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Abstract For a number of porphyrin molecules, it was shawn hal (heir excitation by light pulses ol a recl-
angular slep shape and a certain duration led to experimentally observed dynamical decrease and increase ol
fluorcscence kinetics duc to changes in the population ot the lower (mctastable) triplet T state. On the basis
of cxact analytical cxpressions tor a three-cnergy-level modcl, a simple analytical relationships between the
rate constants of intramolecular processes and experimentally measured parameters of the fluorescence
kinetics were obtained. The three-dimensional isotropic orientation of the molecules in the framework of the
chosen madel was (aken into account by numerical methods and allowed 10 simulate adequately the experi-
mentally observed fluorescence kinetics. The 77 state liletimes ol the studied porphyrin malecules in polymer
matrices were determined from experimental curves using numecrical methods for solving inverse problems.
The obtained values correlated with litcrature data. Featurcs and advantages of this approach were discusscd.

DOTI: 10.1134/80030400X 16110199

INTRODUCTION

Along with well-known methods of determining
the triplet 77 state lifetime of organic molecules based
on the analysis of the phosphorescence decay {pulsed
and phase-modulation ones [1]), there is another
method allowing one to obtain the similar and other
information by analyzing the kinetics of fluorescence
excited by rectangular photopulses [2—4|. The inten-
sity of the S5, « &,-fluorescence reaches its maximum
value at the initial moment of irradiation with a rect-
angular photoexcitation {(PhE) pulse and, then,
decreases exponentially to a certain stationary value.
Such behavior of the kinetics is due to the transition of
molecules initially excited in the S, — S, channel to a
relatively long-lived {metastable) lower triplet 7 state;
therefore, the decrease in the fluorescence intensity is
due to the increasing population of this state. The
effect was found to be purely photophysical and
reversible and named “fluorescence fading” (FF)
{photophysical fading} |2—4]. FF is associated with
establishing the equilibrium population in the system
of energy levels upon quasi-stationary PhE and its
obsecrvation is possible at a nonzero efficiency ofthe 77
state population through the intersystem crossing
S, ~> 1. In addition, the rise time of the front of the
rectangular PhE pulse should be much shorter than
the lifetime of the triplet state. The method of deter-
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mining the 7 state lifetime based on the analysis of FF
has certain advantages over traditional methods
because it allows:

—to obtain information about the 7 state lifetime
even in the case in which phosphorescence is very
weak or completely absent (due to purely nonradiative
deactivation of the state);

—to improve the accuracy and expressiveness of
the measurements since photodetectors are much
more sensitive in the spectral range of fluorescense of
a sample rather than its phosphorescence;

—to obtain data on lifetimes of triplet states of
photo-isomeric forms having spectrally separated flu-
orescence bands in the case when their phosphores-
cence bands are overlapped spectrally {which often
takes place because the 5,—7 energy intervals are gen-
erally non-correlated).

Recently, using analytical and numerical computer
modeling the population dynamics ofthe .5;-. .%,-, and
T -levels of a typical metalloporphyrin under quasi-
stationary PhE has been studied [5—7]. The calcula-
tions have shown that, after a sharp decrease in inten-
sity of stationary PhE, which results in a proportional
abrupt decrease of the fluorescence intensity, its value
should then increase exponentially reaching a certain
constant level. This new effect, which is similar in its
nature to the FF effect, has been named ‘fluorescence
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Fig. 1. (a) The shape of the two-step photoexcitation pulse; (b) schematic representation of FF and AF kinetics for a hypothetical

metalloporphyrin moleeule (&, = 18.5s7 1 &

excl exc?

antifading” (AF). The AF effect has been confirmed
experimentally by observation of the fluorescence
kinetics of a zinc-tetrabenzoporphyrin complex in a
polymer matrix at 300 [3, 6] and 77 K |7]. Note that
FF and AF effects following each other have been
experimentally observed with the help of using of
modulated laser diode generated a sequence of two-
step PhE pulses of descending intensity.

In the present work. a method based on the study
of the FF and AF kinetics is applied for characteriza-
tion of the 7, state of a number of chlorophyll-like
molecules at 77 K. The relation between the rate con-
stants of intramolecular processes and experimentally
measured parameters of fluorescence kinetics is pre-
sented in the theoretical section. Approximation to a
real experimental data is based on numerical modeling
of the population dynamics of electronic energy levels.
In calculations, the isotropic spatial orientation of the
molecules is considered in the same way as it has been
done in [7—9]. The simulated and experimental fluo-
rescence kinetics are treated using modern numerical
inverse problem methods. which allows us to obtain
most reliable information on the 77 state of the studied
molecules and intramolecular processes with its par-
ticipation.

MODELING OF FF AND AF PROCESSES

The analytical solution of system of balance (ordi-
nary differential) equations (1) describing the popula-
tion kinetics of the electronic -, 5)-. and 7', states of
an organic fluorophore under quasi-stationary PhE
taking into account the normalization and closure
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=855 L p=225"L r=107s L and ko= 5 x 105571,

conditions ([5.(r}] + [5/(0] + [T7()] = 1} allows to
obtain the exact expression for the [.%,(f}] population,
and, thus. for fluorescence intensity /{7y (J(r) ~ [5(H)])
[10],

415:] E;J kol Sal = £181- AT =0,
% — KeaelSo) + (f + s8] = 0, (1)
dc[fm — kgL, + plt;] = 0.

Here, k... [, ks7» and p are, respectively. the rate con-
stant of PhE, the total rate constant of the .§; — .§,
deactivation channel, the rate constant of the intersys-
tem crossing §,~> ', and the total rate constant of the
T state deactivation. Note that the splitting of the trip-
let 77 level to its sublevels is not considered. Symbolic
calculations were performed uvsing the Maxima pro-
gram | 11].

Figure 1 schematically shows the calculated profile
of two-step PhE (a} and fluorescence kinetics /() ofa
hypothetical metalloporphyrin (b) obtained in the
approximation of one-dimensional model {1). Note
also that, for the intensity notions shown in Fig. 1b,
relative intensity changes 8 of the FF and AF processes
can be defined as 85= [£-(0) — L o) /L5(>c) and & ;=
[£A0) — L(o2)/ L (o), respectively.

Under certain assumptions, the equation for
[57(1)], the form of which is rather cumbersome, can
be simplified to a reasonably accurate expression for &
(8,-and 6,), as well as for the characteristic times of the
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FF and AF processes (Tand T,), which are the same
for both processes [6]:

§= %IMOJI — L. @

1= 1
r + kechST

The (7 parameter, under conditions of a low PhE
intensity {(k../f <€ 1) and metastability of the 7 level
(for porphyrins, p/fand p/ker<€ 1 are typically 107°) is
close in its value to the quantum yield of the intersys-
tem crossing O ©r= kop/(f + ko). For example, if
the metastability condition is satisfied and a typical
ratio k.../f = 10 >, then |Qgy — @4 = 10 °. The [S(0)]
and [77(0)}] are the populations of the electronic levels
at the time moment of PhE intensity switching on or
change.

If we consider the starting point of FF {(f = (), for
which [5,(0)}] = I and |77(0)] = 0, and taking into
account (2). then expression {3) for the characteristic
time of FF can be written in the form

_ [
Using the relationship between Tr and p, ie.,
T,-= p~ ', the expression (4) gives

(3

Ty (4)

Since
148, = 170 (6)
Lyl
expression (5) with (6) can be written as
= Ty (0) Z 7
Iﬁr("o)

Thus, to obtain T, it is necessary to derive from the
experimental (or simulated in the case of numerical
simulation) curve of the FF kinetics the values of
140), fy(>), and Tz Expression (7) is simpler and
clearer than those given in |2—4]. Taking into account
the normalization and closure conditions, as well as
validity of the nonequalities [Sy(7)]. |45} = [5(D)]
that follow from the values of the intramolecular rate
constants given in Fig, 1, the relationship between the
intensities and populations of the %, and 77 levels may
be represented as

ij(()) — [S;_-,(O)] — 1
Tp(eo)  [Sule=}] 1 —[Ti(e)]
The lifetime t, of the 7] state can also be obtained
from the kinetics of AF if, at the time moment when
PhE intensity is abruptly reduced, the populations of
the S;-, §,-. and 7T, levels are known. Because of the
mutual coupling and continuity of the processes, their

(8)
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values are equal to the corresponding final values of
the populations of the previous process. Using (2). (3),
and (8). it can be shown that

_ 10 1,0
I;}'(m) raj‘(c’o) o

It is obvious that the uncertainty of determining the
values of 7, from the AF curve is larger than from the
FF curve.

Expressions (7) and (9) were verified by analytical
and numerical methods (numerical calculations were
carried out using the Scilab package [12]) for a wide
range of rate constant values of intramolecular pro-
cesses, as well as PhE ones. For the PhE intensities
which result in Sﬁs I, the values of T+ calculated using
both analytical and numerical methods, were close to
the values calculated using expressions (7) and (9).
The relative discrepancy of the results obtained by the
aforementioned methods typically did not exceed 10-°.

Numerical simulation also showed that formulas
(2}, (3), (7), and (9) are valid for cases in which a mul-
tilevel energy model can be reduced to the three-level
one. An example is the model in which excitation of
high-lying excited singlet states (., — §, transitions) is
followed by the population of the .5, state via the pro-
cess of internal conversion with participation of vibra-
tional sublevels (5, ~ 5, transitions).

To model the kinetics of the FF and AF processes,
which were supposed to be observed in real experi-
ments, in the three-level model the spatial orientation
of homogeneously distributed noninteracting absorb-
ing and emitting oscillators was taken into account. As
expected, the vse of the three-dimensional model and
numerical methods described in [8, 9] revealed a dis-
persion of the characteristic times of the FF and AF
processes. A similar dispersion had been noted earlier
for kinetics of studied photoprocesses |8].

In the present worlk, the numerically simulated in
the framework of the three-dimensional three-level
model FF and AF kinetic curves, as well as curves
obtained experimentally at 77 K, were processed with
the use of programs CONTIN |13] and FTIKREG
[14]. Using different algorithms for solving the integral
Fredholm equation of the first kind (10}, these pro-
grams calculated the spectral density function of char-
acteristic times F(1) of the FF and AF processes

(9)

T

() = j F(T)exp —i)dr, (10)
T
0

where f(7) are studied dependences /,(f) and/or £ Az).

Figure 2a shows the results for the spectral density
of characteristic time F(t) of FF and AF simulated
kinetics, which are relative to those presented in
Fig. 1b. The positions of the maxima of F{t) for the
three-dimensional model {curves 7 and 4 in Fig. 2a}
gxceeds the values of T for the one-dimensional model

No.5 2016
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Fig. 2. Spectral density of characteristic times £{t) of simulated (7, 3, 5) FF and (2, 4, 6) AF kinetics for a typical metalloporphy-
rin(f=1x 10757}, kop=15x 10¥s~! p=22s"", kpge1 = 18.3 s™! and Koyer = 8.5 sy, (a) Calculations in the approximation of
(1, 2y one- and (3, 4) three-dimensional models in the absence of the noise. (b) Calculations in the approximation of (5, 6) a
three-dimensional model at a maximum amplitude of the noise equal to £0.033 /().

{(vertical lines 7 and 2 in Fig. 2a). This is because, in
the one-dimensional model, k.. is a constant,
whereas in the three-dimensional model it takes values
in the range from zero to . In fact, the light absorb-
ing dipoles oriented at different polar angles © to the
electric vector of the laser light are excited with prob-
ability ~cos?®. This results in a change of the effective
value of k... The difference in the maxima of the F(1)
bands (curves 3 and 4) explains the expression (3).
Simulation of kinetics with different &,,.Cr/p values
showed that the use of high intensitics of PhE for
which ﬁff > | is inadvisable primarily because of the
growing uncertainty of determination of the intensity
ratios in expressions (7} and (9) and, respectively, the
values of 7. In addition, when 6 > 1, the F(T) bands
broaden and show a structure that, generally speaking,
also complicates determination of the values of 1.

For a correct comparison of simulated kinetic
curves with experimental ones, which are usually
noisy, we added a controlled fraction of Poisson-type
noise to the simulated (smooth) curves. As expected,
this led to an additional broadening of the F{t) bands
{curves Sand 6 in Fig. 2b), as well as to a shift of the
positions of their maxima: the maxima of bands 3 and
5 as well as of bands 4 and 6 do not coincide slightly.
For curves 4 and 6, the mismatch of the F(7) band
maxima is more pronounced than for curves 3 and 5
due to a lower ‘signal-to-noise’ ratio for the AF Kinetic
curves as compared with FF one. Note that the noise
in the original f(#} curve is the main uncertainty source
of determination of the £{1) band position.

In addition, if inverse praoblem calculations yvield an
asymmetry or structure of the F(t) bands, it may be
advisable to determine the values of T, not from the
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position of the F(t) maximum, but from the position
of the gravity center of the band or a group of bands.

Note that the Jg{o=)/1 (0} ratio should be strictly
equal to the intensity ratio of the steps in the PhE pulse
(keyor/ o In Fig. la). This allows to control the
parameters of PhE pulses as well as photophysics of
the observed processes. A possible reason for discrep-
ancy in the values of the ratios could be, in particular,
the presence of the stimulated emission. Preliminary
calculations show that the simulated emission
increases the &,(OO)/](,I(O) ratio, leaving the accuracy
of determination of T, practically unaftfected. The ratio
also allows to control the photophysics of the FF and
AF processes by comparing the corresponding distri-
butions of F(1).

The features of the FF and AF processes estab-
lished in the course of the numerical simulation were
further used in the analysis of experimental data and
their interpretation.

OBIJECTS AND METHODS OF RESEARCH

The objects studied were synthetic tetrapyrrole
compounds: Zn tetrabenzoporphyrin (ZnTBP), Zn
tetra-fert-butyl-tetrabenzoporphyrin (Zn (rBu),-TBP),
and free base porphyrin (H,P), dihydroporphyrin
(chlorin, H,C), meso-tetrapropylchlorin (H,TPrC),

meso-tetraphenylporphyrin -~ (H,TPP), N-methyl-
meso-tetraphenylporphyrin - (V-CH;-TPP),  meso-
tetra(sulfonatophenyl)porphyrin - (H,TSPP), and

tetra-tert-butyl-tetraazaporphyrin - (H;-(rBu),-TAP).
Structural formulas of some studied compounds are
given in the inserts of Fig. 3 and 4. The experimental
samples were polymer films of polyvinyl butyral (PVB)
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Fig. 4. (a) Experimental curves of FF and AF kineiics of H,C in PVB al 77 K, Calculatled speciral densily ol the characieristic
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or polystyrene (PS), of the 100—200 um thickness
obtained by the irrigation method and colored with
the aforementioned pigments (~10 °mol/L), All
spectral and kinetics measurements were performed at
77 K.

A laser diode (similar to SANYO DL4146-1018,
Ao = 405 nm) with a radiation power of few mW,
driven by a generator of current pulses of a two-step
rectangular shape and with the front rise and fall time
of =50 ns (the shape of the light pulse is schematically
shown in Fig. la) was used as a photoexcitation
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source. The duration of the steps and the ratio of their
amplitudes could be set independently. The sample
fluorescence was detected in the spectral range of the
0—0 band of the studied objects using PMT (PM943-
02, Hamamatsu, Japan). More detailed information
on the detection method of the kinetic curves and data
collection is given in [6]. Some additional changes
were made in the experimental setup described in [6];
they included installation of a more efficient heatsink
for the laser diode: application of the AD8065 opera-
tional amplifier to convert the PMT current to voltage

No. 5 2016
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Compound/matrices Ager, NN r 17 ms;‘(matrices)
FE AF [rcferencc]

Zn TBP/TPVB 629 4517 46 1 8 4() (EPA*) [15],

52 + 10 (oclane) |16]
Zn (1Bu),-TBI/PVB 630 48 17 50 L8
I1,P/PVD 614 6.7+ 1.0 6.8+12 11.5 (PEP**) [15],

11 (octane + benzence) [17]
H,C/PVRB 635 2.0+0.3 21+0.3 5(N[18]
H,TPC/PVB 652 1.1 +0.15 1.1 +0.15
H,TI'P/PVB 643 3.7 £ 0.6 3.8 10.6 3.6 (PEDP) [15]
I, TSPP/PVI 645 42106 43x0.7
N-CH,-I'PP/PS 676 0.65 +0.15 0.70 +0.20
H,(¢Bu),-TAP/T'VB 620 0.8510.15 (.90 1 0.20 1.4 (EPIP***} [19]

*EPA  cthyl cther petroleum ether  ethanol (5: 5 2).
**PEP—petroleum ether—propanol (1 : L).
¥EAEPIP  dicthyl cther  petroleum ether  isopropanol (55 2).

and the PIC18F2458 microcontroller for the analog-
to-digital conversion.

EXPERIMENTAL RESULTS AND DISCUSSION

Typical time dependences of the FF and AF inten-
sities under excitation by laser pulses with the two-step
rectangular shape are shown in Fig. 3a (Zn (1Bu),—
TBP in PVB, A, = 630 nm) and Fig. 4a (H,Cin PVB,
Aee = 635 nm). Note that in comparison with the
results of [6], the lifetimes of fluorescence decay and
recovery are longer because quenching of the 7, state
of porphyrins by molecular oxygen is vanishingly small
at77 K.

Figures 3b and 4b show the spectral density of
characteristic times £{7) of the FF and AF experimen-
tal curves depicted in Fig. 3a and 3b, respectively. The
position and the mutual shift of the maxima of the
£{7) bands for Zn (tBu),-TBP and H,C samples agree
well with the results that follow from ¢xpressions (3)
and numerical calculations performed using the intra-
molecular rate constants known for these compounds.
The appearance and broadening of the F{T) bands, in
particular those shown in Fig. 3b, bear a significant
similarity with the simulated curves presented in
Fig. 2b. This indicates the adeguacy of the numerical
calculations performed with the use of the three-
dimensional model.

Figures 3¢ and 4¢ show the dependences of £{1) for
experimental kinetic curves that were smoothed using
a Daubechies wavelet filter. As seen, the noise removal
leads to a significant narrowing of the (1) bands of FF
and AF, as well as to small relative shifts of their max-
ima {(in opposite directions in some cases). This result
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corresponds completely to the numerical calculations
described above (Fig. 2). However, it should be noted
that, in almost every case, to obtain optimal results
requires selection or adjustment of the filter parame-
ters, which complicates its routine use to some extent,
In general, all experimental dependences (1) are in
good agreement with those calculated for the simu-
lated kinetics in the approximation of the three-
dimensional model,

In the end, the values of Tyand 1, were determined
from maxima of the /(1) bands of FF and AF. Intensi-
ties 1,(0), [ (=), 1,(0), and [ (>c) were measured
from the corresponding experimental kinetic curves of
FF and AF. The lifetimes of the 7 state, T, were cal-
culated according to relations (7) and (9). The valucs
of T, obtained from the kinetic dependences of FF and
AF are presented in the table where literature data are
given for comparison.

Asseen from the table, there is a difference in the T,
values obtained from the FF and AF kinetics, which is
mainly associated with more than a twofold smaller
signal-to-noise ratio for the kinetic curves of AF As it
follows from numerical calculations, the maximum of
the £(T) spectrum shifts to larger time values as the
noise of the kinetic curve increases (compare the pair
ofcurves 7and 5with 4and ¢ in Fig. 2), which explains
the differences in the T, values. The obtained T, valucs
for the range of studied compounds are in a good qual-
itative agreement with literature data |15—19], while
some deviations may be associated with the influence
of the environment (solvent, polymer) and inaccuracy
of the manual data processing in the early works.

It is important to note that the elaborated fluores-
cence method allows to carry out confident determi-



728

nation of 1, of many free base porphyrins, the phos-
phorescence intensity of which is known to be very
weak. In particular, t7 for H,TPP in alcohol-ether
medium according to [15] is 5.6 ms. According to our
data, the triplet 7 state of this compound in PVB at
77 K has a shorter lifetime (see table). In addition, T,
of H,TPP is less than that of its sulfonated analog, and
both values are confidently defined. Tt should be
emphasized that the I(7) dependences of the studied
free bases exhibit no bands which could be assigned to
the NH tautomerism processes.

CONCLUSIONS

In the course of this work, we identified and for-
mulated several methodological advantages of the
developed method based on pulsed two-step photoex-
citation and observation of kinetics of the coupled FF
and AF processes to determine the lifetimes of the
lower metastable state and analyze the photoprocesses
occurring in the system. A combined analysis of the
coupled kinetic curves allows ong to improve the reli-
ability of determination of T A noticeable deviation of
the parameters derived from the experimental curves
and calculated ones may be an useful characteristic of
the studied system. For example, it may indicate that
the three-level model is not applicable to the real sys-
tem. It should be noted that the specific form of the
fluorescence signal ( FF and AF curves) can unambig-
uously indicate on the presence in the system of fluo-
rophores with a populated metastable state and. more
importantly, even in the case in which their phospho-
rescence is absent. The use of two-stage PhE allows
one to distinguish the fluorescence from other possi-
ble types of secondary emission owing to the unique
profile of the kinetics (“signature of the process™)
exhibiting the decay and rise stages. The method of
simulation of the FF and AF experimental curves
seems to be promising to study the properties of the
lower triplet states of organic fluorophores, as well as
metastable states of any nature in other systems. Also,
the numerical simulation approach is seen to be help-
ful for detection and identification of the presence of
fluorophores in model and biclogical systems and can
be a basis for development of a new luminescent
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method for guantitative and qualitative analysis of
substances.
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