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Lifetime recovery for species participating in complex kinetics.
Application to the reversible excimer
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A new method for the determination of intrinsic lifetimes of excited species participating in a complex mechanism is presented.
This method is independent of the mechanism itself, and only requires that the interacting species maintain their identity and
exist in a known number. The method is applied to the determination of the excimer lifetime of pyrene in cyclohexanol from 25
to 85°C. An activation energy of 12+ 1 kJ mol~' is calculated from the reciprocal excimer lifetime Arrhenius plot.

1. Introduction

Determination of the intrinsic lifetimes of excited
species participating in complex kinetics is often dif-
ficult, and indirect, because their decay law depends
on the overall kinetics in a complicated manner. This
problem exists for instance for monomer—excimer
and exciplex kinetics in solution. Two different cases
can be considered: intermolecular and intramolec-

/glar excimer (exciplex) formation. Assuming for the
‘oment that only one excimer (exciplex) exists, the
lifetimes to be determined are those of the monomer
and of the excimer (exciplex). For intermolecular
kinetics the monomer lifetime is easily obtained from
a dilute solution where excimer formation is negli-
gible. However, for intramolecular kinetics, the
monomer lifetime is estimated by the use of a model
compound [1], a procedure that is not always sat-
isfactory because the chromophore of the model
compound may not behave exactly as the chromo-
phore in the bichromophoric compound, owing
namely to chromophore—chromophore interactions
[2]. Also the excimer (exciplex) lifetime for both
the intermolecular and the intramolecular cases can-
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not be directly obtained from monomer or excimer
decays, and is determined by assuming a kinetic
model (usually Birks’ kinetics [3]), where it can be
related to the decay parameters. In cases where Birks’
approach is not valid (time-dependence of the rate
coefficients) it is difficult to evaluate with precision
the excimer intrinsic lifetime and other methods of
analysis should be used.

A similar situation exists for many other photo-
physical processes, e.g. TICT states formation ki-
netics [4], intramolecular energy [5] and electron
transfer [6]. _

In this work, it is shown that by the right combi-
nation of experimental decays, it is in principle al-
ways possible to determine directly the intrinsic life-
times of species participating in a given complex
kinetic mechanism, without making any assumption
about that mechanism except that the interacting
species maintain their identity and that their num-
ber is known.

2. Method of data analysis

Consider a general kinetic mechanism, scheme 1,
involving # excited species X, X3, ..., X,, whose in-
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Scheme 1.

trinsic reciprocal lifetimes are I'y, I, ..., I',. These
species are externally produced (e.g. by light ab-
sorption) at time-dependent rates P, P,, ..., P,, and
interconvert by unimolecular or pseudo-unimolec-
ular processes (X;—X;) with rate coefficients k; (i,
j=1,2,..., n), that can be time-dependent or not. The
macroscopic rate equations governing the kinetics
are therefore

X
% =P1 —Fle —k1X1 +k21X2 +-"+kann )
d:lY;Z =P2 +k12X2—F2X2—'k2X2 +k32X3+
"'+kn2Xn s
dji" =P, +k X +k,Xo+..—T, X, -k, X,, (1)

where k;= 2;.; k; and X, denote the concentration
of the ith species.
Summing all equations, on¢ obtains

gi (X1+X2 ++Xn)=Pl +P2++Pn

-nxX,-nLx,—.-Ir,X,, (2)

that is, internal dynamics, however complex, are
eliminated. It is not difficult to give a physical inter-
pretation of this result: the time evolution of the to-
tal number of excited species, regardless of their type,
can only be a function of the external creation and
death processes, that is of the P; and of the I,

Eq. (2) is easily integrated. by means of Laplace
transforms to yield (see Appendix)
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b) (X@ Hexp(—!}z>>=<z P,->
i i i
®Rexp(—112)Rexp(—131)R...Qexp(—1,1),

where ® stands for convolution. This equation con-
stitutes the basis of the method of data analysis: X;
is, apart from a multiplication factor g, the experi-
mental decay of the ith species, X;=a,F; and the P,
are also supposedly known (e.g. exciting pulse shape)
again apart from a multiplicative constant b;, P,=b,1..
Parameters to be determined are therefore the re-
ciprocal lifetimes, I}, I, ..., I, and the linear coef-
ficients @; and b,,

2 (aﬂ@ Hexp(—r,t))z(; b,.z,.)

i J#Ei

®exp(—T'1)@exp(—TIy1)®...0exp(—Tyt) .
(4)

3. Experimental

Fluorescence spectra were recorded on a Spex
Fluorolog 2 spectrofluorimeter. The fluorescence de-
cay curves were obtained by the single photon count-
ing technique. The excitation source used was a
mode-locked Nd: YAG laser (Coherent model 76-s)
frequency-doubled by a KTP crystal to synchron-
ously pump rhodamine 6G in a cavity dumped dye
laser (Coherent model 701-3). Pulses of ~10 ps
fwhm, obtained at 620 nm, were frequency-doubled
by a KTP crystal to obtain UV pulses at 310 nm for
use as excitation source. The repetition rate is se-
lected by a Cavity Dumper (Coherent model 7220)
attached to the end of the dye laser. The fluorescence
was detected by a Hamamatsu R1564U-01 MCP
photomultiplier whose output, after being discrimi-
nated (Tennelec TC454), was used as the start sig-
nal of the time-to-amplitude converter (TAC). The
stop signal was obtained from a Hamamatsu S2840
high speed Pin silicon photodiode exposed to the re-
sidual fundamental beam of the dye laser.

Pyrene was zone refined (one hundred steps) and
cyclohexanol (spectrograde, Kodak) was used as re-
ceived. A dilute solution ([Py]=1.0x10"5M) and
two ‘concentrated ones ([Py]=1.0x10"2 M and
[Py]=8.9x 102 M) were prepared and degassed
by the freeze-pump-thaw technique. The pyrene
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monomer fluorescence decay curves were observed
at 376 nm and the excimer decays at 520 nm (front
face viewing for the concentrated solutions and 90°
viewing for the dilute one) with at least 2000 counts
in the most populated of 1024 channels. When ana-
lyzing the fluorescence decay curves a lamp function
[7] was recovered from the single exponential decay
of a dilute solution of 2,5-diphenyloxazole (PPO) in
cyclohexane (7=1.37 ns).

4. Application to intermolecular excimer Kkinetics:
pyrene in cyclohexanol

For intermolecular excimer kinetics, two species
are assumed: monomer (M) and excimer (D), of
which only the former is externally produced by pulse
P=b,I. Eq. (4) reduces to
a Iy()®exp(—=I,t)+alp@exp(—-1I1)

=bIQexp(—I'1)®exp(—1I5t), (5)
where Iy (¢) and I5(t) are the monomer and exci-

mer decay curves. Performing the convolution on the
right-hand side of eq. (5) we obtain

a ly(t)®exp(—I5t)+aIp(t)exp(—11t)
=I®[exp(-T'1)—exp(—131)], (6)

where a,=(I,—I")a,/b, and a,=(I>—1I)a,/b,.
Four fitting parameters thus exist: &, &, I'; and the
sought-for I',. Note that two asymmetric equations
are also possible in an alternative form of eq. (6) [8],

o Iy () fo (I =) I () @exp(—15t) +aIn(t)

=IQexp(—1I3t), (7)
o I () Foalp(t)+oa (I -1 )Ip (1) ®exp (-1 t)
=I®exp(—TI¢) . (8)

These equations are more apropriate for the evalu-
ation of the reciprocal monomer and excimer life-
times, I'; and I, respectively. While these equations
still contain four fitting parameters only one is non-
linear (I ineq. (7) and I', in eq. (8)). For the fit-
ting, eqs. (7) and (8) were rewritten as

Iu(t)=(I5=T') (1) ®exp(—TI31)
+CiI®exp(-1I1) + G (1), (9)
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Iu(t)=Ci(I2=T')Ip(1)®exp(—T1)
+CI®exp(—I1)+CiIp(t) . (10)

These forms were used to fit the experimental decays
of pyrene monomer and excimer in cyclohexanol, re-
corded from room temperature (25°C) up to 85°C.

Fig. 1 shows the monomer decay curve of a pyrene
solution ([Py]=10-2M) in cyclohexanol at 35°C,
fitted with expression (9), fixing I} to the value de-
termined from the single exponential decay of the
dilute sotution at the same temperature. The fit is
reasonable as judged by the x?, the residuals and the
autocorrelation of the residuals. ,

The Arrhenius plots of the reciprocal lifetimes of
the excimer and the monomer are linear (fig. 2), with
activation energies of 3.3 and 12.1 kJ mol~! for the
monomer and excimer, respectively. Excimer life-
times obtained from the two concentrated solutions
agree very closely, with an average deviation of 4%.

In fig. 2 the values of 7y =1/I", obtained from the
fit of the monomer and excimer decay curves to eq.
(10) are also shown. The ty=1/I"; values are very
close to those determined from the decays of the di-
lute solution, and the corresponding pre-exponential
factors of both fits agree very well, confirming the
adequacy of the method of analysis.

autocorr.
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Fig. 1. Fluorescence decay curves of the reference compound col-
lected at 376 nm and of the 102 M solution of pyrene in cyclo-
hexanol at 35°C, collected at 376 nm (monomer) and 520 nm
(excimer). The monomer decay is fitted with eq. (9), fixing I',
to the value obtained for a dilute solution (107% M) in the same
solvent at the same temperature.
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Fig. 2. Arrhenius plot of 1/t =1, and 1/17p=15, as obtained from
the 10~% M solution (1/7y (@)) or from the 10~2 M solution

(/v (W); 1/7p (A)).

5. Discussion

The method of analysis allows the evaluation of
intrinsic lifetimes of the excited species involved in
a complex mechanism with the only assumptions
that, although interacting, both species retain their
identity, and their number is assumed to be known.
This was experimentally confirmed by the analysis
of monomer—excimer kinetics of pyrene in cyclo-
hexanol. The activation energy of the monomer life-
time found is due to the intersystem-crossing process
[9]. The excimer lifetime activation energy was pre-
viously attributed to the internal conversion process,
owing to molecular motion that distorts the sym-
metrical parallel sandwich excimer configuration and
leads to increased intermolecular vibrational inter-
action [10]. However, at high viscosities (low tem-
peratures) (#>4.7 cP) [10] this motion is subject
to viscous constraint and the excimer lifetime should
attain a plateau [10]. At variance with these results
we observe that the excimer lifetime varies with tem-
perature for viscosities much higher than 4.7 cP (the
viscosity of cyclohexanol is 52 c¢P at 25°C and 3.2
cP at 85°C). Recently, Van der Auweraer et al. [11]
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examined the temperature dependence of the radia-
tive rate constant of TICT states and exciplexes to
obtain activation energics of 100-600 cm ™' attrib-
uted to vibrational activation, since the radiative
transition from the equilibrium excited state is highly
forbidden. This is also the case for the pyrene ex-
cimer and the variation of the radiative rate constant
of the excimer with temperature could explain the
observed trend of the pyrene excimer lifetime. Fur-
ther work is however required to confirm this.
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Appendix

Laplace transforming eq. (2) one obtains, after
rearrangement,

i

But X,(0)=0 for all i (species are created by the P;).
Dividing by II; (s+17), eq. (A.1) becomes

X __%P
; H_,'¢1(S+[’j) - H,(S'l‘[}) (A.2)
or
— 1 1
;<’“,1;[is+1}>=ZPin];;7j, (A3)

and, by Laplace inversion, eq. (3) is obtained.
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