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Delayed Fluorescence Due to Annihilation of Triplets Produced in Recombination of
Photo-Generated lons
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In a previous articleJ. Chem. Phys2002 116, 2472), the nontrivial viscosity dependence of the geminate
recombination efficiency was theoretically studied and briefly shown experimentally. Now, the experiments
performed are reported in detail. Furthermore, the multistage kinetics of the fluorescence quenching by electron
transfer to impurities is subjected to exhaustive experimental study and well fitted theoretically using integral
encounter theory (IET) of the bimolecular reactions in solution. The quantum yields of free ions and triplet
excitations are calculated and their nontrivial viscosity dependence is specified as well as the asymptotics of
the bimolecular recombination of both ions and triplets. The annihilation of triplets results in a restoration of
singlet excitations responsible for the delayed fluorescence.

I. Introduction

The irreversible electron transfer to the instantaneously
excited singlet state of the acceptor molecdks;, from one
of the electron donors D initiates the geminate recombination
of the generated ion pair [D...A*"] to either the ground or
excited triplet state of neutral products, [D...A] or [PA*].
This alternative makes the reaction scheme more complex thal
that studied earliébecause not only free ions are produced by
light excitation, but also the triplet products of charge recom-
bination, 3A*:

[D..54% D+A*
tor ft kpr
D+'A*% pr.a) B oprya (1.1)
T T U kg
A D..4] D+4

Biexcitonic annihilation of these triplets restores the singlet
donor excitation which manifests itself by delayed fluorescence
and starts again ionization (1.1) in the encounters with neutral
acceptors. The chemiluminescef@and the electrogenerated
chemiluminescenéalue to triplet-triplet annihilation was many
times studied. This stage represented by a scheme

i Inx o+
ST

3A* 4 3A* (1.2)

was also incorporated in a total process of energy dissipation

after primary singlet excitation followed by photoinduced
electron transfer. This was done for either intermoleéuar
intramoleculat electron transfer, but in neither case, the total
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kinetics of such a multi-stage reaction acquired the quantitative
description which becomes possible only now, on the basis of
IET equations.

After the geminate stage of the reaction is accomplished we
have two sorts of reactive particles in solution: ions with
concentratioN™ = [D**] = [A*"] and triplets withT = [3A*] .

nThey are products of the dissociation and recombination of the
ion pairs produced with a quantum yialdby forward electron
transfer. The fraction of ions i@, and that of triplets ig ¢,
where@ is the charge separation quantum yiedehd @1 is the
triplet quantum yield. The sum of the quantum yields of ions,
triplets, and ground state neutral products is evidently equal to
unity: @ + @t + @c = 1. The subsequent bimolecular ion
recombination and triplet annihilation start with the following
initial concentration of the reactants at experimental0 (after
the geminate stage is overN~ = y»@N*(0) and T(0) =
y@1rN*(0), whereN*(0) is the initial value of singlet excited-
state concentratiolN* = [1A*] produced by absorption of
d-pulse light.

In this work, we measured the kinetics of free ion recombina-
(tion, N7(t), triplet annihilation, T(t), and singlet excitation
guenchingN*(t). From their initial values, we foun@ and@r
their viscosity dependence is one of the main goals of the present
paper. Another important goal is the kinetics of the reactants
recombination and delayed fluorescence resulting from triplet
annihilation. We studied the fluorescence quenching by means
of steady-state and time-resolved spectroscopy. From the former,
the Sterm-Volmer rate constant was obtained in the low
concentration limit. When that concentration is increased, the
Stern—Volmer plots start to deviate from linearity, more
remarkably with increasing viscosity. This effect is attributed
to the nonstationary diffusion effect. From the latter, we
recovered the stationary rate constants (infinite time limit of
the time-dependent rate constant) and analyzed the full decay
curves with the Smoluchowski approach with an effective
reaction radius.

The outline of this article is the following. In section IIl, we
will estimate the rate of forward electron transféi(r), using
our experimental data and available energy information. In
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section 1V, the efficiency of geminate ion recombination will 0-30]
be reported and its nonmonotonic viscosity dependence dis-

cussed qualitatively in our previous artitlevill be fitted 0.25
quantitatively. In section V, the obtained viscosity dependence ]
of the triplet quantum yield will also be explained using the 020

contact approximation for backward electron transfer. In the
same section, the complex kinetics of charge and triplet
recombination will be considered jointly in the framework of
the Markovian simplification of IET equations. The long time
asymptotics of the process will be treated analytically, and from
the best numerical fit to the experimental data, all of the rate
constants will be specified.

Efficiency / a.u.

Il. Experimental Procedures

To change the viscosity of the samples without changing any
other macroscopic physical property of the solvent, dimethyl
sulfoxide (DMSO)-glycerol mixtures were used. These mix- production (circles) and of PER triplet production (triangles) against

tures show a perfect miscibility in th'? th’le molar fraction ra_ng_e viscosity. The continuous line is the simulation performed with eq 5.2,
used and almost a constant refraction index, as well as a similaryith the values:ks = 2.6 x 10° A% nsL; kns = 2.07 x 10° A3 ns %

high dielectric constaritElectron-transfer quenching of perylene  kgr = 1.97 x 107 A3 ns2.
(PER) by N,N-dimethylaniline (DMA) is a well studied
photochemical system which is widely us&d.

PER (Aldrich, 99.5%) and glycerol (Aldrich 99.8%5x0.1%

n/cP
Figure 1. Laser flash photolysis results: efficiencies of PER anion

The efficiency of the separation of the ions after the forward
reaction is defined in the usual way:

H.O) were used as received. DMA (Aldrich; 99%) was L qug[Q]
distilled under reduced pressure (17 mbar,°CJ and always Pion = Prip®; With gy = ———— (2.1)
handled under argon. DMSO (Fluka, 0.05%) was twice 1+ quF[Q]

crystallized by freezing cyclé’.The concentrations of PER, 2

x 107° M, and of the DMA, 0.033 M, were kept constants
throughout all of the laser flash photolysis experiments. For the
calibration of the laser energy, triptetriplet absorption decay
curves of tetracene solutions in cyclohexane (dried dynamically
with a 4 A molecular sieve and distilled) were recorded
simultaneously to the experiments, giving an optical density of
around 0.35, like the sample, at 441 nm. Absorption, emission
and the lifetime equipment used has already been desdibed.

where @i, and @ denote the formation of the radical ion pair
and the separation of the ions quantum yields, respectiggly.

is the overall quantum yield of the formation of iorkg,is the
Stern-Volmer quenching rate constant arﬁjthe fluorescence
lifetime of the PER without quencher. Experimentally, the
guantum yields are determined by comparison of the transient
absorptions of the PER radical anion with the triplet state of
' tetracene:

The laser system used was a pulsed dye laser (Lambda Physics Agseg/egsecr)— 1— 10_A441T
model FL 105; coumarine 120/ethanol; emission at 441 nm; Bion = Ps-1 T 3T E— (2.2)
energy conversion factor of 15%) pumped by an XeCl-excimer Ajgdengs 1= 10 Ay

laser (Lambda Physics model Compex 120; 308 nm; 100 mJ; ) . . . . .
10 ns pulse width). Typical energies in the sample were-e8 2 T_he first term is the singlettriplet mtersyste_m crossing guantum
mJ. For the transient detection, the continuous light of a tungstenY/€!d Of the tetracene (O',63§F',”f second is thel ratui) ﬂetween
lamp (12 V; 100 W) was focused perpendicularly to the the PER free radical anioredgy = 50000 M"'em ™)™ and
excitation. Detection was made by a OBB/PTI monochromator the tetracene triplet concentrations,gg = 245000 M*
model 101/102 fixed at the proper wavelength. The signals were ¢~ %)** at experimental time zero after the laser excitation. The
detected by a Hamamatsu R928P photomultiplier working at 5 last one is a correction due to the different optical densities of
kQ with 800 V connected to a 9350C LeCroy digital storage the reference and the probe samples at 441 nm, the excitation
oscilloscope. All of the samples were purged with Ar during at Wavelength. . _

least 40 min in a reservoir connected to & 1 cm flow-through The triplet-triplet absorption of PER was measured at 485
cell to avoid any problems due to the photodecomposition of NM (€45 = 140 000 M-lcm )15 for the determination of its
the reactants. Typical flow rates were 5 mL/min. After the laser formation quantum yieldgr (Figure 1). The equivalent equa-
experiments, the kinematic viscosities were determined usingtions to (2.1) and (2.2) were used to calculate this quantity but
a thermostated Ubbelohde viscosimeter, and the densities werdrom the triplet-triplet absorption. The transient absorption
measured with a commercial picnometer. The refraction index spectrum (Figure 2) was recorded from 455 to 640 nm showing
of the mixtures was measured with an Abbe refractometer at two peaks. One is attributed to the triplet state, very similar in
the sodium D line giving a constant value over the range shape to the spectrum published bjhbmannsiben et af The
employed of 1.478+ 0.001. To check the microviscosity of —absorption of the DMA cation can be neglected because its
the mixtures, we measured the fluorescence quantum yield ofextinction coefficient is small (less than 4000 Aém~* in solid
auramine O in the mixtures, matching our results quite well matrixes)®

with the calibration curves for wateglycerol mixtures:2 All

of the measurements were done at 28.0.1 °C. lI. Irreversible Fluorescence Quenching by Electron

The quenching experiments were performed as aIreadyTranSfer
reportedt! but in a mixture of DMSO and glycerol, giving A. The Diffusion Coefficient. On fitting the experimental
similar results. data of the fluorescence quenching and the laser flash photolysis,
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Figure 2. Transient absorption spectrum after laser excitation of a Figure 3. Inverse ionization rate constant calculated from eq 3.5 with

DMSO solution of PER and DMA (circles). The dashed and the dotted the experimentaRex presented in Figure 4, against the inverse diffusion

lines are the FT absorption and the PER anion absorption spectra, coefficient. From the extrapolation to zero in the low viscosity region,

respectively, reproduced from the literature. The vertical axis representsk, = 6.07 x 10° M~* s is extracted.

the “time zero” absorption recorded by us, times 200, and simulta-

neously, the extinction coefficients are borrowed from literature. electron transfer (ionization). Its long time nonstationary

behavior obeys the Smoluchowsky law with effective reaction

radiusResr Substituted for the contact one. Being integrated in

eq 3.3, it leads to the following long time asymptote of excitation

decay?®

a fundamental parameter is the diffusion coefficient. It can be
used either as a given input parameter or left free during the
fitting procedures. In our opinion, the latter strategy is not

desirable because of the complexity of the problem. Therefore,
it is better to measure the diffusion coefficient or to make use t

of the best models available to calculate it. In the latter case, N*(t) = N*(0) exp(—t(—o + 477ReffD[Q]) -
the choice of the model is critical, and the use of the Stekes TF

Einstein equation fob t1’28(nD)1/2(Reﬁ)2[Q]) (3.4)
ke T

Dy ~ir 6T (3.1) Fitting this expression for our single photon counting curves

XX for different quencher concentrations and viscosities, we get
Rett for all of them and calculated the asymptotic (Markovian)
rate constant

in the usual manner (stick boundary conditiofyss 1) did not
give good results in our case. Using slip boundary conditions
(fx = 2/3) improved slightly the results, but the best ones were — i _

obtained using the SperneWirtz model for the friction . !I—rgk'(t) ATReD (35)

coefficient!’
The viscosity (diffusional) dependence of this quantity can be

ry N T-T; now fitted with conventional theoretical models of electron-
f,=10.16+ 0-4r_ 0.9+ 0.4T, — 0-25@1 T.= T -1 transfer raté\(r) used to calculaté;.

S b 3f 5 The oldest and most popular is the Colkirsimball model

(3-2) of contact reactiof? In its generalized version proposed in ref

wherex denotes the solute arsdhe solvent and; is a reduced 21
temperature, withT, and T; as the boiling and freezing
temperatures and as the working temperature. The reduced Wi(r) = ﬁé(r -R (3.6)
temperature of the solvent mixtures was calculated as the 470°

weighted average of the components reduced temperatures. An
average radius of 2.5 A is used for the solvent. The radii of the where R is the fitting parameter and is the kinetic rate
reactants were calculated from AM1 semiempirical geometry constant. The CollinsKimball model is valid at low viscosities
optimization with an ellipsoid model and elliptic integrals of
the first kind!® The same diffusion coefficient was used for 1k = 1/ + 1/47RD 3.7)
the neutral reactants and the charged products. o o )

B. Time-Resolved QuenchingThe fluorescence intensity ~ Fitting this linear dependence to our data (Figure 3), we were
is proportional to the density of excited stalswhich decays ablg to findko from the interception of its extrapolation with
nonexponentially after d-pulse excitation. In differential en- Ordinate. It appeared to be

counter theory (DET) the kinetics of the excitation kinetics is 1 1
given by ko= 10085 Bns*=6.07x 10°M's (3.8)

t U Another popular model assumes that the transfer is remote and
* — N* P S
N*(t) = N*(0) exp( Tg [Q]l/:)kl(t) dt) (3-3) its rate vanishes exponentially with inter-reactant distdnce:

_ —2(r—o)/l
wherek(t) is the time dependent rate constant of the forward W(r) = We 200 (3.9)
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this Marcus formula can be approximated by the exponential
model if one sets

V\/I\/Iarcus(o,) — VVlEXp(O) and

dvvll\/lar(:j _d\NFxp
dr = dr

r=o

Making such an identification, we obtained for the true tunneling
distancel. = 1.38 A which is less than.6 A found in ref 21

and even smaller ta2 A arbitrarily chosen in ref 24 as a
conventional one. We guess that the smaller valuek afe

more reliable because they are closer to the quantum-mechanical
estimate of this decrement in free spate.

. . . . . . . C. Stern—Volmer Constant. Under permanent illumination,

- 3 2 . 0 the relative quantum yiel® was measured (the ratio of the

i ) ) ‘Inl_) ) yields with and without quenchers). This quantity obeys the
Figure 4. Effective quenching radius as a function of the natural Stern-Volmer law?7:26
logarithm of the diffusion coefficient (in #ns). Circles, experimental '
points; solid line, fit performed with eq 3.10. The contact radius was
fixed to 7.2 A. The contact rate obtainedWs = 29.12 ns* and the 1 N*(0) 72
tunneling distancé = 0.81 A. Y e

SNkt dt

=1+ k77Q] (3.13)

This model takes into account th&s exceedsR at high
viscosity and increases with a further decreasP aiccording

0 the following law?-22 where the SterVolmer constankg is actually a function of

[Q] at high concentration¥. However, below 0 M, we

| 20 observed no deviations from the linear concentration dependence

Ry = o+§[ln(y2[)’m) + 2go(ﬁm|—)] (3.10) o_f 1/‘11_. The region of linearity is reduced wiFh increasing
viscosity down to 0.05 M at 140 cP. The experimental values

of ky as a function of viscosity are plotted in Figure 5 as full

with circles. The same dependence of the stationary rate constant,
ki(h), represented by triangles, is quite different.
O(xy) = K0(2«/>_<) _ y\/>_<K1(2«/;<) This was expected because there should be a significant

|0(2&) + yWx1,(2v'X) ' contribution of nonstationary quenching in the Ste¥olmer
2 constant especially at high viscosities. To support this statement,
B = Wl =~ 1.781 we calculated? from eq 3.13 using therd* from eq 3.3 with
m=7ap 7 ’ the contact estimate qu k(t') dt'. The latter is provided by
the integrated CollinsKimball equatio’®

ok [t+ :

ko

whereC is the Euler constant ari(x) andl(x) are the modified

Bessel functions. The fitting parameters of eq 3.18nd by, .

originate from two parameters of the rate (319ndW,. This j;k,(t') at' =
makes the determination of them by the least-squares fitting ko + ko
rather uncertaif® Because of the same reason in ref 24, one -
parameter was set equal to the “value usually admitted in the 2a(tim)™" — 1]
literature”, and only another was obtained from the best fit. We

are in a better position. Having in hand a= rDl/Z(l 4 %) o= 2D (3.14)

with the kinetic rate constant (3.8). The results (open circles)

we relateW; to | and can vary only the latter. The result of our are quite consistent with those obtained experimentally.
fitting shown in Figure 4 is the following:

[exp(@t) erfe(at’?) +

ko= [ AmrAW(r) dr = 22W,(0% + o2+ 1%2)  (3.11)

IV. Efficiency of Geminate lon Recombination

— — =1
|=0.81A, W, =29.12 ns As it has been already shown in our former articldhe

) ) viscosity dependence of the geminate recombination efficiency
Even the exponential model ofi(r) is not the best. More 7 can be easily calculated by means of integral encounter theory
reliable is the Marcus expression for the nonadiabatic electron- (|ET). The integro-differential equations of IET determine the

transfer rate’ time evolution of the excitation and ion populations after
5 o-pulse28
2(r — AG, + 4
W) = e 29 [ 20+ , t 0
L AT 4TA N*(t) = [Q] j; RY(7)N*(t — 7) dr — N*(t)/zz (4.1a)
(3.12)

. _ t + _
whereAG, andl are the free energy and reorganization energy N0 = [Q]foR @ON(t—7) de (4.1b)

of transfer,L is the true distance of tunneling, aMj is the
matrix element of it at contact. In the near vicinity of contact where the kernels (memory functions) substitute for the ordinary
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Figure 5. Viscosity dependence of the SterWolmer rate constant Figure 6. Recombination efficiency as a function of viscosity. The
(solid circles), of the stationary rate constant (solid triangles). The open continuous line represents the best obtained simulation with IET
circles represent the integral-CK result, borrowing the static rate constantequations, with the following parameters: contact radiug.2 A;
from our experimental results and the continuous line represents thetunneling length= 1.38 A; ionization preexponential facter 1.2 x
IET kernel obtained simultaneously and with the same parameters as10' ns™%; contact ionization energy —0.56 eV; contact recombination
the line in Figure 4. energy= —2.27 eV, outer-sphere reorganization energy.85 eV,

ionization inner-sphere reorganization energ.13 eV; recombination
rate constants. Their Laplace transformations are defined asinner-sphere reorganization energy (low frequerey).24 eV recom-
follows: bination preexponential facter 4.75 x 10'2 ns%; vibronic quant=
7.2 x 1072 eV; quantum mode reorganization energyl1.04 eV;
number of quantum modes 30.

o

R{(9) = (s+ 1) [ W(r)i(r;s) o (4.2a)
in the bimolecular forward electron transfer. Hence, the diffusion
Ri(s) = (s+ 119 f [W(r)i(r;s) — Wi(n)ii(r;9)] d°r  (4.2a) and elementary events are not separable. The experimental
quantities,p, the charge separation quantum yield, andhe
The pair correlation functions obey the following auxiliary ‘“ideal” (low concentration) SteraVolmer constant are related

equations?8 to the kernels in the following way:
[s+1h2+ W, + L]i(rs) = 1 @ =R(0)/R¥0) (4.42)
F | r.
[s+ Wi + L15(r;s) = Wi(r;s) ky; = R¥0) (4.4b)

. N o ] Hence, only the Laplace transformed kernels with argument zero
whereL; andL; are the diffusional operators. Because in our haye to be calculated, reducing the complexity of the simulation.
case the ionization takes place in the normal Marcus region and  |nstead of studying directly the charge separation yield, it is

the recombination in the inverted one, the ionization rate can more straightforward and instructive to discuss the viscosity
be represented by a single channel formula (3.12), but for the hehavior of the recombination efficiency
recombination rate, we need its multichannel andlog:

(D) = D[% - 1] (4.5)

) 20-0)| |z 2e"S
We(r) = Vo'exd - ———[4 [ —> X - . : :
L AT% nl In the primitive exponential model, this quantity does not depend

2 on diffusion and relates only to the recombination iaiewhich
B (AGR(r) + A(r) + hon) is homogeneous within the transparent reaction sphgre:
keed4ro = const! In reality, this is rarely the case. The measured
Z shown in Figure 6 indicates that there is a pronounce viscosity

where the HuangRhys factof® S = A4hw is a ratio of the dependence of this quantity that was explained qualitatively in
quantum mode reorganiza’[ion energ]yand its frequencyu_ a few former article$:”:28 The simulation of these data with
The space dependence of the solvent reorganization eaergy the IET expression (4.4a) used in (4.5) fits them rather well.
as well as of the free energy of transfer was already specified Not less successful is the fitting also & with the IET
elsewheré:” We must just point out that the inner-sphere expression (4.4b) shown by the solid line in Figure 5. A
reorganization energy has been estimated by Nelsen's method€asonable agreement between IET and the experimental data
with semiempirical AM1 calculation® and it is different for was obtained with the sensible parameters listed in the figure
the forward (0.13 eV) and for the recombination (0.24 eV) captions. The tunneling distance was obtained from the analysis
processes. of the viscosity dependence of the effective radius of quenching.
As the backward electron transfer to ground state takes placeThe preexponential factor in eq 3.12y? = «7/A(0)T, was
in the Marcus inverted region, the reaction layer is shifted away extracted by using the experimental valuekgfeq 3.8, in its
from contact. Therefore, the recombination depends dramatically general definition (3.11). The solvent reorganization energy is
on where the ions were born by the preceding ionization: inside slightly smaller than that usually obtained with the simple Born
or outside this layer. However, their initial distribution depends approximation. The contact radius is almost the same as the
in turn on encounter diffusion of neutral reactants participating calculated one, and the tunneling distance is quite reasonable.

ex 4.3)

ATA(r)
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V. Creation and Annihilation of Triplets

A. Triplet Absorption Spectrum. Leonhardt and Weller 100"

recognized almost 40 years ago that as a product of the electron: 1
transfer reaction between PER and DMA the triplet state of the _, sx10'4
fluorophor appear& In our laser-flash photolysis experiments, == ]
we also observe the absorption due to this state. In Figure 2, &
the transient absorption spectrum at experimental “time zero” &
is compared to the spectrum published by the authors referred i
to above. The shape of our spectra coincides well with that 40x10°"
obtained by Ltimannstben et all* because of the use of a ]
similar wavelength discrete recording method. Although the
contribution to the signal at the T absorption maximum (485

nm) of the DMA radical catiotf is almost negligible, it was

on /

Gl

4

20x10°

4

0.0

also considered for the sake of correction. do T — T T 1 T
B. Triplet Geminate Production Efficiency. A complete il A Sl il
and coherent description of the geminate production of the PER Tine / seconds

in the triplet state from the recombination of ions is nowadays i
not possible in the frame of noncontact kinetic equations. To  G0xI0" |
do it rigorously, the full set of Liouville equations describing sodi®]
the whole spin system should be derived, accounting for the 7 1.
distance dependence of the mixing Hamiltonian coupled to the . ; \
diffusion equations. This task has been recently solved in the _ 310 7
contact approximatio®? and applied to this problef?® The
spin mixing was considered to take place stochastically,
characterized by a rate constdat The rest of the constants %

on /N

atl

20510

Chnoentr

- 3k _
D**..A"] $ DAY
kg LOx10™
| | (5.1)
D +'A D+ A% 00
20x10" 4010 GO0 010"
are given by their kinetic valuekgs, for recombination to the Tirre / scoonds

ground singlet state ‘ffmd” for the recc_)mblnatlon t_o the triplet Figure 7. Long time kinetics of the PER anion (black), triplet (grey)
state. The quantum yield of contact triplet production was found (A) and the observed delayed fluorescence (grey), together with the
to be signal received without quencher (black) (B). The dotted lines represent
the best fit obtained with the eq 5.3. The values for the rate&sre
or= 1.818x 1Ps L kg =3.6 x 1 M1s} ki =2.24x 1P M71s7Y
ket =2.35x 1 M7ts% kgs=4.85x 1° M 1sL k& =6 x 1C°

KpKery/KsTp st ke® =350 1P ML,

2
Ko(Krr = Kro v/ Kstp + Ta(kp + ke [Kar + kp(1 + 2y/ks7p)] of the delayed fluorescence, recorded at 475 nm, are also shown.

(5.2) To compare the delayed fluorescence signal with the response

) _ . _of the apparatus, the signal due to a sample of the same PER
Obviously, this contact approximation is too rough to explain  concentration without DMA is shown. At times longer than 60
the experimental data at high viscosities in all the details, ,s, the photomultiplier is completely recovered from saturation
because the ions initial distribution function moves away from caysed by the intense fluorescence, even in the absence of
contact the higher the viscosity (see solid line in Figure 1).  quencher; therefore, any apparative artifact can be readily ruled

C. Delayed Fluorescence and Long Time KineticsAs a out.

result of the production of triplets, we could observe delayed  The following Markovian kinetic equations were used for
fluorescence due to the tripletriplet annihilation process, as fitting the experimental results shown in Figure 7:
already represented in eq 1.2. From the energetical point of view,
the repopulation from the triplets of the excited single state is 8[1A*]

feasible, being the lowest triplet energy of PER 1.5532V. Fra —1R{*A* — K['A¥['D] + k[°A]?  (5.33)
Taking into account the WigneiWitmer spin conservation
rules, five different species could be formed after theTT 8[3A]

annihilation®* A*, normally energetically not accessibia** KIPA"] — [PA™] — Bk [°Al” — k;[°A]  (5.3b)
that decays very fast to the lowest triplet stéte, 1A*, that
gives rise to the delayed fluorescence, and the ground’#ate 2 e
To detect the delayed fluorescence signal a high excitation oA ] = (Zyki[lA*][ D] - (k; + kg)[ZA‘_][ZD'+] —
intensity must be used to create a high enough triplet concentra- 9t

tion. In pure DMSO, their initial concentration is of about £0 KA+ K [e] - [*A] (5.3c)
M. This is enough to create excited singlets sufficient for delayed

fluorescence. In Figure 7A, the dissipation of triplets and anions wherekrr is the =T annihilation rate constanksr and kss

are shown, whereas in Figure 7B, the long-time kinetic traces are the recombination to the triplet and to the singlet states from

rt
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the free ionsk®™ is the electron ejection of the PER anion, (2) Weller, A.; Zachariasse, K. I€hemiluminescence and Biolumi-

: : : : nescenceCormier, M. J., Hercules, D. M., Lee, J., Eds.; Plenum: New
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