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reactions_ This procedure is particularly valuable because it simplifies both determination of the rate constants of excited-state 
reactions and calculation of the emission spectra of the unreacted and the reacted species. These advantages are obtained 
witbout additional data acquisition. by the further analysis of data which would already be collected. As is usual for an 
excited-state process, time-resolved decays of fluorescence intensity are collected at wavelengths across the emission spectrum. 
Generally. one derives analytical expressions for the impulse response by deconvolution using the time profile of the exciting 
pulse. We suggest that in addition to the procedure just described, the response observed at longer wavelengths be deconvolved 
using the response observed on the blue side of the emission. Typically. this emission is from the initially excited state of the 
fluorophore (F). Then, the derived decay time is the decay rate of the reacted species (R). In addition. spectral overlap of the F 
and R states is revealed quantitatively as an apparent zero-decay-time component in the derived impulse response function. 
This is because the population of the initially excited state is considered to be the excitation function. This spectral overlap 
component is easily quantified, and allows the emission spectra of the F and R states to be calculated. This deconvolution 
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state is emitting. We tested our procedure on the excited state protonation of a&dine and the excited-state deprotonation of 
2-naphthol. The former reaction is essentially irreversible, whereas depending upon pH the dissociation of 2-naphthol can be 
reversible. We demonstrated that this procedure, which we call differential-wavelength deconvolution, revealed the individual 
spectra and simplified determination of the kinetic constants from the time-resolved decays. Without differential-wavelength 
deconvo!ution considerably more complex methods are required. We expect this procedure to greatly facilitate the use of pulse 
fluorometry methods in the analysis of excited-state processes. 

1. Introduction 

The technique of fluorescence spectroscopy is 
widely used in biochemical research. One ad- 
vantage of this method is high sensitivity, but 
perhaps a more important property is the natural 
time-window on the nanosecond time scale. 
Molecular events on this time scale affect the 
fluorescence spectroscopic observables and these 
rapid events can therefore be quantified_ For ex- 
ample, the widely used measurements of fluores- 
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cence anisotropy are actually measurements of the 
average angular displacement of the fluorophore 
during the time between light absorption and sub- 
sequent emission. Increasingly, fluorescence mea- 
surements of time-dependent processes other than 
rotational diffusion are being used to examine the 
dynamic properties of biological macromolecules 
[1,2]. Examples of there excited-state reactions in- 
clude excimer and exciplex formation in mem- 
branes [3,4], energy transfer between membrane- 
and/or protein-bound chromophores [5,6], ex- 



cited-state ionizations of biopolymer-bound fluo- 
rophores [7] and dipolar relaxation of proteins and 
membranes around the newly created dipole mo- 
ments of the excited states [8-123. Similar excited- 
state reactions have been used in investigations of 
the physical and dynamic properties of chemical 
polymers, as is summarized in a recent publication 

[13]. 
Many excited-state processes, with exceptions 

such as dipolar relaxation, can be accurately repre- 
sented by a two-state model. Subsequent to excita- 
tion the fluorophore can react reversibly (or irre- 
versibly) to form a new species with a distinct 
emission spectrum (fig. 1). The emission spectrum 
of the reacted state (R) is frequently shifted to 
longer wavelengths relative to that of the initially 
excited state (F)_ Generally, one wishes to de- 
termine the emission spectra of these individual 
species and the kinetic constants which determine 
their lifetimes and interconversion rates. Such 
determinations have been performed using steady- 
state measurements and the compiementary tech- 
niques of pulse- and phase-modulation fluorome- 
try [14-171. 

In recent publications we described the theory 
and application of phase-modulation methods for 
the analysis of excited-stat? reactions [ 14,151. One 
interesting conclusion was the realization that the 
kinetic constants of the rea-ted state could be 
directly determined from the phase or modulation 
differences between wavelength regions of the 
emission spectra characteristic of the F and R 
states. Upon further analysis we realized that simi- 
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Fig. 1. Model for a reversible excited-state reaction. 

lar procedures could be applied in pulse fluoro- 
metric methods. In this report we propose dif- 
ferential deconvolution of the time-resolved decays 
of fluorescence intensity at various wavelengths. 
To illustrate the advantages of this novel technique 
we first describe the nature of time-resolved de- 
cays of fluorescence for molecules which undergo 
excited-state reactions. 

For a reversible two-state reaction the decay at 
all wavelengths is doubly exponential [ 161. The 
measured decay times are independent of wave- 
length but the preexponential factors are wave- 
length dependent. Unfortunately, these four 
parameters each depend upon all the kinetic con- 
stants of the system. As a result, calculation of the 
physical quantities of interest, which are the indi- 
vidual emission spectra and the rate constants for 
emission and reaction, is complex. Differential- 
wavelength deconvolution is a simple method 
which eliminates this complexity and allows the 
direct experimental determination of the decay 
rates of the reacted state and the fractional fluo- 
rescence intensities of each state in the regions of 
spectral overlap_ This procedure is conceptually 
simple. Assume that the emission on the blue side 
of a spectrum is due only to the unreacted state 
(fig. 2). The time-resolved intensity at this wave- 
length (Xc) represents the population of the F 

Fig. 2. Intuitive presentation of differential-wavelength decon- 
volution. The figure shows the impulse response of the fluores- 
cence at h obtained by deconvolution of this decay versus the 
excitation pulse and the emission decay at A,. 



state. The F state is the source of excited mole- 
cules in the R state, just as the time profile of the 
exciting pulse describes the time-dependent excita- 
tion of the F state- It is known that deconvolution 
of the F state emission using the excitation light 
pulse reveals the decay constants of the F state. In 
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experimentally, that deconvolution of the R state 
emission using the F state emission directly yields 
the decay times of the R state. This direct de- 
termination of kinetic constants of the R state is 
considerably simpler than analysis of the time-re- 
solved fluorescence of the R state obtained relative 
to the exciting pulse. This procedure also sim- 
plifies the determination of the emission spectra of 
the F and R states. Frequently, these spectra over- 
iap. Since the F state emission is used as the 
‘excitation function’ any overiap of its emission 
with the R state at a longer wavelength (A) ap- 
pears to have the same time profile as the exciting 
pulse. Since our least-squares fit [l&19] uses a sum 
of exponentials, this term appears as a short-lived 
component with an apparent decay time near zero 
(fig.2). The fractional amplitude of this compo- 
nent reveals the fractional intensity of the F state 
at wavelength h where its emission overlaps with 
the R state. 

We describe the use of differential-wavelength 
deconvolution in the analysis of two excited-state 
reactions_ The first reaction examined was the 
excited-state protonation of acridine by am- 
monium ion. This reaction is essentially irreversi- 
ble and has been studied in detail [ 15,171. The 
second reaction we examined was the excited-state 
dissociation of 2-naphthol [ 161. Depending upon 
the pH this reaction can be either reversible or 
irreversible_ In both instances we used dif- 
ferential-wavelength deconvolution to calculate the 
individual emission spectra and the intrinsic decay 
rates of the reacted states. For the reversible dis- 
sociation of 2-naphthol we experimentally demon- 
strated that differential-wavelength deconvolution 
results in the simplification of the complex decay 
times to those representative of the reacted state. 
The procedure of differential-wavelength decon- 
volution is easy to implement using existing proce- 
dures and software and does not significantly in- 
crease the time required for data acquisition and 

analysis. Moreover, this procedure was useful for 
the study of solvent relaxation around a tryptophan 
derivative in a viscous solvent [20]. We expect 
differential-wavelength deconvolution to simplify 
the analysis of time-resolved decays involving 
excited-state reactions. increase the precision of 
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pulse fluorometric methods in the analysis of 
excited-state processes_ 

2. Theory 

2.1. Time-resoled decays of flrtorescmce for rezersi- 

ble two-state reactions 

The iheory and useiuiness oi diiierentiai-wave- 
length deconvolution are most easily understood 
following a summary of the spectroscopic proper- 
ties of fluorophores which undergo reactions and 
spectral shifts in the excited state. Hence, we de- 
scribe reversible and irreversible two-state reac- 
tions. The excited molecule is assumed to exist in 
one of two states (fig. 1). Each state has a distinct 
emission spectrum and the kinetic constants of 
each state are independent of emission wavelength_ 
This model appears to describe adequately 
processes such as excited-state protonation and 
deprotonation [ 16,171 and formation of excimers 
and exciplexes [21]. However, this model is not 
strictly applicable to solvent relaxation, which may 
be best described by continuous or multiple-step 
relaxation models [22,23]. 

In this model for a reversible two-state reaction 
the initially excited (F) and relaxed (R) states have 
different decay rates. X.r and Ic,, which include the 
rates of radiative and nonradiative decay. The 
forward and reverse rate constants_ k, and X-,. 
respectively, are written in this form for simplicity_ 
For the excited-state protonation of a&dine one 
would have k, = k;[NHa ] and for the excited-state 
protonation of 2-naphtholate one has li, = k>[H- J. 
The kinetic equations describing this system are 

+I=(~ F+k,)[F]-&In]--(t) 

-$$=(kR+kl)[R]-k,[F] 

(I) 

(2) 



where [F] and [R] are the populations of these 
states and E(Z) is the time profile of the excitation_ 
Following return to the ground state this equi- 
librium is quickly reestablished and the extent of 
ground-state depopulation is small. Hence, we have 
not explicitly included the ground states in our 
kin&c ennatinnc or in fig. 1. The solution to these -1-------- -- 
kinetic equations has been described previously 
with the boundary conditions [F] = [F,] and [R] = 0 
at t = 0 [ 16,241. The fluorescence decays of the F 
and R states following b-pulse excitation are given 

by 
I,(X.r)=a,(h)e-‘/5’+az(X)e-“T’ (3) 

I,(h.t)=B,(X)e-‘.‘i’;82(X)e-“T- (4) 

Defining yr = k,+k, and yR=kR+kk2, the de- 
-Q., t;mG%r 9-P &.,.a” hr, LY, Il..._ UX_ e-b.. “J 
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--l_T-I= l/2{ ( YFiYR)=[(YR-yF)Zi4X-,li*]‘i2} (5) 

and the preexponential factors are given by 

(6) 

In these equations y, = rr’, yz = 72 I, rF and Ia 
are the emission rates, and C,(A) and Ca( X) the 
emission spectra of species F and R normalized to 
unit area: 

C,(X)= 
h(X) 

/dDMW 

fix(X) 
C,(h)= &-co r I.... 

1, JR\“P* 

(9) 

(10) 

where fr( X) and fa( X) are the numbers of quanta 
emitted at wavelength X by F and R species, 
respectively. It is useful to note that for the R state 
the preexponential factors are equal in magnitude 
but have opposite signs. 

At any given wavelength the time-resolved de- 
cay of fluorescence is given by 

I(h,r)=I,(X.I)+l,(h.t) (11) 

where the individual decays of F and R states are 

described by eqs. 3 and 4. Substitution of eqs. 3 
and 4 into eq. 11 results in 

I(h.r)=- IFol [C,(X)T,(y,-y2)-C,(X)Ir,T,le-"" 
YI-Yz 

02) 
Thus, at any given wavelength the decay of fluo- 
rescence is doubly exponential and the decay times 
are independent of the emission wavelength. The 
decay times are each dependent upon the four 
kinetic constants of the system. The preexponen- 
tials are complex factors which are dependent 
upon both the spectral distributions and the kinetic 
constants of both species. 
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spectral intensities fF and fR. and we can replace 
the normalized intensities C,(A) and C,(h) with 
these values in the following manner. Consider the 
steady-state conditions and let [F],, and [RI,, be 
the respective steady-state populations_ Then 

On the other hand eq. 2 resuits in 

Piss _ kl -_- 
P-Iss n 

(13) 

(14) 

Using eqs. 9, 10, 13 and 14 it is easy to obtain eq_ 
12 in the form 

I(X.t)=C[A,(h)e-r/2’+A,(X)e-““] (15) 

where 

IF_lk,Tx 
C= ‘-“‘-A- 

(YI-rz)/o fR(i)dx 
(16) 

A*(h)=fm~ -fix(h) (17) 

-W)=~F(V~+~R(~) (18) 

2.2. Resolution of spectra from time- and wave- 

length-resolved decays of fi’uorescence 

p-e ~vv.~r;m.a”+.all.r s4.+c.&w.A &.=y =f ,I(>_,$) ~rh~~laxll~~.uu‘, v”I-11y 

described by eq. 15 (two decay times T, and r2 and 



the ratio AJA,) allows one to resolve the individ- 
ual spectra and simultaneously find yr and yR_ 
This requires, however, the existence of a spectral 
region where only the F species emits. which for- 
tunately is a common occurrence. Let y, be within 
this spectral range. The value of yr can be ob- 
tained in the following manner. Consider the de- 
cay I(X,,r) (eq. 12). Since C,(X,) = 0 then 

where a, = yF - yz and a2 = y, - yF- Therefore, YF 

can be calculated as: 

YF= 
~iYl-+ QZYZ 

O,f-Uz 

From eq. 5 for yr and y2 one can find 

(20) 

Y,+Yz=YF+YR (21) 

Thus. the v&e of y-, cm also be deter_q_in&. 
-----I 

Finally, the ratio of the preexponential factors in 
eq. 15 can be used to resolve the spectra of the F 
and R species: 

fi= A,+-% 
-=YnA,(~2-~~)+A2(~,-~~) fR 

Gw 

For simplicity we write fF and fn instead of f&h) 

and fa( X )- 
Of course the calculation of the fractional intensi- 
ties is now trivial: 

fF 
fF+ln=yR 

A,+Az 
4~2 + AZY, (23) 

fR -= A,(YZ-YYR)+-%(YI-YYK) 
fF+fR AIYZ + AZYI 

(23) 

The spectra of the individual species may be 
calculated from the fractional intensities and the 
steady-state emission spectrum I(X). 

(24) 

Eqs. 23 and 24 can be used to resolve the individ- 
ual spectra at wavelengths where the decay is 
doubly exponential. However, at some wavelength 
where these spectra overlap the decay of I( A,r) is 
practically a single exponential ( A2 = 0), and the 
experimentally fitted values of r2 are meaningless. 

However, since T, and r2 are independent of wave- 
length, these values, measured at other wave- 
lengths, can be used to calculate the fractional 
intensities_ 

TLI_ __,.,..-_I ___^ _,.-..I--- -..I-._I-.:-- -r -- P--- -- 
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20 and ya from eq. 21. 
When the excited-state reaction is irreversible, 

k2 = 0 and eq. 5 yields 

Yl=YR-YZ=YF- (27) 

This means that the decay rates of the F and R 
species can be measured directly. Eqs. 23 and 24 
simplify to: 

IF A,IA, 

.tC =Yl ,F ,R “II2 1 -. +A2Y2 

fR 
==A’ 

Y2 - Y, 

A,Y,+A,Y, 
(28) 

We note that the expressions for the fractional 
intensities of the individual components (eqs. 23 
and 24) are considerably more complex than those 
required to resolve the spectra of two directly 
excited fluorophores, i.e., a heterogeneous mixture 
of fluorophores. If the subscripts A and B refer to 
these individual fluorophores, then 

f, ='BrB -= 
fA-tfB LY*7~ICxB7B - (29) 

where aA and aa are the preexponential factors 
and rA and rs are the respective decay times. These 
simpIer expressions are comparable to those used 
for spectral resolution following differential-wave- 
length deconvolution (eq. 55). However, the latter 
equations allow spectral resolution of species in- 
volved in an excited-state reaction whereas the 
former (eq. 29) apply only to ground-state hetero- 
geneity. 

2.3. Resolution of states ming differential-wave- 

length deconvolution 

We now describe a new competitive method of 
resolving the component spectra and finding the 
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decay rates in the case of reversible reactions 
(kz f 0). For these purposes we introduce the 
concept of internal convolution and the experi- 
mental method of .differential wavelength decon- 
volution. Eq. 2 may be rewritten in the form 

Using the variation of parameters method. the 
soiution may be written as 

[R](r)= J’(t)D(r) (31) 

where D(t) is the solution to the homogeneous 
equation 

dD(r) -+yyRD(r)=o 
dr (32) 

Of course then (41) 

D(r)=oe---~~ (33) 

with (I being an arbitrary constant. It is convenient 
to use a=k,. Substitution of eqs. 31-33 into eq- 
30 yields 

v = [F]( ~)~ln’ (34) 

integration of this equation with a boundary con- 
dition P(0) = 0 leads to: 

P(r)= [[F](r')ey"'.dr' (35) 

Finally, combining eqs. 31 and 35, one obtains 

Substitution of eq. 40 into eq. 41 results in 

which is eq. 38. Thus, the decay of the R species is 
an internal convolution of the decay of the F 
species and the intrinsic decay of the R species. 
irrespective of the time dependence of the excita- 
tion function_ Harmonic excitation (phase and 
modulation fluorometry) can also be included 
[ 14,151. 

The important consequence of the above con- 
siderations is that the deconvolution of the experi- 
mental decay of the intensity of the R species with 
the experimental decay of the intensity of the F 
species as an excitation function gives the intrinsic 
single-exponential decay law of the R species and 
thus ya. To perform this deconvolution one needs 
to find a spectral region where only the F species 
emits and to use the decay of this emission as the 
excitation function_ This procedure will be called 
the differential-wavelength deconvoIution. An in- 
teresting and useful feature of this procedure is its 
ability to easily resolve the spectra of the two 
species even for the reversible reactions_ To dem- 
onstrate this let us recall eq. 11. 

(36) 

This is an important result which means that the 
decay of the R species following a-pulse excitation 
is an internal convolution of the decay of the F 
species and the intrinsic decay of the R species 
(the one that would be observed if it could be 
excited directly). Eq_ 36 is valid irrespective of the 
value of k, or, in other words, both for the irre- 
versible and reversible reactions. It should be 
_r---_--l *L-r -I 7L :_ - 2:-_-r ---^--__---- -r ^- -l 3L1cz33CU L‘lill eq. 3” IS a UueCL cousszque:l,cc “1 ‘I+ L 
and no additional assumptions are necessary to 
derive it. It can be shown that instead of [R] and 
]Fj we can use the experimentally obtained decays 
[RI, and [F], for any arbitrary excitation function 
E( t )_ This function can include the lamp pulse and 
the response of the detecting system. Eq_ 36 will 

still be valid not only for 

tRl(r)=tFl(r)‘=‘=‘(r) 

but also for 

(37) 

IRlc(~)=[Flc(~)@Nr) (38) 

where @ denotes the convolution integral and 
D(Z) = k,e- w is the intrinsic decay of the R 
species. For an arbitrary excitation function E(r) 

PI=(f)= E(r)@[Rl(‘) (39) 

tFl~(~)=~(~)@P=I(~) (9 
The proof of eq. 38 is as follows. Since convolu- 
tion is associative, eqs. 37 and 39 yield 

I(X.r)=I,(X.t)+I,(X,r) 

The individual intensities 1r and I, can be written 
as 

I~(h.r)=C~(h)r~tF](f) (42) 



I~tX,r)=C,tX)r,IRltr) (43) 

where C,(A) and C,(A) are normalized emission 

spectra defined by eqs. 9 and 10. Let us introduce 
the observed intensities I, and I,, defined as 

IF~(X.I)=E(~)~~F(X.~)=CF(X)~F{E(I)~[FI(~)) 

= ‘=F(X)T-FIW~) (4) 

IRc(X.r)=E(z)~IR(h,r)=CR(X)~R{E(r)~[Rl(r)} 

=CR(X)rRIRlc(r) (45) 

Thus, the total observed intensity I, is equal to 

I,(X.r)=c,(X)r,[Fl,tr)+c,(h)r,[Rl=(r) (46) 

Combining eqs. 9. 10, 13. 14 and 46, we obtain 

I,(X.r)=C’{f,(X)X-,[Fl,(r)if,(X)y,[Rl,(r)) (47) 

where 

C’= 
YR ,$:(W - 

Recalling that the convolution of any function 
with the S-function results in the same function, 

IFlc(r)=tFlc(r)es(r). (48) 

that the R species does not conrribute to the 
emission at h,. and eq. 38, the total observed 
decay can be written as 

(49) 

where C”(A)) = C’/C,(X,)I’, (see eq. 46) and h, 
is the wavelength at which the F state can be 
observed exclusively. The differential-wavelength 
deconvolution should yield the expression 

However, the deconvolution algorithms usually as- 
sume only exponential rime dependences. The 
a-function is then approximated by an exponential 
decay G(r) = aOe-z/7~ with r0 - 0, aOr,, = I. This 

can be understood by noting that the condition 
which must be fulfilled by the S-function 

j696(r)dr=I (50) 

is also fulfilled by G(r), since 

(51) 

Thus, eq. 49 can be written as: 

I,(X.r)=C”(X,)I,(h,.r) 

~[fF(~)kl~Oe-‘.‘?o+fR(X)k,YRe-‘,’,,] (52) 

where TV = yi ‘. or 

I,(h.r)= k,C”(h,)l,(X,.r) 

~[ao(~)e-‘,‘501QR(X)e-I.,?I] (53) 

where a&X) = f,(X)a, and Q(X) =fR(X)yR = 

fR(X)/~Fv 
Differential-wavelength deconvolution will there- 
fore yield a double-exponential decay with one of 
the decay times (T,,) close to zero and the other 
being the intrinsic decay time of the R species. 
Furthermore, recalling n,~, = 1, the products a0~0 
and asra are simply equal to: 

%(X)%=~r(h) 

=n(h)r,=I,(h) (54) 

and thus. the individual spectra of F and R species 
are easily obtained in this way_ Alternatively, one 
may calculate the fractional intensities using equa- 
tions similar 10 those used for the analysis of 
heterogeneous fluorescence. 

These expressions are considerably simpler than 
those necessary when the deconvohrtion is per- 
formed versus the lamp pulse (eqs. 23 and 24). In 
addition. this method is free of the uncertainties at 
that wavelength where the decay of total fluores- 
cence is single exponential (see eqs. 25 and 26). An 
important advantage of the differential-wavelength 
deconvolution method is also its ability to directly 
determine the intrinsic decay rate of the R species 
~a- yr can in turn be determined from eq. 21. 

2.4. Multiple-step processes 

The concept of internal convolution can also be 
apphed to a multiple-step irreversible relaxation 
(or reaction) model 1201. If N4 represents the num- 
ber of excited fluorophores in the q-th state, the 



following system of equations is valid: 

z=E(r)-(nktr)N” 

Here E(t) is the excitation intensity time profile. 
qk the rate of the relaxation of the q-th state, k a 
constant. q = 0. _ __. 11. and y the decay rate in the 
absence of relaxation. N,, and No are the popula- 
tions of the initial and final states, respectively_ In 
the limit of large rr this model becomes equivalent 
to the continuous relaxation model of Bakhshiev et 
al. [22,23]. Obviously 

This is analogous to eq. 30 and as a consequence 
of that we obtain 

,~~(r)=(qtl)k~~~~_,(")C-'~'-~W'--r'ld,' (58) 

Thus. the observed decay of the population of the 
q-th state is a convolution of the population of the 
(q+ I)-th state and the intrinsic decay of the q-th 
state. This is true irrespective of the number of 
exponential components characterizing the decay 
of the given state which is n - q + 1. The practical 
ap$lication of the above consideration may be 
hindered. however. because of the substantial 
spectral overlap of the consecutive states. Iterative 
application of eq. 58 leads to the following rela- 
tionship: 

N,(l)=~~~-~~~(r)~Nd_i(I)O _--@&Jr) (59) 

with N; describing the intrinsic decay of the q-th 
state 

NG(,)= e-_(4~V)’ (60) 

Thus, the decay of population of the q-th state is a 
convolution of the decay of the initial state n and 
the intrinsic decays of populations of all the con- 
secutive states preceding and including state q_ 

2.5. E_xpiicit equations for a three-state irreversible 

process 

The concept of internal convolution can be 
used to reduce the number of exponentials to be 
analyzed in multiple-exponential decays. Consider_ 
for instance. a three-state case. The decay of the 
final-state population is described by: 

*~(,)=y_,[e-“““7”-2e-“-T’ri-,-rr, (61) 

where N _ 2_o IS the population of the initial state at 
t = 0. Using eq. 59 for q = 0, II = 2, which is 

No(r)=2x-‘n~(r)elv;(f)~~~(f) 

one obtains the explicit formula 

(62) 

(63) 

Thus, the decay of the final-state population is the 
internal convolution of the decay of the initial-state 
population A$(r) and the doubIe-exponentia1 de- 
cay which would be observed if the intermediate 
state could be excited directly. Of course the fol- 
lowing relations also hold: 

n’,(r)=2X-/diV,(r’)e-“-‘“‘-“‘dr.’d~, (64) 

N,(r)= kf_h’,(r’)e-r”-‘.‘dC (65) 

The experimental advantage of eq. 63 is the 
ability to simplify the complex kinetics of a two- 
step (three-state) reaction to the comparably sim- 
ple kinetics of a one-step reaction. Following 
deconvolution versus the initially excited state, one 
can examine the derived impulse response func- 
tions using the more familiar concepts applicable 
to a one-step reaction. More specifically, if follow- 
ing deconvolution versus the initially excited state 
a term with a negative preexponential factor is still 
observed on the long-wavelength side of the emis- 
sion, one may confidently infer the existence of an 
intermediate species. If this intermediate state 
could be selectively observed by optical filtering 
then the intrinsic emission rate of this final state 
could be obtained from deconvolution versus the 
emission from the intermediate state. Unfor- 
tunately, in the case of fluorescence. spectral over- 
lap of states will generally prevent the application 



of this further simplification. This limitation may 
be less restrictive in the application of these con- 
cepts using other methods of instrumental analy- 
sis. 

-7.6. Reversible muiriple-srepprocesses 

In the case of the reversible multiple-step re- 
laxation process with the reverse rate kl(q - q + 1). 
eq. 56 are no longer valid. Eq. 57 then becomes 

dN,(r) 
-+(qk,+y)N,(r)=(q+l)k,nT,_,(t)-k~-,h’,_,(r) 

dr 

ACRIDINE 

This is equivalent to the following convolution 
formula: 

nb(r)=[(q’I)k,IV,,,(r)-kk,n’,_,(i)]~,~~(r) 

for q= l,...n- 1. 

(67) 

Eq. 67 means that the decay of population of 
the q-th state is a convolution of its intrinsic decay 
with the decays of the neighboring states q - 1, 
q + 1. since both of them are the source of the q-th 
state population_ In this case, differential-wave- 
length deconvolution does not seem to help in the 
analysis of pulse data, except for the initial and 
final states where only one adjacent state serves as 
the source. However, in instances where analytical 
procedures can ouantify the concentrations of the 
adjacent states, the principle of internal convolu- 
tion may assist in the analysis of even reversible 
multiple-step reactions. 

3. Materials and methods 

Time-resolved decays of fluorescence were mea- 
sured with a single-photon pulse fluorometer from 
Photochemical Research Associates. Deconvolu- 
tion of these time-resolved decays was performed 
using the method of least squares [ lS,i9]. For each 
emission wavelength where decay times were 
needed we measured the time profiles of the exci- 
tation pulse, the emission of the unreacted species 
(F) and the emission at the longer wavelength of 
interest_ The data for the longer wavelength were 
deconvolved using either the lamp profile or the F 

0 
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Fig. 3. Steady-state emission spectra of acridine. Spectra are 

shown for acridine in 0.05 M NaOH and in 0.05 M H,SO, (top 

panel). The lower panel shows spectra in various concentrations 

of ammonium nitrate: pH 8.3. 20°C. 

state response. The F state responses were mea- 
sured at 350 and 400 nm for Znaphthol and 
a&dine, respectively_ For pulse measurements the 
following conditions were used for 2-naphthol and 
a&dine. respectively: excitation wavelength. 330 
and 348 nm; excitation band pass. 8 and 16 nm, 
emission band pass, S and 8 nm; temperature_ 24 
and 20°C; fluorophore concentration. 5 X 10-j 
and 2 X 10e5 M. The samples were not purged 
with inert gas. Steady-state fluorescence spectra 
were collected under similar conditions except the 
excitation band passes were 2 and 8 nm. In addi- 
tion, the emission spectra of a&dine were col- 
lected through polarizers set at the magic-angle 
positions_ All other measurements were performed. 



Table 1 

Decay times for n&dine fluorescence 

Solvenr Emission 
wavelength 

(nm) 

7 (ns) X2 

0.05 M NaOH 400 10.5 1.02 
560 10.1 1.27 

0.1 hi H,SO., 560 30.8 1.13 

without polarizers_ Insofar as possible. solution 
conditions were identical to those described previ- 
ously [16,17]. 

4. Results 

4.1. Excited-state protonarion of acridine 

For our initial experimental tests of dif- For each of the individual species the lifetimes 
ferential-wavelength deconvolution we chose to ex- are expected to be single exponentials irrespective 
amine the excited-state protonation of acridine by of emission wavelength. Data for a&dine in acidic 
ammonium ions. This reaction has been studied in and basic solution which confirm this prediction 
detail by both pulse- and phase-modulation meth- are listed in table 1. In 0.1 M H$O, the decay 
ods [15,17J and is essentially irreversible under our time was 30.8 ns at 560 nm. in excellent agreement 
experimental conditions_ Fig. 3 shows the steady- with that measured previously [17], and this same 

state emission spectra of a&dine in basic and 
acidic solution. At high pH the emission results 
exclusively from neutral acridine. and in acidic 
solution the emission is red shifted and character- 
istic of the acridinium cation. Increasing con- 
centrations of ammonium, which serves as a pro- 
ton donor, progressively quench the emission from 
neutral acridine. Simultaneously, one observes in- 
creasing emission from the acridinium cation_ Ex- 
amination of these spectra reveals a wavelength 
region from 380 to 410 nm where emission results 
from only the F state, neutral acridine. Hence, the 
nonoverlap condition for differential-wavelength 
deconvolution is satisfied. At wavelengths longer 
than 450 nm the emission is dominated by that 
resulting from acridinium, but significant contri- 
butions from both a&dine and acridinium are 
present at all these Ionger wavelengths. We chose 
400 nm to select for emission from a&dine and 
560 nm to select, to the extent possible, for emis- 
sion from acridinium. 

Table 2 

Decay time for acridine fluorescence in ammonium nitrate 

PJH,NO,l Emission Deconvolution versus lamp pulse Deconvolution of 560 nm vs. 400 nm response 

(M) wavelength 

(nm) 7, (ns) 72 (ns) ai=1 (I) X’ r. (ns) 7R (ns) %%I F) X2 

0.1 400 5.5 - 98.7 1.20 
560 (5.4) = 30.8 8.3 1.21 0.06 31.0 9.6 1.20 

0.5 400 2.0 - 1.42 
560 (‘-9) 27.7 1 .Ob 0.01 27.7 1.07 

1.0 400 1.2 - 97.7 5.29 
560 (0.9) 24.7 3.4 1.52 0.05 24.4 1.4 1.17 

1.5 400 0.8 - 95.8 2.34 
560 (0.65) 23.0 2.4 - 0.3 1 22.3 1.2 1.0 

2.0 400 o-40 - 95.8 2.66 
560 (LOS} 21.1 - 0.96 0.01 20.2 0.7 I.12 

n The brackets () indicate thaw this decay constant had a negative preexponential factor. 



lifetime was observed at shorter emission wave- 
lengths_ No emission from acridinium was detecta- 
ble at 400 nm, confirming the choice of this wave- 
length for selection of emission from the F state. 
In 0.05 M NaOH neutral acridine emission was 
detectable at both 400 and 560 nm, and the life- 
time was 10.3 2 0.2 ns, irrespective of wavelength_ 

More complex kinetic behavior was seen in 
acridine solutions which contained ammonium 
nitrate (table2). At 400 nm the fluorescence decay 
was well represented by a single decay rate. As 
expected, the lifetime decreased with increasing 
concentrations of ammonium ion due to increased 
rates of protonation of excited a&dine_ For the 
irreversible reaction it is appropriate to equate 
decay rates with the lifetimes of the individual 
species (eq. 27) and the short lifetime is assigned 
to neutral acridine. At 560 nm the time-resolved 
intensities could be fitted using the doubly ex- 
ponential model. The preexponential factor of the 
shorter decay time was negative. an observation 
which indicates that an excited-state process, rather 
than direct excitation, is at least partially responsi- 
ble for the emission at longer wavelengths. 

At all concentrations of ammonium ion a sec- 
ond longer-lived component is observed at 560 
nm, and this component is due to the emission 
from acridinium. This decay time decreases at 
increased concentrations of ammonium nitrate due 
to quenching of acridinium fluorescence by this 
salt. If choice of 560 nm resulted in only the 
observation of acridinium fluorescence, it is known 
that the preexponential factors would be equal and 
opposite in sign [16]_ The negative preexponential 
factor was, however, smaller than the positive one 
which indicates spectral overlap of a&dine emis- 
sion at 560 nm. As the ammonium concentration 
is increased this difference decreases confirming 
its origin from neutral a&dine_ 

4.2. Differential-wavelength deconvohtion applied to 

a&dine-acridiniunr 

The excited-state protonation of acridine pro- 
vides a simple test case for the method of differen- 
tial-wavelength deconvolution. Since the reaction 
is irreversible under our conditions, the measured 
decay times can be equated with the lifetimes of 

the individual species. One can readily predict the 
outcome of deconvolving the response measured at 
560 nm with that measured at 400 nm. Since the 
excited acridine (400 nm) is the source of 
acridinium fluorescence (560 nm) we expect the 
deconvolution procedure to yield a dominant com- 
ponent with the acridinium lifetime_ Examination 
of table2 shows that this is the case. The 20-30 ns 
component is retained following differential-wave- 
length deconvolution. In contrast. the shorter l-5 
ns components due to neutral acridine are no 
longer evident. After decnnvolution versus the 400 
nm response these shorter components are found 
as short-lived components (0.01-0.3 ns). These 
times are comparable to the resolution of our 
instrument. The origin of these ‘zero-decay’ time 
components is overlap of the emission from 
acridine and acridinium of 560 nm (eq. 53). If 
there were no spectral overlap at acridine fluores- 
cence at 560 nm the measured decay would appear 
to be a single exponential_ These initial results 
confirmed our prediction that we could measure 
the intrinsic lifetime of the R state and the extent 
of spectral overlap by differential-wavelength de- 
convolution. 

To test the spectral resolving power of the 
differential-waveiength deconvolution we mea- 
sured the fluorescence decays of a&dine in 0.2 M 
ammonium nitrate at various emission wave- 
lengths (fig.4). As expected for a two-state reac- 
tion the apparent decay times were independent of 
emission wavelength. Of course, the preexponen- 
tial factors were strongly dependent upon wave- 
length (data not shown)_ At wavelengths longer 
than 410 nm the 3.9 ns component has a negative 
preexponential factor. Upon deconvolution of 
these data versus the response at 400 nm the 
longer-lived component is retained, but the shorter 
component is replaced by a short-lived component 
(= 0.02 ns). The fractional intensity of this compo- 
nent is near 100% at the shorter wavelengths. and 
decreases to about 6% at 560 nm. The appearance 
of the observed decays is seen in fig. 5, where we 
show the measured responses at various wave- 
lengths_ At short wavelengths (410 nm) the mea- 
sured decay closely follows the decay of the 400 
nm response. As the observation wavelength is 
increased, the fractional contribution of the 
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Fig. 4. Wavelength-dependent decay times for n&dine on 0.2 M ammonium nitrare. Decay times are shown for deconvolution versus 
the lamp pulse and versus the emission at 400 nm. 
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Fig. 5. Time-resolved decays of a&dine at different emission 
wavelengths. Time-resolved decays are for acridine in 0.2 M 
NH,NOJ. pH S-3. 

shorter-lived component decreases. At 560 nm the 
intensity of the short-lived component is small and 
not readily seen by visual examination. 

We used the wavelength dependence of the CYT 
products (LX,,T,, and ‘~~7~) for the short-lived com- 
ponent to calculate the individual emission spectra 

Fig. 6. Spectral resolution of the fluorescence from acridine and 
acridinium as obtained by differential-wavelength deconvdu- 
tion. 



of a&dine and acridinium (fig. 6). The calculated 
spectra overlap precisely with the steady-state 
spectra obtained in basic and acidic solution. re- 
spectively_ As described in section 2 such spectral 
resolution may be obtained without differential- 
wavelength deconvolution, but rhe required 
manipulations are more complex. Although the 
reproducibility of the individual values of a0 and 
70 is very poor, their product a,~, can be measured 
with high accuracy, resulting in excellent spectral 
resolution. 

4.3. Excited-state dissociation of 2-naphthol 

We chose the excited-state dissociation of 2- 
naphthol as a second example of the application of 
differential-wavelength deconvolution. At low pH 
the emission results from naphthpl with an emis- 
sion maximum at 357 nm (fig.7). At high pH 
emission results primarily from the naphtholate 
anion, and is centered at 409 nm. At intermediate 
pH values emission from both species is observed. 
Examination of these spectra shows that at X =G 350 
nm the naphthol-naphtholate system displays the 
nocoverlap condition necessary for differential- 
wavelength deconvolution. The advantage of this 
reaction is that it can be either reversible or irre- 
versible, depending upon pH_ At pH values near 3 
the reaction is reversible, but at pH values above 6 
the reaction is irreversible [16]_ Hence, for the 
more complex reversible reaction, we can test 
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Fig. 7. Steady-state emission spectra of 2-naphthol. Spectra arc 
shown in 0.1 M HCI, 0.05 M NaOH and in water at pH 3.0 
(- - -), 24T. 

whether the simplified interpretation of the decay 
times and fractional intensities predicted by the 
theory of differential-wavelength deconvolution 
occurs in practice. 

We measured the time-resolved decays of fluo- 
rescence at various wavelengths across the emis- 
sion spectra (fig. 8). At pH 6.6 we obtained data 
characteristic of an irreversible reaction_ On the 
blue side of the emission, where only naphthol 
emits. the decay was monoexponential. At longer 
wavelengths where both species emit the decay 
became doubly exponential. The fractional inten- 
sity of the 8.9 ns component increased with emis- 
sion wavelength and at wavelengths greater than 
390 nm this component had a negative preex- 
ponential factor (data not shown). 

We also analyzed these time-resolved decays by 
differential-wavelength deconvolution (fig. 8)_ 
Again, two decay times were necessary to fit the 
decay. One of these was still 9.0 i- 0.1 ns. and is 
attributed to the intrinsic decay of naphtholate 
(TV))_ The second appeared as a short-lived compo- 
nent (0.3 ns) and is attributed to the naphthol 
emission at the longer wavelengths_ The fractional 
intensities of these components allow calculation 
of the spectra of each species, as described by eqs. 
54 and 55. These calculated spectra are not shown, 
but they overlap precisely with the steady-state 
spectra of naphthol and naphtholate. 

A critical test of our procedure was provided by 
the reversible dissociation at pH 3. In this case the 
individual decay times, when deconvolved versus 
the lamp pulse, are complex functions of all the 
rate constants of the system (eq. 5). In contrast. 
deconvolution versus the 350 nm response should 
significantly simplify the interpretation of the two 
decay times so that one represents spectral overlap 
and the other is given by 7; =k, + kS[HL]. 
Hence, we expect the =---_ l **m wavelength-independent 
decay times obtained by the usual deconvolution 
procedure to be replaced by two different decay 
times. Examination of fig. 8 shows that this is 
indeed the case. The decay times of 4.1 and 8.3 ns 
were replaced by 0.2 and 7.2 ns. The last value is 
characteristic of the intrinsic decay of naphtholate 
at pH 3 [ 161. We conclude that the new deconvolu- 
tion procedure does indeed simplify the analysis of 
the kinetic constants_ 
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Fig. 8. Wavelength-dependem decay time of 2-naphihol. Decay times are shown for deconvolution versus the lamp pulse and versus 
the emission at 350 ram. 

The simplification of the interpretation of the obtained from differential deconvolution is 
fractional intensities (~~7~) provided by differen- straightforward, this being the fractional intensity 
tial-wavelength deconvolution is illustrated in of either the F or R state. At 360 nm aa~a is unity 
fig. 9. In this figure we show these values for since naphtholate does not emit at this wavelength 
deconvolution versus the lamp pulse and versus (fig. 7). As the wavelength is increased a,,q, 
the 350 nm response. Interpretation of the values decreases monotonically to about 0.07 at 460 nm, 



indicating that the naphtholate emission is domi- 
nant at this longer wavelength. Of course, a,~, 
increases with wavelength in a complementary 
fashion. 

Interpretation of the aiq values obtained by 
deconvolution versus the lamp pulse is more com- 
plex. For example, at 360 nm, the values of both 
la,~, 1 and 1 a,r, 1 are near 0.5 even though the 
emission is due to only naphthol. Interpretation of 
these values in terms of spectral intensities requires 
the use of eqs. 23 and 24. In addition, the individ- 
ual values of a,7; become undetermined near 390 
nm where the decay is almost a single exponential_ 
At this wavelength alternative calculations are 
needed (eqs. 25 and 26). The new deconvolution 
procedure also eliminates this difficulty_ 

We used the fractional intensities (a,~, and 
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Fig. 9. Fractional intensities of the naphthol and naphrholate 
emission obtained by differential-wavelength deconvolution. 
For comparative purposes we also show the values of la,s,l 
obtained by deconvolution versus the lamp pulse. 

Fig. 10. Resolution of the spectra of naphrhoi and naphtholatr 
in the presence of a reversible excited-state reaction (pH 3.0). 

~~7~) in fig. 9 to calculare the spectra of naphthol 
and naphtholate (fig. 10). The spectral distribu- 
tions of these individual spectra overlap preciseiy 
with the steady-state spectra of naphthol and 
naphtholate (fig. 7). Such precise overlap cannot 
be obtained using time-resolved emission spectra 
when the individual lifetimes are comparable [40], 
and hence the procedure of differential deconvolu- 
tion is more useful in this regard. From these 
results we conclude that differential-wavelength 
deconvolution simplifies the determination of the 
kinetic constants and fractional intensities for even 
the more complex reversible two-state reactions_ 

4.4. Spectral relaxation of PRODAN in n-butanoi 

As a final example of the application of dif- 
ferential-wavelength deconvolution we examined 
PRODAN (6-propionyl-2-dimethylaminonaphtha- 
lene) in n-butanol at - 55OC. The fluorescence 
emission spectrum of PRODAN is highly sensitive 
to solvent polarity 1251 and MacGregor and Weber 
[26] have speculated that this fluorophore interacts 
with two or more solvent molecules. We tested this 
speculation by the use of phase-modulation meth- 
ods and found that spectral relaxation was indeed 
a multiple-step process [IS]. Here we confirm this 
result by the use of differential-wavelength decon- 
volution. Assume that spectral relaxation of PRO- 



DAN requires two discrete steps, i.e., a three-state 
process. In section 2 we demonstrated that by 
deconvolving the time-resolved emission versus the 
initially excited state. the expected triple exponen- 
tial decay of fluorescence is simplified to a doubly 
exponential decay (eqs. 61-63). When decon- 
volved versus the exciting pulse a one-step reaction 
yields a double-exponential decay in which one 
term has a negative preexponential factor, indicat- 
ing an excited-state process. Hence, if the time-re- 
solved decay, obtained following deconvolution 
versus the initially excited state, contains a term 
with a negative preexponential factor this demon- 
strates the existence of a state intermediate be- 
tween the initial and final states. The results of 
this analysis are listed in table3. A term with a 
negative preexponential factor was observed on 
the long-wavelength side of the emission, irrespec- 
tive of whether the deconvolution was performed 
using the exciting pulse or the emission at 400 nm. 
The nearly equal magnitude and opposite signs of 
the preexponential factors indicate minimal spec- 

Table 3 

Time-resolved decays of PRODAW in n-butnnol at -SW 

Emission 
wavelength 

!nm) 

Deconwlution versus lamp pulse 
400 1.6 0.2 46 1.6 

430 1.7 0.1 72 1.3 

450 2.7 1.7 41 1.6 
470 3.4 98 1.9 
490 3.4 (1&a 74 2.4 

510 3.1 (2.4) 66 3.0 
530 3.4 (2.4) 60 1.5 
550 4.2 (1.3) 77 3.0 

Deconvolurion versus 400 nm response 
430 1.3 0.06 28 1.5 
450 1.9 0.3 55 1.5 
470 2.9 0.5 80 1.7 
490 3.2 (1.9) ss 1.7 
510 3.2 (2.5) 70 4.4 
530 5.8 (6.3) 56 3.1 
550 3.4 (2.3) 61 1.3 

1 The brackets indicate a negative preexponentiai factor. 

tral overlap of the final state with the intermediate 
or initially excited state [16]. 

We recognize that the assumed model is proba- 
bly too simple, and that even a three-state model is 
inadequate to represent accurately the observed 
decays. This fact is reflected in the larger values 
for xZ_ Nonetheless, these data indicate that at 
least two steps are involved in spectral relaxation 
and illustrate the usefulness of differential-wave- 

-length deconvolution in the analysis of these more 
complex cases. 

5. Discussion 

The unambiguous resolution of spectra and 
kinetic constants using differential-wavelength de- 
convolution requires one favorable circumstance_ 
This condition is the existence of a region of the 
emission where only the F state emits. This spec- 
tral region is generally found on the short-wave- 
length side of the emission spectrum_ In practice 
this condition is not very restrictive, and spectral 
regions of nonoverlap are commonly observed_ 
This condition was satisfied for the reactions 
studied in this paper. As additional examples of 
nonoverlap of the F and R states on the blue edge 
of the spectra we note the following cases: non- 
overlap of monomer and exciplex emission was 
found in polymers of polystyrene [273, for the 
exciplex between benzophenone and dimethyl- 
aniline 1281 and is quite generally observed for 
exciplexes of aromatic hydrocarbons with amines 
[29-321. It also appears that nonoverlap regions 
exist for monomer or excimer fluorescence from 
pyrene and other aromatic hydrocarbons [33- 
Moreover, nonoverlap of the donor spectrum with 
the acceptor is frequently found in fluorescence 
energy transfer IS]. Hence, this specific require- 
ment is satisfied for a variety of excited-state 
reactions which are of general interest. 

The simplicity of differential-wavelength decon- 
volution should facilitate the widespread applica- 
tion of this technique. This deconvolution proce- 
dure provides rapid determination of the spectra 
and kinetic constants which are of interest_ When 
time-resolved data are deconvolved relative to the 
excitation pulse, the resulting complexity of the 



observed parameters hinders interpretation of the 
data. The difficulties caused by this complexity are 
well known. especially when more than two ex- 
cited-state species were present 133-35). In section 
2 we demonstrated that multiple-step irreversible 
reactions could be analyzed if the nonoverlap con- 
dition is satisfied for the appropriate states. 

The principle of internal convolution and the- 
ory of differential-deconvolution could be also ap- 
plied to numerous other situations where consecu- 
tive reactions occur. Examples include energy 
transfer among pigments involved in photosynthe- 
sis, multiple-step chemical and enzymatic reac- 
tions and analysis of individual portions of COM- 
pIex metabolic pathways. Of course, for the latter 
two cases the nonoverlap requirement is replaced 
by the need for some other independent quantifi- 
cation- One needs to quantify the amount of the 
product of interest relative to the amounts of its 
precursor, a task which has become easier because 
of advances in analytical instrumentation. 

A further advantage of differential-~savelength 
cleconvolution is the minimal need for additional 
data acquisition and its applicability using existing 
software. In the analysis of an excited-state reac- 
tion using time-resolved methods one generally 
collects the time profile of the excitation pulse and 
the responses on the blue and red edges of the 
emission spectrum. These are precisely the data 
needed for differential-wavelength deconvolution. 
These data are analyzed in two different ways. 
these being the deconvolution of each time-re- 
solved emission with the excitation pulse and then 
deconvolution of the response at long wavelength 
with that observed for the shorter-wavelength non- 
overlap region. For deconvolution we used the 
methods of nonlinear least squares [IS, 19) and 
modification of the program is not necessary For 
differential-wavelength deconvolution. We have 
not used the methods of moments [36J or the 
Laplace transform methods [31], but it seems likely 
that similar results would be obtained_ 

Differential-wavelength deconvdution may also 
facilitate the determination of similar decay rates 
when these rates originate from an excited-state 
process rather than ground-state heterogeneity. It 
is well known that the determination of such closely 
spaced decays is difficult. Consider a hypothetical 

experiment in which the decay times of the F and 
R states are 2 and 4 ns, respectively. and that the 
reaction is irreversible. Those experienced with 
pulse fl uorometric methods will recognize that sep- 
aration of the 2 and 4 ns components present in 
the emission of the R state could pose some prob- 
lems. When analyzed by the differential-wave- 
length deconvolution method the problem is re- 
duced to the determination of a 4 ns lifetime with 
a relatively wide exciting pulse, this ‘p&e’ being 
the F state response. Overlap of the states is 
revealed as a component with an apparent decay 
time near zero. Experimentally, it is easier to 
quantify components with the more disparate de- 
cay times (0 and 4 ns) than those with the more 
similar decay times (2 and 4 ns). Jt is not unex- 
pected that a differential procedure would provide 
increased precision. 

In another publication we used the increased 
precision provided by differential-wavelength de- 
convolution to detect a small percentage of solvent 
relaxed emission from N-acetyQ_-tryptophana- 
mide in vitrified propylene glycol f2Ol. This capa- 
bility of differential-wavelength deconvolution may 
aid in the detection of small spectral components 
due to relaxed emission from proteins. The ex- 
istence of such components have been suggested 
from the wavelength-dependent lifetimes of tryp- 
tophan fluorescence from protsins [I 1.3gf. and the 
possible existence of emission from ionized tyro- 
sine residues in .proteins [39]. For the cases of 
dipolar relaxation the two-state model may be 
inadequate to describe the time-dependent spectral 
shifts. Nonetheless, differential-wavelength de- 
convolution may aid the analysis of these more 
complex cases. The observed response on the blue 
side of the emission can be assumed to represent 
the F state and une can use this response to 
deconvolve the observed response at longer wave- 
lengths. The derived impulse responses will con- 
tain a short-lived component which may be as- 
sumed to represent the initially excited state. The 
fractional intensity of this component can be 
quantified at different emission wavelengths. yield- 
ing the emission spectrum of the initially excited 
state. By difference one obtains the spectrum due 
to the relaxed state(s). We used this procedure in 
our resolution of the initially excited and the 
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solvent relaxed emission spectra of N-acetyl-L- 
tryptophanamide in propylene glycol [20]_ The res- 
olution of states obtained by this procedure is 
arbitrary because solvent relaxation probably pro- 
ceeds as a multiple-step or continuous process. In 
addition, the F and R state emission may overlap 
on the blue side of the emission. Although arbi- 
trary, this procedure was capable of revealing small 
spectral components formed by solvent relaxation. 

In total, favorable circumstances summarized 
above indicate the general usefulness of differen- 
tial-wavelength deconvolution in the analysis of 
excited-state processes. Furthermore, realization of 
the principle of internal convolution may simplify 
the analysis of complex kinetic processes. 
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