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A B S T R A C T

Accurate and simple determination of key photophysical parameters, such as triplet quantum yield and inter
system crossing rate, holds significant technological importance for a series of modern biological, optical, and 
photonics applications. Techniques such as double- or multi-pulse fluorescence (DPF or MPF) have flexible re
quirements on the photophysical parameters of the samples and allow for the measurement on nanosecond 
timescales of the triplet quantum yield. Here, we present a novel noncollinear DPF configuration that facilitates 
the implementation of DPF setups for ultrafast pulsed laser systems with different divergences, beam profiles and 
wavelengths. We develop a framework for performing DPF experiments in both collinear and noncollinear ge
ometries using two models, which consider either a flat-top or a Gaussian beam profile and calibration samples. 
In both models, a novel correction procedure for imperfect spatial overlap is implemented, which is a necessity 
for noncollinear DPF and most of the collinear DPF setups available. We demonstrate that the noncollinear 
configuration produces results equivalent within 5% relative difference to the traditional collinear setups when 
the flat-top beam profile model is used. Furthermore, treating the beam profile as Gaussian allowed triplet 
quantum yield determination at 50% lower laser fluence values due to the closer proximity to the experimental 
conditions. The new setup was demonstrated on a new class of recently synthesized cationic porphyrins, for 
which no previous photophysical characterization has been made. The triplet quantum yields of the porphyrins 
range between (25 ± 2)% and (35 ± 3)% and the accuracy of the technique is sufficient for the application to 
compounds with significant (>10%) triplet quantum yields.

1. Introduction

The Double-Pulse (DPF) and Multi-Pulse (MPF) fluorescence excita
tion techniques are advanced methodologies used to determine the 
triplet quantum yield (TQY) of emissive molecules [1–4]. These tech
niques involve exciting the molecules with multiple laser pulses and 
subsequently measuring the sequential fluorescence emissions pro
duced. The TQY determination is performed by indirectly calculating 
the formation of the triplet state population on a ns-timescale between 
the excitations. This is carried out by evaluating the accumulated 
quenching of the fluorescence excited by consecutive pulses, caused by 
the population transfer to the excited triplet states, which normally do 
not fluoresce. This indirect determination is possible because excited 
triplet states' lifetimes are usually orders of magnitude longer than 

fluorescence lifetimes and, therefore, decay to the ground state is 
negligible during the timescale of the experiment [2].

Techniques using picosecond pulse trains [1] and double/multiple 
pulse excitation with pulses generated outside of the laser cavity have 
already been demonstrated [2,4]. Compared to transient absorption- 
based techniques [5,6], knowledge of the absorption cross-sections of 
excited states in DPF/MPF is not strictly necessary to obtain the TQY 
[1,4]. Also, for techniques with pump-probe schemes, working with 
time delays on the order of ns may pose an additional limitation, 
sometimes requiring the abandonment of sub-ns probes and making use 
of flash-photolysis setups [7]. To avoid that, the pulse train Z-scan 
method is another option for characterizing long-lived excited states 
[8–10]. However, this approach still requires fitting multiple parame
ters, such as absorption cross-sections and decay rates, and does not 
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provide an independent measurement of the TQY. There are also other 
emission-based techniques besides DPF/MPF. Several studies make use 
of chopped continuous-wave lasers at different frequency modulations 
[11,12] and also of Fluorescence Correlation Spectroscopy [13,14]. A 
relevant advantage of using DPF over these techniques is the possibility 
of separately measuring the effects on the nanosecond timescale. 
Furthermore, it requires simpler modeling and less measurement time to 
measure the TQY or the intersystem crossing rate. In this manner, the 
photophysical parameters obtained by DPF can be inputs to these other 
techniques that can measure μs and ms dynamics. In addition, although 
DPF/MPF probe the triplet states indirectly via the fluorescence, these 
techniques have already been demonstrated on molecules with low 
fluorescence quantum yields of even ~0.1% [4].

Although presenting advantages, the DPF/MPF techniques can still 
have some issues that limit their accuracy. The relative spot size and 
spatial overlap of the beams used can impact the final result of the 
method, which we investigate using two new correction models and a 
noncollinear geometry. The models either consider a flat-top or 
Gaussian beam profile. The former model is simpler to apply and yields 
equivalent results under fluorescence saturation. The noncollinear ge
ometry is beneficial for DPF experiments because it eliminates the ne
cessity of using dedicated optics for collinear beam combination. This 
also avoids energy losses caused by the beam combination, which might 
be a limitation for lower pulse energy systems. In addition, it makes the 
setup easily adaptable to be used with different central wavelengths that 
improve the DPF accuracy for different materials. As will be discussed 
further in Section 3.3, the accuracy is improved by a high degree of 
excitation of the sample. Therefore, tunable laser sources can in prin
ciple be tuned to different absorption bands to excite the highest degree 
of population to the excited state with the lowest possible fluency. In 
addition, with the proposed models and a noncollinear configuration, 
even a pulse sequence with pulses of different wavelengths could be 
used to optimize the DPF signal and validate the TQY for different 
excitation conditions. The results of the noncollinear setup are 
compared to the collinear setup, which was also tested with the two 

correction models. The full formalism for the Gaussian beam model is 
presented in the Supporting Information (SI). We consider the meth
odology presented in this work important for enhancing the utility of 
DPF/MPF techniques because the only prior photophysical parameter 
required for the determination of the TQY is the fluorescence lifetime of 
the molecules, which can be measured using the same setup.

To benchmark the non-collinear setup, the TQYs of two new cationic 
porphyrins, Por-3,4, and their corresponding precursors, Por-1,2 [15], 
were determined. The determination of TQY remains crucial for por
phyrins and other organic compounds across various scientific, biolog
ical, and healthcare fields [15]. For example, these compounds may be 
employed as photosensitizers in photodynamic therapy (PDT) for the 
treatment of tumors [16–18] and the photodynamic inactivation (PDI) 
of microorganisms [19–21]. In particular, cationic porphyrins and 
related compounds stand out as photosensitizers for the inactivation of 
viruses, fungi, protozoa, Gram-negative and Gram-positive bacteria 
[22–25]. However, the impact of the moieties on the intrinsic properties 
of the molecule, such as the TQY, is not always quantified, limiting the 
comprehension of the photochemical behavior of these molecules in 
their respective applications. For example, this work shows that the 
difference in TQY is almost negligible between Por-3 (30 ± 3%) and its 
precursor Por-1 (32 ± 3%). However, it is already significant between 
Por-4 (25 ± 2%) and its precursor Por-2 (33 ± 3%).

2. Synthesis and Characterization of the singlet states of the 
porphyrin derivatives

2.1. Synthesis of porphyrin derivatives Por-1-4

The synthetic strategy to prepare the cationic porphyrin derivatives 
Por-3 and Por-4 (Fig. 1) required the prior preparation of the corre
sponding neutral precursors Por-1 and Por-2 bearing a terpyridine 
moiety at a beta-pyrrolic position. These neutral derivatives were ob
tained through a Kröhnke-type reaction, as previously reported [15,26]. 
This methodology involved the reaction of the easily accessible 2- 

Fig. 1. Molar absorptivities (black lines) and normalized fluorescence emission spectra (red dashed lines) of the neutral (Por-1,2) and cationic (Por-3,4) porphyrin 
derivatives dissolved in DMSO studied here. The black dotted line represents the molar absorptivity multiplied by 5 or 10 times in the range of the Q bands. The 
porphyrin structure responsible for each spectrum is also included. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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formyl-5,10,15,20-tetraphenylporphyrin with 3- or 4-acetylpyridine in 
the presence of ammonium acetate and catalytic amounts of La(OTf)3 
[15,26]. Further reaction of the appropriate neutral precursors Por-1 
and Por-2 with 2-iodoethanol in refluxing chloroform afforded, after 
workup, the desired dicationic derivatives Por-3 and Por-4, respectively. 
The structures of the new compounds (Por-3 and Por-4) were unam
biguously confirmed by NMR, and their molecular formulas were 
confirmed by HRMS (see Supporting Information, Figs. S9–S14).

2.2. Linear optical and excited singlet state measurements

In developing the new technique, it was essential to first conduct a 
thorough characterization of the materials involved. Therefore, the 
compounds were analyzed using techniques such as linear optical 
spectroscopy and excited-state absorption. All optical measurements 
were performed with porphyrins Por-1–Por-4 (Fig. 1) dissolved in 
dimethyl sulfoxide (DMSO). The molar absorptivities were obtained 
with the solutions at low concentrations (~10− 6 M) employing a UV–Vis 
Shimadzu 1800 spectrophotometer. The results (solid lines) are shown 
in Fig. 1, together with the profile of the fluorescence emission spectrum 
(dashed red lines) acquired using a Hitachi F-7000 fluorimeter also 
performed in low concentration (10− 6 mol/L) to avoid fluorescence 
reabsorption. The fluorescence quantum yield (φf ) was measured using 
Brouwer's method [27], and using Hematoporphyrin IX in DMSO, with 
φref

f = 8%, as a reference molecule [28]. The time-resolved fluorescence, 
used to determine the fluorescence lifetimes of the molecules (τf ), was 
measured using a setup described elsewhere [4]. The results are sum
marized in the Supporting Information (SI, Fig. S1).

The linear optical measurement results are shown in Table 1. The 
cationic porphyrins (Por-3,4) presented lower fluorescence quantum 
yields and fluorescence lifetimes shorter than the non-cationic ones 
(Por-1,2). The pyridine nitrogens in the “para” positions in porphyrins 
Por-2 and Por-4 also reduce the fluorescence quantum yield. It should be 
mentioned that Cocca and collaborators also observed the same pattern 
in meso-tetra(pyridyl)porphyrins containing peripheral polypyridyl 
platinum(II) complexes [10], thus confirming the accurate determina
tion of these parameters. In addition, the lifetimes of the materials are on 
the order of 10 ns, and it is possible to observe that Por-3 and Por-4 
exhibit lower fluorescence lifetimes than Por-1 and Por-2.

With the fluorescence lifetime and quantum efficiency determined, 
the compounds were further investigated to characterize their excited 
states. This step was essential due to the potential presence of charge 
transfer processes in the excited state. To facilitate this, the well-known 
Z-Scan technique and the transient absorption technique were 
employed. The transient absorption technique is based on exciting the 
molecules with a pulsed laser beam (~150 fs) at 390 nm and a 1 kHz 
repetition rate, while probing the response using a white light contin
uum pulse [29]. The results have shown that no ultrafast dynamics were 
observed at the magic angle; only a plateau was seen up to 10 ps after 
excitation (see Fig. S3). Thus, no evidence of charge transfer could be 
observed, not influencing the results from the proposed technique.

Through the open aperture Z-Scan technique, it was possible to 
determine the excited state absorption cross-sections of the compounds. 
First, the absorption cross-section at 532 nm was determined using a 
femtosecond laser (detailed information on the experimental procedure 
can be found at: [30]). Fig. S2 exhibits the experimental open aperture 
Z-scan technique and theoretical fitting for porphyrins Por-1–Por-4. 

With the absorption cross-section at 532 nm in hand, the full spectrum of 
absorption cross-sections was then obtained using the transient ab
sorption technique. The method for obtaining these results is described 
in the literature [31].

Fig. 2 presents the spectra of the excited-state absorption cross- 
sections, S1 → Sn (σ1n, red lines) and the S0 → S1 absorption cross- 
sections (σ01, black lines). From this figure, it can be seen that the 
excited-state absorption bands occur in the same spectral regions as the 
ground-state absorption bands (S0 → S1). Additionally, the values of the 
excited-state absorption cross-sections are comparable to those of the 
ground state, i.e., σ01 (λ) ∼ σ1n (λ). Comparison of these values with 
those reported in the literature for similar compounds reveals consid
erable agreement. For example, Cocca et al. reported a σ1n (532 nm) 
between 1.9 and 3.1 × 10− 17cm2 for phthalocyanine derivatives [32], 
and σ1n (532 nm) around 1.3 × 10− 17 cm2 and 2.0 × 10− 17 cm2 for 
tetracarboxy Zn and Al phthalocyanines derivatives [19]. Regarding the 
class of porphyrins, studies have reported excited-state absorption cross- 
sections ranging from 1.4 × 10− 17 cm2 and 4.5 × 10− 17cm2 for isomeric 
meso-tetra(pyridyl)porphyrins containing peripheral polypyridyl plat
inum(II) complexes [10]. In addition, Gotardo et al. determined a cross- 
section of approximately 1.75 × 10− 17cm2 at 532 nm for Protopor
phyrin IX [9]. It should be highlighted that all the mentioned studies 
utilized the Z-scan technique with white light pulses [33] for the σ1n (λ) 
determination. Based on this comparison, there is strong agreement 
between the excited-state absorption cross-section values obtained in 
this work and those reported in the literature, indicating that these pa
rameters have been accurately determined.

All of these measurements provide a broad characterization of the 
singlet states of the four porphyrins (Por-1-Por-4), also revealing that 
there is excited state absorption at 515 nm, with similar ground and 
excited state cross-sections. It should be mentioned that this is the 
wavelength that will be used in the DPF experiment. Thus, this result 
assures that the first excited singlet state can be almost fully populated 
when optical saturation is reached and when the ultrafast relaxation of 
higher excited states to the S1 has taken place, after the end of the 
excitation.

With these key spectroscopic parameters of the materials now 
determined, we can proceed to apply the proposed techniques.

3. Characterization of the triplet states

3.1. Theory of double-pulse fluorescence experiments

The DPF experiment works by using two sub-ns pulses of similar 
energy, delayed by a time ΔT and focused on the same sample spot. As 
depicted in Fig. 3(a), the double excitation induces a fluorescence decay. 
By time-resolving the fluorescence decay using a fast detector, it is 
possible to fit its amplitude as a function of time. This is done by 
convoluting two consecutive exponentials with the instrument response 
function and using the sample's fluorescence lifetime as input. In the 
Supporting Information, one can find more details about the fitting 
model, which is the same as in previous work [4]. The time-dependent 
fluorescence amplitude is associated with the first excited state popu
lation (NS1 (t)) by a detection efficiency constant (α). Hence, a model for 
indirectly determining the TQY (φT) using the first excited state popu
lation can be introduced. This model will be responsible for associating 
the amount of quenching in the fluorescence with the triplet state 
population.

For the modeling, two distinct time scales must be considered. 
Whereas excitation is performed with ultrashort pulses (< 10 ps), fluo
rescence emission and intersystem crossing dynamics happen on the 
nanosecond time scale. So, the correct assumptions need to be made to 
avoid unnecessary complications in data analysis. Therefore, here we 
propose the use of a simplified three-state system for modeling the DPF 
experiments on the ns time scale [1,4]. These states consist of the ground 
singlet state (S0), lower excited state (S1), and lower excited triplet state 

Table 1 
The measured fluorescence quantum yields and fluorescence lifetimes for the 
four molecules.

Por-1 Por-2 Por-3 Por-4

φf (%) 3.7 2.7 2.4 0.7
τf (±0.5 ns) 9.9 10.5 8.9 6.5

R. de Queiroz Garcia et al.                                                                                                                                                                                                                   Journal of Photochemistry & Photobiology, A: Chemistry 483 (2027) 117609 

3 



(T1). In this framework, kr, knr, and kisc are the rates for the radiative, 
non-radiative, and intersystem crossing processes. The fluorescence 
lifetime is given by τf =

1
kr ,+knr+kisc 

and these quantities are related to the 
fluorescence, triplet and internal conversion quantum yields by φF =

krτf , φT = kiscτf and φIC = knrτf , respectively. This three-state model 
adequately describes several organic systems, like porphyrins and 
phthalocyanines [9]. The reason for eliminating the use of other excited 
states is that any optical excitation to other higher singlet states during 
the time of the pulse will result in ultrafast internal conversion and 
relaxation to the bottom of S1, which will typically have a ns lifetime. 
Such ultrafast relaxation deactivates the stimulated emission channel 
upon optical excitation far from the emission wavelengths of the 
molecule. Also, by doing so, it allows for a laser beam to optically 
saturate a region of the sample by almost completely depopulating S0. 
This is the desired effect for maximizing the population transferred to 
the triplet state after excitation by one pulse and will be a central 
assumption in the modeling. If, however, the emission and absorption 
spectra overlap at the excitation wavelength, full population inversion 
will not be achieved, and this must be considered in the analysis of the 
TQY. Yet, even for laser dyes, such as rhodamine 6G, it is possible to 
select an excitation wavelength under which not only this stimulated 

emission fluorescence quenching effect is avoided [34], but the mole
cule even presents excited state absorption [35].

Now, a derivation for obtaining φT will be outlined. One starts by 
writing the rate equations (Eq. (1) to (3)) corresponding to the three 
states of the model in Fig. 3b). 

dNS0

dt
= − NS0

σ01

hv
Ip(t)+

NS1

τf
(1 − φT); (1) 

dNS1

dt
= +NS0

σ01

hv
Ip(t) −

NS1

τf
; (2) 

dNT1

dt
= φT

NS1

τf
. (3) 

In the last equations, Ip(t) is the time-dependent intensity of the 
excitation pulse p, and NS0 ,S1 ,T1 are the populations of each of the three 
states. The central photon energy of the excitation pulse is hv, and σ01 is 
the absorption cross-section at the same wavelength. Now, defining 
Fp=

∫ +∞
− ∞ Ip(t)dt and the population transfer parameter δp =

(
1 − exp

(
− σ01

hv Fp

))
, the rate equations (Eq. (1)–(3)) can be solved step- 

Fig. 2. Excited state absorption cross-sections (σ1n, red lines) obtained with transient absorption spectroscopy for Por-1–Por-4. They are compared with the S0→S1 
absorption cross-sections (σ01, black lines). For Por-3 and Por-4, the values of both cross-sections were multiplied by two to match the same scale as Por-1 and Por-2. 
The error in the determination of σ1n is reported as a continuous red band. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 3. a) Typical DPF measurements are shown for different excitation pulse energies (pulses with 4.5 μJ and 74 μJ). The green curve shows the energy amplitude of 
each DPF pulse and the temporal response of the detector. By using eq. SI1 in SI, it is possible to fit the DPF data for each pulse energy (blue and red curves). b) A 
theoretical model with three energy states (S0, S1, and T1) is simulated in a DPF experiment with pulses spaced from ΔT = 14.75 ns and energies that excite ~95% of 
the molecules in the ground state. The kr ,knr , and kisc are the radiative, non-radiative, and intersystem crossing rates. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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wise. First, during the ultrafast excitation, no relaxation from the S1 state 
occurs to either the T1 or S0 state. Afterwards, the slow ns relaxation is 
applied as in Eqs. (1) to (3) [1,3], yielding the following populations for 
a time t after the excitation pulse: 

Np
S0
(t) = NS0 (0− )

(
1 − δp

)
+NS0 (0− ) δp

(

1 − exp
(

−
t
τf

))

(1 − φT); (4) 

Np
S1
(t) = NS0 (0− ) δpexp

(

−
t
τf

)

; (5) 

Np
T1
(t) = NS0 (0− )φTδp

(

1 − exp
(

−
t
τf

))

. (6) 

The superscript p of the populations is introduced to refer to the 
excitation pulse. NS0 (0− ) is the total number of molecules in S0 at time 
t = 0− . The subscript “ − ” indicates the time right before the excitation 
takes place. Furthermore, one should note that the fluorescence in
tensity, proportional to Np

S1
(t), is dependent on NS0 (0− ), δp, and τF. Thus, 

with the fluorescence induced for any of the two pulses alone (N1
S1
(t) and 

N2
S1
(t)), it is not possible to obtain φT. However, with excitation by pulse 

2 at a time ΔT after pulse 1, like in Fig. 3, the fluorescence immediately 
after excitation, named N1→2

S1
(t = ΔT) (t = ΔT+ τpulse ∼ Δ T), will be: 

N1→2
S1

(ΔT) = N1
S1
(ΔT)+ δ2 N1

S0
(ΔT) (7) 

By assuming that NS0 (0− ) can be different for each pulse (Np
S0
(0− )), 

and that Δn =
N2

S0
(0− )− N1

S0
(0− )

N1
S0

(0− )
, one can write a more general expression for 

N1→2
S1

(ΔT): 

N1→2
S1

(ΔT) = N1
S1
(ΔT)+ δ2

(
N1

S0
(ΔT)+N1

S0
(0− )Δn

)
(8) 

Physically, the Δn parameter means that the second pulse induces 
fluorescence in a different population than the first one, which must be 
accounted when calculating the TQY. For instance, if Δn > 0, the second 
pulse induces fluorescence in a population that was not excited by the 
first pulse. This means that no molecules in this new Δn population are in 
the triplet state, and the quenching of the fluorescence will be smaller 
than expected, but the TQY must stay the same for any Δn value. Now, it 
is important to define the relative fluorescence amplitude (rfluor), given 

by rfluor =
N1→2

S1
(ΔT)

N1
S1

(0) , which is a quantity accessible experimentally by the 

time-resolved fluorescence measurements (Eq. SI1 in SI). With these 
considerations, one can solve for φT in Eq. 8 [2]: 

φT = 1 −

(
rfluor − exp

(
− ΔT

/
τf
) )

δ1 + ( δ1 − 1 − Δn) δ2

δ1 δ2
(
1 − exp

(
− ΔT

/
τf
) ) (9) 

Thus, the problem of determining φT is reduced to the problem of 
determining rfluor, Δn, and δp. In optical saturation, when δ1,δ2→1, the 
result is simply φT =

1− rfluor+Δn
1− exp(− ΔT/τf)

, which makes φT independent of δp. 

This shows why it is useful to reach optical saturation in DPF/MPF-like 
experiments. It eliminates the necessity of knowing the populations in 
the excited states. However, the modeling as described here, which will 
hereafter be called model 1, only works at optical saturation. One factor 
that may change the fluorescence before achieving the saturation is the 
spatial dependence of the laser beam profile, which can be better 
approximated by a Gaussian instead of the effective flat-top description 
of model 1. The introduction of a Gaussian beam profile will be called 
model 2. This kind of improvement in the model has, to the best of our 
knowledge, not yet been done in DPF experiments that used population 

transfer curves of the form δp(r) =
(

1 − exp
(
− σ01

hv Fp(r)
))

[1,4]. Hence, 

the formalism for this change is developed in the SI for the case of 
collinear pulses with equal or different beam waists, thus accounting for 
the fact that each pulse may have a different effective focal volume.

3.2. Noncollinear DPF

The DPF setup, depicted in Fig. 4, was performed with the second 
harmonic of a Pharos laser system (Light Conversion), which provides 
220 fs laser pulses centered at 515 nm. This output was stretched to 
approximately 1.5 ps and was set to work at a low repetition rate < 10 
Hz in all the measurements to avoid distinct cumulative thermal lens 
dynamics under single and double pulse operations. The noncollinear 
configuration requires only one beam splitter to create two beams. A 
broadband beam splitter can be used in the case of a tunable source. One 
beam is sent to a delay line of ΔT = 15.45 ns, and both beams are 
aligned to spatially overlap at the sample, being focused by the same f =
250 mm lens. The sample is placed in a 2 mm length cuvette and the 
absorbance is set to 0.2 at 515 nm by choosing the correct concentration. 
All the measurements are done at ambient temperature (25 ◦C). The 
fluorescence is collected at positions where the beam waist w ranges 
between 200 and 400 μm. This is done using an optical cable with a 1 
mm core diameter. The cable then directs the light to a fast silicon 
photodetector, with a response time of circa 0.7 ns (Fig. 3 a), green 
curve). A digital 1 GHz bandwidth oscilloscope is used to acquire the 
data. All the samples using of the same calibration sample are measured 
keeping the same position relative to the optical cable and the same 
beam alignment.

The measurements in this work are performed with double pulses 
with very similar energies, with the energy ratio 1.0 ± 0.1, and the 
common attenuation of both pulses is done directly at the laser output. 
The fluorescence intensity is measured as a function of pump pulse en
ergy to construct the fluorescence curves (N1

S1
,N2

S1
, and N1→2

S1
). This al

lows one to obtain the excited state population transfer as a function of 
laser power (δ1,δ2), which is necessary for obtaining the correct triplet 
values mainly at lower fluencies. In the case of noncollinear DPF, two 
measurements are performed for each pulse energy. First, the second 
fluorescence is recorded by blocking the first pulse with a beam block. 
This allows the measurement of N2

S1
. Then, with both pulses unblocked, 

the first fluorescence N1
S1

and the sequential fluorescence N1→2
S1 

can be 
recorded from the time resolved signal as in Fig. 3 a).

Previous work in the literature already pointed out the use of 
collinear DPF with a double-pulse train created by a beam splitter and an 
additional beam combiner [2]. Here, however, the noncollinear setup 
eliminates the necessity of the beam combiner. A further improvement 
relative to previous DPF setups is the use of an optical telescope in the 
delay line. With this addition, are able to deal with the slightly diverging 
beam and optimize for optimal mode overlap with the first beam in the 
sample. This is necessary since the second beam increases its size during 
the propagation in the delay line. Furthermore, we demonstrate how, 
even with a crossing angle of ~5◦ in the noncollinear geometry, it is 
possible to obtain the φT value when working close to the saturated 
fluorescence regime by measuring the fluorescence of the second pulse 
independently and then the DPF sequence. It is important to note that 
the independent characterization of the second pulse's fluorescence is 
not possible for lasers that already have a double pulse train (Fig. 4 b)). 
Additionally, working with an optical cable instead of a lens is advan
tageous for having less contribution from the fluorescence produced by 
the off-axis portion of the laser beams. Because of the lower off-axis laser 
intensity, the average off-axis population transferred to the triplet state 
is lower, and the fluorescence depletion is not as high. With model 2, 
presented in the SI, one can model this by an effective integration radius 
for the Gaussian beam, which is collimated by the optical cable. Also, 
different from FCS experiments [14], this technique can be performed 
on a single-shot basis for each desired laser power under low repetition 
rates (e.g. < 10 Hz), allowing one to obtain and analyze the results 
within minutes.

3.2.1. Analysis of noncollinear DPF (model 1)
The procedure used in this work was to perform measurements of the 
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fluorescence intensity as a function of laser pulse energy (fluorescence 
curves N1

S1
, N2

S1
, and N1→2

S1
). With this, it is possible to first determine 

rfluor =
N1→2

S1
(ΔT)

N1
S1
(0) by the time-resolved fluorescence measurements (see 

Fig. 3a)). Then, one should use the formalism of DPF to determine the 
population transfer to the excited state (δp) for any pulse energy, not 
only on optical saturation. This is done by fitting the σ01

hv , NS0 (0− ) and Δn 
parameters of the fluorescence curves via a Non-linear Least Squares 
algorithm. The sample is considered to be in the saturated regime when 
δ1, δ2> 0.9 (90% population inversion). For each different beam waist 
size and for a specific position of the collection optics, NS0 (0− ) and Δn 
may present different values, because they describe the effective 
coupling of the fluorescence induced by each pulse with the optical 
fiber. In the noncollinear DPF setup, one uses the N1

S1
,N2

S1 
curves to 

obtain Δn. For each sample position, a global fitting procedure for Δn 
was performed, including the samples of interest and the samples of 
calibration. This creates self-consistency in the measurements because 
Δn should be constant if there are no changes in the optical components 
or alignment. In these fittings, σ01

hv is left as a free parameter that repre
sents an effective absorption cross-section for the excitation.

3.3. Experimental results

3.3.1. Noncollinear DPF
The noncollinear DPF experiment was performed for the 4 porphy

rins (Por-1–Por-4) and also with rhodamine B in DMSO and rhodamine 
6G in ethanol. The rhodamines were used as calibration samples with 
insignificant TQY (φT < 0.1%) [35,36]. The measurements were done 
for three different sample positions with respect to the lens focal point 
(See Supporting Information Table S1), which required different colli
mations of the second pulse relative to the first pulse. This procedure 
provided two beams with similar w values. The difference between the 
first fluorescence curve (N1

S1
) and the second (N2

S1
) at optical saturation 

was not allowed to be higher than 40% in any measurement. This 
assured, together with a visual inspection, that the w values were not so 
distinct. Then, the results were analyzed using model 1. A result for Por- 
2 is shown in Fig. 5. One can see that N2

S1
> N1

S1
, so the Δn correction 

must be introduced to calculate the TQY properly. With all the param
eters obtained from fitting N1

S1 
and N2

S1 
(see Fig. 5), the TQY can be 

obtained as a function of the pulse energy used (Fig. 6).
As expected, the result at fluorescence saturation, at pulse energies 

above 30 μJ, is constant. The average value in this region should then be 

considered the correct value of φT . The incorrect values of φT at lower 
energies are caused by the inability of model 1 to describe the real 
values of N1→2

S1 
in this region using only the N2

S1 
curve. If one uses the 

obtained φT to simulate the expected N1→2
S1 

curve (Fig. 5, blue line), it is 
possible to see that the experimental points are only well described in 
the same region in which φT is constant in Fig. 6. This result is general 
for collinear and noncollinear DPF analyzed by model 1. The experi
mental error bars, associated mainly with a 10% error in the fluores
cence intensities measured, do not explain the uncertainty for low 
energy values. Hence, model 1, unless improved, can only be used when 
optical saturation can be achieved, i.e., the population profile becomes 
closer to a flat-top profile in the central region of the beam. The results of 
using this model for all the samples with noncollinear DPF are shown in 
Table 2. One can note that the results match the ones obtained by 
collinear DPF within 5% relative difference in the φT value. Thus, the 
factor of using different w values also did not affect the analysis using 
model 1. This means that the noncollinear experiment, with its versa
tility of being adaptable to any short-pulsed laser system easily, can be 
used for measuring the TQY of organic molecules in solution with the 
proposed methodology.

Fig. 4. The experimental scheme for the noncollinear DPF setup (a), which uses a beam splitter (BS) and a f = 250 mm convergent lens (L) for focusing the double 
pulse. The overlap at the sample is achieved by keeping the second beam aligned on a straight line and moving the first beam, moving the BS slightly. Due to the 
longer path of the delayed beam, its size can be adjusted with a two-lens telescope, not shown in the picture. For comparison, the setup for collinear DPF using double 
pulse operation of a cavity is also shown (b).

Fig. 5. The figure shows the use of model 1 to fit the noncollinear experiment 
results of the Por-2 sample. One can fit the saturation of the fluorescence of the 
first (black squares) and second (blue triangles) pulses alone (N1

S1 
and N2

S1
, 

respectively). Then, with the obtained quantum yield from Fig. 6, one can 
simulate the experimental sequential fluorescence N1→2

S1 
values (red dots) with 

the red line. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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3.3.2. Collinear DPF
The same samples were used in this experiment. Three different 

beam waist values were used in the analysis to assure the modeling was 
reproducible for different experimental conditions. Different from the 
noncollinear DPF, this experiment will be used to compare the 2 models 
that were proposed. The Δn values, in this case, are much smaller, being 
less than 10% of the N1

S1 
value at saturation when model 1 is applied. 

This is a consequence of using collinear pulses with approximately equal 
waists. A typical result of this experiment is shown in Fig. 7.

The successfulness of the modeling depends on how the parameters 
obtained by the calibration sample allow the description of the N1→2

S1 

experimental points for an arbitrary sample. One sees in Fig. 7 that a 
considerable improvement can be observed for model 2, and this 
improvement is also reflected in the φT determination, as depicted in 
Fig. 8. With model 2, a more refined description of the population at the 
excited state is achieved, and this allows one to obtain the values of φT 
for pulse energies below the saturation energy (> 40 μJ in Fig. 8). For 
example, at 26 μJ, the results already converge. For the beam waist of 
257 μm used in the measurement of Fig. 8, this means a ~ 50% reduction 
of the necessary peak fluence, from 0.046 J/cm2 (48 μJ) to 0.025 J/cm2 

(26 μJ).

3.4. Discussion

Comparing the φT values obtained in the saturated regime by the two 
models (Table 2), one notices that model 2 predicts values on average 
3% higher in relative terms for φT . This difference is, however, smaller 
than the experimental error, on the order of ±0.1φT. In this way, 
effectively, model 1 is adequate for describing the TQY at optical 
saturation. If the sample is too sensitive to photodamage, the spatially 
dependent formalism still needs to be used to obtain the correct values at 
lower fluencies. In the case of Por-3, the lower absorption cross-section 
was almost limiting to obtain precise TQY values because of the onset of 
nonlinear effects on the solvent (see Supporting Information). An 
alternative to reach optical saturation more easily would be to excite the 
band at 410–420 nm, which has an order of magnitude higher absorp
tion cross-section (Fig. 1). This would be possible to implement 
combining our noncollinear setup with a tunable source pumped by our 
laser system, e.g., an optical parametric amplifier. Because of the lower 
pulse energies that would be available with such a source, this imple
mentation would benefit from the noncollinear configuration because of 
the reduced losses. Furthermore, fluorescence polarization anisotropy 
dependence was also adapted to model 2 [37] and the equations with 
these considerations are developed in the SI. However, negligible dif
ferences were observed in the regime of intensities used.

Now, comparing the results for Por-1–Por-4, the change in TQY of 
Por-3 relative to Por-1 is minimal, as also happened with the other 
photophysical quantities. However, for Por-4, one sees the decrease in φf 
relative to Por-2 is also followed by a decrease in φT. Thus, it becomes 
clear that the internal conversion pathway (assuming φIC = 1 − φT −

φf ), with nonradiative relaxation, is slightly favored by the cationic 
modification. The φIC values were calculated in Table 2 using the results 
for φf in Table 1. This decrease of the TQY value is not necessarily a 
factor that decreases the potential of the molecule for PDT/PDI because 
it is not an order of magnitude change. As has already been shown for 

Fig. 6. Considering the fluorescence curves from Fig. 5, one is able to calculate 
the TQY of molecule Por-2. The shaded area shows the values for which optical 
saturation has still not been reached.

Table 2 
The noncollinear and collinear experiments were repeated for each one of the 
samples in DMSO for three different beam size values. The averaged results are 
shown for the noncollinear experiment fitted with model 1 and the collinear 
experiment fitted with models 1 and 2, respectively. The values are separated by 
semicolons. The errors for the measurements are estimated to be within 10% of 
the reported value. The φIC values were truncated to the second significant 
figure.

φT (%)

Porphyrin Por-1 Por-2 Por-3 Por-4

Noncollinear (model 1) 32 33 30 25
Collinear (models 1; 2) 32; 33 34; 35 31; 32 26; 26

​
​ φIC (%)
Calculated by model 1 64 64 68 74

Fig. 7. A collinear DPF measurement for Por-4 is shown. Using the pulse pa
rameters obtained from fitting a collinear experiment with Rhodamine 6G in 
ethanol and Rhodamine B in DMSO, one is able to simulate N1→2

S1 
(red dots) for 

Por-4 after fitting the N1
S1 

curve (black squares). For this to be done, the result of 
the obtained TQY (Fig. 8) is used. One sees that using model 2 considerably 
improves the description of the fluorescence curve.

Fig. 8. The calculated TQY values for the Por-4 sample as a function of pulse 
energy are shown to stabilize as the fluorescence saturates. The gray region 
shows the values before 90% of the population is excited from S0 to the S1 state 
by each pulse.

R. de Queiroz Garcia et al.                                                                                                                                                                                                                   Journal of Photochemistry & Photobiology, A: Chemistry 483 (2027) 117609 

7 



other cationic derivatives of Por-1,2 [15], the para-substituted methyl
ated derivative had higher singlet oxygen efficiencies than the meta- 
substituted isomer. The para isomer also had a performance comparable 
to the cationic 5,10,15,20-tetrakis(1methylpyridinium-4-yl)porphyrin. 
Hence, the main factor that seemed to influence the singlet oxygen 
production was the charge distribution of the molecule and the prox
imity of the iodine anion to the positive charge of the pyridinium cations 
[15].

Concerning the order of magnitude of φT values obtained, they are in 
accordance with the previous reported results regarding similar com
pounds. One can use, e.g., meso-tetra-(pyridyl)porphyrins dissolved in 
DMSO as a base for comparison. Previous works have measured the 
effect of the Nitrogen position in the pyridine ring on φT and other 
photophysical parameters [4,10]. A study containing peripheral poly
pyridyl platinum(II) complexes showed that the para-Pt(II) substituted 
porphyrin (φT = 12%) exhibited a decrease of φT relative to the meta-Pt 
(II) substituted (φT = 44%) and the meta free base tetra(pyridyl) 
porphyrin (φT = 39%) [10]. As in the current case between Por-3 and 
Por-4, this was caused by a considerable increase of the nonradiative 
relaxation of the para-isomer. In the case of another study with cationic 
meso-tetra(cisplatin)porphyrins [4], φT ranged between 48 and 50% for 
both isomers dissolved in DMSO, without a considerable relative in
crease of the nonradiative rate for the para isomer.

4. Conclusion

This article proposed a new methodology both for the collinear and 
noncollinear DPF techniques, also showing the comparison of two 
models valid for different fluence regimes of the excitation pulses. 
Noncollinear DPF is useful for easily adapting any ultrashort-pulsed 
laser to perform a DPF experiment. The setup that can be used with a 
tunable source and possibly, in the future, even with a pulse sequence 
with pulses of different central wavelengths. Furthermore, the linear and 
excited state photophysical characterization of the two neutral and two 
new cationic porphyrin derivatives was carried out. Values of TQY be
tween 25% and 35% were measured and by the typical intensity noise of 
10% the technique is expected to work accurately for molecules with 
significant TQY values, above 10%. With noncollinear DPF, it was 
shown that the relative increase in the nonradiative internal conversion 
pathway is different for each cationic porphyrin relative to its non- 
cationic form and that the technique is sensitive to these changes. 
Finally, it should be highlighted that the photophysical parameters 
determined in this work are in agreement with results previously re
ported in the literature for cationic and non-cationic meso-tetra-(pyr
idyl)porphyrins. This demonstrates the effectiveness of the technique for 
determining the triplet quantum yield of materials for future applica
tions in optics and photonics.
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[34] J. Kuśba, V. Bogdanov, I. Gryczynski, J.R. Lakowicz, Theory of light quenching: 
effects of fluorescence polarization, intensity, and anisotropy decays, Biophys. J. 
67 (1994) 2024–2040, https://doi.org/10.1016/S0006-3495(94)80686-1.

[35] P. Hammond, Comparison of experimental and theoretical excited-state spectra for 
rhodamine 6G, IEEE J. Quantum Electron. 16 (1980) 1157–1160, https://doi.org/ 
10.1109/JQE.1980.1070393.

[36] V.E. Korobov, V. Shubin, A. Chibisov, Triplet state of rhodamine dyes and its role in 
production of intermediates, Chem. Phys. Lett. 45 (1977) 498–501, https://doi. 
org/10.1016/0009-2614(77)80074-2.

[37] A. Ansari, A. Szabo, Theory of photoselection by intense light pulses. Influence of 
reorientational dynamics and chemical kinetics on absorbance measurements, 
Biophys. J. 64 (1993) 838–851, https://doi.org/10.1016/S0006-3495(93)81445- 
0.

R. de Queiroz Garcia et al.                                                                                                                                                                                                                   Journal of Photochemistry & Photobiology, A: Chemistry 483 (2027) 117609 

9 

https://doi.org/10.1039/B903357M
https://doi.org/10.1039/B903357M
https://doi.org/10.1002/jbio.201400015
https://doi.org/10.1016/j.cocis.2012.09.003
https://doi.org/10.1016/j.cocis.2012.09.003
https://doi.org/10.1002/jemt.22368
https://doi.org/10.1002/jemt.22368
https://doi.org/10.1039/C6RA25373C
https://doi.org/10.1039/C6RA25373C
https://doi.org/10.1042/BJ20150942
https://doi.org/10.1002/ijch.201500026
https://doi.org/10.1002/ijch.201500026
https://doi.org/10.3390/ma6030817
https://doi.org/10.1016/j.jphotobiol.2017.08.019
https://doi.org/10.1016/j.jphotobiol.2017.08.019
https://doi.org/10.1016/j.jphotochemrev.2014.09.003
https://doi.org/10.1111/j.1751-1097.2012.01087.x
https://doi.org/10.1111/j.1751-1097.2012.01087.x
https://doi.org/10.1016/j.ejmech.2008.07.026
https://doi.org/10.1016/j.ejmech.2008.07.026
https://doi.org/10.1016/j.jphotobiol.2013.01.005
https://doi.org/10.1016/j.jphotobiol.2013.01.005
https://doi.org/10.1016/j.dyepig.2014.05.016
https://doi.org/10.1371/journal.pntd.0001434
https://doi.org/10.1371/journal.pntd.0001434
https://doi.org/10.1039/C2CC30727H
https://doi.org/10.1351/PAC-REP-10-09-31
https://doi.org/10.1007/s10895-009-0538-z
https://doi.org/10.1007/s10895-009-0538-z
https://doi.org/10.1016/j.jphotochem.2020.113082
https://doi.org/10.1016/j.cplett.2018.07.016
https://doi.org/10.1016/j.cplett.2018.07.016
https://doi.org/10.1039/B907344B
https://doi.org/10.1039/B907344B
https://doi.org/10.3390/molecules21050635
https://doi.org/10.3390/molecules21050635
https://doi.org/10.1016/j.cplett.2005.12.001
https://doi.org/10.1016/j.cplett.2005.12.001
https://doi.org/10.1016/S0006-3495(94)80686-1
https://doi.org/10.1109/JQE.1980.1070393
https://doi.org/10.1109/JQE.1980.1070393
https://doi.org/10.1016/0009-2614(77)80074-2
https://doi.org/10.1016/0009-2614(77)80074-2
https://doi.org/10.1016/S0006-3495(93)81445-0
https://doi.org/10.1016/S0006-3495(93)81445-0

	Triplet quantum yield determination with noncollinear double pulse fluorescence applied to a new class of cationic free-bas ...
	1 Introduction
	2 Synthesis and Characterization of the singlet states of the porphyrin derivatives
	2.1 Synthesis of porphyrin derivatives Por-1-4
	2.2 Linear optical and excited singlet state measurements

	3 Characterization of the triplet states
	3.1 Theory of double-pulse fluorescence experiments
	3.2 Noncollinear DPF
	3.2.1 Analysis of noncollinear DPF (model 1)

	3.3 Experimental results
	3.3.1 Noncollinear DPF
	3.3.2 Collinear DPF

	3.4 Discussion

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


