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Abstract: The excited triplet state of a molecule (T1) is one of the principal intermediate products in
various photochemical processes due to its high reactivity and relatively long lifetime. The T; quan-
tum yield (¢T) is one of the most important characteristics in the study of photochemical reactions.
It is of special interest to determine the ¢ of various photoactive compounds (photosensitizer, PS)
used in photodynamic therapy (PDT). PDT is an effective medical technique for the treatment of
serious diseases, such as cancer and bacterial, fungal and viral infections. This technique is based on
the introduction of a PS to a patient’s organism and its further excitation by visible light, producing
reactive oxygen species (ROS) via electron or energy transfer from the PS T; state to the biological
substrate or molecular oxygen. Therefore, information on the @t value is fundamental in the search
for new and effective PSs. There are various experimental methods to determine ¢t values; however,
these methods demonstrate a high discrepancy between @t values. This stimulates the analysis of
various factors that can affect the determined ¢r. In this study, we analyze the effect of the intensity
profile of the exciting laser pulse on the calculation of the ¢t value obtained by the Laser Flash Pho-
tolysis technique. The ¢ values were determined by analyzing the variation of a sample transient
absorption in the function of the exciting laser pulse intensity, in combination with the spectral and
kinetic PS characteristics obtained in nonlinear optical experiments by solving the rate equations of a
five-level-energy diagram. Well-studied PSs: meso-tetra(4-sulfonatophenyl) (TPPS,) porphyrins, its
zinc complex (ZnTPPS4) and the zinc complex of meso-tetrakis(N-methylpyridinium-4-yl) (ZnTMPyP)
were chosen as test compounds to evaluate the proposed model. The ¢1 values were determined
through a comparison with the g vpyp = 0.82 of meso-tetrakis(N-methylpyridinium-4-yl) (TMPyP),
used as a standard. The obtained results (¢1,1pPs, = 0.75 £ 0.02, @1ZnTMPyP = 0.90 £ 0.03), and
@1,7nTPPS, = 0.89 £ 0.03) are highly compatible with the medium ¢t values obtained using the
known methods.

Keywords: triplet state quantum yield; photosensitizer; porphyrins; organic molecules; optical
techniques; photophysical characterization

1. Introduction

Triplet excited states (T;) play important roles in various photochemical processes,
such as photocatalysis [1], photodynamic therapy (PDT) [2], the functioning of chro-
mophoric dissolved organic matter (DCMO) [3], etc. The probability of triplet state for-
mation per photon absorbed is described by the T; quantum yield (¢t) value, which is
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one of the most important characteristics in the study of photochemical reactions. For
these applications, it is of special interest to evaluate the photophysical characteristics of
photoactive compounds (photosensitizers, PS) and to obtain the ¢1 with high precision.

PDT is an effective medical technique for the treatment of various serious diseases,
such as cancer and bacterial, fungal and viral infections [4-7]. This technique is based on
the introduction of a PS to a patient’s organism and its further excitation by visible light.
The photodynamic action occurs via the photooxidation of living cell components, leading
to cell death [2]. Photooxidation is realized either through the reaction of a biological
target with radicals, formed by electron transfer between PS T (type I reactions) and a
biological substrate, or through the reaction of the substrate with molecular oxygen in its
excited singlet state (singlet oxygen, type II reactions), formed by energy transfer from
the PS T state to molecular oxygen. Thus, the effectivity of the PS photodynamic action
is dependent on the PS T; state characteristics, its quantum yield being one of the most
important characteristics. Therefore, information about the ¢ value is fundamental in the
search for new and effective PSs.

Various experimental techniques, such as pulse radiolysis [8], photoacoustic tech-
nique [9,10], laser flash photolysis [11,12], time-resolved thermal lensing [13], picosecond
laser double-pulse excitation [14], pulse train fluorescence and pulse train z-scan [15,16],
are used to obtain the @7 values. These techniques are based on different physical phenom-
ena, such as ionizing radiation [8] and thermal, thermo-acoustic and optical effects [9-16].
Unfortunately, side effects, such as compound decomposition at high energy irradiation or
thermal effects in the compound environment, can reduce the precision of the method.

Among these techniques, the Pulse Train Z-Scan (PTZS) technique is one of the most
complete. PTZS is based on nonlinear optical effects, which are caused by the sample
excitation with a sequence of intense picosecond pulses. In addition to the ¢ values, this
technique allows the characteristics of the optical absorption and decay rate constants of
the excited states to be obtained. PTZS is effective in studies of the photophysical properties
of organic molecules, such as phthalocyanines [16,17], porphyrins [18], pH effects [19,20],
solvent effects [21], aggregation effects [22,23], and the interaction with nanostructures,
such as micelles [21,22], and macromolecules [24]. However, this technique requires very
specific and complex laser systems containing multiple picosecond pulse sources, which
are expensive and difficult to operate.

In contrast to PTZS, the Laser Flash Photolysis (LFP) technique is based on the excita-
tion of a sample by an intense light pulse and the monitoring of its transient absorption
using a continuous analyzing light beam. Being technically simpler than PTZS, LFP allows
various sample characteristics to be determined, such as the ¢, excited state absorption
spectra and lifetimes and bimolecular rate constants, among others [11,12,25].

The discrepancy between the ¢t values obtained by different methods stimulates the
analysis of various factors that can interfere with the process of determining the ¢t values.
In the case of LFP, the inhomogeneity in the exciting laser pulse intensity can be one of the
factors that can affect the g7 value [26-28]. The spatial distribution (profile) of the laser
pulse intensity leads to inhomogeneity in the concentration of excited molecules along the
sample, which, in turn, should affect the intensity of the analyzing beam passing through
the sample.

This makes it necessary to correct the transient absorption of the sample through the
integral intensity of the excitation pulse. In the present work, we analyzed the effect of the
intensity profile of the exciting laser pulse on the calculation of the ¢t value received using
the LFP technique [29].

We analyzed the variation in the transient absorption of the sample as a function of the
exciting laser pulse intensity and compared the results with those obtained by solving the
rate equations of the five-level-energy diagram. To evaluate the proposed method, we used
meso-tetra(4-sulfonatophenyl) porphine (TPPSy), its zinc complex (ZnTPPS4) and the zinc
complex of meso-tetrakis(N-methylpyridinium-4-yl) (ZnTMPyP), which demonstrate high
photodynamic activity and the photophysical parameters of which (excited states absorp-
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tion cross-section, lifetimes and quantum yields) are well-known [20-22]. The ¢t values
were determined through a comparison with the @t of meso-tetrakis(N-methylpyridinium-
4-yl) (TMPyP), which was used as a standard.

2. Materials and Methods

Porphyrins were purchased from the Porphyrin Products Inc. Their solutions were pre-
pared in phosphate buffer (PBS, pH7.4). The UV-Vis absorption spectra were obtained using

a double beam spectrophotometer Hitachi U-2900. The porphyrin concentrations were
TPPS,

controlled spectrophotometrically using molar absorption coefficients: £, ™ (A = 515 nm)
=130 x 10* M1, ¢ (A = 518 nm) = 1.39 x 104 M1, M54 () — 556 nm) = 1.74 x
10* M~ and &5 (A = 563 nm) = 1.74 x 10* ML [30].

The compound excited states were produced through the excitation of their solution
in 1.0 x 1.0 cm quartz cells with the second harmonic (Aexc = 532 nm) from the Nd:YAG
Brilliant Quantel System (Q-switched, 10 Hz repetition rate, ~7 ns pulse width). The radius
of the laser beam at the center of the cuvette is vy = 3.5 mm.

The analyzing light beam was produced by a Lamp Bulb (XE075), 75 W Xenon Arc,
Ozone Free light source with 75 W Xenon lamp, quartz collimator, light chopper and a
computer-controlled monochromator from Sciencetech Inc (9055) coupled with a Photo-
multiplier tube Hamamatsu (R928). The direction of the analyzing light beam with radius
I = 0.25 mm was orthogonal to the pump beam. The transient absorption AA was registered
at Aun = 470 nm, where the optical absorption spectra of the porphyrin T; state is more
intense.

In all of the experiments, porphyrin solutions were freshly prepared before the mea-
surements and the solution absorbance values were adjusted close to 0.2 at the excitation
wavelength. To avoid the oxygen effects on the porphyrin triplet, the study was realized
with de-aerated solutions after 30 min bubbling by nitrogen. The stability of the samples
was confirmed using the absorption spectra before and after each LPF experiment, and
just less than 5% degradation was observed. All experiments were carried out at room
temperature ~26 °C.

The experimental data were treated using the OriginPro 8 commercial program. All
final values were the average of three independent experiments.

3. Theoretical Model

Initially, in thermodynamic equilibrium, practically all PS molecules are in the ground
state Sp. After the absorption of a photon, a PS molecule obtains excessive electronic energy,
passing to the first singlet excited state S;. The excess of S; state energy may dissipate via
three ways: fluorescence and internal conversion, through which the molecule returns to
its initial Sy state; and intersystem crossing, which passes a molecule to the excited triplet
state T1 [31]. Competition between these ways determines the T; state quantum yield ¢r,
defined as:

nry,

pT=— 1)

Mabs

where 71, is the number of photons absorbed by the sample and nrt, is the number of
molecules in the triplet state, formed by the absorption of these photons.

The @1 value can be determined in two ways: (1) using the analysis of the kinetic
characteristics of the S; state energy dissipation; or (2) using the spectroscopic characteristics
of the system after its excitation by light.

4. Determination of ¢ Value from Kinetic Data

The kinetic analysis of the photophysical processes for typical PS molecules is based
on solving the set of equations that describe the population fractions of electronic states as
a function of time, which are written according to the five-energy level diagram, shown in
Figure 1.
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Figure 1. Five-level-energy diagram showing photophysical characteristics of a typical PS and the
ROS production that occurs in the photodynamic application. S; and T; are the singlet and triplet
states, 0y are the absorption cross-sections between i and j states. T are the lifetimes of the relaxation
processes.

An equation rate set is given by:

d?lso 1 1 nr
= —W, —+ = —1 2
dt ourisy + (Tr * Tic) o+ M 22)
S oans — 15— Wipng + 152 (2b)
dt 01750 TS, 1275, Ts,
d?’l52 ng,
=W -2 2
I 12115, %, (20)
dﬂTl ns, nr, nr.
S QS S N Y/ 2 2d
I = 41T, + ™, (2d)
dI’ZT nr
th = W3471T1 - (2e)

2

where W;; = ¢;;1(t) /hv is the rate of the one-photon transition between i and j states, I(t)
is the time-dependent irradiance of the laser pulse, / is the Planck’s constant and v is the
frequency of excitation.

The transition of a molecule from the Sy to S; state is characterized by the absorption
cross-sections 01 (A), which depend on the wavelength of excitation (A). From the S; state,
electrons can be subsequently excited to a higher excited singlet state (S| — S; transition)
during the laser pulse action, with an absorption cross-section ¢12(A). From the S; state, a
molecule can be deactivated through three processes: (i) decay to Sy via the radiative process
(fluorescence, straight arrows); (ii) decay to Sy via the nonradiative process (wavy arrows)
of internal conversion; or (iii) intersystem crossing to a triplet state T;. These processes are
characterized by lifetimes T, Tj. and Tisc, respectively. A nonradiative transition, called
vibrational relaxation (vr), occurs from an upper vibrational level to the lowest one within
the same electronic state.

In the triplet state T1, the molecules can undergo one-photon absorption to the T, state
(absorption cross-section 034(A)) or relax to the Sy state. The lifetime of the Ty state (7, ) is in
the order of microseconds. The decay from the T; state to Sy (represented by wavy arrows)
occurs via radiative (phosphorescence) and nonradiative (reverse intersystem crossing)
processes, the nonradiative process being dominant in solutions at room temperature.
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In general, the decays of the S; and T states are internal conversion processes, char-
acterized by 75, and 77, lifetimes, which are very short (in the order of picoseconds).
Therefore, S —S; and T —T, transitions do not affect the formation and decay of the T
state.

The rate of the depopulation of the S; state is:

dl’lsl
dt

= - (kr + kic + kisc)n51 (3)

where k; = %Z. are the rate constants of the respective processes.
On the other hand, neglecting the depopulation of the T; state, we can write its

population as:
di’lT
d_tl = kiscnsl (4)

Combining Equations (3) and (4), we can obtain:

nr, kisc
o Mse 5
ns, kr 4 kic + kisc ©)

At the same time, 15, is equal to the number of photons absorbed by system 71,.

Therefore, we can write:
nry kisc

- = ¢ 6
T Nabs kr + kic + kisc ( )

Thus, determining the set of rate constants of the S; state depopulation, we can
calculate the absolute value of the T; state quantum yield ¢r.

However, the determination of this set of rate constants requires the use of complex
experimental equipment, such as that used in nonlinear optics [20-22].

5. Determination of ¢t Value from Spectroscopic Data

Figure 2 represents the scheme of propagation of the exciting and analyzing beams
used for the calculation of the ¢t value from the spectroscopic data. For the calculation
details, see “Supplementary Materials”.

Analyzing | \1
beam

1
L 1
! 1
! 1
! 1
! 1
1
! T
! 1
1
1
1

—eep |

21 ! 21’0

Figure 2. Scheme of propagation of the exciting and analyzing beams, used for calculation of ¢t
value from spectroscopic data.

The exciting laser pulse beam, which has cylindrical symmetry with radius ry and
intensity distributed according to the Gaussian function, passes through the sample and
excites the PS molecules. The continuous cylindrical analysis beam with radius I passes
through the sample perpendicular to the direction of the exciting beam.

The number of exciting photons drex (7, z) in the cylindrical volume element dV; with
radius v and height 2/

AV = 4nlrdr (7)
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is equal to
dnex(r,z) = GF(r,z)dV; 8)

where GF(r,z) is the Gaussian function.
Taking into account the fact that the laser pulse possesses cylindrical symmetry, the
GF is presented in the form:

GF(r,z) = Tex0 . exp(i) ©)
e

and

n
dnex(r,2) = ex0

2
. - exp(—%z)rdr (10)
% |1 —exp e
where 114 is the number of photons in the center of the laser beam and  is the half-width

of the Gaussian function.
In accordance with the Lambert-Beer law, the number of absorbed photons is:

ox0l1 — —0p1 Ny2! 2
n 2[ exp( 0'01% 0 )] X <—2rg2>7’d1’ (11)
e[1-en (k)

where 0y is the cross section of the Sp—5; transition at the excitation wavelength and Ny
is the number of PS molecules per volume unit.

Part of the molecule excited to the S; state returns to the ground Sy state through fluo-
rescence and internal conversion, while the other part passes to the T; state via intersystem
crossing. As the lifetime of the S; state is in the order of nanoseconds, while the lifetime
of the T state in liquid solutions is in the order of several hundred microseconds, soon
after the end of the exciting pulse, only molecules in the Sy and T; states are present in
the sample. Molecules in the T; state can also return to the Sy state through intersystem
crossing and /or phosphorescence. However, as the lifetime of this process is much longer
than the exciting pulse duration, the number of molecules in the T; state can be considered
constant during a certain time after the end of the exciting pulse [29].

It is necessary to note that the presence of molecular oxygen in liquid solutions
drastically reduces the lifetime of the PS T; state due to reactions between the PS molecule
and oxygen [29] (Figure 1). Therefore, it is necessary to evacuate the oxygen from the
solution to exclude this effect.

Finally, we can consider that over a long enough period compared with the exciting
pulse duration, just two types of species are present in the sample: molecules in the Sy and
Ty states.

In this case, the absorbance d A in the dr layer of the analyzing beam is:

dngps = [1 — exp(—0p1 No2l)|dnex(r,z) =

dA = astdr + O'TNTdT’ (12)

To distinguish the analyzing beam absorbance from that of the excitation laser pulse,
the symbols g and o1 are used to represent the absorption cross-sections of the Sp—5;

and T;—T); transitions for the analyzing beam (at the analyzing wavelength). Ng = ZLV?

and Ny = ZLVE are the numbers of PS molecules in the S; and T; states per volume unit,
respectively.

Taking into account that Ns + Nt = Ny and combining with Equation (7), we can
rewrite Equation (12) as:
dn dTlT

T — — —
47rlrdrdr = (or US)47rlr (122)

d(AA) = d(A — Ay) = (o1 — 05)Nrdr = (or — 03)
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where Ay = f 1070 05 Npdr is the absorbance before the exciting pulse action.
Using the expressions (1) and (11), after integration, we obtain:

A= or nex;\(}%;gfs) [El— 6:};:;(701:311] erf(}g,) (12b)

where

erf(x exp(—
f/

is the error integral with the argument x = f—gg

§

Finally,

e [l(3)
+ 100(T =08 [1— exp(—om N erf (22

AA (13)

Thus, to determine the absolute value of the ¢7 from the spectroscopic data, it is
necessary to take into account the distribution of the intensity in the exciting laser pulse.

However, the situation can be simplified using a standard compound at the same
optical geometry. Indeed, the quantum yield of a standard is:

o |er(8)

o5 = —AA® (13a)
Moxo (01 — 08) [1—exp(—aglNgl)}erf(f—gC)
and
Mexo (07 —08) [1—exp(—og NI)] AA (14)

T exo (o1 —05) [1 —exp(—0p1Nol)] AAS o1

The exciting pulse energy being the same for the sample and the standard (11ex0 = 15,),

then:
o1 = (0f = 8) [1 —exp(—0,N§l)] AA e
T~ (o1 —05) [1—exp(—opNol)] AAS™T

(14a)

In this case, the calculation of the ¢t is independent of the characteristics of the
exciting pulse.

The situation is even simpler if the sample and the standard absorbances in the exciting
beam direction, 0o No/ and o3, Njl, are both <<1. In this case, the ¢t can be expressed as:

(07 —08) oG NG AA
= 14b
et (O'T —0g) 091Ny AAS P (14b)

A serious problem lies in the definition of the (¢ — 05) and (0% — 0§) values. In
general, they can be calculated by Equation (12a) when the energy of the exciting pulse is
high; therefore, all of the excited molecules pass to the triplet state. In this case, Nt = Ny
(saturation) and

((TT — 0’5) = (15)

where AAmax is the AA limit value for the pulse energy — oo.

However, it is unlikely that saturation can be achieved on the border of the exciting
beam where its intensity is very low as compared with that in the beam center.. This can
explain the significant dispersion in the @t values obtained in different studies.
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On the other hand, the kinetic analysis demonstrates that the Nt dependence on the
exciting pulse energy is exponential. Therefore, we can use the exponential approximation
to determine the AAmax as the limit of this exponential function for the pulse energy — oo.

Combining Equations (14b) and (15), we obtain:

AAlsnax 0’81 AA S
= —=— 16
1 AAmax 001 AA® T (16)

Replacing the cross-sections cy; by the molar absorption coefficients ey (091 = %801,

where Ny is the Avogadro constant), we can transform Equation (16) to a form more
adequate for spectroscopy. Taking into account that ¢ = &, where A is the absorbance, C is
the sample concentration in M and L is the optical pass within the sample in cm, we can
rewrite Equation (16) as:
S s S
pr = AAax Aex g AA @3 (16a)
AAmax Aex C AAS

where Aex and A3, are the absorbances of the sample and the standard at the excitation
wavelength, and C and CS are the PS concentrations in the sample and in the standard,
respectively.

All of the parameters in Equation (16a), except AA® and AA, are determined indepen-
dently and are independent of the exciting pulse energy. Thus, varying the exciting pulse
energy, we can obtain the AA values in the function of AA®, and determine the ¢t from the
AA dependence on AA®:

AA
PT = Bm?’% (17)

_ AAgmx LL%Q
where B = £714¢ AL 2 T

The procedure of the ¢ determination consists of four steps:

(i) The amplitudes of the Ty state decay kinetic curves (AA and AA®) are measured in the
function of the exciting pulse energy (E) for the sample and the standard.

(i) The dependences of AA and AA® on the energy are fitted in accordance with an
exponential function. From this fitting, the values of AAmax and AAISnaX are obtained.

(iii) The obtained fittings are used to determine AA and AAS® for the same exciting energy.

(iv) The dependence of AA upon AAS? is constructed.

6. Results and Discussions

The T; state quantum yields (¢1) were determined through a comparison with a
standard. TMPyP porphyrin was chosen as a standard as its ¢ was measured using
various methods. We used TMPyP ¢t = 0.82 £ 0.08, calculated as an average of the ¢r,
obtained in various studies found in the literature [8,15,21,32,33].

Figure 3 demonstrates the kinetic curves of the TMPyP porphyrin T; decay for different
laser pulse energies.

Figure 4 shows the AA for the studied porphyrins in the function of the laser pulse
energy and the respective exponential approximation curves. The insets on Figure 4b—d
demonstrate the AA in the function of AA® for each studied porphyrin. The AA x AAs
curves (inset of Figure 4b—d) were fitted in the range of low exciting energy, where this
dependence is linear. The use of five points for fitting was enough to obtain a statistically
significant result.

The triplet quantum yield values, obtained using the proposed method, are listed
in Table 1 (¢7). A good accordance can be observed with the average values obtained
using the Pulse Radiolysis technique [8] and through various modifications of the Laser
Flash-Photolysis technique [32,34-38] (last column of Table 1, ¢1**).
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Figure 3. Decay kinetic curves of the TMPyP triplet state T; for different exciting pulse energies

(probe wavelength at 470 nm).
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Figure 4. Transient absorption AA in function of the exciting pulse energy for: (a) TMPyP, (b) TPPSy,
(c) ZnTMPyP and (d) ZnTPPS,. Insets: AA as a function of AAS.

For ZnTMPYyP, there is a certain discrepancy between the values obtained using the
proposed method (¢7) and the kinetic analysis (¢1*) obtained using the Pulse Train Z-Scan
(PTZS) technique. This difference can be explained by the fact that the PTZS technique
requires a high molar concentration of porphyrin, where ZnTMPyP aggregation can occur,
reducing the effective @1 value. The LFP technique uses low porphyrin concentrations,
which reduces the probability of aggregation, and provides the determination of the real
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@t value for the monomer. Moreover, an increase in the scattered light intensity for high
compound concentrations can also cause certain discrepancies in the ¢t values.

Table 1. Parameters used to calculate the triplet quantum yield in accordance with equation (16a),
quantum yield values, determined in this study (¢} ), obtained from the kinetic analysis (¢3*) and
average values, calculated from literature (5**).

C C * ¥ HHH

Sample (ul\s/l) (uM) Ay Aex AAmax AAS v Pt ) ¢
0.75 0.77 2 0.77 €
TPPS, 25.0 37.2 0.194 0.195 0.094 0.101 0.574 (40.02) (40.05) (+0.02)
0.90 0.7b 0.904
ZnTMPyP 28.9 64.0 0.234 0.245 0.225 0.108 1.087 (+0.03) (+0.2) (40.00)
b e

ZnTPPS, 25.0 49.1 0.194 0.182 0.221 0.101 1.132 0.89 08 086

(£0.03)  (£02)  (+0.01)

@%i—triplet quantum yields, obtained in this work using TMPyP as a standard with the ¢35 average value
0.82 4+ 0.08 (£SD), refs.: [8,15,21,32,33]. @1*—triplet quantum yields, determined from the kinetic analysis:
a ref [20], P ref [22]. @1 *—average values calculated from: € refs: [8,32]; d refs: [32,34,35]; © refs.: [32,36-38].

7. Conclusions

In the present work, we demonstrate the importance of the intensity profile of the
exciting laser pulse for the process of determining the triplet state quantum yield (¢r)
using the Laser Flash Photolysis technique. We propose an alternative method to obtain the
@ value, using a standard based on the analysis of the variation of the transient absorption
of the sample in the function of the intensity of the exciting laser pulse. The final equation,
with the exception of the transient absorptions of the sample (AA) and the standard (AA®),
includes only those parameters that do not depend on the exciting pulse energy, which can
be determined independently. An important aspect of the proposed method is that the %
ratio is calculated from exponential approximations of the AA and AA® dependences on
the exciting pulse energy. This excludes the difference between the exciting energies for
the AA and AA?® and the necessity to determine the AA and AAS at a high pulse energy
(saturation), thus reducing the deviation in the process of the ¢t calculation. The viability
of the proposed method is confirmed by the fact that the obtained ¢t values coincide with
the average ¢t values calculated from the data published in the literature.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/photonics10040409/s1, SI-1: Scheme of propagation of the exciting
and analyzing beams, used for calculation of ¢t value from spectroscopic data.
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