-15]. In conirast,
only a few reports describe the use of phase shift
and demodulation methods to investigate excited-
state processes [16—19]. One hindrance to the use
of phase-modulation methods is the absence of a
detailed theory. Here, we present theory and model
calculations which describe the effects of excited-
state processes on fluorescence phase shift and
demodulation data.

Initially, a simple model is presented for a
reversible two-state reaction in which the emission
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of the relaxed species (R) is shifted to longer
wavelengths relative to the initially excited state
(F). Also described are the effects of spectral over-
lap of F and R on the wavelength-dependent
phase and modulation values, which are the ex-
perimentally observable quantities. A still simpler
model, an irreversibie reaction, is described in
detail. Model calculations are presented which il-
lustrate the interesting features and potentials of
phase-modulation analysis of excited-state reac-
tions.

In the two-state model described above we as-
sume each state has wavelength-independent emis-
sive and relaxation rates. This model may be inad-
equate to represent a fluorophore in a polar
medium where there are several solvent-fluoro-
phore interactions. A continuous relaxation model,
such as that described by Bakhshiev et al. [16],
may be more appropriate. In this model, it is
assumed that the total decay of fluorescence inten-
sity is wavelength independent but that the center
of gravity of the spectral distribution shifts ex-
ponentially with time subsequent to excitation. To
approximate the effects of multiple solvent-fluoro-
phore interactions, we present a more general
model in which the fluorescence spectrum shifts
from the initial wave number v to the final wave
number »y by a series of smaller spectral shifts.
This extension is not simgly a mathematical ex-
ercise, but is necessitated by the complex nature of
solvent relaxation around the excited states of
fluorophores. The individual shifts may be visual-
ized as being due to the interaction of the fluoro-
phore with each of many polar solvent molecules
[20]. Although not proven in this report, it has
been demonstrated for the case of pulse fluorome-
try that this multistep model becomes equivalent
to the continuous model as the number of states is
increased [21].

The model calculations reveal a number of in-
teresting predictions for both the two-state and the
multiple-state model. Most of these predictions
have in fact been observed in this laboratory and
are described in the following paper [22]. For
example, comparison of the two-state and the mul-
tiple-state models yields an interesting contrast.
On the high wave number side of the spectrum the
two-state model predicts a constant lifetime. In

contrast, the multistate model predicts a lifetime
which decreases continuously with increasing ob-
servation wave number. Depending upon the sam-
ple under investigation, both results have been
observed in this laboratory and by others
{10,23,24]. Thus, wavelength-dependent phase and
modulation measurements should aid in determin-
ing the kinetics and complexity of excited-state
processes for fluorophores in homogeneous solu-
tions and for fluorophores which are bound to
biopolymers.

2. Theory
2.1. Reversible one-step reactions

Consider the model shown in fig. 1. The initially
excited Franck-Condon state F is assumed to de-
cay to the ground state with a rate constant I' and
by relaxation (k,) to a lower energy state R. The
relaxed state R can decay to the ground state with
a rate constant I'y or by the reverse reaction (k).
The decay rates (I'y and I'p) contain both the
rates of radiative decay (A and Ay ) and the rates
of nonradiative decay (kg and kp) to the ground
state. For simplicity these individual decay rates
are shown only in the combined form (I =Ag+
kg, T =Ag +kg). Nonequivalence of the decay
rates for F and R is a common occurrence for
excited-state reactions [7,25]. Generally, we expect
reverse relaxation to be less important. However,
at increased temperatures fluorescence spectra shift
to higher energies [20,26]. These shifts may indi-
cate reverse relaxation, or alternatively prevention
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Fig. 1. Energy-rate diagram for a two-siate (one-step) reversible
reaction.
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of solvent alignment with the excited-state dipole
by thermal energy. The model in fig.1 can be
described by the following kinetic equations:

aF

?=—(rF+kl)F+k2R+E(t) (])
dR
?=—(I‘R+k2)R+k1F (2)

where F and R are the concentrations of fluoro-
phore in each state and E(z) is the excitation
pumping function. For sinusoidally modulated ex-
citation the excitation pumping function can be
written as

E(1)= Eo(1+ Mye’~) 3)

where e/“' =coswt+jsinwt and j=V— 1. After
the transient terms have decayed, the solutions
must be of the form

F=F[1+ Mgeitwi—en] ')
R=Ro[1+ Mypest=r—on] )
where ¢ and ¢y are the respective phase shifts
and mg=Mg/M, and my = My /M, are the de-
modulation factors. Egs. 4 and 5 can be sub-
stituted into egs. 1 and 2 to obtain expressions

containing either e/* or e/*®. These expressions
arec

my[(+ jo/ve)(A+ jo/Yr)YrYR — kyks ] — gi*R

these expressions we used the following relations
for the time-independent terms

Eo=(Te+k;)Fo— k2R ®

kyFo=(Tr +k2)R, O]

Egs. 6 and 7 can be modified to take the form
a+jb _

1%
mc+jd e (10)
or
m(at B)e= ) _ an
c2+d?

Then the tangents and modulations of F and R
may be obtained using

bc— ad
@ e = bd 2)
c?+d?

(13)

n

- \/(ac+bd)2+(bc—ad)2

These expressions are listed in tables 1 and 2.
2.2. Irreversible one-step reaction

For simplicity we first consider the irreversible
reaction (k, = 0) with equal decay rates (I' =I'p =
Tr). As an example, solvent relaxation around an
excited-state dipole may result in a spectral shift

E——— (6) without a substantial change in the decay rate. For
&k & y
YFTR L3 .
this case we have
me[(+ jo/ve)(A+ jo/vr)VeYR — Kiks] — eror 1)) _ It ay= 4
Q+ jo/vr)(YrYr — Ki1k2) tanor=w/( )= wTe @14)
; tan _ w2+ k) 1s)
where vy =T+ k,; and yg =Ty + k,. To derive orR= (r+h)—a
Table 1
Expressions for phase shifts for a two-state reaction
Model tan o tan g tan A
k=0 @ (2T + k) JT
e _eer TR ©
Tep=Tx T+k I(r+k;)—o?
e e ©(Te+ Tp+ky) /T
eIy I'et+k, Tr(Te+ k)~ w? R
k,#*0° a(ayR—B+u2) axw
—_— Tr +k,
Te++Tgr am2+(ﬁ—w2)'yR B— 2 ©/n 2)

® The following definitions were used: a=Tg+ Ty + ky + k3, B=TTg +Tpk;+ Tgky, and yg =T + k5.
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Table 2

Demodulation factors for a two-state reaction

Model mg mg

k,=0 T+k,

Te=Tg Stk o Tt
k,=0 Te+k, m

Te=Tx Fm

V(I‘F+k,)2+¢.,2

Tr+ksy

ko5=0° B ¥2 + w?
L2 f_ YRTEY mp——R 2
Te+#Tg TR (B_wz)z_‘_azmz ’(I‘R+k2)2+wz

® See footnote to table 1.

T+ 1
me= s = 6)
V(T +E)2+w? 1+ o3
mg = L =mgpmg a7y

mF‘[ T2+ o2
Several points are worthy of mention. Since we
have initially assumed that F and R are separately
observable, and the reverse reaction does not oc-
cur, the decay of F is a single exponential in the
presence of relaxation. Hence, for the F state we
find the usual expressions for calculation of life-
times from pkase and modulation data [27]. These
expressions are

tan ¢ = w7 (18)
m={1+%s2) "2 (19)

In the absence of relaxation the lifetimeis 7, =I' " .
In the presence of relaxation the lifetime of F i1s
shortened to 7= (I' + k)71, as described by egs.
14 and 16. Thus, observed values of ¢y and mg
can be used to calculate the true lifetimes of the
unrelaxed state. In contrast, eqgs. 18 and 19 cannot
be used directly with the observed phase (&) and
modulation () values of the relaxed state, rela-
tive to the exciting light, to calculate the finores-
cence lifetimes. However, phase (7P) and modula-
tion (7™) lifetimes are reported directly by com-
mercially available instrumentation, and these ap-
parent values are easier to visualize than are phase
angles and demodulation factors. For these rea-
sons most of the model calculations will be de-

scribed in terms of apparent phase and modula-
tion lifetimes.

Examination of eq. 15 reveals important prop-
erties of ¢,. Let ¢, be the phase angle observed in
the absence of relaxation, tan ¢, = w7,. Then using
the law for the tangent of a sum we find tan(¢p +
@p) =tan¢p or

S =9 TS (20)

Hence, the phase angle of the relaxed state, rela-
tive to the excitation, is the sum of the phase angle
of the unrelaxed state (¢¢) and the phase angle of
the relaxed state if this state could be directly
excited (¢,). This relationship may be understood
intuitively by recognizing that in our simple model
the F state is populating the R state. Another
important property of ¢y is its ability to exceed
90° of phase shift. If «? exceeds I'(T" + k) then
tand, <0 or ¢x>90°. In contrast, the phase
angles of directly excited species, or the angles
resulting fromn a heterogeneous population of fluo-
rophores, cannot exceed 90° [24]. Hence, observa-
tion of phase angles in excess of 90° constitutes
proof of an excited-state reaction.

It is important to note that the observable
quantities are the phase angle (¢) and the demod-
ulation factor (72). Using a phase fluorometer one
can measure directly the difference in phase angle
between the red and blue regions of the emission
spectrum. This quantity, tan(ép — ¢p) =tan A¢,
can be derived using the law for the tangent of a
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difference, and eqgs. 14 and 15. One obtains
tan Ad=w/ T =ow7 21)

Hence, measurement of A¢ reveals directly the
intrinsic lifetime of the relaxed or reacted fluoro-
phore, unaffected by relaxation processes. This
result was described previously [24,38]. Imitially,
this ability appeared to be a unique advantage of
phase fluorometric studies of excited-state reac-
tions. However, we recently demonstrated that
similar results could be obtained using pulsed
time-resolved data [31]. In particular, we were able
to directly measure the lifetime of the acridinium
cation which formed subsequent to excitation. In-
stead of using the lamp pulse for deconvolution we
used the decay of acridine observed on the blue
edge of the emission. This differential wavelength
deconvolution appears to facilitate the analysis of
excited-state processes by time-resolved methods.

A further interesting aspect of this differential
measurement is the potential of measuring the
reverse reaction rate k,. Division of eq. 6 by eq. 7
yields

m
s (1 F jo/v)=en®aor 22)
F

Rearrangement of this expression yields

tan(og ~¢p)=w/(I'g +k3) (23)

Tp+k
mr _ R 2 4

TF (Tr+ky) +o?

These expressions are similar to the usual expres-
sions for the dependence of phase shifts and de-
modulation factors on the depopulation rates of
an excited state (eqs. 18 and 19) except that the
depopulation rates are those for the reacted species
(Tr + k). The initially excited state populates the
relaxed state but the kinetic constants of the F
state do not affect the measurement of tan(¢dg —
) OF my/m. Hence, measurement of either the
phase or modulation of the relaxed state, relative
to the unrelaxed state, yields a lifetime of the
relaxed state. This lifetime is decreased by the
reverse reaction. If the intrinsic emissive rate (I'y)
is known, k, may be calculated. This result for A¢
was originally described by Weber [28] and we
recently utilized measurement of A¢ to detect the

reversible excited-state protonation of the naph-
tholate anion [39]. If the emission results from a
singie species which displays one lifetime, then ¢
and m are constant across the emission and ¢z —
=0 and my/m=1. Furthermnre, we note
that both tan(¢ i — ¢¢) and my /m are each inde-
pendently measurable.

Returning to the irreversible model, we note
from eq. 17 that the demodulation of the relaxed
state (my) is the product of the demodulation of
the unrelaxed state (m) and that due to emission
alone (m1). That is

mg=mgmg. (25)

This multiplicative property of the demodulation
factors and the additive property of the individual
phase angles (eq. 20) are the origin of a reversed
frequency dependence of the apparent phase shift
and demodulation lifetimes, and the inversion of
apparent phase and modulation lifetimes at a singie
frequency, when compared to a heterogeneous
emitting population. Consider the apparent phase
lifetime (7% as calculated from the measured phase
(¢r) of the relaxed state.

tan ¢og = w7R =tan(og + dy) (26)

Recalling the law for the tangent of a sum we
obtain

T+ T

g = @7

I— “’2"F70
Because of the term w’7,7, an increase in the
modulation frequency can result in an increase in
the apparent phase lifetime. This result is opposite
to that observed for a heterogeneous emitting
population where the individual species are excited
directly. In the latter case an in<rease in frequency
vields a decrease in the apparent lifetimes [27].
Hence, the frequency dependence of the apparent
phase lifetimes can be used to differentiate the
emission of a heterogeneous sample from the emis-
sion of the product of au excited-state reaction.
Consider now the apparent modulation lifetime

—1,2
1-,3":[—1—2—1] (28)

mgr
Recalling eq. 21 we obtain

w2+ + ¢.)2‘r§-r02]'/2 (29)
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Again, increasing « yields an increased apparent
modulation lifetime. This frequency dependence is
opposite to that resulting from a heterogeneous
emission, and is useful in proving that an emission
results from some excited-state process. However,
in practice the dependence of 7' upon modulation
frequency is less dramatic than that of 7. We
again stress that the calculated lifetimes are ap-
parent and not true lifetimes. The information
derived from phase-modulation fluorometry is best
presented in terms of the observed quantities ¢
and m. For an exponential decay, as is expected
for the unrelaxed state if relaxation is irreversible,
Mg =COSdr OF my=Cosd,, In the presence or
absence of relaxation, respectively. A convenient
indicator of an excited state process is the ratio
m/cos ¢. This ratio is unity for a single exponen-
tial decay, and is less than one for a heterogeneous
emission. In contrast, m/cos¢ > 1 if the emitting
species forms subsequent to excitation, as pointed
out originally by Ves:zlova et al. [23). Consider the
relaxed state. Using eqs. 18 and 20, and the law
for the cosine of a sum, we obtain

MR _ COS©yCOSGPp _ €OS P COS O
cosoOr  cos(Pp+ Sp)  COS Pp COs O —sin @, sin ¢

Go)

Dividing numerator and denominator by cosdg,
cos ¢ we obtain
mg 1 1

= = (E€2))

cosop l1—tangptande O rTe

If relaxation is much slower than emission, signifi-
cant relaxation does not occur and the R state
cannot be observed. If relaxation is much faster
than emission, ¢ =0 and my/cos¢y — 1. How-
ever, if relaxation and emission occur on compara-
ble time scales the ratio my /cos ¢i exceeds unity.
Observation of m1/cos¢ > 1 proves the occurrence
of an excited-state reaction.

2.3. Phase angles and demodulation factors for spec-
tra which overlap

In the previous section, we assumed F and R
were each separately observable by choice of the
observation wavelength. Assume now that F and
R each have a spectral distribution, and that these
spectra overlap. We ask how the observed phase

angles and demodulation factors depend upon the
relative contributions of F and R at a given wave
number ». In general, regardless of the complexity
of the emission, and irrespective of heterogeneity
or time-dependent processes, the total intensity at
any given wave number » can be described by a
phase angle ¢(») and demodulation factor mi(#»).
Hence

I(w,1)=I(»)[1+ M(»)efler—20n] 32)

where I (») is a time-independent spectral distri-
bution and m(») = M(v)/M,. For emission from
n species

1(r.0)= 3 L(r.a)= D Ip(»)[1+ Mert=—en] (33)
i=1 i=1

where ¢, is the phase angle of the i-th state and

m,= M, /M, is the demodulation factor. At wave

number », the fractional contribution of each state

to the steady-state emission spectrum is given by

a(»)=1I15(»)/ 2 loi(”) (&)
i=1

From egs. 32 and 33 we have

n

m(r)e ¥ = _21 a,(»)m, e (3%
or

m(») cos o(r)= é} a,(»)m, cos &, (36)
m(»)sine(r)= é a,(v)m,sin ¢, GN

i=1
For the two-state model

O(»)=m(») coso(»)=ap(»)mg cos ¢ + ag (»)my cos o5

(33)
P(»)=m(») sind(»)=ag(»)mgsin o+ ag(r)mg sin oy
(39)
where
T
o3 iy ) “

Eqgs. 38 and 39 readily vield the desired expres-
stomn:s for the wave number-dependent phase anglss
and demodulation factors [29].
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tan&(»)=P(»)/0(») (41)
m(p)=(P(») +0(»)*)'" (42)

1t is instructive to stress again the meaning of
the terms described above. For overlapping spec-
tra, the phase angles ¢(») and demodulation fac-
tors m(») are dependent on the fractional contri-
butions of each state to the total intensity at the
observation frequency. For the two-state model,
the phases and demodulation factors of the F and
R states are dependent only on I, k; and w.
Hence, we expect characteristic values (eqs. 14-17
and tables 1 and 2) to be observed on the blue and
red edges of the emission, irrespective of the extent
of overlap. This is not the case for a continuous
model [23], in which the spectrum shifts continu-
ously with time. In this case, the fluorometric
parameters ¢ and 72 may not reach limiting values
on the blue and red edges of the spectrum. Since
the resolution and semnsitivity of all experiments
are limited, the two-state and continuous-relaxa-
tion models may not be distinguishable where the
emission shows significant spectral overlap.

A heterogeneous sample in which two species
with different lifetimes are excited directly can be
described by equations similar to eqgs. 38 and 39.
The factors mg and my are replaced by the terms
cos ¢ and cos ¢r- Hence

Q(»)= ap(») cos’ér + ag(») cos’en (43)
P(r)=ap(v) cosopsin o+ ag(») cos o sin g (44)

2.4. Resolution of unrelaxed and reiaxed emission
spectra from G(v) and m(v)

Examination of egs. 38 and 39 suggests that
m(») and ¢(») could be used to recover ag(r) and
agp(v). These fractional intensities, in conjunction
with the emission spectrum, allow calculation of
Iyp(v) and Iyp(v) from the phase and demodula-
tion spectra of the emission. Application of
Cramer’s rule to obtain ag(») and ag(#), and the
law for the sine of a difference between two an-
gles, yields

m(») sin($(»)—or)
mesin(¢g— ég)

45)

ap(»)=

and

m(») sin(or ~ o (v))
. Mg sin{( g — or)
The individual spectra can then be obtained from
the steady-state emission spectra

Iog(»)=ap(¥)o(?) 47)
Iop (#)= ap(#)1o(¥) (48)

Eqgs. 45 and 46 have been described previously by
Veselova et al. [23]. We note that these expressions
would also be applicable to a heterogeneous emis-
sion where R is formed by direct excitation rather
than relaxation. Alternative forms of egs. 45 and
46 may be derived from egs. 38 and 39 by noting
ag(v) tag(v)=1.

m(r)cosd(r)— mp cos dgn
71 COS G — i COS G

(46)

ag(r)=

(49)

ap(v)=

m(») cos o(v)— mgcos P
g COS Py — M COSPE

ar(v)= (50)

Resolution of states requires knowledge of ¢
and m for both states. In favorable circumstances,
these may be obtained from measurements on the
high or low wave number regions of the emission
where a single species dominates the emission.
Alternatively, control experiments in the absence
or presence of any reaction may be adequate.

2.5. Model calculations for the two-state reaction

Before proceeding with the more complex mul-
tiple-step model, it is instructive to consider the
expected phase and modulation data for an irre-
versible two-state reaction. To illustrate the
expected data we assumed the spectra were
described by Gaussian distributions

=—f e

Iy;(»)= 0,1/2?8 (€1
where f; is the relative quantum yield and o; the
standard deviation of the j-th distribution. At any
given wave number, the fractional contributions of
the unrelaxed (ap(#)) znd relaxed (agx(»)) states
are given by eq. 40. The relative quantum yields
are

T
il (52)
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fa=v5E (53)

For simplicity, we have again ignored the rates of
nonradiative decay. The ¥ and R states were as-
sumed to have emission maxima of 25 kK * (400
nm) and 20 kK (500 nm), respectively. The widths
(o;) of each spectrum were assumed to be equal to
2.5 kK, which corresponds to a full-width at half-
height of about 100 nm. In addition, we assumed
T=2x10% s™! er 5,=5 ns. These assumed
parameters are comparable with those observed
for solvent-sensitive fluorophores and were chosen
to 1illustrate the data expected for fluorophores
where the F and R states display significant spec-
tral overlap. For example, the lifetime of 2-( p-
toluidinyl)-6-naphthalenesulfonic acid (TNS) 1is
near 8 ns in glycerol, and vitrification of the solvent
shifts the emission maximumn: from 450 to 395 nm
[11]. 6-Propionyl-2-dimethylaminonaphthalene
(PRODAN) is more sensitive to solvent than is
TNS. Increasing solvent polarity results ir a shift
of the emission maximum from 400 to 530 nm.
The lifetime of PRODAN is about 3 ns [30].

To illustrate the effects of solvent relaxation on
the apparent phase and modulation hifetimes we
assumed the decay and relaxation rates to be
equal, i.¢, I' = & (fig. 2). This situation is compara-
ble to that encountered in viscous solvents. Several
features of these simulated data are worthy of
discussion.

(1) A characteristic of an excited-state reaction
is the decreased apparent lifetime on the high
wave number side of the emission. In the absence
of relaxation the lifetime would be 5ns. Relaxa-
tion is an additional rate process competing with
emission and results in a decrease of the lifetime to
2.5 ns (eq. 14). As discussed earlier, for an irre-
versible two-state reaction the phase and modula-
tion values yield actual lifetimes for the unrelaxed
state. If relaxation were much more rapid than
emission then only the relaxed state, and its char-
acteristic lifetime, would be observed.

(2) At the high and low wave number regions
of the spectrum the apparent phase and modunla-
tion lifetimes approach constant values. This oc-
curs because one species dominates the emission

* 1 kK=1000 cm™ .

10F

FLUORESCENCE INTENSITY

APPARENT LIFETIME (ngnoseconds)

o) e N : . 2 PR Y

34 30 26 22 18 14
WAVENUMBER (kK)

Fig. 2. Theoretical calculation of apparent phase and modula-
tion lifeiimes and m /cos ¢ for ar excited-state process. The
assumed parameters are shown on the figure.

on each side of the spectrum. In the two-state
model this result will always be obtained, but in
practice may not be observable if spectral overlap
is more pronounced (see fig. 7 and the related
discussion). The dotted lines in figs. 2—7 indicate
those regions where the intensity is 10% or less of
the maximum intensity. Experimental data are less
reliable in these spectral regions.

(3) An important feature of phase-modulation
data for an excited-state process is the prediction
of apparent phase lifetines which are larger than
the modulation lifetines on the low wave number
side of the emission. In this spectiral region the
emission results from molecules in the R state
which formed subsequent to excitation from mole-
cules excited into the F state. 7P > +™ cannot be a
result of a heterogeneous emitting population [27]
and observation of 7P > 7™ proves that an



J.R. Lakowicz, A. Balter/Theory for excited-state processes 107

excited-state process occurred to yield the emis-
sion. Such observations have been made for fluo-
rophores in viscous solvents, and for fluorophores
bound to membranes and proteins [10,11].

Using this simple irreversible two-state model
we can make two additional predictions. On the
high wave number side of the emission we expect
7P =+™  as predicted by egs. 14 and 16. In addi-
tion, the phase-modulation data reveal heterogene-
ity (7P<<7™) in the central wave number region
where emission results from both species. Both
predictions were observed for the excited-state
protonation of acridine [22].

As emphasized above, excepi for the
short-wavelength region, the apparent phase and
modulation lifetimes are not true lifetimes. In some
instances it may be preferable to present the ob-
served quantities, ¢(») and m(»), rather than the
interpretations of these values, 7P and 7™. The use
of ¢(v) and m(») is especially useful for identify-
ing an excited-state process. As shown by eq. 31
the ratio m/cos¢ will exceed unity for emission
resulting from the product of our excited-state
process. Where the emission is homogeneous, on
the short-wavelength side, m/cos¢ =1 (fig. 2). As
the wave number is decreased we find m /cos ¢ < 1,
which is indicative of a heterogeneous emission.
On the low energy side of the emission we find
m/cos¢ > 1. Hence, the ratio n1/cos ¢ provides a
sensitive indicator of the nature of the emission,

and has the advantage of being a ratio of observa--

ble quantities.

In fig.3 we present the ¢(») and m(v} values
expected for a heterogeneous emitting population.
These results are to be compared with fig. 2, which
presents these same quantities for an excited-state
process. The comparison is somewhat arbitrary,
since it was necessary to select the intrinsic life-
times of the ¥ and R state. We chose 7= (1" +
k)~ ! =2.5 ns, which is identical with the 7 value
in fig. 2. For the lifetime of the R state, directly
excited in this instance, we chose 7, = «w™ ! tan ¢,
where ¢y is identical to the phase angle of the
relaxed state from fig.2. Our purpose for this
choice was to have the model calculations com-
parable to the experimental situation where ¢f
and ¢, were observed without prior knowledge of
the origin of the multiple emissions. In contrast to

HETEROGENEQUS _—a
FLUORESCENCE Ke N

APPARENT LIFETIME {nanoseconds)

)
34 30 26 22 i8 [}
WAVENUMBER (kK)

Fig. 3. Calculated values of =P, =™ and m: /cos & for a heteroge-
neous sample. The lifetimes of the divectly excited species were
assumed to be 7 =2.5 ns and 7 = 13.5 ns. These values can be
calculated using egs. 14 and 15, and the parameters in fig. 2.

the excited-state reaction, the heterogeneous model
yields P = 7™ and m/cosé =1 on both the high
and low wave number regions of the emission
where speciral overlap is minimal. In the overlap
region 7P <7™ and m/cos¢ <<1. Thus, distinct

- PHASE 30MHz
12 100 MHz
Tn=hizk,
3 22X10"s"
sk
4_

L MODULATION

APPARENT LIFETIME (nonoseconds)

ol 2 — 2 a UG 3 1 2

34 30 26 22 18 13
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Fig. 4. Frequency dependence of the apparent phase and modu-
lation lifetimes for an excited-state process. The frequency
dependence is opposite to that expected for a heterogeneous
population. The assumed parameters are given in fig. 2.
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wave number profiles of ¢(») and m(») allow one
to infer whether relaxation or heterogeneity is the
cause of wave number-dependent phase and mod-
ulation lifetimes.

For excited-state processes ¢(») and m(») are
highly dependent upon modulation frequency, and
this dependence should aid in the analysis of such
reactions. We modeled the frequency dependence
asing the same parameters as were used in fig. 2
(fig. 4). For this irreversible reaction v7 = +™ in the
high wave number region of the emission, irrespec-
tive of modulation frequency. Again, heterogeneity
is revealed in the overlap region. The most striking
feature of the frequency dependence is the increase
in beth +P and +™ with modulation frequency in
the low wave number region of the spectrum.
These increzses were predicted by eqs. 27 and 29.
Clearly, the 7P values are more sensitive to modu-
lation frequency than are the =™ values. Although
not shown, a heterogeneous emitting population
would display decreases in 7P and +™ with increas-
ing modulation frequency, i.e., an opposite depen-
dence upon modulation frequency. Hence, the
modulation frequency dependence of +f and +™
can reveal the occurrence of an excited-state reac-
tion. Although not shown, the modulation
frequency dependence of r1/cos ¢ is also opposite
for excited-state processes and heterogeneous
emissions. Increased modulation frequencies result
in increased values of 7 /cos ¢ for the product of a
reaction. However, we note that at low modulation
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Fig. 5. Effect of reverse relaxation of the apparent phase and
modulation lifetimes. See fig. 2 for additional details.
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Fig. 6. Effect of reverse relaxation on the measured phase
angles and demodulation factors. See fig. 5 for additional de-
tails.

frequencies m/cos ¢ can be close to unity even in
the presence of significant relaxation and the
failure 1o observe m/cos ¢ > 1 does not prove that
a reaction has not occurred if the modulation
frequency is too small.

In the model calculations discussed above we
assumed the reverse reaction (4,) did not occur.
In fig. S we compare the expected phase and mod-
ulation lifetimes with k,=0 and with k,=10%
s~ !, which is equal to one-half of the assumed
decay and relaxation rates. Reverse reaction can
yield several interesting and observable effects. On
the high wave number side of the emission the
increased rate of. reverse reaction results in in-
creased apparent phase and modulation lifetimes.
In addition, these lifetimes become heterogeneous,
with 7™ being more sensitive than 7. A compari-
son of these results with the irreversible model
(fig. 2) reveals an important contrast. If the reac-
tion is irreversible, 7P =7™ for the F state. This
nonequivalence suggests that +? and +™ on the
blue edge of the emission can be used to test for
reverse relaxation. A similar distinction between
reversible and irreversible reaction was found for
pulsed time-resolved fluorescence data {32]. I this
instance an irreversible reaction results in a
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single-exponential decay of F. Significant reverse
reaction results in a double-exponential decay of
the F state. On the low wave number side of the
spectrum, reverse reaction decreases the apparent
lifetimes and can eliminate phase shifts which are
in excess of 90°.

An advantage of phase-modulation measure-
ments is the ability to directly measure the proper-
ties of the species formed subsequent to excitation.
This ability originates from the instrumental capa-
bility of measuring directly the phase difference
and demodulation between any two regions of the
emission. We illustrate this potential in fig. 6, where
we present the phase angles and demodulation
factors assuming the same parameters as for the
reversible reaction described above (fig. 5). If mea-
sured directly, the phase angle between the ¥ and
R states would be 43° for k, =0 and 32.1° for
k,=10% s~ These phase angles correspond 10
lifetimes of 5 and 3.33 ns, respectively (eq. 18),
which are the values expected from 75 = (T +
k,)~'. Similarly, the directly observed demodula-
tion factors between the F and R states would be
0.73 and 0.85 for k,=0 and k,=10%, respec-
tively. Again these correspond to lifetimes of the R
state of 5 and 3.332 ns (eq. 19). As indicated by egs.
23 and 24, measurement of tan(¢g — @) or
myp /mg yields the intrinsic lifetime of the R state,
modified by the rate of reverse relaxation.

In a later section we present a more complex
multiple-step model. When these steps are irre-
versible, measurement of the phase difference or
demodulation between any two adjacent states
reveals the intrinsic lifetime of the lower energy
state (eq. 60). This general result is found because
the higher energy state is the source of molecules
in the next lower state, just as the exciting light is
the source of molecules in the highest energy state.

In all the above modeling we chose a 5SkK
separation between the F and R states. This choice
resulted in easily recognized regions where the
phase and modulation lifetimes were constant.
Frequently, the spectral shifts between F and R
will be smaller. Thus, we examined the effects of
smaller shifts on the predicted values of ~P, 7™ and
m/cos¢ (fig. 7). The energy losses due to relaxa-
tion were decreased to 2.5 kK (top) and 1.0 kK
(bottom). The dotted lines indicate those regions

-
3
=
<>
<>
-
oy
<>
=3
>
=
o 2= R 2P, PR X .
w [ 7
=4 ps
b I8 '/ \\\ B
— Ve-¥a =10 kK 7 LY
= It A .
n -
g ;oo
\ -~
- 12 7 X ™ 14
-2 1) AY s @ m
[ \ - I+
_ ¢ \ cos @
....... _.,L.-————"/ 10
a8l ; Voo
K
; )
7 v ean
-
I’ ‘\
4 JRASRRES~ \
7 \\
/, Ve Va N\
v ; ~,
// ; \\
X L 1 A A i, rahY L rs 1
34 30 26 22 18 4

WAVENUMBER {kK)
Fig. 7. Effect of spectral overlap on rm/cos¢ and on the
apparent phase and modulation lifetimes. The central frequency
of the directly excited state was 25 kK. For the relaxed state
these values were assumed to be 22.5 kK (top) and 24 kK
(bottom). Hence, the spectral shifts were 2.5 and 1.0 kK,
respectively. All other parameters are the same as in fig. 2.

of the emission when the emission intensities are
less than 10% of the peak intensities. Reliable data
are difficult to obtain in these regions, and the
likely observable data are indicated by solid lines.
As the energy loss due to relaxation is decreased,
constant values of 7®, +™ and m/cos ¢ become less
apparent. Nonetheless, m/cos¢>1 is still ob-
served. In instances of small relaxation losses, it
will become difficult to distingnish between the
two-state model and the more complex multiple-
state model which we describe below.
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2.6. Multiple-step relaxation model

Consider the n-step model shown in fig. 8. For
simplicity, we assumed that each relaxation step
results in an equivalent energy loss equal to hc(v
—w»gr)/n and that the reverse reaction does not
occur. In addition, we assumed that the rate of
relaxation decreases as the extent of relaxation
approaches completion. In particular, the rate of
relaxation of the g-th state is given by &, =gk, g =
1,...,n, where k is a constant and » the number of
steps. There are n + 1 energy levels. In the limit of
large n these assumptions result in an exponential
decay of the emission spectrum from v to »p with
a rate constant k [21], which is the model for
solvent relaxation of Bakhshiev et al. [16]. One
may imagine that n is the number of solvent
molecules surrounding the fluorphore and g is the
number which are not aligned with the dipole
moment of the excited fluorophore. Let N, repre-
sent the number of excited fluorophores in the g-th
state. These populations obey the following equa-
tions,

dNn,

ar =E(1)—(nk+T)N,

Nq .

ar =(q+])qu+,—(qk+l")Nq (54)
an,

= kM —TN,

The excitation pumping function E(7) is given by
€q. 3 and the individual populations are given by

\nk

n-| ——
\(n-l) K
n-2—————
: k
0 _\_‘____
E® r r r r
4

Fig. 8. Energy-rate diagram for an n-step relaxation.

N, = No [ 14 Mertei—29] (55)

where m = M, /M,.

Let ¢, be the phase angle of the g-th state relative
to the exciting light and ¢, be the phase angle of
this state which would be observed if it could be
excited directly. From the discussion of the one-
step model it follows that

tan ¢, =w/(gk+T) (56)
COS¢':qk—_;r 57)
T Mgy o2

The solutions to eq. 54 can be obtained in a
manner similar to that used to derive eqgs. 14-17.
We obtain

l Jw I
+ = /%9
m, ” 1 T el (58)

Analysis of these equations using eqs. 10-12 re-
sults in

m,= II cos ¢, (59)
P=q

=29 (60)
P=q

One can readily see the similarities of the 7n-step
model to the one-step model. The phase angle and
demodulation factor of the initially excited state
(n) are given by the usual expressions for an
exponential decay with a total depopulation rate
of nk+T. The demodulation of the g-th state
relative to the exciting light is the product of the
demodulation factors of all states leading to and
including g (eq. 59). Similarly, the phase angle of
the g-th state relative to the exciting light is the
sum of the phase angles of all states leading to g,
plus its intrinsic phase angle (eq. 60). Hence, the
additivity of the individual phase angles and the
multiplicative properties of the individual demodu-
lation factors are general properties of an irreversi-
ble n-state model.

From egs. 59 and 60, or altermatively by divi-
sion of any two sequential equations in eq. 58, we
notice

mg

=cos ¢ (61)

LGP RS

tan($, — ¢,+1)=tan¢; (€2)
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Hence, the phase shift of any state g, measured
relative to the next higher state g+ 1, reveals the
intrinsic lifetime of the g-th state. These results are
analogous to those obtained for the irreversible
one-step model (egs. 23 and 24).

Consider a two-step model. The explicit equa-
tions are

mg =COos @5 cos P cos &F (63)
Po=¢2t o1+ 9 (63)
Now consider measurement of the phase shift and
demodulation factor of the red side (0) of the

emission relative to the blue side (2). The observed
ratio of m /cos ¢ will be

m €059} COosdy
cos¢  cos($]+95)

(65)

Of course this expression is analogous to eq. 30,
with the important exception that the measure-
ment of m/cos ¢ is reiative to the blue edge of the
spectrum rather than the exciting light. The physi-
cal significance of this is as follows. If the low
energy emission is derived directly from the high
energy emission then m/cos ¢ = 1, since the latter
emission is the exciting function. However, if an
intermediate state exists between the blue and red
sides of the emission then an excited state process
must occur to produce the red emission and
m/cos¢=>1. Thus, a ratio m/cos¢>1, when
measured relative to the biue side of the emission,
can prove an excited-state process is more complex
than a one-step procéss. However, the number of
steps is likely to be elusive.

2.7. Theoretical calculations for the irreversible
n-state model

We also performed model calculations for
phase-modulation measurements in the presence
of an n-step relaxation. Steady-state solution of
the kinetic equations yields the relative quantum
yield f, of each state

Tntk"™ 9
fom——— (65)
a' II (px+1)
P=g

Gaussian distributions (eq. 51) were again as-

sumed for the individual spectral distributions.
The fractional intensities at any given wave num-
ber are then given by eq. 34. Phase angles and
demodulation factors can be calculated from eqgs.
41 and 42 using

”

Q(v)=m(v)coso(r)= 2 a (v)m cos ¢, (67)
q=0

P(»)=m(»)sinod(v)= 2 a,(v)m,sing, (68)
q=0

In fig. 9 we show model calculations for a two-
step reaction. As discussed above (eq. 65), one can
use the phase difference and demodulation factor
between the high and low wave number regions of
the specurum to prove that spectral relaxation re-
quires more than a single step. The spectral widths
of the individual spectra were adjusted so that the
m/cosé values of each state were clearly visible.
In particular, »2/cos ¢ values are shown relative to
the exciting light (dashed line) and relative to the
initially excited state (unbroken line). If one ob-
serves m/cos ¢ relative to the initially excited state,
and ii this ratio exceeds unity, then the spectral
relaxation must be a result of more than a single-
step process. Clearly, if there were only a single-
step relaxation then the lowest energy state (0)
would not be observable, and m/cos ¢, relative to
the initially excited state, would be unity.

We examined the expected effects of the num-
ber of steps on the apparent phase and modulation
lifetimes and on the ratio m/cos¢ (fig. 10). We
assumed a modulation frequency of 10 rather than
30 MHz because at 30 MHz the phase angle
exceeds 90° for n>> 1. The 7P values (top) on the
low wave number side of the spectra are highly
dependent upon n, as is the ratio m/cos¢ (bot-
tom). The apparent modulation lifetimes are less
sensitive to n (mniddle). The most obvious effect of
an increase in the number of steps is the ap-
pearance of phase lifetimes which decrease and
increase continuously as the wave number in-
creases and decreases, respectively. More specifi-
cally, for a one-step reaction 7P is constant on the
blue side of the emission. In contrast, as the num-
ber of steps is increased 7P approaches zero in this
spectral region (eq. 56). Such behavior may be
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Fig. 9. Calculated values of m /cos & for a two-step model. The
assumed values for »gy. ¥9, and »y, were 17, 22.5 and 28 kK.
respectively. All o, were assumed to be equal to 1.5 kK.
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Fig. 10. =ffect of the number of steps on the apparent phase
and modulation lifetimes and m2 /cos ¢.

regarded as characteristic of a multistep or con-
tinuous-relaxation process, and thus the wave
number-dependent phase angles can be used to
distinguish between the one-step and the continu-
ous relaxation models. Perhaps the differential de-
pendence of 7P and 7™ upon modulation frequency
and n can be used to indicate the number of
significant fluorophore-solvent interactions. How-
ever, one will certainly need to reduce the number
of variable parameters by obtaining more detailed
information on the spectral distributions of the
fluorophore in question. More detailed model
calculations are required to clarify this point.

In this laboratory we have noticed that for
some fluorophores the apparent lifetimes decrease
with increasing wave number on the blue side of
the emission. In other cases these lifetimes appear
to reach constant values. These phenomena were
observed for TNS in glycerol and PRODAN in
butanol, respectively [10]. More detailed data and
discussion are presented in the following paper
[22]. Similar observations were apparent on the
blue side of the emission (fig. 10) showing that as
n increases these lifetimes approach zero. In fact,
Veselova et al. [23] claim that for the continuous
model these limiting values must be zero, as can be
judged by egs. 56 and 57. Hence, in favorable
circumstances one can use the wave number de-
pendence of the lifetimes to judge whether spectral
relaxation is a one-step or a multistep process.

From all the model calculations presented above
it is apparent that the information which can be
derived is dependent upon the moduiation
frequency. More properly, the critical factor is the
frequency-lifetime product. Thus, the power of
phase-modulation methods for analysis of
excited-state processes will be increased greatly
using variable frequency modulation.

3. Discussion

In the preceding sections we showed the theory
and expected results of phase-modulation mea-
surements on fluorophores which undergo
excited-state reactions. Essentially all the predicted
results have been observed, and these are de-
scribed in the following paper {22]. In combina-
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tion, these two reports reveal the potential and
practical usefulness of phase-modulation measure-
ments of excited-state processes. We now wish to
compare the general features of pulse and phase-
modulation data for samples which display time-
dependent spectral shifts and to describe a novel
method of analyzing pulsed time-resolved data
which became apparent as we developed the
phase-modulation theory.

In tables 1 and 2 we listed the expressions for
differential-wavelength phase (A¢) and modula-
tion (mgg=my/my) measurements. It is ap-
parent that measurements of A¢ and migy reveal
the intrinsic properties of the relaxed state. This
result is obtained because the R state is populated
via the F state, and this general result was also
obtained for the n-step model (eqs. 61 and 62).
Upon reflection it became intuitively obvious that
the same principle can be applied to time-resolved
data. For example, deconvolution of the time-re-
solved data obtained for R with the time-resolved
data obtained for F will reveal the intrinsic life-
time of R, or more correctly, the impulse response
of the R state (Iy(7)). It appears that differential-
wavelength deconvolution can result in consider-
able simplification of the derived impulse response
function, and thus an increased ability to success-
fully analyze complex decays. For example, for the
reversible or irreversible one-step model, decon-
volution of Ix(?) with the lamp response results in
a double-exponential decay. In contrast, it can be
shown that deconvolution with I(t), irrespective
of its single- or double-exponential character, re-
sults in a single exponential with a decay rate of
I'r + k,. More significant simplication can result
for the irreversible two-step model. In this case,
deconvolution of the time-resolved data for a re-
laxed state with the time-resolved data for the next
higher energy state results directly in the intrinsic
iifetime of the observed relaxed state. This result is
formally equivalent to egs. 61 and 62 which de-
scribe a similar result using either phase or modu-
lation measurements.

Differential-wavelength deconvolution also sim-
plifies the calculation of the emission spectra of
the initially excited and the relaxed states from the
time-resolved data. As is described below, this
calculation is difficult when the data are deconvo-

luted relative to the exciting pulse. In contrast, the
fractional intensities of the F and R states are
revealed directly by differential-wavelength decon-
volution. The former appears as a component with
a zero lifetime and the latter as a component with
a single lifetime which is equal to the intrinsic
lifetime of the directly excited relaxed species. We
note that these concepts were confirmed by experi-
ments [31].

Assuming the F and R states can be observed
on the blue and red edges of the emission, the
pulse and phase-modulation methods differ in the
resolution of individual spectra from the wave-
length-dependent data. Eqs. 45—50 can be used to
calculate the individual emission spectra from the
wavelength-dependent phase and modulation data.
These equations apply to both reversible and irre-
versible excited-state reactions. As examples of
such reactions, we note that the excited-state pro-
tonation of acridine is essentially irreversible [7,22]
and excited-state proton loss by 2-naphthol is
readily reversible [32]. In addition, these equations
also apply to samples which show simple ground-
state heterogeneity, i.e., a mixture of two species
which each show a single-exponential decay. Of
course, one must be able to observe the properties
of the individual species by selection of the ap-
propriate wavelengths. Hence, egs. 45—50 are gen-
erally applicable to a variety of experimental situa-
tions.

The situation is somewhat more complicated
for the time-resolved data. For simple ground-state
heterogeneity one can calculate the individual
spectra (F;(A)) from
F()) (69)

— 7
T
where F(A) is the steady-state émission spectrum
[33,34] and the time-resolved decay is described by

I(A)=a,e” /T + a,e” /™ (70)

Egs. 69 and 70 apply irrespective of the extent
of spectral overlap. It is assumed that 7, and =, are
independent of wavelength, and of course one
must be able to assign these lifetimes to the species
of interest. Eq. 69 cannot be applied to excited-
state reactions, as may be concluded from the
following considerations. Assume a reaction is re-
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versible and that the F staic can be sclectively
observed on the blue side of the emission. For a
reversible reaction the decay of F will be doubly
exponential [32], and hence the fractional intensity
term in eq. 69 will be less than one, even though
this emission is due only to the F state. If the
reaction is reversible the decay of R will be double
exponential at all wavelengths and again eq. 69
cannot be used. Hence, more complex procedures
are required to calculate the individual spectra
under these circumstances. Such procedures may
shortly become available (ref. 35 and Knutson and
Brand, personal communication), but for the pre-
sent such procedures are not generally available.
We note that the method of differential-wave-
length deconvolution described above allows for a
simple decomposition of time-resolved data to re-
veal the spectra of the unrelaxed and relaxed states.

It is informative to describe in detail the wave-
length-dependent data expected from samples
which undergo excited-state reactions. Consider
first the two-state reaction. On the blue edge of the
emission, if this emission was only from the ini-
tially excited state, we noted that 7P =+™ for a
irreversible reaction and that 7= (T'g+ k)" ' If
the reaction were reversible then 7P < +™. Analysis
of time-resolved data yielded an analogous result
[32]. For the irreversible reaction the decay of F is
a single exponential with = (T + k,;)"". If the
reaction is reversible then the decay of F is doubly
exponential and these lifetimes are complex func-
tions of all the rate constants. It is apparent thai
both pulse and phase-modulation methods can
discriminate between a reversible and an irreversi-
ble reaction from the data obtained on the blue
side of the emission. However, evaluation of these
data to obtain all the rate constants for a reversi-
ble reaction is complex, as may be judged by the
expression listed in tables 1 and 2. The methods of
differential-wavelength deconvolution and phase-
modulation measurements of the F versus the R
states appear to provide significant simplications.
As may be observed frocm tables 1 and 2, measure-
ment of A¢ or my/myg allows I'y and k, to be
determined, and these values can be used in the
further analysis of I'y and m1.

It is interesting to note that the inability of
obtaining directly the individual decay times by

phase measurements alone at a single frequency is
not without its benefit. The inability to use phase
measurements alone results from the nature of the
phase-shift experiment. Irrespective of the com-
plexity of the decay law the emission at any wave-
length dispiays only a single phase angle. This
angle can be a complex function of the relative
intensities and the lifetimes of each state. For
example, consider the reversible one-step reaction.
Even though the time-resolved decay of each
species is doubly exponential, each species dis-
plays a unique phase angle. This fact ailows direct
recording of the emission spectrum of each species
by phase-sensitive detection of fluorescence [36,37].
Such direct recording of the individual emission
spectra is possible for both the case of ground-state
heterogeneity and for excited-state reactions. The
occurrence of a single phase angle for the emission
of each species, irrespective of the origin of the
emission, allows the detector to be out of phase
with each species. The emission of this species is
suppressed and the spectrum of the other species
can be recorded directly. Such spectra can be
collected in times comparable to that required to
collect a steady-state emission spectrum, and these
phase-sensitive spectra have comparable signal-
to-noise ratios. The ability to obtain phase-sensi-
tive spectra at two phase angles, which sum to
yield the steady-state spectra, proves that a sample
displays two wavelength-independent lifetimes.
On the red edge of the emission the fluores-
cence intensity is frequently dominated by the
emission from the relaxed or reacted species. Then,
the time-resolved intensity is described by a dou-
bly expon=ntial decay with equal and opposite
preexponential factors, regardless of whether the
reaction is reversible or irreversible. Spectral over-
Iap of emission from the F state with the R state
results in nonequal preexponential factors. Equiva-
lent and opposite preexponential factor prove that
emission from F does not make a significant con-
tribution. Irrespective of the equivalence or non-
eguivalence of these factors, observation of a sig-
nificant exponential term with a negative preex-
ponential factor proves that an excited-state pro-
cess has occurred. Failure to observe this negative
term does not prove a reaction has not occurred

%}
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Similar conclusions may be obtained from meca-
surements of »/cosé. If an excited-state process
has occurred to yield emission at a given wave-
length then m/cos ¢ can be calculated from eq. 31.
Spectral overlap of the F emussion at long wave-
length can decrease the magnitude of the measured
value of m/cos¢. Heterogeneity of the emission
can have a similar effect. As for the negative
preexponential factor, observation of »1/cos¢ > 1
proves an excited-state process has occurred. How-
ever, failure to observe m/cos ¢ > 1 does not prove
an excited-state process has not occurred. Thus,
pulse and phase-modulation methods provide
comparable information on the existence of an
excited-state process.

In conclusion, both pulse and phase-modula-
tion measurements can provide detailed informa-
tion on excited-state processes. In the previous
sections we attempted to summarize the comple-
mentary nature of these experimental protocols,
and to explain how similar information appears in
different manner, depending upon the method em-
ployed.
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