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Abstract

Photophysical processes in nanosystems exhibit interesting dynamics quite different from those in the bulk. Besides the cage effect, occupancy
statistics of excitations becomes important. Since only a few excitations are typically present per nanosystem, bulk description of the kinetics in
terms of average densities is inappropriate and one has to deal with the evolution of a discrete distribution of excitations. Here we apply this kind of
stochastic approach to the description of charge carrier dynamics in isolated single-walled carbon nanotubes and singlet—triplet exciton dynamics

in conjugated polymers.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Modern technology has enabled one to organize, control and
monitor photochemical reactions on a single molecule level. In
order to enhance the performance of selected reaction channels,
molecular systems are often designed in such a way that reac-
tants are located in a close vicinity to each other, in a kind of a
nanoreactor, in a very general sense. An important implication
of this approach, as far as the reaction kinetics is concerned, is
not just the proximity effect but also that the average number
of reactants per nanosystem is small and comparable to a fluc-
tuation. Therefore, bulk description of the kinetics in terms of
average densities is inappropriate and one has to deal with the
evolution of a discrete statistical distribution of reactants. A gen-
eral stochastic formulation for this type of microheterogeneous
kinetics has been developed in 1960s [1] and has proven itself
successful at describing photodynamics in a variety of systems
[2]. In this paper, we focus on our recent results including charge
carrier dynamics in isolated single-walled carbon nanotubes and
singlet—triplet exciton dynamics in conjugated polymers. Both
systems require no special introduction due to their vast potential
applications.

After the discovery of band-gap fluorescence from individual
semiconducting single-walled nanotubes (SWNT) [3], much ef-
fort has been devoted to measurements of carrier dynamics after
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excitation [4—11]. The observed emission is dominated by ex-
citonic recombination. Strongly bound excitons are created due
to spatial confinement in the SWNT which leads to significant
enhancement in the Coulombic coupling between the photoex-
cited electrons and holes [12—-14]. Time-resolved studies have
shown [4—11] that the fluorescence decay from the fundamen-
tal band edge takes place on a time scale of ~10ps when the
excitation intensity is low (at most one electron—hole pair per
nanotube is excited). This decay is mainly due to a non-radiative
relaxation, identified as trapping at defects. The radiative life-
time is much longer, ~100ns, as estimated from the absolute
fluorescence quantum efficiency [8]. A rapid decay component
on a time scale of ~1 ps emerges at elevated excitation densi-
ties as a result of exciton annihilation [9-11], most likely via
the Auger mechanism [9]. Analysis of the decay kinetics on the
basis of the bulk bimolecular reaction theory allowed to rule
out one-dimensional diffusion of excitons as a limiting step of
their annihilation [10]. A stochastic model has been suggested
which takes into account the quantized character of the num-
ber of excitations in a given nanotube [9]. We will discuss this
model in detail and consider implications of different physically
reasonable mechanisms of Auger recombination.
Photodynamics of multichromophoric conjugated polymers
(CP) has also been under recent active investigation [ 15—19]. Iso-
lated CP molecules are known to behave as multichromophoric
systems due to a distribution of conjugated segments on the
polymer chain. Each chromophore can be either in the ground
state, the singlet excitonic state, or the triplet excitonic state. The
peculiar fluorescence kinetics observed in photoexcited CPs is
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understood in terms of singlet—triplet exciton interactions. While
much is known about singlet excitons and the characteristic time
scales of their reaction pathways, the information about triplet
excitons has been difficult to obtain. The reason is in their non-
emissive nature and lifetime orders of magnitude longer than
that of singlets, which opens up additional relaxation channels,
such as triplet—triplet annihilation and quenching by impurities.
In a series of recent papers, Barbara et al. [19-22] have demon-
strated the advantages of single molecule spectroscopy for the
investigation of the triplet photodynamics in CPs. This tech-
nique can greatly minimize spectral and kinetic heterogeneity.
The triplet dynamics is measured indirectly, by monitoring the
relaxation of singlet fluorescence towards equilibrium on a time
scale much longer than the singlet radiative lifetime, in response
to a wide rectangular laser pulse of about 0.5 ms duration. In or-
der to quantify experimental observations, a multi-state kinetic
model has been suggested. It will be discussed in detail below.
Although physically different, this model is based on essentially
the same stochastic framework as the model for charge carrier
dynamics in SWNTs.

2. Stochastic models of carrier dynamics in SWNT

Excited electron—hole population in an isolated nanotube de-
cays along two main channels: by trapping at defects with the rate
constant y and by Auger recombination with the rate constant
va. Contribution of the radiative decay is negligible. Schemati-
cally [9]:
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where E, stands for a nanotube with n excitons. Auger recom-
bination involves the annihilation of an electron-hole pair with
the released energy transferred to the electron (or hole) of an-
other pair. Eq. (2) assumes that this energy rapidly dissipates
while the excited carrier relaxes back to the fundamental band
edge. The time-dependent probability density p, (¢) of finding n
electron—hole pairs in a nanotube at time ¢ obeys the following
master equation:
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Experimentally observable fluorescence emission rate as a
function of time is proportional to the average number of exci-
tons per nanotube:

oo
A = npa(o). @)
n=1
Let us consider first the evolution of the number of excitons
in a single nanotube with n¢ excitons initially. Exact solution
for this case is presented elsewhere [23]. Here we only note that
the long-time fluorescence decay is governed by y. When the
“bimolecular” recombination stage is over, the remaining single

Fig. 1. Universal plot of the decay in the average number of excitons per nan-
otube, (1 + a)n(t), for the Poissonian initial distribution with (1 + a)iig = 2,
3, 5 (from bottom to top) and y/ya = 0.1, according to Eq. (13). Dashed line
shows the long-time decay with the rate y for (1 + a)iip = 2. Log-linear plot.

electron—hole pair decays via the first-order channel, n(t) —
Neo exp(—yr). The amplitude of the long-time tail, 7, is close
to unity for positive ng, since y is typically < ya.

In ordinary experimental conditions, the initial distribution
of excitations in the nanotube ensemble is assumed to be Pois-
sonian:

=N

pn(0) = ’2—‘,’ exp(—ii), ©)

with a mean occupancy number 779 = 71(0) = o¢, the product of
the nanotube absorption cross-section at the pump wavelength
and the number of photons per unit area in a pump pulse. The
solution to Eq. (3) for the initial condition (5) can be obtained
by using the generating function technique [23]. The result is
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where z = 2y/ya. Eq. (6) predicts a multiexponential decay, as it
was indeed observed experimentally. See Fig. 1 in Ref. [9] where
experimental data were fit by a numerical solution of Eq. (3).
The long-time decay rate is y, as expected. The corresponding
amplitude is given by
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It increases linearly with 719, which is proportional to the
excitation density, when excitation density is low but then sat-
urates and tends to 1 4 z for large 7ig. 1 4 z is a kinetic fac-
tor reflecting the competition between exciton annihilation and
first-order relaxation. This behavior was observed experimen-
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Fig. 2. Universal plot of the normalized amplitude of the long-time decay,
(1 4+ a)iino /(1 + 2), as a function of the initial average number of excitons per
nanotube, (1 4 «a)iig, for Poissonian initial condition and y/ya = 0.1. Solid
line illustrates Eq. (14), dashed line corresponds to the limit of y = 0 where
(1 + )i = 1 —exp(—(1 + a)iig).

tally (see Fig. 2 in Ref. [9]). In the limit of y =0 (z = 0) we
have at long times, 7i.o = 1 — exp(—iip). This simple formula
describes the saturation behavior quite well, since y < ya in
experiment (y/ya = 0.1 was obtained in Ref. [9]). [llustrations
will be presented below.

In nanoparticles, Auger recombination may occur with the
ejection of the electron (or hole) of another pair to the surround-
ing matrix (Auger ionization) [24,25]. Effectively, two excitons
disappear as a result of annihilation:

En(l/z)&;l)mEn—z. )
Strong carrier confinement in SWNT suggests that the ejec-
tion effect may be important there as well. In nanoparticles,
charge-separated electron—hole pair becomes an efficient exci-
tation quencher, responsible for the blinking phenomenon [25].
Whether this is also relevant to SWNT is not clear, although
blinking was indeed observed in SWNT at room temperature
[26]. For the time being let us consider a hypothetical situation
where the charge-separated pair quenches the remaining excita-
tions infinitely fast, so that the Auger process effectively leads to
disappearance of all excitons in a given nanotube, E,, — E(.The
amplitude of the long-time tail of the fluorescence decay can be
estimated by neglecting the first-order relaxation. It is given by
fiso = fig exp(—iig), the fraction of nanotubes with one exciton
initially. No saturation is predicted, in contrast to experimen-
tal observations, but rather a decrease of 71 for high excitation
densities. Therefore, we may conclude that the charge-separated
pairs, if they exist at all, may not be effective quenchers of other
excitations on the time scale of experiment. We consider a phe-
nomenological model where only the processes (1) and (8) are
involved. The master equation transforms into:
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Let us again consider the evolution of the number of excitons
in a single nanotube with n( excitons initially. In contrast to the
Auger recombination model, the decay is different for even and
odd ng. For example, in a special situation where the first-order
relaxation rate is negligible (y = 0), the number of surviving
excitons at long times is zero for even ng and 1 for odd no, i.e.,
neo = (1/2)[1 — (=1)"]. However, experimentally significant
is the decay from the Poissonian initial distribution. Interest-
ingly, exact solution to Eq. (9) with the initial condition of Eq.
(5) coincides with Eq. (6) except for a “scaling” factor of 2 for
the average number of excitons [23]:

A0 _ o, (10)
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Since the nanotube absorption cross-section o (and thus 7ip =
o¢) is an adjustable parameter in experiments of Wang et al. [9]
and fluorescence emission is measured in relative, rather than
absolute, units, we must conclude that the two models were
indistinguishable in those experiments. In order to prove or dis-
prove the Auger ionization mechanism on the basis of kinetic
measurements, the nanotube absorption cross-section has to be
accurately determined, as it was done for nanoparticles [27].
Recent observation of the photoluminescence intermittency in
individual SWNT suggests that the Auger ionization is a rea-
sonable possibility.

The observed intermittency in nanotubes was individual nan-
otube selective, i.e., only some SWNTs showed intermittency
while most of them did not [26]. This leads us to suggest that
both Auger recombination and ionization may occur at the same
time. Schematically:
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—
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where a denotes the relative contribution of Augerionization and
varies from 0 to 1. The master equation corresponding to Egs.
(1),(11),(12) can be written in a similar way to Egs. (3) and (9). It
can be solved exactly via a transformation to a partial differential
equation by using the generating function, as it was done in Ref.
[23]. Here we only present the result for the Poissonian initial
condition:
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where the function f(7ig, t) is defined by Eq. (6). The amplitude
of the long-time decay is given by

T _ glio(1 + ), (14)
o

where the function g(7ip) is defined by Eq. (7). What we have
obtained is a general “scaling” relationship for the mixed Auger
mechanism in terms of the average number of excitons. The
original Auger recombination result is reproduced for « = 0,
while o = 1 corresponds to the Auger ionization model. We
note again that the two mechanisms were indistinguishable in
experiments so far raising an interesting challenge for future
studies.
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Fig. 1 illustrates the universal decay kinetics for different
excitation intensities, according to Eq. (13). These kinetics
have been observed experimentally by Wang et al. (see Fig.
1 in Ref. [9]). Fig. 2 illustrates saturation of the amplitude of
the long-time decay as a function of excitation intensity, in
agreement with experimental observations (see Fig. 2 in Ref.

[9D.
3. Stochastic models of photodynamics in CP

As mentioned in Section 1, isolated CP molecules behave
as multichromophoric systems. For example, there are ~50
effective chromophores for the F8BT molecules, poly(9,9'-
dioctylfluorene cobenzothiadiazole). The population state of a
whole CP molecule corresponds to each chromophore occupy-
ing either the ground state, the singlet excitonic state, or the
triplet excitonic state at a given time. It is assumed that only
the numbers of each type of electronic state define the pop-
ulation state, not their specific configuration in the polymer
chain [20]. This assumption implies locally homogeneous ki-
netics and a narrow distribution of site energies. The number
of excitons continuously and spontaneously fluctuates. These
fluctuations are well described by a set of first-order incoher-
ent rate processes, which govern transitions between popula-
tion states of the CP molecule. Since the time scale of sin-
glet decay is orders of magnitude faster than that of triplet
decay, we can separate the kinetics of triplet decay from that
of singlet decay. The kinetics of triplet decay is described in
terms of the number n of triplet excitons in the polymer chain,
which is denoted by CP,. The kinetic scheme is given by
[28]:

ke
CP,—5CP,1, (15)
cp, 2 cp,_,. (16)

(1/2)n(n Dkt

CP, CP,_>. a7

Here k¢ ,, stands for the effective rate constant of triplet formation
in a CP already containing » triplets:

ke = kexckiscTa ~ kexckiscTa , (18)
1 + kisetq + nkq‘[ﬂ 1+ nkqtﬂ

where kexc = IlexcO 1S the excitation rate, kisc the intersystem
crossing (ISC) rate, kq the singlet quenching rate by triplets,
71 the singlet fluorescence lifetime, lex. the incident excita-
tion intensity, and o is the absorption cross-section of the poly-
mer molecule. Eq. (18) implies that triplet formation proceeds
through singlet excitation followed by ISC which competes with
radiative decay and quenching. The rate of back reaction, Eq.
(16), is governed by reverse ISC, ky, = k.. ky is the first-order
rate constant of triplet—triplet annihilation in a CP molecule with
two triplets.

The above kinetic scheme corresponds to the following set
of rate equations for the probability P,(¢) to find = triplets in a
CP molecule at time #:

d 1
g7 PO = K1 Pa1(0) = Y ken + nko + Znn = Dk | Pa(t)

1
+ kp(n + 1) Ppy1 (1) + E(n + D + 2k Poy2(1).
(19)

In a typical experiment, one irradiates a single CP molecule
with a repetitive sequence of rectangular excitation pulses of
about 0.5 ms each [21]. The pulse duration is chosen to be long
enough so that the stationary stage is reached in the emission
transient. Therefore, one can consider the kinetics under the
condition of continuous irradiation, with the initial condition
for Eq. (19) given by P,(0) = 8,0, where § is the Kronecker
delta. The quantity experimentally observed is the fluorescence
intensity due to singlet excitons. If a CP molecule contains n
triplets, the quantum yield of fluorescence is given by 1/(1 +
nkqtq). Therefore, the emission yield is given by

1) = I(O)Z 1 +’;(]?Tﬂ (20)
q

where 1(0) is the emission intensity right after the laser pulse
is turned on. The observed fluorescence intensity decays with
time as the number of triplets in a CP molecule increases. At
long times, the stationary stage is reached about the distribution
of triplets.

Eq. (19) cannot be solved analytically. Numerical analysis
will be presented below. A useful analytical result can be ob-
tained, however, under the assumption of infinitely fast triplet—
triplet annihilation. In this limit, a given CP molecule will con-
tain only zero or one triplet exciton. This corresponds to a two-
state model of Barbara et al. [21], which predicts the following
exponential relaxation kinetics:

Ity  I(c0) _ 1(0)
0~ 10 " [l 1<0>}6Xp( ool @b
where

= kr.0 + ko + ki1 (22)

and 71(00)/1(0) is related to the so-called contrast ratio and ex-
pressed in terms of the model parameters [28]. The meaning
of Eq. (22) is simple: ko is a sum of the forward, k¢, and
backward, ky, + k¢, 1, rates of the reversible reaction between two
states, CPg and CP;. The back reaction is supplemented by an ad-
ditional channel, the disappearance of the triplet already present
in the CP molecule by triplet—triplet annihilation with a newly
formed triplet. Since triplet—triplet annihilation is assumed to be
infinitely fast, the rate of the additional channel is given by the
rate of formation of a new triplet, k¢ ;. We have already com-
pared the two-state model versus the multi-state model of exciton
dynamics and found reasonable agreement for low excitation in-
tensity and fast triplet—triplet annihilation rate, as expected [28].
The two-state model fails when either of these conditions is not
fulfilled. The stationary fluorescence intensity turns out to be the
most sensitive parameter.

In order to illustrate the predictions of the multi-state stochas-
tic model, we choose a typical set of parameter values cor-
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Fig. 3. Stationary distribution of triplets in a CP molecule at low (k? /K =
0.52 (a)) and high (k?/ki’SC = 5.2 (b)) excitation intensity for slow (kn/ki’SC =
0.025, circles), intermediate (ky/ ki, = 2.5, triangles), and fast (ky/ ki, = 250,
diamonds) triplet—triplet annihilation. Other parameters were chosen to represent

the F8BT molecule, as specified in the text.

responding to one of the CP molecules studied by Barbara
et al., namely, the FSBT molecule [21]. Thus we set kjsc =
7x 100571kl =2 x103s7!, kg =6 x 10%s7!, and 15 =
3 x 107%s. We consider three limits of triplet—triplet anni-
hilation: fast (k¢ >> ki), intermediate (ki ~ ki), and slow
(ky < k). In the fast annihilation limit, the kinetics is satu-
rated with respect to ky in a sense that any further increase in
ki beyond the chosen value of ky/ ki’sc = 250 does not lead to
any significant change in the fluorescence relaxation kinetics.
As regards the excitation intensity, we consider relatively high
and low limits here as well. We define the excitation intensity
via a dimensionless parameter k? /K. = kexckiscTr/kiy, pro-
portional to I.x.. Whether the excitation intensity is high or low
for a given set of other parameters can be judged by the value
of 1(00)/1(0). The low excitation intensity limit corresponds to
1(00)/1(0) ~ 0.8. Lower intensities are of marginal interest. The
high intensity limit corresponds to /(oc0)/1(0) ~ 0.5, roughly
speaking, the deepest fluorescence relaxation level observed in
experiments by Barbara et al. [21].

Fig. 3 shows the stationary distribution of triplets. Recall that
initially there are no triplets in the system, P,(0) = §, 0. Only

a small fraction of CP molecules is occupied by two triplets
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Fig. 4. Fluorescence relaxation kinetics at low (k‘f) / ke = 0.52 (a)) and high
(k?/ki/SC = 5.2 (b)) excitation intensity for slow (kn/ki’SC = 0.025, solid), inter-
mediate (ky/ ki, = 2.5, dashed), and fast (ky/ ki, = 250, dotted) triplet-triplet
annihilation. Other parameters were chosen to represent the FSBT molecule, as

1SC
specified in the text.

when the excitation intensity is low (Fig. 3a). For high excita-
tion intensity (Fig. 3b), multiple occupancy of a CP molecule by
triplets becomes significant as triplet—triplet annihilation slows
down. Fig. 4 shows the calculated fluorescence relaxation kinet-
ics. Similar decays were observed in experiment [19-22]. For
low excitation intensity (Fig. 4a), the kinetics is exponential,
Eq. (21), and weakly sensitive to the triplet—triplet annihilation
rate. For high excitation intensity (Fig. 4b), the effect of finite
triplet—triplet annihilation rate is very important. The kinetics
is non-exponential at short times but long-time approach to the
stationary fluorescence level is exponential so that we can define
the long-time fluorescence relaxation constant as follows:
d In[I(t) — I(c0)]

koo = ———7F7—. 23
0 & (23)

Fig. 5 shows the normalized stationary fluorescence intensity
as a function of excitation power. Experimentally, the excitation
power is chosen so that the stationary fluorescence level be at
least 20% lower than the initial fluorescence level. Therefore,
the effect of triplet—triplet annihilation rate is always important
experimentally, as far as the stationary fluorescence intensity
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Fig. 5. Normalized stationary fluorescence intensity as a function of excitation
power (via k? /k.. ) for slow (ky/ k! . = 0.025, solid), intermediate (k¢ /k/ . =

1SC 18C 18C

2.5, dashed), and fast (ky/ ki’S . = 250, dotted) triplet-triplet annihilation. Other
parameters were chosen to represent the F8BT molecule, as specified in the text.

is concerned. Saturation with respect to the triplet—triplet anni-
hilation rate is achieved only for ky/k; . > 100, as shown in
Fig. 6. Fig. 7 shows that the effect of triplet—triplet annihilation
rate on the long-time fluorescence relaxation constant is also
quite pronounced. Eq. (22) of the two-state model predicts a lin-
ear dependence of ko, on the excitation intensity. This limit is
reached only at very high triplet—triplet annihilation rate. How-
ever, saturation of ks, with respect to ky is achieved already at
ki/ ki, ~ 10, as shown in Fig. 8. The triplet—triplet annihilation
rate depends on the system size and the triplet diffusion coef-
ficient. For larger systems and/or for those systems where, for
some reason, the diffusion is slow, triplet—triplet annihilation
will also be slow thus making the multi-state analysis especially
important.

The multi-state kinetic model can also be used to analyze
fluorescence blinking resulting from ‘real-time’ fluctuations in

the number of triplets in a single CP molecule after the laser
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Fig. 6. Normalized stationary fluorescence intensity as a function of the triplet—
triplet annihilation rate for low (k? / k. = 0.52, solid) and high (k? /K =52,

dashed) excitation intensity. Other parameters were chosen to represent the FSBT
molecule, as specified in the text.

100 ¢ T T T T T

0.01 0.1 1 10 100
LT
kf'fkisc

Fig. 7. Long-time fluorescence decay constant, ko, as a function of excitation
power (via k?/kilac) for slow (ky/ ki, = 0.012, solid), intermediate (ky/k;, =

1SC

1.2, dashed), and fast (ky/ ki/ . = 1200, dotted) triplet—triplet annihilation. Other
parameters were chosen to represent the F8BT molecule, as specified in the text.

is turned on. We have already shown [28] that the amplitude
of fluctuations in the occupancy is basically determined by the
triplet—triplet annihilation rate, while their frequency is sensitive
to the excitation intensity. One can distinguish between zero and
non-zero occupancies from the observed singlet fluorescence in-
tensity. However, it is difficult to distinguish from the fluores-
cence intensity between different non-zero occupancies. In addi-
tion, fluorescence intensities from non-zero occupancies can be
easily mixed up with background noise. On the other hand, the
experimental technique of Barbara et al. [21], although measur-
ing only statistically averaged singlet fluorescence, has proven
to be rather sensitive to higher occupancy numbers in the distri-
bution of triplets.

Koo /K'ise

0.01 0.1 1 10 100
ktt/k‘isc

1000

Fig. 8. Long-time fluorescence decay constant, ko, as a function of the triplet—
triplet annihilation rate for low (k? /K. = 0.21, solid) and high (k? /K =2.1,

dashed) excitation intensity. Other parameters were chosen to represent the FSBT
molecule, as specified in the text.
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4. Concluding remarks

Stochastic approach is a natural way to analyze photodynam-
ics in nanosystems, with a limited number of excitations. In this
paper, we have discussed applications of this approach to the
description of charge carrier dynamics in isolated single-walled
carbon nanotubes and singlet—triplet exciton dynamics in con-
jugated polymers. We have derived an analytical solution for
the model of carrier dynamics in SWNT, originally suggested
by Wang et al. Numerical analysis of this model has already
shown good quantitative agreement with the measured decay
data [9]. This model and the solution presented should apply
equally well to nanoparticles [27]. We have also analyzed possi-
ble implications of the Auger ionization on the carrier relaxation
dynamics. An interesting outcome of this analysis is a scaling re-
lationship for the observable fluorescence emission kinetics with
and without Auger ionization, in terms of the average number
of excitons per nanotube. Whether it will be possible to distin-
guish between the two mechanisms depends on future experi-
mental efforts. We have also presented and analyzed numerically
a multi-state stochastic model of singlet—triplet exciton dynam-
ics in CP molecules. We believe that the power of the experimen-
tal technique developed by Barbara et al. [21] for probing triplet
photodynamics in CPs by measuring singlet fluorescence relax-
ation is not fully exploited if the data is analyzed on the basis
of the two-state model, as it was done previously. The multi-
state model approach should provide more accurate quantitative
information on the kinetic processes involved. In particular, it
allows for determination of the triplet—triplet annihilation rate
which is not directly included in the two-state model.
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