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Many-Photon Dynamics of Photobleaching
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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 remdte devices.

I. Introduction the spatial resolution changes, which overall affects the ef-

i o ) ) ficiency of device fabrication. For example, because two-photon

Nonlinear optics is an important area of contemporary science gpsorption depends quadratically on the excitation intensity, the
and technology. Nowadays, pulsed lasers with high peak confinement will be limited to a small volume, while in the

intensities are widely used in different optical devices, where case of three-photon absorption the confinement will be even

the high brilliance of the laser and the accompanying many- petter as it depends cubically on the excitation intensity and so
photon absorption drastically affect the photochemical properties 1, This particular aspect of multiphoton absorption has been

of the studied samples. In general, absorption and emission;seq as a means for activating chemical/physical processes with
coefficients as well as the photostability of a material dictate high resolution in three dimensioA&However, the improve-

the suitability for any kind of application. One of the processes ment due to the nonlinear excitation is limited because of an
that reduces the photostability is photobleaching caused byi,creased focal spot caused by an increase of the wavelength.
photochemlca! reactions that remove molecqles from the petailed experimental and theoretical studies of photobleaching
absorptior-emission cycle. Often the photobleaching constitutes anq |aser-induced fluorescence can be found in recent articles
an unwanted effect in various fluorescent-based detection by Eggeling et at12The authors of this article minimize the
experiments. For example, the use of multiphoton-induced photobleaching using multicolor pulsed excitation.

confocal fluorescence microscopy is often limited by increased
photobleachiny? due to the decrease of the amount of
fluorescence photons and, hence, the decrease of the sensitivit
and accuracy of measurements. However, the photobleachin
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 detectidmccordingly,
photobleaching recently has been employed by several gréups
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, whic
could be of either a tw88° or a three-photon nature.
Depending on the number of photons involved, the quality of

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
gpulses 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 etl&lapplied on different
pyrylium salts. One observed in that work a double-exponential
dynamics of photobleaching through fluorescence detection and
hfurthermore 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
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Figure 1. (a) Chemical structure of the pyrylium-based molecules discussed in this work. Me is the methgrdiid. The C1 molecule is
4-methoxyphenyl-2,6-bis(4-methoxyphenyl) pyrylium tetrafluorobate. (b) Energy level scheme of the C1 molecule.

kg, w nonlinear media containing pyrylium salt molecules (Figure 1a).
Let us start from a simplified scheme of transitions depicted in
Sn kg, Figure 2. This scheme selects the principal channels playing
k B key roles in the photobleaching process. The kinetics of spectral
S1 Y T transitions accompanied by photobleaching obey the following
> Sn < T2 rate equations for the populations of singlet and triplet states
Y1 I, involved in the studied process
S2 A T kg v
- . d
S1 \zis i —v(O(ps, — ps) T Tgps + Iy pr,
“—T1
8 — —_— —_— — J—
' K, 5iPs, = YO(ps, — ps) — 7s(D(ps, ~ ps)
I (1—‘51 tyst ksl)los1 + rshPsn
SO Y

0
o Ps, = vs®ps, — ps) — (I's, + ks )p
Figure 2. Simplified scheme of transitions. I > a 5 S

states. To understand the dynamics of this photochemical process% pr, = Visps, — (Tr + K)oy, + T pr — y+(O(or, — p1)

induced by multiphoton absorption, we have performed numer-

ical simulations of photobleaching in pyrylium salts. Our model, 5

based on stepwise absorption, includes the photobleaching in P A —(I“T2 + sz)pT2 + yT(t)(pTl - pr

the first singlet and triplet states as well as in the manifolds of

higher excited singlet and triplet states. In the numerical 9

simulations, we select the representative pyrylium salt, 4-meth- 31 Po = Ksps, T ks ps + Ky o1, + ke pr, )

oxyphenyl-2,6-bis(4-methoxyphenyl) pyrylium tetrafluorobate,

as studied in the experimental wotkThe main aim of our Here ps, ps, p1, and pr, are the §, S;, Ty, and T level

study is thus to explain the results of the measurements of populations, respectivelyy, is the concentration of bleached

Polyzos et al? and to develop a detailed theory of photobleach- moleculesy(t) is the rate of two-photon (TP)-induced transition

ing taking into account the temporal shape of the laser beam.g, — g, ys(t) and y1(t) are the rates of one-photon-induced

To explain the observédl double-exponential decay of fluo-  transitions $— S, and T, — To, vis is the rate of intersystem

rescence, we consider the spatial inhomogeneity of the light crossing (ISC) interactios,, I's,, I'r,, andI'r, are the decay

beam. We believe that the mechanism of photobleaching canrates of the § S, T1, and T states, respectively, and,, ks,

be different in the high- and low-intensity regions of the beam. k;,, andks, are the bleaching rates from the corresponding states.
The paper is organized as follows. We start in section Il from It is worthwhile to note that in the general case the intersystem

the physical model of the interaction of a periodical sequence crossings $-T. and T,;—S, have to be taken into accoukit.

of short pulses with few-level molecules with singlet and triplet We assume that the initial concentration of the molecpigé

subsystems. The analysis and solution of the rate equations are= 0) = 1 is normalized to one, except in the field eq 34. The

presented in section IIA. The computational details can be found rate of the TP population of the; $or $) level is defined by

in section Ill. The results of the numerical simulations of the the cross-section of two-photon absorption (TPA) and depends

photodynamics of the pyrylium salt and of the laser-induced quadratically on the radiation intensitgt)

fluorescence are analyzed in section IV. Our findings are

summarized in section V. 0,1 (t) 2

Y= 2ho (2w — ‘Uslso)z + 12

)

2

)

Il. Formulation of the Theory

To explain the results of the experiméatwe consider the where the photon frequency is tuned in resonance with the TPA
propagation of a periodic sequence of short light pulses in transition o ~ ws, /2 and whereI’ is a homogeneous
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broadening of the spectral line. The rate of the-T, one-
photon transition depends linearly ot)

(eder)A0)

r
hPce, (0 — a)-rle)2 +1?
a4l(t) r?

ho (0 — wr7)?+ 17

77(t)

®3)

wheredr,t, is a dipole moment of the transition, ¥T,. The
rate of the $— S, one-photon transitiops(t) is given the same
expression (eq 3) after the replacementdefr, — ds;s, and
oT,T, — Wss, As we study randomly oriented molecules, we
have to perform orientational averaging of the transition dipole
moment relative to the polarization vector of the lightWe
replace approximatelye(dr,r,)? by dr,1,%3 and use conventional
orientationally averaged cross-sectitfraf two-photon ¢,) and
one-photoru; = dr,1,2w/(3hcel’) absorption.
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We use here and below a special notation for the density matrix,
o" = p(t = nA — 0), at the instant = nA just before thenth
pulse.

A. Solution of the Rate Equations for a Sequence of
Periodical PulsesWe 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 putse
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 Jstates and slower relaxation of the T
state,zst ~ I'r,; 1 > I's %, T's, %, I't,% The dynamics of
photobleaching characterized by the timeare much slower,

7 > TsT. A strict definition of st andzg 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 ey, ps,,

ot,, andpr, as outlined in Appendix A. The second step is the

Our simulations show that the TPA cross-section is larger Solution of the coupled equations for the populations &%

for the § — S, TPA transition (see Table 2, Figure 2, and

S, states (eq 1), which are proportional to the slowly varying

discussion below). However, even for resonant excitation of the Population of the ground stage,(t). We leave out the discussion

level S, this level is quenched with a rate10'2 s~ higher
than the rate of quenching of the BvelI's, of ~108—10° s,
Due to this circumstance, mainly the Bvel is populated, and

one can restrict the analysis, taking into account only this level.

The two-photon transitioneS— S; is rather weak. This allows

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 moleculgs(t) constitutes the final step.

The population of the first excited state at the end ofritie

us to neglect the saturation of this transition; the saturation of Pulse,ps,(nA + 7) is given by eq 1. The solution of this equation

the § — S,and T, — T, one-photon transitions is also neglected
because it is small for intensities used in our simulations

Ps, T Ps, N Ps, Ps, T Ps N ps Pr, T pr, X pr, (4)
This happens when
y<Ig ys<Ig yr<Iy,
or
@2y +Tg)r<1l (st+Tg)r<1l (2yr+TI7)r<1 (5)

However, the “saturation” of theS— S; — Ti 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 thetdte and,

hence, the rather significant storage of the molecules in the

lowest triplet statepr, O N, which is proportional to the number
of pulsesN during the lifetime of the lowest triplet state (eq
15).

The separation between pulsgse 12 ns is longer than the

lifetimes of the excited singlet and triplet states. This means

that the levels § S,, and T, are depopulated almost completely
at the instantt = nA (n = 0, 1, ...) before the next pulse
(Appendix A), because

exp(—(I's, + ks +7i9A) <1 exp(-(I's +kg)A) <1
exp(—(I'y, + kp )A) <1 (6)
Due to this circumstance, the particle conservation feyt)

+ ps,(t) + ps,(t) + pry() + pr(t) + pu(t) = 1 reads at the
instantt = nA (see also Appendix A)

ps, tor T o ~1 7)

is straightforward

ps (NA + 1) = yp(2)ps (NA) ~ y7ps (NA)  (8)
whereg(t) ~ (1 — exp[~1(2y + Ts)])/(2y + T's) ~ 7 for the
studied case of a sequence of short puBgs= I's, + ks, +
vis < 1/t. Hereyt is the fraction of the molecules excited in
the § state during one pulse. We use here and below special
notations for the peak values of the intendif§) — | and for
the peak values of the rates of radiative transitip(ty — 7y,
ys(t) = ys, andyr(t) — yr.

Now we are at the stage to find the populations of the ground
and the first triplet states. The populations betweemtheand
the (0 + 1)th pulses obey eq 1 witp(t) = 0. The solution of
these equations results in the following recurrent equation (and
its solution) for the populatiopsg,” at the instant = nA — 0
before thenth pulse (Appendix A)

p"=(1—p, )R R™=1-eT+iR (9

where we introduced the branching ratio of the intersystem
crossing

Yis

— 't i =-¢y)e ™ <1 (10
F51+‘}/|S+ksl ( ¢I$Cy) ( )

¢isc =

One can see that the dynamics depend on the total rate of
depopulation of the Tstate through three channels: the radiative
and nonradiative decay; 7> S, the photobleaching in the; T
level, and the excitation to the,Tstate with the following
photobleaching

k

~ o T

FT:L = FT:L + le + K o= '}/T‘l,'%rz %TZ = ﬁ (11)
2 2
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The solution R = A"p + g) of the recurrent eqs 9 and 7 results s significantly longer tham. Due to this circumstancg{y *
in the following expressions for the populations of the lowest pr.(t) dt & pr,"A. We omit the rather lengthy but simple solution

singlet and triplet states of eq 1 forps,(t) and ps,(t), which is similar to the solution of
N .y N the rate equation fopr,(t) (eq A3). The substitution ops,(t)
ps, =[1—p1— =N - py) and ps(t) in eq 16 results in

n_ 1_ean/rS 1— n 12
pr, = P( N1 —py) (12) p L — p = (ke A+ a8 yrr)pr" +

The parameters ks,y7 N ks yvs9(7)
o Tk t7e Tstks

Pson 17)
. ef A _q (1—‘1—1 + le)A + V18T
q by T + gnd _q ~ (I“Tl + le)A + (Yo + VTaerz)T where the photobleaching in thg Sate depends quadratically

on the pulse duration in the studied case of short pulses (see
Piscr T also eq 8)

p=1-q= - ~
PeyT + €7 — 1 1 [ 1-gWatiatad] 2
YTise 13) ¢(r) = Tg +k T 2ygl’ T Totkst2ys | 2
Iy, T kA + (e + vr88 )T (18)

Taking into account the expression fpg" and pr," (eq 12)
and making a transition to the continuum variabke nA, we
obtain

found from initial conditionsps,? = 1 andp,? = 0, have simple
physical meanings when the photobleaching is negleatgd:
the ground-state population whiteis the population of the 17
state fort — co. 30,(1)

As one can discern from eq 12, the quasi-stationary distribu- “Fo\*) _ T _ s 1
tion of populationsops,(t) ~ q(1 — pp(t)) and pr,(t) ~ p(l — at (le tay A)p(l e+ A
pu(t)) is settled duringcst = —A/ln 4 < 1T, 5
ks yT ks Vst

_ _ qths i
(14) Tg T Ks 75 20T +ks) [1-p( pHE

pu(t)) (19)

Later on the photobleaching starts to decrease the number of ) . . ) ) )
resonant molecules ank,(t) — 0 because all molecules are The integration of this equation gives straightforwardly
photobleachegy(t) — 1 whent — « (see below). Itis relevant 1
to mention thatrst ~ 1/'1, (eq 14) is defined only by the ppH)=1— exp{— —(t — x(t))] (20)
lifetime of the T, state whengiscyr < I'1,A, while 7sT ~ s
Alytisc depends on the pump intensity in the opposite case
PiscyT > rTlA-

The physical meaning of eq 12 deserves special comment. 1 7 T
Usually I'1,A < 1. In this case, the population of the lowest == p(kT +ag yr —) +q (e +ysrees2)  (21)
triplet state Ts ' “A A

1
Lo A
STy ke, + (e + 7r88 )TIA

where the rate of photobleaching

= N(TON N=1z. /A 15 is a sum of effective rates of photobleaching in the T, S,
P (T) oy (15) and $ states. It is necessary to note that the photobleaching is
characterized by a single time of photobleaching, which includes

is equal to the population of the; Btate created by a single the photobleaching in all states. Here

pulseN(T1) = ¢iscyrq times the number of pulsé¢during the

lifetime of the triplet statery, = 1/7,. N is the factor of k
accumulation of the particle in the; Btate. Hereyzq is the & S S
population of the first excited singlet state just after a single rs1 + ks1 +Vis

pulse (egs 8 and 13). Equation 15 indicates that the ground state

is completely depopulated due to optical pumping of the triplet and

statep ~ 1 when the number of transitiong S> T; due to

TPA and intersystem crossing per pulgsyt significantly ksn

exceeds the number of decay events of the triplet dtaga. & = Te + ke
B. Rate of PhotobleachingFrom the derivation above, we S "

are now in the position to find the concentration of bleached

molecules. From eq 1 fgsy(t) we have

(22)

are the branching ratios (relative rates of bleaching processes
from the S and the §levels, respectively). A similar branching

1 A ratio &, for the T, state is defined by eq 11.
oo o = [0 (ke pr,(® + ke pr (1) ks ps (1) + In agreement with recent measureméftse photobleaching
ks ps (1)) dt (16) in the triplet states is suppressed when the repetitionfrate

1/A is sufficiently low. Indeed, in this case the population of

The second integral at the right-hand side of this equation wasthe Tu level is exponentially small

solved already (eqs A2 and A4). The populatipf(t) ~

~ S
constant during\ becausest and the time of photobleaching P~ discyre FTIA =1
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TABLE 1: Excited-State Transition Dipole Moments (in a.u.) and Excitation Energieshm. (in eV), for
4-Methoxyphenyl-2,6-bis(4-methoxyphenyl) Pyrylium Tetrafluorobate Molecule Calculated at the TD-B3LYP/6-31G** Level

S-S T

X Y z howe X Y z Awe
dsss, 0.5750 2.5989 ~0.0029 2.65 dr.r, ~1.6389 ~0.0302 0.5151 0.28
dsss, 3.1113 —0.5340 —0.0094 2.86 dry, —1.0606 —0.0254 —0.0851 0.67
ds,ss ~2.5748 ~0.0071 0.0105 071  dr, ~3.1266 ~0.0697 ~0.1311 0.91
ds,s, ~0.1750 —0.0057 0.1859 1.02  drr, 0.0389 0.0036 —0.0383 1.39
ds,s, ~0.2683 0.0199 ~0.0151 1.06 dryr. 0.0226 ~0.0153 ~0.8802 1.43
ds,s, 0.1619 0.0147 —0.0408 1.08 dr,r, —0.1758 —0.0212 —0.4170 1.50
dss, —0.0689 0.0009 0.2117 112 drr, —0.0386 0.0088 0.2140 1.53
ds,s 0.1327 0.0211 0.0135 1.35
ds,s, 0.0417 —0.0053 ~0.2973 1.60
ds,s,0 0.0843 0.0251 0.6737 2.09
ds,ss —0.0128 0.0428 2.8679 0.50
ds,s, —0.3764 0.0506 0.0443 0.81
ds,s, ~0.0110 0.0320 0.3700 0.85
dss, 0.3751 ~0.0182 0.0097 0.87
dss, 1.3115 0.0336 0.0212 0.91
dss 0.0402 0.0164 0.7212 1.14
ds,s, 0.7414 0.0013 —0.0093 1.39
ds,s10 ~0.2487 0.0085 0.0063 1.88

aE‘r1 - ESU = 1.88 eV

The duration of population of the,; Btate ¢st) affects only single pulse. The population of the lowest triplet state by a long
slightly the dynamics of the photobleaching through the term pulse

2 (1 = p(0)y (OPisc
B e 1 vy +yysre /2 pr. () ~ (27)
20 =7l —e ) /Ag/p AT m 2Ty kv (s T (e
' ’ (23) can also be significant due to the small relaxation rate of this
statel'r,. The ground state is depopulated according to eq 7.
Indeed,(t) O rst is important only at the initial step< 7sr, C. Many-Level Molecule. The theory developed in the

wherepp(t) < 1. This means that the long-range dynamics of previous section is based on a simplified few-level scheme
the photobleached and intact molecules by a periodical sequencéFigure 2). However, simulations (Table 1 and Figure 1b)

of the pulses is defined by the equation indicate that the studied molecule is essentially a many-level
system. First of all, we have two close-lying excited states S
p~1—e® pi)y~e ™ o<1y (24) and $, which we discussed already in section Il and which

can be replaced by one state.
Figure 1b and Table 1 indicate that many of the excited triplet
Equation 21 shows that the photobleaching in theu® T states can be reached from thddvel. We would like to remind
states gives a linear dependence of the photobleaching rate onhe reader that only one excited triplet stateid taken into
the pulse duration (singel] 7 (eq 13)), contrary to the excited  account in section IIA. Let us therefore here take into account
S, and T states, which lead to a quadratic dependence.on  the excited-state absorption by a manifold of excited triplet states

Let us write down the full expression fag T, (Figure 1b). This is important for the one-photon-+ T,
transitions. Let us generalize egs 1 fer, and pr, for many
1 yeldidke, + @8 yrtlA) + (Tr + ke + a8 yrrlA) (g + ysraes 12)] excited triplet states (saturation is then neglected)
2 25
Ty ALy, + Ky, + (disc + vrer )T/A] 29) 9
& P1, = VisPs, — (FT1 + le)iOTl + Z rszTz - Z VT(t)PT1
1. Long Pulselt is interesting to compare our solution for a 2 2
periodical sequence of pulses with the dynamics of photobleach- 9
ing for a long single pulse o Z pr,= Z r1(Dpr, — Z Ty, + ke )or,  (28)
2 2 2
pp() ~ 1 — exg — ft dty Assuming that the relaxation constaiits andkr, (kr, < I't,)
0 7g(ty) are the same for allJllevels, we again obtain eq 1 whese,
andyt now are the total populations of the excited triplet states.
1 V(t)‘PiSC[VT(t)aefz + le] The total rates of one-photon transitions are then

= 26
‘L’B(t) FT1 + le + V(t)¢isc + VT(t)a_}Tz (20) or. Z P y+() — Z y1(t) (29)
T, T, /T T

To avoid unnecessary complexity, we write down this expression

neglecting the photobleaching from the &d S levels. One This means that the results obtained in the previous sections
can see that the time of photobleaching (eq 25) coincides with for a single T level are valid for the many-level case as well
the time of photobleaching (eq 26) for a long single pulse when after the replacementr(t) (eq 3) by the total rate of the; 7~

7 = A. Indeed, in this case the sequence of pulses becomes al, transition (eq 29).
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TABLE 2: Input Data for Simulations 2

Gavrilyuk et al.

02 (S1) 02 (S) T fr
(m4/W) (m4/W) o Vis Ts, 1—‘Erl I, I'r, T, kT1v Ki szv K% (fs) (MHz)
0.95x 107%™ 1.24 x 107%™ 0.68 16 3.33x 108 *0.047 106 10t 107 16 100 82

aT = 0.1 eV,A = 1/ = 12 ns. The rate constants are given & §he calculated parameters are marked by asterisks.

Exactly the same reasons allow us to take into account one-

photon transitions from Sto higher excited singlet states, S
by means of a replacementmf andys(t) to the total population
of S, levels and the total rate of the S> S, transition

Ps, ™ Z ps, 7<) — Z 7s(t)

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 $— S; is accompanied by the two-step three-photon
absorption, — S;, with following T, — T, and § — S,. To
obtain the cross-section of this photoabsorptié?‘nwe use the
relation between the rate of three-photon transitidh =
o2"13/(3hw) and 65", The ratesWi(t) and Wa(t) of radiative
transitions from the ground to the excited statesiid S can
be found directly from the kinetic eq 1

(30)

d
Friaria (rT2 + sz)/OT2 + WT(t)Pso

d

aPs T (rsn + ksn)losn + Ws(t)Pso (31)
The expression fokVr(t) is immediately obtained from eq 1
using the fact thapr,/ps, ~ p/q as is seen from egs 13 and 12.
Similar calculations give the expression f(t). Finally, the
total rate of three-photon transitiong-S T, and $ — S, reads

sy 7+
;A

1

Wa = Wi(t) + We(t) = +y()yst)ot

¢iscpT2T1

03 3
—le A T+ pslsnét)l ®

= %ho (2

Herepr,m, = y1()/1(t), pss, = yst)/I(t), anddot =t — nA. We

TABLE 3: Excitation Energies, e (in eV), and 6™ (in GM
Units)?2

calculated experimental
molecule state 1)) o'PA @o™PA o™PA
C1 S 2.65 218
S 2.86 285 182 267
c2 S 2.62 177
S 2.99 471 513 675
C3 S 2.61 150
S 3.03 645 767 1278
C4 S 2.58 174
S 2.94 450 390 1772

aThe TPA cross-sections are computed for= 0.1 eV.PThe
experimental excitation energy is not given in the table as we do not
know which excited state is involved.

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

[ll. Computational Details

The rate equations are solved using as input parameters the
TPA cross-sections, transition dipole moments @f T, and
S;—S, 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 $ — S 20 = ws,s,

1. Transition Energies, Dipole Moments, and Rates of

obtain the peak value of the cross-section at the end of a pulse”hosphorescenceGeometry optimization of the molecular

30,7 PisdPr T
eff __ 2 > 2'1
In the general case the intensity of the light decreases
9 19\ _ _ 24 G134 o) =
(82 - at)l ()] + 0% + o3+ )

— Moyl + o(D1?) (34)

system has been carried out using Becke’s three-parameter
hybrid functional (B3LYP)® at the polarized split-valence basis
set 6-31G*16 The calculations of dipole moments and energies
of the $—S (k = 1 or 2) transitions have been carried out
using linear density functional response thedyhe remaining
dipole moments for g-S, T.-—Tm(m, [ =1, 2, 3, ...) and spin-
symmetry-forbidden J=S (p = 1, 2, or 3) transitions have
been performed using quadratic density functional response
theoryl”18 Apart from computing the transition dipole moments
between various states of the investigated molecule we also
carried out necessary computations of the TPA cross-sections,

due to one, two, three, ... photon absorption with the cross- assuming that the photon frequency is tuned in resonance with
sectionsoy, 02, 03, etc. Here |7is the concentration of intact  the strongest TPA transition,S~ S; i.e., 2 = ws,s. The
molecules per unit volume. In the studied system the TPA is results of these calculations are summarized in Tables 1 and 3.
accompanied by three-photon sequential absorption. To see howrhe presented results correspond solely to electronic transition
the three-photon absorption (eq 33) affects the two-photon moments, as we neglect vibrational degrees of freedom in our
absorption, it is convenient to introduce an effective cross- calculations completely. The Franeondon distribution re-
section of nonlinear absorption (2 3 photon absorption) duces the intensity of the spectral transitions. We have mimicked
this effect by reducing the transition dipole moments from Table

_ ff
o(l) =0, + 05 (35) 1 of the one-photon transitions by a factor of 2.
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Our computations of the spin-symmetry-forbiddep—5o s71, respectively. Experimental data for different pyrylium salts
transitions predict the radiative rates (phosphorescence) of thein different solvents show thdts, ' = 0.95-10 ns??T's, !t =
Tp — So transitions forp = 3, 2, or 1: 1I'r,-g' = 8.25912x 0.71-36 ns?® andT's, * = 2.7 or 3.6 ng* We did not find
10%s, 7, = 8.327 s, and Tl = 11,5 = 21.37 s. information about the relaxation rate of the $tate in the
These results indicate that the first two triplet statgsaid T, pyrylium salts. We have found only'r,* = 0.2 ps for
are lying significantly below the first excited singlet state (Table rhodamine 6G.We use in the simulationEr, 1 = I's 1 =
2), and, consequently, the radiative transition rates from theseps.
states are suppressed by having only a small -spihit Our simulations are very sensitive to the lifetirhie,~* of
coupling. Contrary to this, the third excited triplet state is the T, state and the rate of the intersystem crossjng
positioned closely to Sand the radiative rat€yr,—g, is 3 orders Experimental data for the pyrylium salts in different solvents
of magnitude larger, as the spiorbit coupling between the;S show thatl't,”* = 6.9 or 9.6us (at room temperatur&)and
and T; states is efficient. Furthermore, due to the large spin  I'r,”* = 5 or 10us (at room temperaturé}. Tripathi et al??
orbit coupling between these states, an effective intersystemclaim that the lifetime of the first triplet state of some pyrylium
crossing between the; 3ind the T states is expected. Com-  salts is sensitive to the concentration of the solvért,* >
parison with the total rate of the quenching of the first triplet 100 us at infinite dilution whileT'r,”* < 1 us for higher
state (Table 2) indicates that the radiative channel is negligibly concentrations of the pyrylium molecules. It is worthwhile to

small in comparison to the nonradiative one. mention thatl'r,* = 2.6 us for rhodamine 6G.The decrease
2. Role of Substituents on the Cross-Section of Two-Photon©f the temperature results in an prolongation of the lifetime of
Absorption.In the experimental work by Polyzos et &.the the T, state of the pyrylium salts up tbr,™* > 1 ms [ =

investigation of photobleaching behavior was extended to a 176 Ky® and rTg_l = 0-1_35'14 s I = 77 K)» The .
group of pyrylium salts. This group consists of molecules with Mmeasurements discussed in the ref 13 were performed with
the same basic chemical structure, differing only by specific Pyrylium salts in the solid phase at rE)lom temperature. This
substituents, as shown in the Figure 1a. The experifhents Motivates us to use in our simulatiohis,* ~ 10 us. We note
showed that changes in the nature of substituents leads toihat the lowest triplet states are mainly quenched nonradiatively
changes in the multiphoton absorption cross-sections. Welm = I'r" + I'm™ ~ I'r,/" at room temperature, Whl|€10uf
calculated the TPA cross-sectidh®® for these molecules. ~ Simulations show that the radiative rate is very smafl 5™,
Details about the calculation method can be found in recent S€€ section I1AL). _ _ _
work2% As one can see from Table 3, the calculated cross- Unfortunately, information on the rate of intersystem crossing

sections are in reasonable agreement with the experimental datdS rather poor. Tripathi et & state thatyis/(I's, + yis) < 10%
for C1 and C2 molecules. for pyrylium salts. Eggeling et al. have found for rhodamine

- —1 = —1

At this point, we draw the reader’s attention to the calculated ?rgf t;)at&/\}sé—h a7v'2 Zhjsilf fo r(r;j rsgi;r&?zgiim_sillgﬁ i?f §I' o
TPA cross-section reported in Table 3. From this table it is quite conclu.de we should pay attention to the fluorescencé vheld
clear that the increase/decrease in TPA values is a strong_ JT% + T + yie + ks). According to measurements of
function of the symmetry as well as of the substituents attachedp |31 Slt |31 :V'SO 68 1_|'_ King i tg ¢ the above-
with it for a fixed backbone of the system. To make this point olyzos et al.gr ~ 10P— Oga ﬂg o TCC’O%”,l e above
clear, if one looks at C1, then one immediately notices the mentlloge(:hd?ttisl ~1 Jlt. N andgis N '1t S Ione can.
symmetry present in this system due to the attachment of the;gpcfu € that the nonradiative quenching (internal conversion)
same group (methoxy group). Due to the symmetry present in 50 _the first exc_ltedrsmglt_et s_tate is comparable to the rate of
the C1 molecule, the charge transfer and the transition momentadiative quenchind’s. This is a rather unexpected result,
direction are parallel, which is not the case for other members P€cause the nonradiative channel is usually weaker than the
of this family, such as C2, C3, and C4. Hence the TPA cross- radiative one for the 'flrst equteq singlet state. For'example,
section is the smallest for C1 among the members of this family. the analysis of Eggeling et &lindicates that the relative rate
The change in the TPA cross-sections for the other molecules®f e nonradiative channel is about 50_/‘1" .
is due to the strength of electron-releasing/withdrawing groups. 1€ rates of photobleachirlg, = 10° s™* andkr, = 107 s°

The change of susbtituents leads to a change in the transition®® defined from the simulated rate of photobleaching 1/

dipole moment between the ground and the excited states, which€9 25) using the n;easured value 2.9gef 13) for the intensity

in turn dictates the change in the TPA cross-sectiérg. this | =6 x 101 W/m 2 (see 2t)3ellcl)w). Foks, andks,, we assumed,
point, one can say that the mechanism involved in the enhance-0!loWing Eggelling et al%** thatkr, = ks, < kr,, ks, These
ment of TPA cross-sections and, hence, in photobleaching isstl_Jdles demonstrate that higher levels are more phot(l)reactlve.
expected to remain the same for this particular class of It is necessary to note that the recent experimental'@i&ta

molecules. The possibility of involvement of other excited states indicate that the photobleaching in triplet states can be signifi-

can although not be ruled out, as the change in substituents coulo“"”‘_rlf[Iy faskter than that. In smglﬁt ztates. . f Pol
lead to drastic changes in the ordering of the energy levels. 0 make a companson with the experiment of Polyzos et

7,9,13 i i i _
Hence, one needs to look at the singlet as well as the triplet al. we need to know the intensity used in these measure

manifolds of the system very carefully before making any ments, which, however, is not possible as this information is
conclusion regarding the mechanism that could affect photo- absent in these articles. We instead find the intensity using the

bleaching. formula

B. Empirical Rate Constants.Unfortunately, we are unable PA
to compute the remaining part of the kinetic parameters, such = S
as the rate constants and the photobleaching rates. Instead we
choose these parameters analyzing available experimental datavhere S is the area of illumination andP is the average
The broadening of the spectral lines used in the simulations is irradiation power, which was variédin the regionP ~ 1-10
I' = 0.1 eV (see ref 21). We have chosen the total decay ratesmW. We estimated the area of the illuminated spot from the
of the § and T, states a¥’s, = 3.33 x 1(® s*t andI'y, = 102 article® asS~ 1 um x 1 um. The experimental data collected

(36)
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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 peakn,(ps,) must be equal to the amplitude of the “hole” g (ps,).)

in Table 1 of ref 13 are given fd? ~ 5 mW, which corresponds  IV. Discussion of Results
according to eq 36 tb ~ 6 x 10" W/m?2. Simulations show
t:at Lheide?pﬁnmeh% \_?vasTperf%rmed bt?llow th?. satu:apon and triplet states (Figures 4and 5) for the irradiahee 6 x
thresho 20 the 55, T1=Ta, an 3__51_ 1transitions. .t.|s _10“W/m2 This dynamics have essentially a double-exponential
worthwhile to note that the saturation of the last transition is nature with shortst (eq 14) and longs (eqgs 20 and 21) times.
very sensitive to the values of tHer, and yis rate constants.  The equilibrium between theoSand the T levels is settled

One starts to observe the saturation effepts & ps, and pr, duringzst: ps, decreases from 1 tgin contrast toor,, which
~ pr,) only for | > 105 W/m?. increases from O tp (see inset in Figure 5); later on all levels

Let us first analyze the population dynamics of the singlet
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Figure 4. Dynamics of population of the ground state(®wer panel) and envelope of populatipg (Figure 3) of the first excited singlet state

S, (upper panel). Long-term dynamics @f, are defined by the time of photobleaching(eq 25). The peak intensity Is= 6 x 10" W/m?, q ~
0.9769, andg ~ 0.342 s.

time (s)

Figure 5. Dynamics of population of the lowest triplet state (Tower panel). Similar tgs, it is of double-exponential character. The [€vel is
populated during < tst and starts to depopulate later on whenr 7g. The envelope of populatiopr, (Figure 3) of the excited triplet state, T
(upper panel) has dynamics like the one far Farameters are the same as those in Figupe~4,2.31 x 1072, andzst ~ 9.76 x 1076 s.

are depopulated during because of the photobleaching (Figure The two characteristic times of the photobleachigg and
6). One can see the following relation between the populations, g depend differently on the intensity. Contrarydgr (Figure
p(sel), o1, < ps,. When the intensity grows the concentration of 8A) the photobleaching timss (Figure 8B) decreases strongly
photobleached molecules increases from 0 up to 1 (Figure 6).when the irradiance is growing (see section IVB).

When the intensity is lows = t/zg ~ 12. The reason for this A. Number of Fluorescence Bursts.The photobleaching
quadratic law is that the photobleaching from thgahd S decreases the number of intact molecules due to the increase of
states dominates. o(t). Thus the photobleaching is not a desirable effect in

The effective cross-sectim‘gﬁ (eq 33) of the stepwise three- ~ fluorescence microscopy. Indeed, the fluorescence from the first
photon absorption depends Weakiy on the intensity (Figure 7) excited state §|S proportional to the pOpuIation of this state
The slight decrease 065" is due to the weak intensity (€ds 8 and 24)
dependence of the effective rate of depopulaﬁbpof the Ty © iz iz
level (eq 11). The stepwise three-photon absorption influences ps ()~ yr(qe T +pe ) <1y (37)
the effective cross-section of nonlinear absorptigh (eq 35),
which exceeds significantly the two-photon absorption which displays a double-exponential decay. Hpg(?.(t) is the
(Figure 7). envelope ofpg,(t) (Figure 4). Let us compute the number of



11970 J. Phys. Chem. A, Vol. 111, No. 47, 2007

Gavrilyuk et al.

1 T T T T

08} 1
0.6 1
m
a
04F 1
Tg
02F 1
0 02 04 06 08 1 2 4 6 8 10
. . 14 2
time (s) Intensity (10 W/m")

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 tindes) (right graph).
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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.

fluorescence burstg(t) induced by thenth pulset ~ nA using
the rate equation

any(t)

o = sps® (38)
HereT is the rate of radiative decay of tha State, which
usually gives the dominant contribution i&;, = I“'sl + Fg;,
where I'Y is the rate of nonradiative decay or the rate of
internal conversion. Integration of this equation fromk + 7

until NA + A (neglecting fluorescence during the pulse) is

straightforward usings,(t) = p&(t) exp(— (T's, + 7is + ks)t)

ny(t) ~ ¢fp(S°;)(t) = pyr(ge Ve + pe V)
A> (g +yt ksl)*l (39)

The fluorescence yield

r
T's,

= 40

varies in the intervay: = 0.22-0.76 for molecules studied in
ref 9. We would like to pay attention to the fact that the number
of fluorescence burstsk(t) decays double-exponentially in
contrast with the concentration of photobleached moleqges

(t) (eq 24). To obtain the total number of the fluorescence bursts
N¢(t) and fluorescence brightnésg(t) we have to sum all pulses
until t Ni(t) = > ni(nA)

Ni(t) = Ny(eo)[5(1 — €7™) +

N, (t
Q-0a-e"=) po= # (41)
where
NG = e +Pro)f C= o @2)

We are now at the stage to discuss the earlier obsétved
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 experim&ntue to the small value
of p < 1 and because of the too short timgr < 107> s.
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Figure 8. (A) Time of settling of ST equilibrium (eq 14) becomes shorter for larger inteths{®) The log-log plot shows a quadratic dependence
of the photobleaching time (eq 25) on the peak intensity.
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Figure 9. Solid line divides the plane into two regions (eq 46). The photobleaching from;taedr'S levels dominates in the upper region, while
the lower region corresponds to photobleaching mostly occurring in the higher excited states $.

However, there is another reason for the double-exponential bleaching rate (see section IVB) depends quadratically on the
decay, namely, the intensity dependence of the photobleachingintensity 14g(r) = 1/r5(0) exp(—2r#¥a?) as well as the prefactor
rate and the spatial inhomogeneity of the illuminat&A® The yq~ y OI(r) in eq 39. This allows us to obtain an analytical
spatial distribution of the light pulse is not homogeneous due expression for the fluorescence integrated over the full cross-
to two reasons. The first one is the attenuation of irradiance section of the light beam
due to absorption; the second reason refers to the Gaussian L (0
istributi i - —exptt
distribution of the light n() =27 [ o dr =g¢fry(0)a2 t/p( 5(0))
75(0)

I(r)=1(0) e " (43) (44)
wherea is the radius of the light beam. Due to this transverse where y(0) = y(r = 0). One can see that the long time

inhomogeneity the illuminated region can approximately be asymptotic limit is not exponentiai(t) ~ constant. However,
divided in two parts. The first one is the focal region with high the simulations indicate that the fluorescence can be fitted nicely

intensity and hence large photobleaching ratg;1/However, by a double-exponential function
the photobleaching rate is significantly smallerzg}) in the
outermost low-intensity region (Figure 10). Thus the inhomo- n(t) ~ A, ekt 4 A, e t<T (45)

geneity of the light beam leads to a breakdown of the single-

exponential decay of fluorescence and photobleaching. Towhen the time of observatio is restricted. The fitting
analyze strictly the role of beam inhomogeneity we have to parameterg\y, ki, Ay, andk, depend oril. We useT = 30 s as
integratery (eq 39) over the whole light beam. The photo- in the experiment® The results of simulations based on the
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43) cut atr = R. We have found that the slope kf(l) is more
sensitive toR thank;(l). For the slope ok, we obtained the
value close to the experimental one = a. We also obtain

a rather close agreement with the experiment (Figure 12) for
the ratioAy/A; 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.

B. Competition between Photobleaching from the T, S,

T,, and S, States.Let us try to shed light on the role of the
photobleaching in different excited states. According to our
model (see section 11IB and Table Xy, = ks, = 107 st and

kr, = ks, = 1P s71. The simulations (Figures 4 and 5) show
that the population of the ;Slevel is comparable with the
Figure 10. Double-exponential photobleaching caused by the inho- POPulation of T during the interaction with the pulse = 100
mogeneous transverse distribution of the light pulsg: < g2. 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-livedstate dominates
here because of the fast depopulation of thdeSel during
I's, ! = 3 ns. This means that the overall photobleaching in
the T state is noticeably larger than that in thes&te, because

A > t. Finally, the total photobleaching rate is affected by
competition between photobleaching in thg %;, and (T, or

S, states with quadratic and cubic intensity dependences,
respectively.

10

0.1

== theory (gaussian field), slope=1.74 ] . . . . .
— theory (homogeneous field), slope=2.00 ] In the studied region of peak intensitieghe relaxation rate

--- experiment, slope=2.02 . I'r, gives a dominant contribution in the denominator of the

expression for the bleaching time (eq 25). This allows us to
| . . TE———— understand the intensity dependence of the photobleaching
b) ) bearing in mind that the rate of the two-photon transitigr S
fil e S, depends quadratically on intensity {0 12) contrary to the

i ] one-photon transitions 1SS, or T;—T2 (y1, ys O 1). We
s assumed for the numerical simulations tkgt= kr,, ks, = kr,,
i andT's, > ks, + yis, I's, = I't, > ks, kr, (See section 11IB).
I _ Taking this into account and collecting terms with quadratic
= and cubic intensity dependences in the equation fos (dq
L2 E 25) one can obtain the following equation for the interface
: ] between the quadratic and the cubic laws for the photobleaching

‘ ] rate 1tg : (Figure 9)

- =" = theory (gaussian field) k
L --- experiment, slope=1.91 ]
i — th;)ory (linear ﬁl:ling), slope=1.14 k_Tl _ iy + Trysl'sA) T (46)
' ' ' o sz 2FT2(Vis+ rTl) A

0.01

k, (57

0.001
|

Intensity {1014 mez}
Figure 11. Rates of the photobleaching (k) and (b)k.. Triangles The results of the simulations shown in Figure 11 display a
mark k; and k; calculated for a Gaussian beam using the double- quadratic dependence of the rate of the “fast” photobleaching
exponential fitting (eq 45). The experimental data of Polyzos &t al. ~ with kr,/kr, = 1.07 x 1074 in agreement with Figure 9.
based on the double-exponential fitting (eq 45) are shown by the dashed  ~  pifferent Regimes of Photobleaching.Experiment®

line. (a) The solid line shows the photobleaching rate= 1/tg P . :
calculated for a homogeneous light beam (eq 25). (b) The solid line is shows a cubic intensity dependence of the photobleaching rate

drawn through the theoretical curve to display the slope. for the pyrylium salts C2, C3, and C4 (Figure 1a). To obtain
such a cubic dependence we need a smaller ratikr,dfr,,
fitting of the double-exponential expression (eq 45) are shown namely,kr /kr, < 0.8 x 1075 for | = 6 x 10 W/m 2. Cubic
in Figure 11. We used in the simulation the half width at half- dependence means that the photobleaching mostly occurs in the
maximum (HWHM) of the Gaussian beaaywnv = 0.5 um T, and S states. However, according to Figure 9, this happens
(a= aHWHMlx/ﬁ). The theoretical results are in reasonable when the intensity is high (central part of the light beam, Figure
agreement with experimeégtfor k;. The agreement is though  10). It is not hard to understand that for the State the
worse for the slower rat, which mimics the slow power-law  photobleaching occurs in the wings of the light beam where
decay (1) by the exponential function, expkat). the intensity is not sufficiently high to significantly populate
We computed also the intensity dependencie&;adnd k the T, and § states. This case indicates that the double-
for the top-hat beam, which we mimicked by the Gaussian (eq exponential decay (eq 45) observed for the pyrylium salts C2,
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Figure 12. Comparison of theoretical and experimefitahtio Ai/A, of “fast” and “slow” contributionsAi/A; (eq 45).

C3, and C4 is related also to the different photochemistry in pyrylium tetrafluorobate used for numerical illustration. The
different parts of the light beam: fast photobleaching in the T presented theory explains recent experimental results of Polyzos
and S states in the central part of the beam and slow et al.}® which display either quadratic or cubic intensity
photobleaching in the iTstate at the wings of the beam. dependence of the photobleaching time for different pyrylium
D. Role of Saturation.As already mentioned, the saturation salts.
of spectral transitions is negligible in the studied region of  \ye suggest two qualitatively different mechanisms of the
intensities. However, simulations show that saturation becomesghseryed double-exponential dynamics of laser-induced fluo-
important when the irradiance exceeldds= 10> W/m2. The
saturation of the & S;—T; transition is taken into account by
the termygisc in the denominator of the expression for(eq
13). Saturation of the one-photon transition—+ T, is taken
into account using the following replacem#&ht

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
_)K[l — expCaly (1 + K] _% 47) state ofgthe gecond n?echanism, is the main reasongfor the
ey 2(1+«) £ I't observed double-exponential law. We find that the microscopic
mechanism of photobleaching in the general case can be

wherelr, = I'r, + kr,. A similar replacement is used for the different in the beam center (high intensity) and in the beam

S, — S, transition. tail (low intensity) due to the low population of higher excited
states at the wings of the beam. The numerical simulations show
V. Summary that the cross-section of nonlinear absorption deviates signifi-

cantly from two-photon absorption due to the stepwise absorp-

Photochemical reactions remove molecules from the absorp-tion from the first excited singlet and triplet states

tion—emission cycle. Due to this circumstance photobleaching
becomes important in fluorescence imaging as well as in+ead ) o
write processes used for three-dimensional optical data storageAPpendix A: Derivation of Eq 9
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 thea pr, = Visps, — (I, + kp o, — Q(1)
long lifetime, meaning that the photobleaching occurs mostly
from th_is state and t_hat a quad_rati_c dependence of characteristic Q) = 82 pr. + krpr. (A1)
bleaching time on light intensity is observed. [ z 2

We obtain simple analytical expressions for the main
characteristics of fluorescence accompanied by photobleaching,The termQ(t) describes the one-photon transfer of the population
namely, the photobleaching time. This time depends on the peakbetween the Tand the T levels accompanied by the photo-
intensity, repetition rate, pulse duration, and microscopic bleaching from the 7 state. We note that this term can be
parameters of the single molecule such as the absorption crossignored whenkr, = 0 becauseQ(t) gives small and fast
section, relaxation rates, and rate of intersystem crossing. Wefluctuation of the T population during the + 1/T'r, interval,
carried out first-principles simulations to obtain the cross- which does not affect the average population of this level.
sections of nonlinear absorption and resonant frequencies forHowever, the photobleaching in the, Btate gives a slow
the pyrylium salt 4-methoxyphenyl-2,6-bis(4-methoxyphenyl) depopulation of the lowest triplet state. Because this slow

It is convenient to rewrite eq 1 fgsr, as follows
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depopulation is important only at a large time scale it is natural
to treat theQ(t) term at the average

(n+1)A (n+1)A

— k
QO -0 =75 [T d~ L [T o (A2)

Here we use the fact that the leveli§ depopulated during the
time interval between pulsesr,” ~ pr,"" ~ 0. The reason
for this is found in the fast relaxation of the, Btate in
comparison with spacing between puldas ™t < A. Equation

A2 indicates that the large scale dynamics of the population
exchange between thg @nd the T levels is affected only by
the quenching opr,(t) caused by the photobleaching. Making
use of this approximation we ignore the short-lived deviation
of pr, from the envelope (Figure 3) caused by population

exchange between the triplet states. To fipd) we need the
solution of eq 1 forpr, during thenth pulsepT') and between
the nth and @ + 1)th pulseso(”)

Pr, nV

PO = T 2,0

exp(— (T, + kr, + 2y7)(t —

nA))
PR(NA +7) expl— (Ir, + kp)(t = (A + 1))
NA+7=<t=<(n+ 1A (A3)

NA<t<nA-+rt
pr () =

Integration of this solution over time gives

% P, ¥ YisPs, — (FT1 + le + %)PTl (A4)
The fraction of bleached molecules(eq 11) in the 7} state

(relative to the concentration of molecules in thestate) per

pulse is a product of the fraction of the molecules in the T

state {/v7) and the branching ratio of photobleaching from the

T, state &g, (eq 11). It is relevant to note that< 1 due to eq

5.

Let us write eq 1 for the §S;, and T, levels for the timet
€ (NA + 7, nA + A) between thenth and 6 + 1)th pulses
wherey(t) =0

0

alPs =T

sPs, T Irpr,

d

a_tpslz_(rsl+yis+ksl)Psl+rsnPsn

ad a
5t P1a T VisPs, T (F T, + le + Z)/OTl (AS)

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

pst = NA — 1) = ypg

exp(— (I's, + 75 + ks)(t — nA — 7)) (A6)

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

pTl(t LA T) = _¢iSCVTp50n exp(— (rs1 + Yis + ksl)(t -
DA = 1)) + (pr"+ Beytps”) expE Ty (t — A — 7)) (AT)

Gavrilyuk et al.

wheregisc and Iy, are defined by eqs 10 and 11 accordingly.
The concentration of the ground-state molecygdefore the

n + 1 pulse is found directly from eq 7. Now we are at the
stage to write down the populatiop8t! just before therf +

1) pulse { = (n + 1)A)

()OTln + ¢ichTPson) eXp(_rTlA)

pson+l =1— pbn+1 _

Psln+1 = VTPsOn exp(—(I's + yis + kg )A) < Pson

pr," = (or" + bsros) €XPTrA)  (A8)
The contributiond] pg," are neglected in the expressions for
ps," ™t and pr,"1 because expf (I's, + yis + ks)A) < 1. We
have already used this implicitly in eq 8 assumiggnA — 0)

= 0 just before a pulse. The first equation in eq A8 results
immediately in eq 9 when we ugg,"~ 1 — py" — pg,", and
take into account thady(t) depends much slower on the time
compared withog(t)

n+1

Pb (A9)

~ n
~ Pp
due torsT < 18.
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