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Time-Resolved Area-Normalized Emission Spectroscopy (TRANES): A Novel Method for
Confirming Emission from Two Excited States
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A model-free method is described for constructing time-resolved area-normalized emission spectra (TRANES)
using luminescence decays at all emission wavelengths. An isoemissive point in TRANES indicates that the
observed emission from the sample is due to two species only, irrespective of the origin of the two species
or the excited-state kinetics. Proof for the existence of an isoemissive point in TRANES is given for various

cases involving two emissive species. The isoemissive point in TRANES is qualitatively similar to the isosbestic

point in time-resolved absorption spectra (TRAS) in kinetic spectrophotometry involving two species.

Introduction trofluorimeter (SPEX model 1681T) and were corrected for the
spectral sensitivity of the photomultiplier (Hamamatsu R928A).
Time-resolved fluorescence decays were obtained by the time-
correlated single-photon-counting (TCSPC) methdtle sample
was excited in the absorption band by vertically polarized
picosecond laser pulses (800 kHz) (304 nm for 2-naphthol and
380 nm for STQ dye). Fluorescence emission at the magic angle
54.7) was dispersed in a monochromator (f/4, slit width

.5 nm), counted$4 x 10°s~1] by a MCP PMT (R2809), and
processed through CFD, TAC, and MCA. The instrument

Kinetics and mechanisms involving electronic excited states
of molecules are being studied by a number of spectroscopic
methods. Time-resolved fluorescence emission from the excited
state of fluorescent molecules is a convenient and frequently
used method for investigating the mechanisms of excited-state
reactions:?2 Some of the important chemical and physical
processes of excited states in solutions/condensed phases a
electron transfer, proton transfer, exciplex/excimer formation,
and solvent relaxation (pure or mixed solvents). In the study of e .

. S A . ; ; response function is’100 ps. The experimental setup has been
excited-state kinetics, it is important to identify the formation described before?
of intermediates between the initial and final state. One of the '
standarql methods_ in these stu_dies, introduced t_)y _DeToma anq?esults and Discussion
Brand? is to obtain a set of time-resolved emission spectra
(TRES) of the sample and test different models of excited-state  The time-resolved area-normalized emission spectra (TRANES)
kinetics against them. In this paper, we report a novel and new of 2-naphthol in water (buffered to pH 6.6 by 10 mM NaH
method for the construction of a set of time-resolved area- PO; and 10 mM CHCOONa) were obtained in four steps as
normalized emission spectra (TRANES), which is a modified follows.
version of time-resolved emission spectra. TRANES are ob- Step 1: Fluorescence decays of 2-naphthol in water were
tained without assumption of ground- or excited-state kinetics. obtained over the entire emission spectrum (3235 nm) at
A useful feature of TRANES is that an isoemissive pointin the 10-nm intervals. The peak count in the fluorescence decay was
spectra supports any model that involves two (and only two) 1 x 10*for all wavelengths, except in the wings of the spectrum
emitting species in the sample. Proof is given for the existence where the peak count was & 10° Figure la shows the
of an isoemissive point in TRANES for different cases in which fluorescence decays at a few selected wavelengths.
two emissive species are kinetically coupled either irreversibly ~ Step 2: The fluorescence decay at each wavelength was
or reversibly or not coupled at all. The method is tested using deconvoluted using the instrument response function and a
a standard sample and applied to the excited-state relaxationmultiexponential functionl,(t)=Xo,; exp(—t/z;), i = 1—4, where

kinetics in a viscous solvent and solvent mixture. o can be negative (excited-state kinetics), by the standard
method of nonlinear least-squares and iterative reconvolBfion.
Experimental Section A three- or four-exponential function was found to be adequate

for all of the decays. The sole aim of this step is to obtain a
noise-free representation of the intensity decay function (for a
hypotheticald-function excitation),I(t), at each wavelength.
Hence, the amplitudes and lifetimes obtained in this fit do not
have any physical meaning. Figure 1b shows the ploit(tyf
for the selected decays shown in Figure la.
Step 3: Time-resolved emission spectra (TRES), plotted as
tensity vs wavenumber, were constructed usifg) andzi(v),

and steady-state emission spectrum that was corrected for the
* Author for correspondence.

t Present address: Department of Biochemistry and Biophysics, Uni- quantum efficiency of the photomultiplier. The equation used
versity of Pennsylvania School of Medicine, Philadelphia, PA 19104-6059. IS

2-Naphthol (B.D.H., Poole, U.K.) and 2-[2-(4;N,-diethyl-
aminophenyl)ethenyl] thiazolo[4,5-b]quinoxaline (STQ) (gift of
Prof. D. W. Rangnekar, see ref 4 for structure and synthesis)
were tested to be pure by TLC. 2-Octanol (Aldrich Chemicals,
Milwaukee, WI) dichloromethane, methanol, and deionized
water (for buffered solutions) were used as solvents in this study.
Steady-state fluorescence spectra were recorded using a speg.
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Figure 1. Step-by-step construction of TRANES for 2-naphthol in Figure 2. Step-by-step construction of TRANES for STQ dye in
buffer (pH= 6.6). [2-naphthol}= 5 x 10°° M. (a) Raw experimental 5 qctanol. [dye]~ 5 x 10 M. (a) Raw experimental data of
data of fluorescence decays at 335, 385, 395, 405, and 485 nm. (b)ygrescence decays at 500, 600, 630, 650, and 700 nm. (b) Intensity
Intensity decays at 335, 385, 395, 405, and 485 nm obtained by yecays at 500, 600, 630, 650, and 700 nm obtained by deconvolution
deconvolution of the experimental decays. (c) Time-resolved emission ¢ e experimental decays. (c) Time-resolved emission spectra (TRES)

spectra (TRES) at 0, 3, 6, 12, and 30 ns. (d) Time-resolved area- 51 0.2, 0.5, 0.9, and 5 ns. (d) Time-resolved area-normalized emission
normalized emission spectra (TRANES) at 0, 3, 6, 12, and 30 ns. spectra (TRANES) at 0, 0.2, 0.5, 0.9, and 5 ns.

—t/7(v
Soy(v) e

I(w,t) = 1. (v) 1) Appendix. T_RAN ESis t_herefore a very useful practical method
' s Zo4(v) 7i(v) for mechanistic analysis of fluorescence spectra and decays.
The method of TRANES was applied to the case of
wherels{v) is the steady-state fluorescence intensity aind fluorescence photophysics of a dye molecule (STQ) in a viscous
aj(v) andtj(v) are the values of the fit parameters. Figure 1c solvent (2-octanol) and solvent mixture (dichloromethane/
shows the TRES for a few selected timds= 0—30 ns. methanol, 9:1 v/v). The excited-state kinetics is due to solvent

Step 4: TRANES were constructed by normalizing the area relaxation because of a change in dipole moment upon excita-
of each spectrum in TRES such that the area of the spectrum ation.® The fluorescence emission spectrum of STQ dye occurs
time t is equal to the area of the spectrumt at 0. Figure 1d in the region of 508-700 nm in organic solvents. TRANES is
shows TRANES for 2-naphthol in buffer. therefore useful in this case to determine whether the kinetics

As seen in Figure 1d, TRANES of 2-naphthol in water (pH involves two emitting species or not. The fluorescence decays
6.6) show an isoemissive point at 389 nm. The excited-state were obtained at 5-nm (2-octanol) or 10-nm (solvent mixture)
kinetics of 2-naphthol in water is a two-state process involving intervals in the range 566700 nm. The fluorescence decays
deprotonatior$. The K, of 2-naphthol is 9.5 in the ground state were analyzed to obtain TRANES by the method described
and 2.8 in the excited state2-Naphthol exists as a protonated above. The results for the dye in 2-octanol are shown in Figure
species in the ground state at pH 6.6 and is deprotonated in the2a—d. An isoemissive point is not observed in the TRANES of
excited state. Thus, one observes emission from both protonatedSTQ in 2-octanol, indicating the absence of two-state kinetics

and deprotonated species. in the solvent relaxation in octanol. The resuls of TRES and
TRANES for the dye in solvent mixture are shown in Figure 3.
R—OH* — R—O* + H" (2) An isoemissive point in TRANES is observed in the solvent

mixture, which supports a model that the emission occurs from
The observation of an isoemissive point in TRANES, Figure two species.
1d, is in total agreement with the above mechanism of excited- In constructing TRANES, in step 2, we used a readily
state kinetics of 2-naphthol and with the idea that the emission available multiexponential fitting program to obtain a noise-
comes from two species. It can be noted that, if one were to free representation of the intensity decél,t). In principle,
record time-resolved absorption spectra of the two excited one could use any arbitrary mathematical decay function (for
species (assuming that both species have sufficiently long example, a sum of rational polynomials, a sum of exponentials
lifetimes), then an isosbestic point would be observed at the where the exponent is nonlinear in time, etc.) for fitting the
wavelength where the molar absorption coefficients of the two decay. Using a multiexponential function has an advantage in
species are equal. Such absorption experiments are possible ifluorescence analysis because exponential decay is the natural
laser flash photolysis experiments. The isoemissive point in law for the excited state. After the TRANES analysis, one might
TRANES can therefore be considered as a fluorescenceor might not be able to use the lifetime and amplitude values
equivalent to the isosbestic point in absorption spectra for two of the multiexponential fit as physically meaningful parameters.
kinetically coupled species. A mathematical proof for the For example, in diffusion-controlled fluorescence-quenching
existence of an isoemissive point in TRANES is given in the reactions (excimer, exciplex formation, energy transfer, etc.),



Time-Resolved Area-Normalized Emission Spectroscopy J. Phys. Chem. A, Vol. 105, No. 10, 2001769

800

of the isoemissive point is a serious concern. TRANES uses
spectral data obtained in steady-state and time-resolved fluo-
rimeters. The steady-state emission spectrum ought to be a
proper representation of the intensity (eq Al in the Appendix).
Therefore, emission spectra will have to be corrected for the
variation in the sensitivity of the spectrometer (for example,
the response of the photomultiplier) with wavelength. Using
an uncorrected steady-state emission spectrum in the TRANES
analysis will have the effect of shifting the isoemissive point.
In time-resolved fluorimetry, it is not necessary to correct
v x107 (em™) fluorescence decays for the spectral sensitivity of the spectrom-
Figure 3. () Time-resolved emission spectra (TRES) and (b) time- eter. On the other h_and, it is necessary to_ obtain fluorescence
resolved area-normalized emission spectra (TRANES) of STQ dye in decays over the entire range of the steady-state spectrum. Each

the solvent mixture (dichloromethane/methanol, 9:1 v/v). [dye] x spectrum in TRES (Figure 1c) must be complete. If one or more
1076 M. spectra in TRES is incomplete, the isoemissive point might be

lost, depending on the extent of the missing spectral area, which
the fluorescence decay is nonexponerfialhe TRANES might otherwise be present. In actual practice, it can be time-
analysis would support a two-species model (see Appendix), consuming to collect decays at extreme ends of the emission
but the lifetimes and amplitudes of multiexponential fits have spectrum. Spectral incompleteness to the extent-df®%6 of
no physical significance. On the other hand, in the case of the area can be completed by using a spectral fit with an
2-naphthol, the TRANES analysis indicated that the sample is empirical but well-tested function such as a log-normal spectral
a case of two emissive species. In this case, the mechanism igunction1°
also known, and one expects the fluorescence decay to consist |t can be noted that the loss of the isoemissive point in Figure
of only two exponentials. Fitting a two-exponential decay (with 2d is so glaring that correcting the missing spectral region
noise) to a four-exponential function in step 2 would generate (<5%) below 14300 cmt will not result in an isoemissive point.
results such that the net result is essentially two exponentials.
That is, either the two additional lifetimes have values that are Conclusion
close to the true values or the amplitudes of the extra lifetimes
are negligibly small. More importantly, the average lifetime,
defined asta~= Zaiti/Zay, is independent of any fit, which
satisfies the usual criteria of a good fit. One must, of course,
exercise caution that the noise in the early data is not fitted to
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Time-resolved area-normalized emission spectra (TRANES),
which are constructed by the method described in this paper,
represent a very useful extension to the well-known and
frequently used time-resolved emission spectra (TRES) for
i Y i interpreting fluorescence spectra and decays and for understand-
an “ultrashort” exponential decay. ing th ited involved . . .

In the case of STQ in 2-octanol, the TRANES analysis ing the excited-state processes involved. An isoemissive point
- - ' . .~ _must be observed if there are two emissive species, irrespective
indicated that this sample does not have two emissive species. - ) LT .

of the origin of the species or their kinetics. The condition for

On the other hand, the fluorescence decays at several wave- . : L L S
) - the observation of an isoemissive point in TRANES is similar
lengths could indeed be fitted adequately by two or three

exponentials. There was. however. no global consistency in theto the condition for the observation of an isosbestic point in

P o » NOWEVer, no g Y the time-dependent absorption spectra of two kinetically coupled

values of these lifetimes. This is expected because a continuum . . . - -

i . . T species. An important difference in TRANES is that an

of excited states is observed during solvent relaxation in VISCOUS, 0 i cive point will also be observed for a mixture of A and
solvents. On the other hand, the TRANES analysis indicated P

that two emissive species is adequate for the solvent relaxationB even if there is no kinetic coupling between A* and B* in
. > SP . q the excited state. Thus, the isoemissive point in TRANES is a
in the solvent mixture of dichloromethaneethanol. In the

latter case, it appears that there is an energy barrier betweerPraCtlcal test for the presence of two emitting species in the

the initially excited state and the relaxed state. Solvent exchangesample'

in the excited state, that is, a change of solvent composition
around the excited state, is likely to be an activated process.
However, there is no experimental or theoretical proof for this ~ Proof for Isoemissive Point in the TRANES of a Sample
proposal. with Two Emissive Species. Irreversible KineticsConsider

As shown in the Appendix, theory predicts that an isoemissive the case of emission from two species A* and B*. Consider
point exists if there are two and only two emissive species, the case where A* and B* are formed by excitation of A and
irrespective of the origin of the two species or their excited state B, and A* and B* are kinetically coupled. For simplicity, let
kinetics. The wavelength of the isoemissive point is the one US consider that the excited-state coupling is irreversible: A*
where the ratio of the radiative rates at that wavelength is equal— B*. Let 7, and 7, be the fluorescence lifetimes of A* and
to the ratio of total radiative rates of the two species. In practice, B*, respectively. The time-dependent emission spectrum is the
one uses experimental data subject to error bars. Observatiorsum of the emission spectra of A* and B*
of an isoemissive point in TRANES cannot be interpreted as
“proof” for the existence of two emissive species. It must be (v, t) = kra(V)Aoe"f’a + krb(v)BOe_'hb +
interpreted as supporting all hypotheses that predict two emissive K.T.T
species. s)A (e ' — &™) (A1)

We now consider instrumental or analysis artifacts and other Tpb ~ Ta
factors that affect the TRANES analysis. Artifacts can cause a
shift in or loss of the isoemissive point. The shift in the wherel(v,t) is the total emission (photons/s) at the frequency
isoemissive point from its theoretical position might not be attimet; Ag andBy are the initial concentrations of A* and B*,
serious for the mechanistic analysis. On the other hand, a lossrespectively, upon excitatiorkag is the rate constant of the

Appendix
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irreversible conversion in the excited state; &afb) andkqy(v) wherek(v) and ky(v) are the frequency-dependent radiative
are the frequency-dependent (wavelength-dependent) radiativerate constants and
rates of A* and B*, respectively. The third term in eq Al is

due to the emission of the B* formed from A*. The rate constant o = —1 Y—9v)+B A9
of the irreversible kinetics is included in the definition That Yoy - Vz[AO( 7 okl (A9)
iS, 1hta = Ka + knra + Kag, Whereky, is the nonradiative rate 1
constant. 0, = ———[Ay(Y — ;) + BKgal (A10)
Let us assume that the spectra of the two species overlap V1T 72
and that TRANES can be constructed by normalizing the areas -1
of the time-dependent spectra using the area of spectrtim at By = o [Akag + Bo(y, = Y] (A11)
0. The areas of the spectratat 0 andt = t are given by vz
1
S = kePo T kiBo (A2) B2 = TAdkas T Bolys = V)] (A12)
_ —t/ty —t/1]
S - kraAO + krbBOe P+ where
KapTaTh " ”
UTh _ o UTa —
kifop — (87 —€ ) (A3 = (@) = X+ +
[(Y = X)? + dkapkaal 3 (AL3)
where
2= (1) "= (X+Y) -
ko= [lealv) v (A%) [(Y = X)? + dkpgksa] D (AL4)
and X=K,+ Kyat Kag (A15)
Ky = f K (v) dv (A5) Y=kp+ Kup t Kea (A16)

Kra, Kiby Knraw @ndkarp in eqs A13 and Al4 are the radiative and
nonradiative rate constants of A* and B*. The areas of the
emission spectra at= 0 andt =t are

The normalized spectrum at= t in TRANES is therefore

_S
W) = Stl(%t) (A% S = k(o + ap) + k(81 + B2) (A17)

Clearly, the condition for the existence of an isoemissive point S = k_[o,e "™ + a,e " + k,[B.e " + f,e "7 (A18)
in TRANES isdln(v,t)/ot = 0. Differentiating eq A6 with respect
to t and equatingdln(v,t)/dt to zero, one obtains, after rear- Wwherek;; andk;, are defined by eqs A4 and A5, respectively.

rangement and simplification The normalized spectrum at= t is defined as in eq A6.
Equatingdln(v,t)/dt to zero, the condition for an isoemissive
v oint is obtained as
ka”) _Ka an P
ko) K AN _ 98 ALG
S5 0§ (A19)

as the condition for an isoemissive point in TRANES. An

isoemi_ssive point in TRANES occurs at the_frequem_yhere Explicit substitution in eq 19 and simplification leads eq A7.
the ratio of the frequency-dependent radiative rates is equal t0  saneral Case of Reversible Kinetics by an Arbitrary

the ratio of the total radiative rates of the two emitting species. \1ochanism. The most general case of excited-state reversible

The same condition applies for the case where the tWo iheics involving two emissive species can be written in rate-
emitting species are not kinetically couplédd = 0), in which equation form as

case the sample is a mixture of A and B. The condition is same

whenkag = 0 butBy = 0. That is,A is the only species in the —d[A%]

ground state. . (ka T Ky T kg [A*] — k[B*] - (A20)
Reversible Kinetics. Consider the case where A* and B* d[B]

are formed by the excitation of A and B, and A* and B* are —d[B*] _ L N

kinetically coupled reversibly. Lééag andkga be the first-order da (kip Tk kqb)[B ] kqf’[A ] (A2D)

or pseudo-first-order rate constants of conversion of A* to B* ) o ]

and B* to A*, respectively. The coupled differential equations wherek, is t_he radiative rate consta,is the sum of a!l other

for the kinetics of A* and B* can be solved by Laplace rate coefficients of A* that do not lead to B*, arlda is the
transform method, and the equations for the concentrations ofSUm of rate coefficients (of quenching processes) that lead to
A* and B* and for the time-dependent emission spectrum are B*. ki, ks, andkq, are defined for B* in a similar way. In the
reported by Laws and Brand (egs 83 in ref 8). For the purpose ~ €Xtreme casek,, kqa kv, andkq, are time-dependent and depend
of this paper, and for consistency with the equations given above ©n the mechanism and complexity of the sample. For example,
for irreversible kinetics, we write the time-dependent emission in diffusion-controlled reactions, the rate coefficient of quench-

spectrum for reversible kinetics as ing decreases with time to a constant vaitievhich can be
verified in fluorescence experimer$t&3 Equations A20 and A21
I(,t) = k ()0, V™ + o,e V7] + might not be exactly solvable. However, the existence of an

r, " isoemissive point in TRANES can be shown without solving
kp()[Bre " + e 7] (A8) eqs A20 and A21.
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The fluorescence intensitiesaandt due to A* and B* are

A = o) 1455 (A22)
169 = oDl Lo (A23)

Oa(v,t) andqgy(v,t) are the fractional quantum yields of A* and
B*, respectively, at = t in the spectral region betweenand
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1(v,1) = ka(V)[Agae(t) + Boan(t)] +
kin(V)[Boby(t) + Agby(t)] (A28)
The areas of the spectratat 0 andt =t are
S = kot kiBo (A29)
§ = kil Agaq(t) + Boao(t)] + kip[Boby(t) + Agby(t)]  (A30)

The area-normalized spectruty(v,t) is defined by eq A6.
Following arguments similar to those used in the previous cases,

v + dv. g(v.t) and gy(v.t) are time-dependent because of the one obtains eq A7 as the condition for an isoemissive point in
time-dependent rate coefficients. Because the radiative rates ofhis case also.

A* and B* are constants, one can write

k()
A(v.t) = m (A24)
Kip(v) (A25)

(V) =

° Kip T Ko + Koo

Substituting egs A20, A21, A24, and A25 into eqs A22 and

A23 and replacing the multiplied time-dependent functions by
a single function asy(t), ax(t), bi(t), or by(t), one can write

IA(7D) = ka(V)[Agu (1) + Boay(t)]
lg(v,) = Kp(V)[Bobi (1) + Agby(t)]

(A26)
(A27)

where Ay and By are the initial concentrations of A* and B*,
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