
Many-Photon Dynamics of Photobleaching

S. Gavrilyuk,* S. Polyutov,† P. C. Jha, Z. Rinkevicius, H. Ågren, and F. Gel’mukhanov
Theoretical Chemistry, Royal Institute of Technology, Roslagstullsbacken 15, S-106 91 Stockholm, Sweden

ReceiVed: June 19, 2007; In Final Form: August 23, 2007

A detailed dynamical theory of photobleaching by periodical sequences of laser pulses is presented. The
theory is used for interpretation of recent experiments with pyrylium salts. Our simulations are based on
first-principles simulations of photoabsorption cross-sections and on empirical rate constants. Two competitive
channels of photobleaching, namely, photobleaching from the lowest excited singlet and triplet states and
from higher excited states, are found to explain different intensity dependences of the photobleaching rates
in different samples. The process includes two-photon excitation from the ground state to the first or second
excited singlet states and one-photon excitation from the first singlet or triplet states to higher excited states.
The fluorescence follows double-exponential dynamics with two characteristic times. The first and the shorter
one is the equilibrium settling time between the ground and the lowest triplet states. The second characteristic
time, the time of photobleaching, is responsible for the long-term dynamics. The effective rate of photobleaching
from the first excited singlet and lowest triplet states depends differently on the irradiance in comparison
with the photobleaching in higher states. The first channel is characterized by a quadratic intensity dependence
in contrast to the second channel that shows a cubic dependence. The competition between these photobleaching
channels is very sensitive to the rate constants as well as to the repetition rate, the pulse duration, and the
peak intensity. The double-exponential decay of the fluorescence is explained by the spatial inhomogeneity
of the light beam. The findings in this work are discussed in terms of the possibility of using many-photon-
induced photobleaching for new three-dimensional read-write devices.

I. Introduction

Nonlinear optics is an important area of contemporary science
and technology. Nowadays, pulsed lasers with high peak
intensities are widely used in different optical devices, where
the high brilliance of the laser and the accompanying many-
photon absorption drastically affect the photochemical properties
of the studied samples. In general, absorption and emission
coefficients as well as the photostability of a material dictate
the suitability for any kind of application. One of the processes
that reduces the photostability is photobleaching caused by
photochemical reactions that remove molecules from the
absorption-emission cycle. Often the photobleaching constitutes
an unwanted effect in various fluorescent-based detection
experiments. For example, the use of multiphoton-induced
confocal fluorescence microscopy is often limited by increased
photobleaching1,2 due to the decrease of the amount of
fluorescence photons and, hence, the decrease of the sensitivity
and accuracy of measurements. However, the photobleaching
is not only undesirable: The photostability of a fluorescent dye
related to the photobleaching also can be utilized in various
applications, such as single-molecule detection.3-5 Accordingly,
photobleaching recently has been employed by several groups6-9

as a recording mechanism in three-dimensional (3D) optical
memory materials. In fact, the design of 3D data storage
memories has also been based on multiphoton absorption, which
could be of either a two-6,8,9 or a three-photon nature.7

Depending on the number of photons involved, the quality of

the spatial resolution changes, which overall affects the ef-
ficiency of device fabrication. For example, because two-photon
absorption depends quadratically on the excitation intensity, the
confinement will be limited to a small volume, while in the
case of three-photon absorption the confinement will be even
better as it depends cubically on the excitation intensity and so
on. This particular aspect of multiphoton absorption has been
used as a means for activating chemical/physical processes with
high resolution in three dimensions.10 However, the improve-
ment due to the nonlinear excitation is limited because of an
increased focal spot caused by an increase of the wavelength.
Detailed experimental and theoretical studies of photobleaching
and laser-induced fluorescence can be found in recent articles
by Eggeling et al.11,12 The authors of this article minimize the
photobleaching using multicolor pulsed excitation.

An important parameter that strongly influences the interac-
tion between light and matter is the duration of the interaction.
This duration is large when a periodical sequence of the laser
pulses is used. In this case light populates to a significant degree
the lowest triplet state that has a long lifetime. One can here
mention the recent study of photobleaching using periodical
short laser pulses by Polyzos et al.13 applied on different
pyrylium salts. One observed in that work a double-exponential
dynamics of photobleaching through fluorescence detection and
furthermore that the photobleaching rates for different pyrylium
salts had different intensity dependences. As experimental data
unambiguously indicate, the photoexcitation in one of the lower
singlet states occurs due to two-photon absorption. After that
the laser beam can excite the molecule to a higher singlet state
or to a higher excited triplet state due to the rather strong
population of the lowest triplet state. The photobleaching can
thus happen in the excited singlet states as well as in the triplet
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states. To understand the dynamics of this photochemical process
induced by multiphoton absorption, we have performed numer-
ical simulations of photobleaching in pyrylium salts. Our model,
based on stepwise absorption, includes the photobleaching in
the first singlet and triplet states as well as in the manifolds of
higher excited singlet and triplet states. In the numerical
simulations, we select the representative pyrylium salt, 4-meth-
oxyphenyl-2,6-bis(4-methoxyphenyl) pyrylium tetrafluorobate,
as studied in the experimental work.13 The main aim of our
study is thus to explain the results of the measurements of
Polyzos et al.13 and to develop a detailed theory of photobleach-
ing taking into account the temporal shape of the laser beam.
To explain the observed13 double-exponential decay of fluo-
rescence, we consider the spatial inhomogeneity of the light
beam. We believe that the mechanism of photobleaching can
be different in the high- and low-intensity regions of the beam.

The paper is organized as follows. We start in section II from
the physical model of the interaction of a periodical sequence
of short pulses with few-level molecules with singlet and triplet
subsystems. The analysis and solution of the rate equations are
presented in section IIA. The computational details can be found
in section III. The results of the numerical simulations of the
photodynamics of the pyrylium salt and of the laser-induced
fluorescence are analyzed in section IV. Our findings are
summarized in section V.

II. Formulation of the Theory

To explain the results of the experiment,13 we consider the
propagation of a periodic sequence of short light pulses in

nonlinear media containing pyrylium salt molecules (Figure 1a).
Let us start from a simplified scheme of transitions depicted in
Figure 2. This scheme selects the principal channels playing
key roles in the photobleaching process. The kinetics of spectral
transitions accompanied by photobleaching obey the following
rate equations for the populations of singlet and triplet states
involved in the studied process

Here FS0, FS1, FT1, and FT2 are the S0, S1, T1, and T2 level
populations, respectively,Fb is the concentration of bleached
molecules,γ(t) is the rate of two-photon (TP)-induced transition
S0 f S1, γS(t) and γT(t) are the rates of one-photon-induced
transitions S1 f Sn and T1 f T2, γis is the rate of intersystem
crossing (ISC) interaction,ΓS1, ΓSn, ΓT1, andΓT2 are the decay
rates of the S1, Sn, T1, and T2 states, respectively, andkS1, kSn,
kT1, andkT2 are the bleaching rates from the corresponding states.
It is worthwhile to note that in the general case the intersystem
crossings Sn-T2 and T2-Sn have to be taken into account.11

We assume that the initial concentration of the moleculesFS0(t
) 0) ) 1 is normalized to one, except in the field eq 34. The
rate of the TP population of the S1 (or S2) level is defined by
the cross-section of two-photon absorption (TPA) and depends
quadratically on the radiation intensityI(t)

where the photon frequency is tuned in resonance with the TPA
transition ω ≈ ωS1,S0/2 and whereΓ is a homogeneous

Figure 1. (a) Chemical structure of the pyrylium-based molecules discussed in this work. Me is the methyl CH3 group. The C1 molecule is
4-methoxyphenyl-2,6-bis(4-methoxyphenyl) pyrylium tetrafluorobate. (b) Energy level scheme of the C1 molecule.

Figure 2. Simplified scheme of transitions.
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broadening of the spectral line. The rate of the T1-T2 one-
photon transition depends linearly onI(t)

wheredT2T1 is a dipole moment of the transition T1-T2. The
rate of the S1 f Sn one-photon transitionγS(t) is given the same
expression (eq 3) after the replacement ofdT2T1 f dSnS1 and
ωT2T1 f ωS1Sn. As we study randomly oriented molecules, we
have to perform orientational averaging of the transition dipole
moment relative to the polarization vector of the lighte. We
replace approximately (e‚dT2T1)2 by dT2T1

2/3 and use conventional
orientationally averaged cross-sections14 of two-photon (σ2) and
one-photonσ1 ) dT2T1

2ω/(3pcε0Γ) absorption.
Our simulations show that the TPA cross-section is larger

for the S0 f S2 TPA transition (see Table 2, Figure 2, and
discussion below). However, even for resonant excitation of the
level S2, this level is quenched with a rate∼1012 s-1 higher
than the rate of quenching of the S1 level ΓS1 of ∼108-109 s-1.
Due to this circumstance, mainly the S1 level is populated, and
one can restrict the analysis, taking into account only this level.

The two-photon transition S0 f S1 is rather weak. This allows
us to neglect the saturation of this transition; the saturation of
the S1 f Sn and T1 f T2 one-photon transitions is also neglected
because it is small for intensities used in our simulations

This happens when

or

However, the “saturation” of the S0 f S1 f T1 sequential
transition should be taken into account explicitly due to the
possible significant population of the lowest triplet state. This
happens because of the small decay rate of the T1 state and,
hence, the rather significant storage of the molecules in the
lowest triplet stateFT1 ∝ N, which is proportional to the number
of pulsesN during the lifetime of the lowest triplet state (eq
15).

The separation between pulses∆ ≈ 12 ns is longer than the
lifetimes of the excited singlet and triplet states. This means
that the levels S1, Sn, and T2 are depopulated almost completely
at the instantt ) n∆ (n ) 0, 1, ...) before the next pulse
(Appendix A), because

Due to this circumstance, the particle conservation lawFS0(t)
+ FS1(t) + FSn(t) + FT1(t) + FT2(t) + Fb(t) ) 1 reads at the
instantt ) n∆ (see also Appendix A)

We use here and below a special notation for the density matrix,
Fn ) F(t ) n∆ - 0), at the instantt ) n∆ just before thenth
pulse.

A. Solution of the Rate Equations for a Sequence of
Periodical Pulses.We solve eq 1 for the periodical sequences
of short pulses. We model the single pulse by a rectangular
shape and use the fact that the duration of the single pulseτ )
100 fs is essentially shorter than all characteristic times. The
rectangular shape of a single pulse allows us to solve the kinetic
eq 1 analytically. To solve these equations, we use the fact that
the studied system is characterized by the fast relaxation of
excited singlet and T2 states and slower relaxation of the T1

state,τST ≈ ΓT1
-1 . ΓS1

-1, ΓSn
-1, ΓT2

-1. The dynamics of
photobleaching characterized by the timeτB are much slower,
τB . τST. A strict definition ofτST andτB will be given below.
We divide the solution of these equations into three steps. First
of all, we describe the rather slow dynamics of population of
the lowest triplet state, solving the coupled eq 1 forFS0, FS1,
FT1, andFT2 as outlined in Appendix A. The second step is the
solution of the coupled equations for the populations of S1 and
Sn states (eq 1), which are proportional to the slowly varying
population of the ground stateFS0(t). We leave out the discussion
of this simple but rather lengthy derivation and with a final
result that is quite similar to the expressions for the triplet states
(eq A3). The solution of the population equation for the
photobleached moleculesFb(t) constitutes the final step.

The population of the first excited state at the end of thenth
pulse,FS1(n∆ + τ) is given by eq 1. The solution of this equation
is straightforward

whereφ(τ) ≈ (1 - exp[-τ(2γ + ΓhS1)])/(2γ + ΓhS1) ≈ τ for the
studied case of a sequence of short pulsesΓhS1 ≡ ΓS1 + kS1 +
γis , 1/τ. Hereγτ is the fraction of the molecules excited in
the S1 state during one pulse. We use here and below special
notations for the peak values of the intensityI(t) f I and for
the peak values of the rates of radiative transitionsγ(t) f γ,
γS(t) f γS, andγT(t) f γT.

Now we are at the stage to find the populations of the ground
and the first triplet states. The populations between thenth and
the (n + 1)th pulses obey eq 1 withγ(t) ) 0. The solution of
these equations results in the following recurrent equation (and
its solution) for the populationFS0

n at the instantt ) n∆ - 0
before thenth pulse (Appendix A)

where we introduced the branching ratio of the intersystem
crossing

One can see that the dynamics depend on the total rate of
depopulation of the T1 state through three channels: the radiative
and nonradiative decay T1 f S0, the photobleaching in the T1

level, and the excitation to the T2 state with the following
photobleaching
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The solution (Rn ) λnp + q) of the recurrent eqs 9 and 7 results
in the following expressions for the populations of the lowest
singlet and triplet states

The parameters

found from initial conditions,FS0
0 ) 1 andFb

0 ) 0, have simple
physical meanings when the photobleaching is neglected:q is
the ground-state population whilep is the population of the T1
state fort f ∞.

As one can discern from eq 12, the quasi-stationary distribu-
tion of populationsFS0(t) ≈ q(1 - Fb(t)) and FT1(t) ≈ p(1 -
Fb(t)) is settled duringτST ) -∆/ln λ < 1/ΓT1

Later on the photobleaching starts to decrease the number of
resonant molecules andFS0(t) f 0 because all molecules are
photobleachedFb(t) f 1 whent f ∞ (see below). It is relevant
to mention thatτST ≈ 1/Γ̃T1 (eq 14) is defined only by the
lifetime of the T1 state whenφiscγτ , Γ̃T1∆, while τST ≈
∆/γτφisc depends on the pump intensity in the opposite case
φiscγτ . Γ̃T1∆.

The physical meaning of eq 12 deserves special comment.
Usually Γ̃T1∆ , 1. In this case, the population of the lowest
triplet state

is equal to the population of the T1 state created by a single
pulseN(T1) ) φiscγτq times the number of pulsesN during the
lifetime of the triplet stateτT1 ) 1/Γ̃T1. N is the factor of
accumulation of the particle in the T1 state. Hereγτq is the
population of the first excited singlet state just after a single
pulse (eqs 8 and 13). Equation 15 indicates that the ground state
is completely depopulated due to optical pumping of the triplet
statep ≈ 1 when the number of transitions S0 f T1 due to
TPA and intersystem crossing per pulseφiscγτ significantly
exceeds the number of decay events of the triplet stateΓ̃T1∆.

B. Rate of Photobleaching.From the derivation above, we
are now in the position to find the concentration of bleached
molecules. From eq 1 forFb(t) we have

The second integral at the right-hand side of this equation was
solved already (eqs A2 and A4). The populationFT1(t) ≈
constant during∆ becauseτST and the time of photobleaching

is significantly longer than∆. Due to this circumstance,∫n∆
(n+1)∆

FT1(t) dt ≈ FT1
n∆. We omit the rather lengthy but simple solution

of eq 1 forFS1(t) andFSn(t), which is similar to the solution of
the rate equation forFT2(t) (eq A3). The substitution ofFS1(t)
andFSn(t) in eq 16 results in

where the photobleaching in the Sn state depends quadratically
on the pulse duration in the studied case of short pulses (see
also eq 8)

Taking into account the expression forFS0
n and FT1

n (eq 12)
and making a transition to the continuum variablet ) n∆, we
obtain

The integration of this equation gives straightforwardly

where the rate of photobleaching

is a sum of effective rates of photobleaching in the T1, T2, S1,
and Sn states. It is necessary to note that the photobleaching is
characterized by a single time of photobleaching, which includes
the photobleaching in all states. Here

and

are the branching ratios (relative rates of bleaching processes
from the S1 and the Sn levels, respectively). A similar branching
ratio æT2 for the T2 state is defined by eq 11.

In agreement with recent measurements,12 the photobleaching
in the triplet states is suppressed when the repetition ratefr )
1/∆ is sufficiently low. Indeed, in this case the population of
the T1 level is exponentially small
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The duration of population of the T1 state (τST) affects only
slightly the dynamics of the photobleaching through the term

Indeed,ø(t) ∝ τST is important only at the initial stept j τST,
whereFb(t) , 1. This means that the long-range dynamics of
the photobleached and intact molecules by a periodical sequence
of the pulses is defined by the equation

Equation 21 shows that the photobleaching in the S1 and T1

states gives a linear dependence of the photobleaching rate on
the pulse duration (sincep ∝ τ (eq 13)), contrary to the excited
Sn and T2 states, which lead to a quadratic dependence onτ.

Let us write down the full expression forτB

1. Long Pulse.It is interesting to compare our solution for a
periodical sequence of pulses with the dynamics of photobleach-
ing for a long single pulse

To avoid unnecessary complexity, we write down this expression
neglecting the photobleaching from the S1 and Sn levels. One
can see that the time of photobleaching (eq 25) coincides with
the time of photobleaching (eq 26) for a long single pulse when
τ ) ∆. Indeed, in this case the sequence of pulses becomes a

single pulse. The population of the lowest triplet state by a long
pulse

can also be significant due to the small relaxation rate of this
stateΓT1. The ground state is depopulated according to eq 7.

C. Many-Level Molecule. The theory developed in the
previous section is based on a simplified few-level scheme
(Figure 2). However, simulations (Table 1 and Figure 1b)
indicate that the studied molecule is essentially a many-level
system. First of all, we have two close-lying excited states S1

and S2, which we discussed already in section II and which
can be replaced by one state.

Figure 1b and Table 1 indicate that many of the excited triplet
states can be reached from the T1 level. We would like to remind
the reader that only one excited triplet state T2 is taken into
account in section IIA. Let us therefore here take into account
the excited-state absorption by a manifold of excited triplet states
T2 (Figure 1b). This is important for the one-photon T1 f T2

transitions. Let us generalize eqs 1 forFT1 and FT2 for many
excited triplet states (saturation is then neglected)

Assuming that the relaxation constantsΓT2 andkT2 (kT2 , ΓT2)
are the same for all T2 levels, we again obtain eq 1 whereFT2

andγT now are the total populations of the excited triplet states.
The total rates of one-photon transitions are then

This means that the results obtained in the previous sections
for a single T2 level are valid for the many-level case as well
after the replacementγT(t) (eq 3) by the total rate of the T1 f
T2 transition (eq 29).

TABLE 1: Excited-State Transition Dipole Moments (in a.u.) and Excitation Energies,pωe (in eV), for
4-Methoxyphenyl-2,6-bis(4-methoxyphenyl) Pyrylium Tetrafluorobate Molecule Calculated at the TD-B3LYP/6-31G** Levela

S-S T-T

X Y Z pωe X Y Z pωe

dS0S1 0.5750 2.5989 -0.0029 2.65 dT1T2 -1.6389 -0.0302 0.5151 0.28
dS0S2 3.1113 -0.5340 -0.0094 2.86 dT1T3 -1.0606 -0.0254 -0.0851 0.67
dS1S3 -2.5748 -0.0071 0.0105 0.71 dT1T4 -3.1266 -0.0697 -0.1311 0.91
dS1S4 -0.1750 -0.0057 0.1859 1.02 dT1T5 0.0389 0.0036 -0.0383 1.39
dS1S5 -0.2683 0.0199 -0.0151 1.06 dT1T6 0.0226 -0.0153 -0.8802 1.43
dS1S6 0.1619 0.0147 -0.0408 1.08 dT1T7 -0.1758 -0.0212 -0.4170 1.50
dS1S7 -0.0689 0.0009 0.2117 1.12 dT1T8 -0.0386 0.0088 0.2140 1.53
dS1S8 0.1327 0.0211 0.0135 1.35
dS1S9 0.0417 -0.0053 -0.2973 1.60
dS1S10 0.0843 0.0251 0.6737 2.09
dS2S3 -0.0128 0.0428 2.8679 0.50
dS2S4 -0.3764 0.0506 0.0443 0.81
dS2S5 -0.0110 0.0320 0.3700 0.85
dS2S6 0.3751 -0.0182 0.0097 0.87
dS2S7 1.3115 0.0336 0.0212 0.91
dS2S8 0.0402 0.0164 0.7212 1.14
dS2S9 0.7414 0.0013 -0.0093 1.39
dS2S10 -0.2487 0.0085 0.0063 1.88

a ET1 - ES0 ) 1.88 eV
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Fb(t) ≈ 1 - exp(- ∫0

t dt1
τB(t1))

1
τB(t)

)
γ(t)φisc[γT(t)æT2

+ kT1
]

ΓT1
+ kT1

+ γ(t)φisc + γT(t)æT2

(26)

FT1
(t) ≈ (1 - Fb(t))γ(t)φisc

ΓT1
+ kT1

+ γ(t)φisc + γT(t)æT2

(27)

∂

∂t
FT1

) γisFS1
- (ΓT1

+ kT1
)FT1

+ ∑
T2

ΓT2
FT2

- ∑
T2

γT(t)FT1

∂

∂t
∑
T2

FT2
) ∑

T2

γT(t)FT1
- ∑

T2

(ΓT2
+ kT2

)FT2
(28)

FT2
f ∑

T2

FT2
γT(t) f ∑

T2

γT(t) (29)
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Exactly the same reasons allow us to take into account one-
photon transitions from S1 to higher excited singlet states Sn

by means of a replacement ofFSn andγS(t) to the total population
of Sn levels and the total rate of the S1 f Sn transition

It is necessary to note that this method of taking into account
the manifold of excited singlet and triplet states ceases to be
valid when the one-photon transitions approach saturation.

D. Cross-Sections of Nonlinear Absorption. The TP
absorption S0 f S1 is accompanied by the two-step three-photon
absorption, S0 f S1, with following T1 f T2 and S1 f Sn. To
obtain the cross-section of this photoabsorptionσ3

eff we use the
relation between the rate of three-photon transitionW3 )
σ3

effI3/(3pω) and σ3
eff. The ratesWT(t) and WS(t) of radiative

transitions from the ground to the excited states T2 and Sn can
be found directly from the kinetic eq 1

The expression forWT(t) is immediately obtained from eq 1
using the fact thatFT1/FS0 ≈ p/q as is seen from eqs 13 and 12.
Similar calculations give the expression forWS(t). Finally, the
total rate of three-photon transitions S0 f T2 and S0 f Sn reads

HerepT2T1 ) γT(t)/I(t), pS1Sn ) γS(t)/I(t), andδt ) t - n∆. We
obtain the peak value of the cross-section at the end of a pulse

In the general case the intensity of the light decreases

due to one, two, three, ... photon absorption with the cross-
sectionsσ1, σ2, σ3, etc. HereN is the concentration of intact
molecules per unit volume. In the studied system the TPA is
accompanied by three-photon sequential absorption. To see how
the three-photon absorption (eq 33) affects the two-photon
absorption, it is convenient to introduce an effective cross-
section of nonlinear absorption (2+ 3 photon absorption)

The increase of nonlinear absorption due to strong population
of the lowest triplet state is clearly important in optical limiting.

III. Computational Details

The rate equations are solved using as input parameters the
TPA cross-sections, transition dipole moments of T1-T2 and
S1-Sn transitions, energies of the levels, as well as the rate
constants. All parameters are collected in Tables 1 and 2. Except
the rate constants, all spectroscopic parameters are computed
using density functional response theory as outlined below.

The dynamics of the photobleaching and of the fluorescence
of the many-level pyrylium salt molecule (Figure 1) are
simulated using either the recurrent equations (eq A8) or the
analytical solution (eq 20). The two approaches give almost the
same results. The manifold of excited singlet and triplet states
is taken into account as outlined in section IIC.

A. Spectroscopic Parameters Computed Using Density
Functional Theory. We assume in the simulations that the
photon frequency is tuned in resonance with the strongest TPA
transition S0 f S2: 2ω ) ωS2S0.

1. Transition Energies, Dipole Moments, and Rates of
Phosphorescence.Geometry optimization of the molecular
system has been carried out using Becke’s three-parameter
hybrid functional (B3LYP)15 at the polarized split-valence basis
set 6-31G*.16 The calculations of dipole moments and energies
of the S0-Sk (k ) 1 or 2) transitions have been carried out
using linear density functional response theory.17 The remaining
dipole moments for Sm-Sl, T1-Tm (m, l ) 1, 2, 3, ...) and spin-
symmetry-forbidden Tp-S0 (p ) 1, 2, or 3) transitions have
been performed using quadratic density functional response
theory.17,18Apart from computing the transition dipole moments
between various states of the investigated molecule we also
carried out necessary computations of the TPA cross-sections,
assuming that the photon frequency is tuned in resonance with
the strongest TPA transition S0 f S2; i.e., 2ω ) ωS2S0. The
results of these calculations are summarized in Tables 1 and 3.
The presented results correspond solely to electronic transition
moments, as we neglect vibrational degrees of freedom in our
calculations completely. The Franck-Condon distribution re-
duces the intensity of the spectral transitions. We have mimicked
this effect by reducing the transition dipole moments from Table
1 of the one-photon transitions by a factor of 2.

TABLE 2: Input Data for Simulations a

σ2 (S1)
(m4/W)

σ2 (S2)
(m4/W) φf γis ΓS1 ΓT1

r ΓT1 ΓT2, ΓSn kT1, kS1 kT2, kSn

τ
(fs)

fr
(MHz)

0.95× 10-37* 1.24 × 10-37* 0.68 106 3.33× 108 *0.047 105 1012 107 106 100 82

a Γ ) 0.1 eV,∆ ) 1/fr ≈ 12 ns. The rate constants are given in s-1. The calculated parameters are marked by asterisks.

FSn
f ∑

Sn

FSn
γS(t) f ∑

Sn

γS(t) (30)

∂

∂t
FT2

) - (ΓT2
+ kT2

)FT2
+ WT(t)FS0

∂

∂t
FSn

) - (ΓSn
+ kSn

)FSn
+ WS(t)FS0

(31)

W3 ) WT(t) + WS(t) )
τφiscγ(t)γT(t)

Γ̃T1
∆

+ γ(t)γS(t)δt

)
σ2

2pω(φiscpT2T1

Γ̃T1
∆

τ + pS1Sn
δt)I3(t) (32)

σ3
eff )

3σ2τ
2 (φiscpT2T1

Γ̃T1
∆

+ pS1Sn) (33)

( ∂

∂z
- 1

c
∂

∂t)I ) -N(σ1I + σ2I
2 + σ3I

3 + ‚‚‚) )

-N(σ1I + σ(I)I2) (34)

σ(I) ) σ2 + σ3
effI (35)

TABLE 3: Excitation Energies, ω (in eV), and σTPA (in GM
Units)a

calculated experimentalb

molecule state ω σTPA φσTPA σTPA

C1 S1 2.65 218
S2 2.86 285 182 267

C2 S1 2.62 177
S2 2.99 471 513 675

C3 S1 2.61 150
S2 3.03 645 767 1278

C4 S1 2.58 174
S2 2.94 450 390 1772

a The TPA cross-sections are computed forΓ ) 0.1 eV. b The
experimental excitation energy is not given in the table as we do not
know which excited state is involved.
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Our computations of the spin-symmetry-forbidden Tp-S0

transitions predict the radiative rates (phosphorescence) of the
Tp f S0 transitions forp ) 3, 2, or 1: 1/ΓT3-S0

r ) 8.25912×
10-4 s, 1/ΓT2-S0

r ) 8.327 s, and 1/ΓT1
r ) 1/ΓT1-S0

r ) 21.37 s.
These results indicate that the first two triplet states, T1 and T2,
are lying significantly below the first excited singlet state (Table
2), and, consequently, the radiative transition rates from these
states are suppressed by having only a small spin-orbit
coupling. Contrary to this, the third excited triplet state is
positioned closely to S1, and the radiative rate,ΓT3-S0

r, is 3 orders
of magnitude larger, as the spin-orbit coupling between the S1

and T3 states is efficient. Furthermore, due to the large spin-
orbit coupling between these states, an effective intersystem
crossing between the S1 and the T3 states is expected. Com-
parison with the total rate of the quenching of the first triplet
state (Table 2) indicates that the radiative channel is negligibly
small in comparison to the nonradiative one.

2. Role of Substituents on the Cross-Section of Two-Photon
Absorption.In the experimental work by Polyzos et al.,13 the
investigation of photobleaching behavior was extended to a
group of pyrylium salts. This group consists of molecules with
the same basic chemical structure, differing only by specific
substituents, as shown in the Figure 1a. The experiments9

showed that changes in the nature of substituents leads to
changes in the multiphoton absorption cross-sections. We
calculated the TPA cross-sections18,19 for these molecules.
Details about the calculation method can be found in recent
work.20 As one can see from Table 3, the calculated cross-
sections are in reasonable agreement with the experimental data
for C1 and C2 molecules.

At this point, we draw the reader’s attention to the calculated
TPA cross-section reported in Table 3. From this table it is quite
clear that the increase/decrease in TPA values is a strong
function of the symmetry as well as of the substituents attached
with it for a fixed backbone of the system. To make this point
clear, if one looks at C1, then one immediately notices the
symmetry present in this system due to the attachment of the
same group (methoxy group). Due to the symmetry present in
the C1 molecule, the charge transfer and the transition moment
direction are parallel, which is not the case for other members
of this family, such as C2, C3, and C4. Hence the TPA cross-
section is the smallest for C1 among the members of this family.
The change in the TPA cross-sections for the other molecules
is due to the strength of electron-releasing/withdrawing groups.
The change of susbtituents leads to a change in the transition
dipole moment between the ground and the excited states, which
in turn dictates the change in the TPA cross-sections.20 At this
point, one can say that the mechanism involved in the enhance-
ment of TPA cross-sections and, hence, in photobleaching is
expected to remain the same for this particular class of
molecules. The possibility of involvement of other excited states
can although not be ruled out, as the change in substituents could
lead to drastic changes in the ordering of the energy levels.
Hence, one needs to look at the singlet as well as the triplet
manifolds of the system very carefully before making any
conclusion regarding the mechanism that could affect photo-
bleaching.

B. Empirical Rate Constants.Unfortunately, we are unable
to compute the remaining part of the kinetic parameters, such
as the rate constants and the photobleaching rates. Instead we
choose these parameters analyzing available experimental data.
The broadening of the spectral lines used in the simulations is
Γ ) 0.1 eV (see ref 21). We have chosen the total decay rates
of the S1 and T2 states asΓS1 ) 3.33× 108 s-1 andΓT2 ) 1012

s-1, respectively. Experimental data for different pyrylium salts
in different solvents show thatΓS1

-1 ) 0.95-10 ns,22 ΓS1
-1 )

0.71-36 ns,23 and ΓS1
-1 ) 2.7 or 3.6 ns.24 We did not find

information about the relaxation rate of the T2 state in the
pyrylium salts. We have found onlyΓT2

-1 ) 0.2 ps for
rhodamine 6G.2 We use in the simulationsΓT2

-1 ) ΓSn
-1 ) 1

ps.
Our simulations are very sensitive to the lifetimeΓT1

-1 of
the T1 state and the rate of the intersystem crossingγis.
Experimental data for the pyrylium salts in different solvents
show thatΓT1

-1 ) 6.9 or 9.6µs (at room temperature)24 and
ΓT1

-1 ) 5 or 10 µs (at room temperature).25 Tripathi et al.22

claim that the lifetime of the first triplet state of some pyrylium
salts is sensitive to the concentration of the solvent,ΓT1

-1 >
100 µs at infinite dilution while ΓT1

-1 < 1 µs for higher
concentrations of the pyrylium molecules. It is worthwhile to
mention thatΓT1

-1 ) 2.6 µs for rhodamine 6G.2 The decrease
of the temperature results in an prolongation of the lifetime of
the T1 state of the pyrylium salts up toΓT1

-1 > 1 ms (T )
176 K)26 and ΓT1

-1 ) 0.135-14 s (T ) 77 K).23 The
measurements discussed in the ref 13 were performed with
pyrylium salts in the solid phase at room temperature. This
motivates us to use in our simulationsΓT1

-1 ≈ 10 µs. We note
that the lowest triplet states are mainly quenched nonradiatively
ΓT1 ) ΓT1

r + ΓT1
nr ≈ ΓT1

nr at room temperature, while our
simulations show that the radiative rate is very small (∼1 s-1,
see section IIIA1).

Unfortunately, information on the rate of intersystem crossing
is rather poor. Tripathi et al.22 state thatγis/(ΓS1 + γis) < 10%
for pyrylium salts. Eggeling et al. have found for rhodamine
6G thatγis ) 7.3 × 105 s-1 (ref 3) andγis ) 1.1 × 106 s-1

(ref 2). We have chosen for our simulationsγis ) 106 s-1. To
conclude we should pay attention to the fluorescence yieldφf

) ΓS1

r /(ΓS1

r + ΓS1

nr + γis + kS1). According to measurements of
Polyzos et al.φf ) 0.68. Taking into account the above-
mentioned dataΓS1 ≈ 108-109 s-1 andγis ≈ 106 s-1 one can
conclude that the nonradiative quenching (internal conversion)
ΓS1

nr of the first excited singlet state is comparable to the rate of
radiative quenchingΓS1

r . This is a rather unexpected result,
because the nonradiative channel is usually weaker than the
radiative one for the first excited singlet state. For example,
the analysis of Eggeling et al.2 indicates that the relative rate
of the nonradiative channel is about 5%.

The rates of photobleachingkT2 ) 106 s-1 andkT1 ) 107 s-1

are defined from the simulated rate of photobleaching 1/τB

(eq 25) using the measured value 2.9 s-1 (ref 13) for the intensity
I ) 6 × 1014 W/m 2 (see below). ForkS1 andkSn, we assumed,
following Eggelling et al.,2,3,11 thatkT1 ) kS1 , kT2, kSn. These
studies demonstrate that higher levels are more photoreactive.
It is necessary to note that the recent experimental data12,27

indicate that the photobleaching in triplet states can be signifi-
cantly faster than that in singlet states.

To make a comparison with the experiment of Polyzos et
al.7,9,13 we need to know the intensity used in these measure-
ments, which, however, is not possible as this information is
absent in these articles. We instead find the intensity using the
formula

where S is the area of illumination andP is the average
irradiation power, which was varied13 in the regionP ≈ 1-10
mW. We estimated the area of the illuminated spot from the
article9 asS≈ 1 µm × 1 µm. The experimental data collected

I ) P∆
τS

(36)
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in Table 1 of ref 13 are given forP ≈ 5 mW, which corresponds
according to eq 36 toI ≈ 6 × 1014 W/m2. Simulations show
that the experiment13 was performed below the saturation
threshold of the S1-Sn, T1-T2, and S0-S1-T1 transitions. It is
worthwhile to note that the saturation of the last transition is
very sensitive to the values of theΓT1 and γis rate constants.
One starts to observe the saturation effects (FS1 ≈ FSn andFT1

≈ FT2) only for I > 1015 W/m2.

IV. Discussion of Results

Let us first analyze the population dynamics of the singlet
and triplet states (Figures 4and 5) for the irradianceI ) 6 ×
1014 W/m2. This dynamics have essentially a double-exponential
nature with shortτST (eq 14) and longτB (eqs 20 and 21) times.
The equilibrium between the S0 and the T1 levels is settled
duringτST: FS0 decreases from 1 toq in contrast toFT1, which
increases from 0 top (see inset in Figure 5); later on all levels

Figure 3. Schematic picture of the population dynamics. Envelopes of populations are drawn by dashed lines. The scale of population is different
for different levels. (The amplitude of the peak inFT2(FS1) must be equal to the amplitude of the “hole” inFT1(FS0).)
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are depopulated duringτB because of the photobleaching (Figure
6). One can see the following relation between the populations,
FS1

(e), FT1 , FS0. When the intensity grows the concentration of
photobleached molecules increases from 0 up to 1 (Figure 6).
When the intensity is lowFB ≈ t/τB ∼ I2. The reason for this
quadratic law is that the photobleaching from the T1 and S1

states dominates.
The effective cross-sectionσ3

eff (eq 33) of the stepwise three-
photon absorption depends weakly on the intensity (Figure 7).
The slight decrease ofσ3

eff is due to the weak intensity
dependence of the effective rate of depopulationΓ̃T1 of the T1

level (eq 11). The stepwise three-photon absorption influences
the effective cross-section of nonlinear absorptionσ(I) (eq 35),
which exceeds significantly the two-photon absorptionσ2

(Figure 7).

The two characteristic times of the photobleachingτST and
τB depend differently on the intensity. Contrary toτST (Figure
8A) the photobleaching timeτB (Figure 8B) decreases strongly
when the irradiance is growing (see section IVB).

A. Number of Fluorescence Bursts.The photobleaching
decreases the number of intact molecules due to the increase of
Fb(t). Thus the photobleaching is not a desirable effect in
fluorescence microscopy. Indeed, the fluorescence from the first
excited state S1 is proportional to the population of this state
(eqs 8 and 24)

which displays a double-exponential decay. HereFS1

(e)(t) is the
envelope ofFS1(t) (Figure 4). Let us compute the number of

Figure 4. Dynamics of population of the ground state S0 (lower panel) and envelope of populationFS1 (Figure 3) of the first excited singlet state
S1 (upper panel). Long-term dynamics ofFS0 are defined by the time of photobleachingτB (eq 25). The peak intensity isI ) 6 × 1014 W/m2, q ≈
0.9769, andτB ≈ 0.342 s.

Figure 5. Dynamics of population of the lowest triplet state T1 (lower panel). Similar toFS0 it is of double-exponential character. The T1 level is
populated duringt j τST and starts to depopulate later on whent J τB. The envelope of populationFT2 (Figure 3) of the excited triplet state T2

(upper panel) has dynamics like the one for T1. Parameters are the same as those in Figure 4,p ≈ 2.31× 10-2, andτST ≈ 9.76× 10-6 s.

FS1

(e)(t) ≈ γτ(q e-t/τB + p e-t/τST) τST , τB (37)
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fluorescence burstsnf(t) induced by thenth pulset ≈ n∆ using
the rate equation

Here ΓS1

r is the rate of radiative decay of the S1 state, which
usually gives the dominant contribution toΓS1 ) ΓS1

r + ΓS1

nr,
where ΓS1

nr is the rate of nonradiative decay or the rate of
internal conversion. Integration of this equation fromn∆ + τ
until n∆ + ∆ (neglecting fluorescence during the pulse) is
straightforward usingFS1(t) ) FS1

(e)(t) exp(- (ΓS1 + γis + kS1)t)

The fluorescence yield

varies in the intervalφf ) 0.22-0.76 for molecules studied in
ref 9. We would like to pay attention to the fact that the number
of fluorescence burstsnf(t) decays double-exponentially in
contrast with the concentration of photobleached moleculesFB-
(t) (eq 24). To obtain the total number of the fluorescence bursts
Nf(t) and fluorescence brightness11 â(t) we have to sum all pulses
until t Nf(t) ) ∑ nf(n∆)

where

We are now at the stage to discuss the earlier observed3,13

double-exponential decay of the fluorescence. The physics of
this effect have been unclear. The double-exponential law given
by eq 39 cannot explain the experiment13 due to the small value
of p , 1 and because of the too short timeτST j 10-5 s.

Figure 6. Concentration of photobleached molecules increasing when the irradiance time increases according to eq 24: parameters are the same
as those in Figure 4 (left graph; when the peak intensity grows (here irradiance timet ) 1 s) (right graph).

Figure 7. Effective three-photon absorption cross-section (eq 33) (upper panel) and total cross-section of nonlinear absorption (eq 35) (lower
panel) versus peak intensity.

∂nf(t)

∂t
) ΓS1

r FS1
(t) (38)

nf(t) ≈ φfFS1

(e)(t) ) φfγτ(q e-t/τB + p e-t/τST)

∆ . (ΓS1
+ γis + kS1

)-1 (39)

φf )
ΓS1

r

ΓS1
+ γis + kS1

(40)

Nf(t) ) Nf(∞)[ú(1 - e-t/τB) +

(1 - ú)(1 - e-t/τST)] â(t) )
Nf(t)

t
(41)

Nf(∞) ) φfγ(qτB + pτST)
τ
∆

ú )
qτB

qτB + pτST
(42)
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However, there is another reason for the double-exponential
decay, namely, the intensity dependence of the photobleaching
rate and the spatial inhomogeneity of the illumination.28,29The
spatial distribution of the light pulse is not homogeneous due
to two reasons. The first one is the attenuation of irradiance
due to absorption; the second reason refers to the Gaussian
distribution of the light

wherea is the radius of the light beam. Due to this transverse
inhomogeneity the illuminated region can approximately be
divided in two parts. The first one is the focal region with high
intensity and hence large photobleaching rate 1/τB1. However,
the photobleaching rate is significantly smaller (1/τB2) in the
outermost low-intensity region (Figure 10). Thus the inhomo-
geneity of the light beam leads to a breakdown of the single-
exponential decay of fluorescence and photobleaching. To
analyze strictly the role of beam inhomogeneity we have to
integratenf (eq 39) over the whole light beam. The photo-

bleaching rate (see section IVB) depends quadratically on the
intensity 1/τB(r) ) 1/τB(0) exp(-2r2/a2) as well as the prefactor
γq ≈ γ ∝ I2(r) in eq 39. This allows us to obtain an analytical
expression for the fluorescence integrated over the full cross-
section of the light beam

where γ(0) ) γ(r ) 0). One can see that the long time
asymptotic limit is not exponential,njf(t) ≈ constant/t. However,
the simulations indicate that the fluorescence can be fitted nicely
by a double-exponential function

when the time of observationT is restricted. The fitting
parametersA1, k1, A2, andk2 depend onT. We useT ) 30 s as
in the experiment.13 The results of simulations based on the

Figure 8. (A) Time of settling of ST equilibrium (eq 14) becomes shorter for larger intensityI. (B) The log-log plot shows a quadratic dependence
of the photobleaching time (eq 25) on the peak intensity.

Figure 9. Solid line divides the plane into two regions (eq 46). The photobleaching from the T1 and S1 levels dominates in the upper region, while
the lower region corresponds to photobleaching mostly occurring in the higher excited states T2 and Sn.

I(r) ) I(0) e-r2/a2
(43)

njf(t) ) 2π ∫0

∞
nf(t)r dr ) π

2
φfτγ(0)a2

1 - exp(-t/τB(0))

t/τB(0)
(44)

njf(t) ≈ A1 e-k1t + A2 e-k2t t < T (45)
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fitting of the double-exponential expression (eq 45) are shown
in Figure 11. We used in the simulation the half width at half-
maximum (HWHM) of the Gaussian beamaHWHM ) 0.5 µm
(a ) aHWHM/xln2). The theoretical results are in reasonable
agreement with experiment13 for k1. The agreement is though
worse for the slower ratek2, which mimics the slow power-law
decay (t-1) by the exponential function, exp(-k2t).

We computed also the intensity dependencies ofk1 and k2

for the top-hat beam, which we mimicked by the Gaussian (eq

43) cut atr ) R. We have found that the slope ofk2(I) is more
sensitive toR than k1(I). For the slope ofk2 we obtained the
value close to the experimental one forR ) a. We also obtain
a rather close agreement with the experiment (Figure 12) for
the ratioA1/A2 of the “fast” and “slow” contributions (eq 45).

In general, it is can be recommended to experimentalists to
use the formula in eq 44 instead of the double-exponential
formula (eq 45).

It is important to mention that in the case of solutions the
double-exponential kinetics can be caused also by an absorption
of the dye to the cell surface.3

B. Competition between Photobleaching from the T1, S1,
T2, and Sn, States.Let us try to shed light on the role of the
photobleaching in different excited states. According to our
model (see section IIIB and Table 2),kT1 ) kS1 ) 107 s-1 and
kT2 ) kSn ) 106 s-1. The simulations (Figures 4 and 5) show
that the population of the S1 level is comparable with the
population of T1 during the interaction with the pulse (τ ) 100
fs). The first impression is that contributions of these two levels
for the total rate of photobleaching are comparable. However,
this is actually not the case because we have to take into account
also the photobleaching that occurs between pulses during∆
≈ 12 ns. The photobleaching in the long-lived T1 state dominates
here because of the fast depopulation of the S1 level during
ΓS1

-1 ) 3 ns. This means that the overall photobleaching in
the T1 state is noticeably larger than that in the S1 state, because
∆ . τ. Finally, the total photobleaching rate is affected by
competition between photobleaching in the T1, S1, and (T2 or
Sn) states with quadratic and cubic intensity dependences,
respectively.

In the studied region of peak intensitiesI, the relaxation rate
ΓT1 gives a dominant contribution in the denominator of the
expression for the bleaching time (eq 25). This allows us to
understand the intensity dependence of the photobleaching
bearing in mind that the rate of the two-photon transition S0-
S1 depends quadratically on intensity (γ ∝ I2) contrary to the
one-photon transitions S1-Sn or T1-T2 (γT, γS ∝ I). We
assumed for the numerical simulations thatkS1 ) kT1, kSn ) kT2,
and ΓS1 . kS1 + γis, ΓSn ) ΓT2 . kSn, kT2 (see section IIIB).
Taking this into account and collecting terms with quadratic
and cubic intensity dependences in the equation for 1/τB (eq
25) one can obtain the following equation for the interface
between the quadratic and the cubic laws for the photobleaching
rate 1/τB : (Figure 9)

The results of the simulations shown in Figure 11 display a
quadratic dependence of the rate of the “fast” photobleaching
with kT1/kT2 ) 1.07× 10-4 in agreement with Figure 9.

C. Different Regimes of Photobleaching.Experiment13

shows a cubic intensity dependence of the photobleaching rate
for the pyrylium salts C2, C3, and C4 (Figure 1a). To obtain
such a cubic dependence we need a smaller ratio ofkT1/kT2,
namely,kT1/kT2 < 0.8 × 10-5 for I ) 6 × 1014 W/m 2. Cubic
dependence means that the photobleaching mostly occurs in the
T2 and Sn states. However, according to Figure 9, this happens
when the intensity is high (central part of the light beam, Figure
10). It is not hard to understand that for the T1 state the
photobleaching occurs in the wings of the light beam where
the intensity is not sufficiently high to significantly populate
the T2 and Sn states. This case indicates that the double-
exponential decay (eq 45) observed for the pyrylium salts C2,

Figure 10. Double-exponential photobleaching caused by the inho-
mogeneous transverse distribution of the light pulse:τB1 < τB2.

Figure 11. Rates of the photobleaching (a)k1 and (b)k2. Triangles
mark k1 and k2 calculated for a Gaussian beam using the double-
exponential fitting (eq 45). The experimental data of Polyzos et al.13

based on the double-exponential fitting (eq 45) are shown by the dashed
line. (a) The solid line shows the photobleaching ratek1 ) 1/τB

calculated for a homogeneous light beam (eq 25). (b) The solid line is
drawn through the theoretical curve to display the slope.

kT1

kT2

)
(2γisγT + ΓT1

γSΓS1
∆)

2ΓT2
(γis + ΓT1

)
τ
∆

(46)
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C3, and C4 is related also to the different photochemistry in
different parts of the light beam: fast photobleaching in the T2

and Sn states in the central part of the beam and slow
photobleaching in the T1 state at the wings of the beam.

D. Role of Saturation.As already mentioned, the saturation
of spectral transitions is negligible in the studied region of
intensities. However, simulations show that saturation becomes
important when the irradiance exceedsI ) 1015 W/m2. The
saturation of the S0-S1-T1 transition is taken into account by
the termγφisc in the denominator of the expression forp (eq
13). Saturation of the one-photon transition T1 f T2 is taken
into account using the following replacement30

whereΓhT2 ) ΓT2 + kT2. A similar replacement is used for the
S1 f Sn transition.

V. Summary

Photochemical reactions remove molecules from the absorp-
tion-emission cycle. Due to this circumstance photobleaching
becomes important in fluorescence imaging as well as in read-
write processes used for three-dimensional optical data storage.
We have in this article presented a dynamical theory of
multiphoton-induced fluorescence accompanied by photobleach-
ing. Our model includes a manifold of singlet and triplet states.
The lowest triplet state has a permanent population due to the
long lifetime, meaning that the photobleaching occurs mostly
from this state and that a quadratic dependence of characteristic
bleaching time on light intensity is observed.

We obtain simple analytical expressions for the main
characteristics of fluorescence accompanied by photobleaching,
namely, the photobleaching time. This time depends on the peak
intensity, repetition rate, pulse duration, and microscopic
parameters of the single molecule such as the absorption cross-
section, relaxation rates, and rate of intersystem crossing. We
carried out first-principles simulations to obtain the cross-
sections of nonlinear absorption and resonant frequencies for
the pyrylium salt 4-methoxyphenyl-2,6-bis(4-methoxyphenyl)

pyrylium tetrafluorobate used for numerical illustration. The
presented theory explains recent experimental results of Polyzos
et al.,13 which display either quadratic or cubic intensity
dependence of the photobleaching time for different pyrylium
salts.

We suggest two qualitatively different mechanisms of the
observed double-exponential dynamics of laser-induced fluo-
rescence. The first one gives two characteristic times of the
fluorescence decay: the equilibrium settling time between the
ground and the lowest triplet states and the duration of
photobleaching. However, the first time is too short to explain
the experiment in ref 13. Our simulations show that the spatial
inhomogeneity of the light beam, which constitutes the ground
state of the second mechanism, is the main reason for the
observed double-exponential law. We find that the microscopic
mechanism of photobleaching in the general case can be
different in the beam center (high intensity) and in the beam
tail (low intensity) due to the low population of higher excited
states at the wings of the beam. The numerical simulations show
that the cross-section of nonlinear absorption deviates signifi-
cantly from two-photon absorption due to the stepwise absorp-
tion from the first excited singlet and triplet states.

Appendix A: Derivation of Eq 9

It is convenient to rewrite eq 1 forFT1 as follows

The termQ(t) describes the one-photon transfer of the population
between the T1 and the T2 levels accompanied by the photo-
bleaching from the T2 state. We note that this term can be
ignored whenkT2 ) 0 becauseQ(t) gives small and fast
fluctuation of the T1 population during theτ + 1/ΓT2 interval,
which does not affect the average population of this level.
However, the photobleaching in the T2 state gives a slow
depopulation of the lowest triplet state. Because this slow

Figure 12. Comparison of theoretical and experimental13 ratio A1/A2 of “fast” and “slow” contributionsA1/A2 (eq 45).

γTτ f
κ[1 - exp(-τΓhT2

(1 + κ))]

2(1 + κ)
κ )

2γT

ΓhT2

(47)

∂

∂t
FT1

) γisFS1
- (ΓT1

+ kT1
)FT1

- Q(t)

Q(t) ) ∂

∂t
FT2

+ kT2
FT2

(A1)
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depopulation is important only at a large time scale it is natural
to treat theQ(t) term at the average

Here we use the fact that the level T2 is depopulated during the
time interval between pulses:FT2

n ≈ FT2
n+1 ≈ 0. The reason

for this is found in the fast relaxation of the T2 state in
comparison with spacing between pulsesΓT2

-1 , ∆. Equation
A2 indicates that the large scale dynamics of the population
exchange between the T1 and the T2 levels is affected only by
the quenching ofFT1(t) caused by the photobleaching. Making
use of this approximation we ignore the short-lived deviation
of FT1 from the envelope (Figure 3) caused by population

exchange between the triplet states. To findQ(t) we need the
solution of eq 1 forFT2 during thenth pulseFT2

(I) and between
the nth and (n + 1)th pulsesFT2

(II)

Integration of this solution over time gives

The fraction of bleached moleculesR (eq 11) in the T2 state
(relative to the concentration of molecules in the T1 state) per
pulse is a product of the fraction of the molecules in the T2

state (γTτ) and the branching ratio of photobleaching from the
T2 state æT2 (eq 11). It is relevant to note thatR , 1 due to eq
5.

Let us write eq 1 for the S0, S1, and T1 levels for the timet
∈ (n∆ + τ, n∆ + ∆) between thenth and (n + 1)th pulses
whereγ(t) ) 0

Let us solve eq A5 taking into account the particle conserva-
tion law (eq 7) and neglecting the short-lived termΓSnFSn. From
the second eq A5 we obtain

Integration of the third equation in eq A5 with this expression
for FS1 gives

whereφisc and Γ̃T1 are defined by eqs 10 and 11 accordingly.
The concentration of the ground-state moleculesFS0 before the
n + 1 pulse is found directly from eq 7. Now we are at the
stage to write down the populationsFn+1 just before the (n +
1) pulse (t ) (n + 1)∆)

The contributions∝ FS1
n are neglected in the expressions for

FS0
n+1 andFT1

n+1 because exp(- (ΓS1 + γis + kS1)∆) , 1. We
have already used this implicitly in eq 8 assumingFS1(n∆ - 0)
) 0 just before a pulse. The first equation in eq A8 results
immediately in eq 9 when we useFT1

n ≈ 1 - Fb
n - FS0

n, and
take into account thatFb(t) depends much slower on the time
compared withFS0(t)

due toτST , τB.
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