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ARTICLE INFO ABSTRACT

The spectroscopic study and characterization of mono-(amino-ferrocenyl) porphyrins has increased during the
last years. These molecules can be synthesized in such a way that their linear and nonlinear optical parameters
are modulated, opening the possibility for new applications, such as in photodynamic therapy. In this work, we
perform a spectroscopic characterization of a group of five free-base porphyrins, three of them having a C¢F4
group attached to an amino-ferrocene moiety through a —NH(CH,),NH — spacer, in which n = 2, 4 or 6. These
three molecules differ by the size of the aliphatic chain. For this study, we employ linear as well as nonlinear
optical spectroscopic techniques, such as the Z-Scan and time resolved fluorescence. Decay times, absorption
cross-sections and quantum yields were determined, and the results suggest that, for this group of molecules, the
differences in the aliphatic chain sizes joining the ferrocenyl unit to the C¢F4 group at the para-position aryl ring
do not influence significantly the optical parameters. Further, DFT calculations confirm that the UV-vis ab-
sorbance and the associated electronic transitions are not affected by the size of the aliphatic chain spacers.
Thus, it is possible to state that these molecules can interact with biomolecules through the ferrocene unit while
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keeping their optical properties unchanged.

1. Introduction

The photophysical and photochemical spectroscopic characteriza-
tion of materials constituted by organic macrocycles, such as por-
phyrins, has gained great interest in the last years. The flexibility to
synthesize these materials allows the modeling of their photophysical
optical parameters through the insertion of different lateral chemical
structures or different metallic ions in the macrocycle [1,2]. Porphyrins
are constituted by an organic macrocycle containing m-conjugation,
which provides considerable nonlinear optical effects [3,4]. In addition,
this class of materials also exhibits considerable linear absorption in the
UV-vis region [5,6]. These characteristics make porphyrins good can-
didates for several applications, such as for optical limiters [7-10],
saturable absorbers [11], and organic solar cells [12,13].

Porphyrins are extensively used in photodynamic therapy (PDT)
[14] because of the presence of intersystem crossing process. As it is
known, high intersystem crossing quantum yields of porphyrins
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(normally observed in free-based porphyrins) makes this family of
molecules desirable for PDT [15,16]. For a molecule to be considered as
a good photosensitizer, it is necessary to present a considerable yield of
triplet state formation, that is, the electrons of the molecule must pre-
sent a considerable intersystem crossing (a singlet to triplet non-ra-
diative transition) at the excited state. Also, triplet state formation can
be induced by one- or two-photon [16], increasing the use of this mo-
lecule as photosensitizer due to the penetrability of light in the tissue by
using wavelengths that are within the spectral region called “ther-
apeutic window” [16].

Porphyrin molecules are being synthesized and characterized for the
purpose of drug development due to the fact they interact with bio-
molecules such as DNA [17-22]. Several studies have been carried out
with porphyrins bounded to a redox group. Such insertion offers a mean
to reinforce their electronic interactions with biological molecules, and
to their use in biomedical applications [23-25]. Generally, the redox
group is attached directly to the porphyrin ring or through spacer
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Fig. 1. Representative molecular structures of meso-(amino-ferrocenyl)porphyrins studied in this work.

groups, for example, multi-fluorinated, amino or hydroxyphenyl
groups. The insertion of a redox group into the porphyrin ring may alter
the molecular spectroscopic properties. On the other hand, the spec-
troscopic parameters can be preserved, due to the presence of spacer
groups between the redox group and the porphyrin ring. A group that
can be inserted peripherally to the porphyrin ring is the ferrocene
group, which is a strong electron acceptor. The electronic structure and
electrochemical behavior of ferrocene-porphyrins have been widely
studied [26-28].

In this contribution, we investigate the excited state optical prop-
erties taking into account contributions from singlet and triplet states
population dynamics. Excited state absorption properties as well as the
intersystem crossing mechanism rates were evaluated for a set of three
ferrocene free-based porphyrins: meso-5-(4-aminoethylferrocenyltetra-
fluorophenyl)-10,15,20-tri(phenyl)porphyrin  (DAEPor), meso-5-(4-
aminobutylferrocenyltetrafluorophenyl)-10,15,20-tri(phenyl)porphyrin
(DABPor) and meso-5-(4-aminohexylferrocenyltetrafluorophenyl)-
10,15,20-tri(phenyl)porphyrin (DAHPor), as shown in Fig. 1. The study
was performed comparing the experimental/theoretical optical prop-
erties of the ferrocene porphyrins with the meso-tetra(phenyl)porphyrin
(TPP) and meso-5-(pentafluorophenyl)-10,15,20-tri(phenyl)porphyrin
(MCgFsPor), respectively, by using linear and nonlinear spectroscopy
experiments. Decay times, excited state absorption processes and
quantum yields were determined for the excited singlet and triplet
states. The obtained results shown that ferrocene free-based porphyrins
can be used as optical limiters for some range of wavelengths either as
saturable absorber for other wavelengths. Nevertheless, the consider-
able intersystem crossing quantum yield observed, which was evaluated
to be around 40%, turn these ferrocene porphyrins also possible pho-
tosensitizers to be used in PDT. In addition, as important result of this
work, it was observed that the length of the aliphatic chain unchanged
significantly the photophysical properties.

2. Experimental
2.1. Materials

Commercially available reagents were used in the present in-
vestigations. Analytical reagent grade solvents were used for synthesis
of porphyrin and for column chromatography. Anhydrous solvents for
photophysical measurements were purchase by Sigma-Aldrich®
Company.

2.2. Synthesis

Porphyrins MCg¢FsPor, DAEPor and DABPor were synthesized and
fully characterized according to a previously described method by
Auras and co-workers 18.

2.2.1. Synthesis of meso-5-(4-aminohexylferrocenyltetrafluorophenyl)-
10,15,20-tri(phenyl)porphyrin derivative (DAHPor)

Porphyrin MCgFsPor (200mg, 0.284 mmol, 1.0 equiv.) and the
amino-hexyl ferrocene derivative 18 (87 mg, 0.340 mmol, 1.2 equiv.)
were dissolved in DMSO (10 mL) and stirred at 50 °C for 4 h. After this
period, water and chloroform were added and the organic layer was
separated and dried with sodium sulfate. The solvent was evaporated,
and the residue was purified by silica-gel column chromatography using
DCM/n-hexane (1:3, v/v) as eluent. Then, the resulting residue was
purified by preparative silica-gel TLC plates using a mixture of DCM/
MeOH (90:10, v/v) to afford pure dark purple solid porphyrin DAHPor.
Spectroscopic data for porphyrin (DAHPor): Dark-purple solid
(98 mg, 0.099 mmol, 35% yield). M.p. > 300 °C (decomp.). H NMR
(600 MHz, CDCl3): 8§ = —2.75 (bs, 2H, inner NH), 1.26 (m, 3H, Haiphar),
1.53 (m, 4H, Hyipha), 3.65-4.27 (m, 11H, Hypne and FeCp), 7.77 (m,
9H, m- and p-Ph), 8.22 (d, 6H, J =7.2Hz, 0-Ph), 8.84-8.91 (m, 8H, f-
H). 3C NMR (125 MHz, CDCl,): 8 = 18.4, 26.9, 30.9, 45.9, 58.4, 68.2,
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69.3, 120.4, 121.4, 126.7, 127.7, 134.5, 141.9, 142.0. '°F NMR
(565MHz, CDCl3): 8 = -161.13 (d, J; = 16.9, Founo), -140.73 (d,
J1 = 16.9, Fpe). FT-IR (KBr pellets, cm ™ 1): 3438 (vn.n), 2919 (v,
2849 (vc=c), 1654/1470 (vc=n), 964 (vc.n) and 799 (8c.y). Anal. caled.
for Ce1HsoF4FeNg: C, 73.34%; H, 5.05%; N, 8.41%. Found: C, 73.37%;
H, 5.06%; N, 8.42%. HRMS-ESI, [M+H]*: m/z 999.3463 (calcd for
C61H50F4F6N6: 9983383).

Spectral data such as FT-IR, HRMS-ESI and NMR spectra of DAHPor
porphyrin are presented in Supplementary information (Figs. S1-S5).

2.3. Methods and instrumentation

The ferrocene-porphyrins spectra at the UV-vis region (about
200-900 nm) were obtained using the SHIMADZU UV-1800 spectro-
photometer. The ferrocenyl-porphyrins were dissolved in di-
chloromethane (DCM) in 10~ *mol L™ !. It is important to mention that
the measurements were performed at a 1.0 mm optical path length
fused silica cuvette. For the determination of the fluorescence spectra,
we employed a fluorimeter HITACHI F7000, where the molecules were
dissolved at a concentration of about 10°mol L™ ! to avoid fluorescence
reabsorption, in a 1.0cm optical path length fused silica cuvette.
Elemental CHN% analysis was performed using a Perkin-Elmer CHN%
2400e equipment (Sao Paulo). Porphyrin was analyzed with a high--
resolution electrospray ionization mass spectrometry (HRMS-ESI) in-
strument (microTOF QIL, Bruker Daltonics, Billerica, MA). Mass spectra
were obtained with MeOH solutions of concentration around 500 ppb
with a flow of 180 ul min~! and capillary of 3000-4500 V. 'H, '3C and
'F NMR spectra were performed with a Bruker Avance III spectrometer
at 600 (*H), 125 (**C) and 565 (*°F) MHz. CDCl; was used as solvent
and TMS as the internal reference. The chemical shifts are expressed in
8 (ppm) and coupling constants (J) are given in Hertz (Hz). Infrared
analyses (FT-IR) were performed on a Perkin Elmer FTIR 100 spectro-
photometer, in the 4000-400 cm ™' region, using KBr pellets (spectro-
scopy grade).

2.4. Theoretical TD-DFT calculations

The electronic and structural properties of the compounds were
studied using the Density Functional Theory (DFT), as implemented in
the Gaussian 09 code [29]. The ground state geometrical structures
were optimized (energy minimization) employing conjugated gradient
techniques. The absorption spectra were determined using the time-
dependent DFT (TD-DFT). No optimization of the excited states was
performed. The long-range corrected CAM-B3LYP [30] functional was
used to describe the exchange and correlation potentials. The 6-
31G+(d,p) basis set [31] was used in all calculations. Previous simu-
lations have demonstrated the accuracy of this procedure in describing
the optical absorbance of peripheral-substituted macrocycles [32]. The
polarizable continuum model (PCM) was employed to calculate the
molecular properties in dichloromethane [33].

2.5. Fluorescence quantum yield

The ability of ferrocene porphyrin molecules to decay from the first
excited singlet state (S;) to the ground singlet state (Sy) via emission of
radiation can be determined by measuring the fluorescence quantum
yield (¢;). For the ¢; determination we used the well-known Brouwer
method [34], which makes use of a molecule of known fluorescence
quantum yield, applying to the following equation:

Af
S Far
_ pref Ao fref
¢ = ¢ T

(€8]

in which ¢fr5f is the previously known fluorescence quantum yield (8%
for hematoporphyrin dissolved in dimethyl sulfoxide (DMSO) [35], and
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the n’s are the solvent’s refractive indexes. f=1 — 1074@«) js the
quantity of absorbed light, in which A is the absorbance of the sample at
the excitation wavelength (A.), taken as the same for both compounds.
Finally, F(%) ‘s are the fluorescence spectra integrated over all emission
range. Molecules were dissolved to a concentration of about 10~ mol
Ll, and the F(1) measurements were obtained through a HITACHI
F7000 fluorimeter.

2.6. Time resolved fluorescence

Fluorescence lifetime (t¢) was determined using the time resolved
fluorescence technique by using the doubled frequency (532 nm) of a
Nd:YAG Q-Switched mode-locked laser operating at 1064 nm, with
pulses of 100 ps and 100 Hz of repetition rate. The laser pulses strike the
porphyrin molecule promoting the electrons from the ground singlet
state to the first excited singlet state. After a characteristic time (of the
order of 10™° s, for these molecules), some electrons return to the
ground state by fluorescent emission. This fluorescence is collected
perpendicular to the excitation beam and using a 532 nm filter to avoid
any interference of this beam. The fluorescence signal, I (t), is registered
by a 1ns temporal resolution silicon photodetector and, through an
exponential fitting (I(t) = I,e~™) of the fluorescence curves, it was
possible to determine ;. I is the fluorescence intensity at time zero.
The technique was calibrated with Rhodamine B dissolved in ethanol.

2.7. Single pulse and white light Z-scan techniques

In order to determine the first excited state absorption cross section
at 532 nm (01,(532nm)) and first excited state absorption cross section
spectra (o1,(1)), we used the Z-Scan by single pulse [36] and white light
continuum Z-Scan techniques [37]. The single-pulse Z-Scan technique
relies on monitoring the normalized transmittance (NT) from a sample
as it is translated around a previously focused pulsed laser beam. The
laser beam is derived from a double frequency (532 nm) Nd:YAG mode-
locked and Q-Switched laser, with pulse of 100 ps and repetition rate of
100 Hz. The laser beam is focused by a 12 cm convergent lens. The
normalized transmittance from the sample is captured by a 1.0 cm? PIN
photodetector, in which the electric signal is amplified and averaged in
a locking amplifier. The data are acquired by a homemade LabView
program, which also controls the Z-Scan experiment.

For the determination of the excited state absorption cross section
spectra from 450 up to 800 nm (01,(A)), we used the white light con-
tinuum Z-Scan technique, which employs Ti:Sapphire laser (CPA-2001
system from Clark-MXR Inc.) that is capable of generating pulses at
775 nm, 150 fs time duration with 1.0 kHz of repetition rate. This pulse
passes an optical parametric amplifier (TOPAS Quantronix) which is
tuned to generate pulses of 1100 nm with the same repetition rate and
120 fs pulsewidth. This pulse (1100 nm) crosses a 3.0 cm cuvette con-
taining distilled water, where supercontinuum white light is generated
(from 450 nm up to 800 nm). As in Z-Scan by single pulse, the material
is translated around the supercontinuum white light (previously foca-
lized by an 8.0 cm lens) and the normalized transmittance as a function
of the Z position of the sample is monitored. Such transmittance is
collected by a CCD spectrophotometer and the data is acquisitioned by
a computer through a homemade LabView program.

2.8. Pulse train Z-Scan (PTZS) technique

In order to determine the triplet state characteristics (triplet state
absorption cross section and intersystem crossing time, T.), we used
the Z-Scan by pulse train technique [38]. For this purpose, a doubled
frequency (532 nm) mode-locked and Q-Switched Nd:YAG laser was
used, working at repetition rate of 10 Hz. This configuration (Q-Swit-
ched and mode-locked) generates an envelope of approximately 300 ns
time duration with approximately 30 pulses, each pulse with 100 ps and
separated from each other by approximately 13 ns. Similarly, as in Z-
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Fig. 2. Left: (a) Molar absorptivity in UV-vis region (black lines) and fluorescence emission (red line) for the DAHPor molecule using DCM as solvent. Right: (b)
Fluorescence decay curve (black circles) and exponential fitting (red line) to fluorescence life time determination for the DAHPor porphyrin.

Scan by single pulse and Z-Scan by white light, the sample was trans-
lated around a focal region, and the optical transmittance was mea-
sured away from the focus and at the focus. Hence, it was possible to
obtain the normalized transmittance. Such transmittance was collected
by a 1.5 mm? fast photodetector with 1.0 ns temporal resolution. Data
acquisition and sample translation were controlled through a home-
made LabView program.

3. Results and discussion
3.1. Linear optical experiments

To begin with, we performed linear optical spectroscopy experi-
ments. Through these experiments, we were able to determine molar
absorptivity spectra, fluorescence emission spectra, fluorescence life-
times, and fluorescence quantum yields. Fig. 2(a) shows the absorption
bands of the DAHPor molecule dissolved in DCM (solid black line). It is
possible to note a Soret band with a peak at approximately 400 nm and
4 Q-bands, with absorption peaks at approximately 510 nm, 550 nm,
590 nm and 640 nm. In addition to the molar absorptivity spectra, it is
also possible to observe in Fig. 2(a) the fluorescence emission (for ex-
citation wavelength at 510 nm) with a maximum peak at 650 nm (solid
red line). Finally, Fig. 2(b) shows the fluorescence decay curve of
DAHPor compound (circles), which was excited by a pulsed 100 ps
laser beam at 532 nm. Through such a fluorescence curve, it was pos-
sible to trace an exponential fitting (solid line) and determine the
fluorescence lifetime of about 7.1 ns.

It is important to mention here that the absorption spectrum (molar
absorptivity), fluorescence spectrum, and the fluorescence time decay
curve of the DAHPor show a very similar result for the other four
porphyrins, which were described in a previous work 18. We noted,
comparing such spectra, that there is no displacement in both Q-bands
and the Soret band as the chemical structures are altered. Also, molar
absorptivity values are not significantly changed for the MCgFsPor,
DAEPor, DABPor and DAHPor molecules, with a little increase of
about 1.2 times for TPP. These statements can be verified in Table 1.

Fluorescence quantum yield were calculated with Eq. (1) and using

Table 1

hematoporphyrin as the standard calibration compound. Integrating
the fluorescence spectrum, F (1), and known the amount of light (f) that
the sample absorb at the excitation wavelength, we were able to com-
pare the samples with the standard. Through this methodology, the
fluorescence quantum yields (¢,) for all five porphyrins were calcu-
lated. These values are depicted in Table 1 together with other spec-
troscopic characteristics, such as the wavelength position of the Soret
and Q-bands at UV-vis and the respective molar absorptivity values,
inside parentheses. In addition, Table 1 presents the maximum emission
wavelength (1.,), which are almost not modified, and the fluorescence
lifetimes (t¢).

TPP molecule dissolved in DCM has the highest fluorescence
quantum yield (2.4%), when compared to the other four porphyrins
(MCgFsPor, DAEPor, DABPor and DAHPor). This can be understood
due to the addition of the C¢F, group to the porphyrinic macrocycle. It
is known that the addition of groups containing halogenic elements
favors non-radiative decay (internal conversion), therefore, the
quantum efficiency should be lower for porphyrins that contain halo-
gens [39,40]. Additionally, we noted that there is no significant dif-
ference, considering the experimental error, in the ¢, values for
MCgFsPor, DAEPor, DABPor and DAHPor porphyrins.

It is interesting to point out a small reduction in the lifetime for the
three porphyrins containing ferrocene units. This behavior was also
observed by Wu and co-workers [41] in BODIPY-type molecules con-
taining ferrocene units. According to the authors, in the ground state,
there is not significant interaction between the ferrocene and BODIPY
moieties. However, upon irradiation, quenching in the fluorescence
emission due to electron transfer mechanism from ferrocene moiety to
the singlet state of BODIPY is observed for some BODIPY-types, with a
conjugated bridge binding ferrocene moiety to the fluorophore. Also,
the fluorescence lifetime is slightly affected by the chain bounding
ferrocene and the BODIPY moiety [42].

In our case, considering only the molecules that have the ferrocene
group bound to the C¢F4 group through the aliphatic chain (DAEPor,
DABPor and DAHPor), the fluorescence lifetimes are slightly altered as
well. Comparing them, the shortest fluorescence lifetime is the one
obtained for DAEPor, which has the shortest aliphatic chain length. For

Absorption wavelength (A.), molar absorptivity (e), emission wavelength (Aen), fluorescence quantum yield (¢;) and fluorescence life time for all ferrocenyl-

porphyrins samples.

Compound Aabs(nm) and e(x10°Lmol ~*em™1) Aem (nm) ¢ (%) 75 (ns)

TPP 416 (1.8), 514 (0.08), 549 (0.03), 592 (0.02), 648 (0.02) 652 24 = 0.3 88 + 0.1
MCgFsPor 416 (1.5), 512 (0.07), 549 (0.02), 588 (0.02), 649 (0.01) 650 1.8 £ 0.2 8.7 £ 0.2
DAEPor 417 (1.5), 514 (0.07), 549 (0.03), 586 (0.02), 648 (0.01) 652 1.6 £ 0.1 6.5 = 0.1
DABPor 417 (1.4), 513 (0.7), 549 (0.03), 587 (0.02), 645 (0.01) 651 19 = 0.1 7.2 £ 0.1
DAHPor 417 (1.8), 513 (0.08), 548 (0.03), 589 (0.02), 645 (0.01) 651 1.8 £ 0.2 7.1 = 0.1
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Fig. 3. Theoretical absorption spectra by TD-DFT for the studied porphyrins,
using DCM as solvent.

this molecule, ferrocene moiety is closer to the porphyrinic ring, in-
creasing the electrostatic interaction. The fluorescence lifetimes, also
shown in Table 1 and obtained with time resolved fluorescence tech-
nique, are in agreement with the values found in the literature for free-
base porphyrins 42 and ferrocenyl-porphyrins [43].

It is interesting to point out that the optical properties described
until this point are in accordance to the ones observed in the theoretical
analysis. As it will be described in the next section, the linear absorp-
tions of all compounds are very similar, with no significant changes due
to the ferrocene moiety. Also, the charge distributions on the natural
transition orbitals are comparable.

3.2. Theoretical (TD-DFT) analysis

In Fig. 3 and Table 2, we show the theoretical (TD-DFT) optical
absorption data for all the free-based porphyrins studied in this work.
These data were obtained at the ground state equilibrium geometry of
each considered molecule. As a general feature, one peak is observed
for the Soret band ("355 nm), and other peaks representing the Q-bands
at c.a. 530 nm and c.a. 580 nm, for all molecules. All compounds share
very similar optical absorption behavior, with no significant effect re-
lated to the introduction (or the size) of the aliphatic chains connecting
the ferrocene to the macrocycle.

In order to better understand the optical transitions predicted by the
TD-DFT calculations, in Fig. 4 we show the natural transition orbitals
(NTOs) associated with both Soret and Q-band transitions of Fig. 3.
From Fig. 4, we can observe that these natural transition orbitals are
very similar for all tetrapyrrolic macrocycles. The orbitals involved in
the electronic absorption transitions, named HOMO and LUMO here,
are localized on the porphyrin ring. The charge distribution patterns of
these orbitals are very similar for both Soret and Q-bands,

Table 2
Calculated energies (E), wavelengths (A) oscillator strengths (f) for the NTOs of
the studied porphyrins.

Porphyrin A (nm) E (eV) Oscilator strength (f)
TPP 356 3.483 1.66
533 2.326 0.03
MCgFsPor 355 3.493 1.65
531 2.335 0.02
DAEPor 356 3.483 1.77
532 2.331 0.03
DABPor 357 3.473 1.75
532 2.331 0.03
DAHPor 357 3.473 1.75
532 2.331 0.03
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independently of the considered compound. From these results one can
state that the length of the aliphatic chain bounding the C¢F,4 to the
ferrocene do not significantly influence the electronic transitions re-
lated to the absorption spectra.

3.3. Nonlinear optical experiments

Excited state characterization of all (amino-ferrocenyl)porphyrins
studied in this work were obtained for the first time by employing a set
of techniques involving nonlinear optical spectroscopy. Here, several
techniques were used for the determination of the optical parameters
related to the excited singlet and triplet states. Firstly, the Z-Scan by
single pulse technique was used to determine the first excited singlet
state absorption cross-section at 532nm (oj,( A= 532nm)). It is im-
portant to note that the absorption cross section at this wavelength will
serve as the verification parameter of the absorption cross-section
spectra (o1,(1)) in the UV-vis region, obtained through the Z-scan by
white light technique. As already mentioned, Z-Scan by single pulse is
based on monitoring the normalized transmittance (NT) of a material as
it is translated around a previously focused pulsed laser beam. Due to
the focus of the laser beam (which gives a profile of different intensities
for each Z position of the translation region), when the sample is far
from the focal point, only linear effects are felt by the material, how-
ever, as the sample approaches the focus, there is a gradual increase in
intensity, thus the nonlinear effects become more pronounced.
However, in order to obtain the normalized transmittance, NT, the
transmittance is first measured away from the focus and then, trans-
mittances are obtained for each Z position getting to the focus point.
Finally, the transmittances obtained for each Z point are divided by the
transmittance obtained away from the focus.

The determination of the oy,( A= 532nm) is accomplished through
the theoretical modeling of NT obtained experimentally. This is per-
formed through population dynamics modeling of a system using three
singlet energy levels (S) and two triplet energy levels (T). After energy
absorption, the electrons of the material are promoted from the fun-
damental singlet state (Sp) to a singlet excited state (S;), however, if the
material continues to absorb energy, such electrons can populate higher
energy levels. By modeling such population dynamics through the Beer-
Lambert law and the rate equations, it is possible to obtain a theoretical
normalized transmittance.

It is important to mention here that for the Z-Scan by single pulse,
we could neglect the two triplet energy levels (T; and T,,), because the
pulse width (100ps) is shorter than the porphyrin’s intersystem
crossing time (ns), in a way that there is not enough time to populate
the triplet energy levels. The rate equations for the three energy levels
which describe the population fraction in the energy levels ng s,
schematic represented in Fig. 5, are:

dng, (t)
% = —Wins, (0) + Kng ()
dng, (t)
% = Wins, (t) — Kng (t) — Wing, (1) + KSns, (t)
dnsn(t) S S
—= =W t) — K, t
o s () — Kpins, (1) @

in which, K,; = 1/1,; and K = 1/75, are the decay rates, respectively,
from the electronic state 1 to 0 and from n to 1. Wy.m = I(t)g‘;ivm“ is
defined as transition probability from a lower energetic state (m) to a
higher one (m + 1), in which I(¢) is the laser intensity, 0y;,+1 is the
absorption cross section from an electronic state m to an electronic state
m + 1, in which m can be 0, 1 or n. h is the Planck constant, and v is the
frequency of light. ng, + ny + ng, = 1 is the boundary condition. In this
case, Kjy can be considered low because the pulse laser is much shorter
than the fluorescence lifetime. Normally, for free based porphyrins, t,;
is of about 300 fs which gives a high K. This high decay rate describes
a non-cumulative population at state S,. Consequently, the absorption
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Fig. 4. Natural transition orbitals associated with the absorption peaks presented in Fig. 3.

coefficient, a(t) can be obtained by
a(t,532nm) = N[ng,(t)oy(532nm) + ng (t)o1,(532nm)] with N the
concentration in molelules/cm?® of the samples.

The numerical solution of these rate equations was carried out by a
homemade program that takes into account the parameters previously
determined by linear optical spectroscopy. In this way, the theoretical
fitting of the experimental normalized transmittance was performed by
adjusting the singlet excited state absorption cross section oy, (532 nm).
These adjustments (solid lines) are shown in Fig. 5 for the MCgFsPor

and DAHPor molecules.

Fig. 5 shows the Z-Scan for two of the five substituted-ferrocenyl
porphyrin molecules. It is important to say that all molecules have the
same Z-Scan by single pulse profile. In Fig. 5, it is clear that as the
intensity of the laser beam increases or, in other words, as the sample
approaches the focal point, NT decreases until it reaches a minimum at
Z = 0, indicating that the material is absorbing more energy since there
is an increase in intensity. Hence, the first excited singlet state cross-
section is larger than the ground singlet absorption cross-section
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Fig. 5. Experimental normalized transmittance obtained by Z-Scan by single pulse (black circles) and theoretical normalized transmittance (black line) obtained
through the numerical solution of the rate equations for three energy levels as depicted.
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pulse. The inset in each graph shows the ratio between the excited state ab-
sorption cross-section and ground state.
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The values of the excited singlet state absorption cross section at
532 nm, obtained through the adjustment between the theoretical and
experimental NT, are very similar for all studied molecules (approxi-
mately 1.7 = 0.2 X 107! cm?), showing that the absorption cross-
sections of the first excited state are not significantly altered by the
differences in the chemical structures of the molecules, which also
agrees with the linear spectroscopic data and theoretical calculations.
The values (black squares) are shown in Figs. 6 and 7 and compared to
the ones obtained with white-light continuum Z-Scan. The order of
magnitude of the excited state absorption cross-section is also in
agreement with ones reported for free-base pophyrins [44-48].

White light continuum Z-Scan was used for the determination of the
excited state absorption cross-section in a range from about
450-700 nm. This technique is also based on Z-Scan by single pulse by
monitoring the NT while the material is translated around a previously
focused beam. However, in the Z-Scan via white light, the pulse is a
supercontinuum broadband light that ranges approximately from 450
to 700 nm. For each wavelength of that supercontinuum, a Z-Scan, si-
milarly to the single pulse Z-Scan, is acquired, and the absorption cross
sections of the excited singlet state, as a function of the wavelength, are
determined. The normalized transmittance is monitored for each Z
position and for each wavelength that makes up the supercontinuum. In
the same way as in Z-Scan by single pulse, it is possible to simulate the
population dynamics considering three energy levels described in Eq.
(2) and, consequently, to theoretically obtain NT. However,
a(t, A) = N[ng,(t)on (1) + ng, (t)o1,(A)] is now wavelength dependent.
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Fig. 7. Absorption cross-sections of studied porphyrins dissolved in DMSO.
Ground state (black line), first excited state (open red circles). Excited state
absorption cross section at 532 nm determined by Z-Scan by single pulse (black
square). The ratio between the excited state absorption cross-section and
ground state are depicted at the figure insets.

Through Figs. 6 and 7, we can see similarities between the excited
states absorption cross section of the five porphyrins (open red circles),
indicating that the distinct peripheral structures do not change sig-
nificantly the excited state absorption cross section. In addition, the
good agreement between the single pulse Z-Scan technique (see black
square in Figs. 6 and 7) and the white light Z-Scan confirms that at
“530 nm the excited state absorption cross section is higher than the
ground state one.

Fig. 6 displays the excited state absorption cross-section for TPP and
MCgFsPor, both without ferrocene moieties. It is possible to see, by
comparing both molecules, that the excited state absorption cross sec-
tions all along the spectrum present almost the same values, as
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considering the experimental error of about 10%. This statement is in
agreement to the one observed for the ground state absorption, and also
to the molecular orbitals associated with the electronic transitions,
which are similar for both molecules.

The excited state absorption cross sections show a monotonic in-
crease of their values for shorter wavelengths. Important information
that reveals the absorption strength of the excited state is also given by
the ratio between the excited and ground state absorption cross-sec-
tions, which can be seen in the insets of Fig. 6. For most wavelengths,
the ratio is higher than the unit, which reveals that the molecules in-
crease the absorption efficiency at the excited state and can be used as
optical limiters at the visible region. For some wavelengths, the ratio
value achieves a factor of about five times, indicating a strong ab-
sorption in the molecular excited singlet state.

Fig. 7 exhibits the excited state absorption cross sections of the three
amino-ferrocenyl porphyrins dissolved in DMSO solvent. The excited
state absorption cross sections all along the spectrum are of the same
order of magnitude, comparing all three molecules, and are also very
similar to TPP and MCgFsPor. Similar spectral characteristics were
noticed in these three molecules, where a monotonic increase of the
excited state absorption cross sections for shorter wavelengths is ob-
served. Excited state absorption has been reported in many different
free based porphyrins, indicating an increase in the absorption at the
visible region [49-52].

Following the same features of TPP and MCgFsPor, ferrocene por-
phyrins present a ratio between the absorption cross sections higher
than the unit for most of the wavelengths and may also be used as
optical limiters. It is important to mention here that the length of the
aliphatic chain, binding C¢F4 to the ferrocene, seems to restrict sig-
nificantly the influence of ferrocene to the porphyrin, preserving the
ground and the excited state absorption cross section at the same
magnitude as the ones evaluated for TPP and MCgFsPor. An important
information about the excited state optical properties for these set of
molecules is the weak influenced of the presence of the ferrocene
moiety, as shown by the ground state absorption and TD-DFT theore-
tical calculations.

Once the parameters for the singlet excited state absorption have
been determined, we set out to determine the triplet state electronic
parameters. The triplet excited state absorption cross section and the
intersystem crossing time from the first singlet excited state to the tri-
plet state were evaluated for all five porphyrins studied in this work. It
was determined by monitoring changes in the absorption, similarly to
the ones measured by Z-Scan with single pulse and white light super-
continuum. However, in this case, as the singlet electronic absorption
was already determined previously by single pulses techniques, the
normalized transmittance (NT) induced by the pulse train brings in-
formation of the population transferred to the triplet state. NT obtained
from this technique is now numerically simulated by using the five
energy levels diagram, as schematically represented in Fig. 8. The best
fit obtained, which was determined considering all singlet parameters
determined previously, gives the absorption cross section of the triplet
state and the intersystem crossing time. To simulate the population
fraction transferred from the ground state (S;) to excited singlet states
ns ‘s and triplet state nr s, five rate equations were solved numerically:

dnfiot([) = Kng (t) + KSng (t) — Wing(t)
dng, (t

th( ) - WOI”SO(t) + K, nSn ® - (KS + Kl‘g + Kie)ns: (t) — WlnnSI ®
dnSn (t) S s
=25 = WS ng (f) — K gy (¢

dt s (1) insn (£) @
dnz—lt(t) = Kiseng (t) + Kr?lnTn (t) — ‘/{/lj;lnTl (t)
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dnTn (t)

d Kinp, (1)

T (£) —

in which, K3, = 1/1,; and K, = 1/7,, are the decay rates, respectively,
from the electronic n to 1 from the singlet (S) and triplet (T) states. For
both, 1, is of about 300 fs which gives a high K;. . W3'T = M
is defined as the transition probability from a lower energetic state (m)
to a higher one (m + 1) in the singlet-singlet transition (S) or triplet-
triplet (T) transition. I (t) is the laser intensity, oy,.,,+1 is the absorption
cross section from an electronic state m to an electronic state m + 1, in
which m can be 0, 1 or n. h is the Planck constant, and v is the frequency
of light. ny, + ngy + ng, =1 is the boundary condition. K; is the ra-
diative rate, K. is the internal conversion rate and Kj, is the inter-
system crossing rate. Normally, for free based porphyrins. This high
decay rate describes a non-cumulative population at state S,,.

In this case, the dynamical absorption coefficient considering also
the triplet states is described as a(t, A) =
N [ngo(t)op; (532nm) + ng; (t)o1,(532nm) + np(t)o(532nm)]. In Fig. 8,
the solid lines represent the adjustments of the experimental NT’s, as a
function of the pulse number of the pulse train, obtained by solving the
Eq. (3).

Values of the triplet state absorption cross sections obtained through
the adjustments are: (1.8 = 0.4) x 107 cm? for TPP, (2.1 + 0.3) x
10" cm? for MCgFsPor, (2.0 = 0.2) x 10 cm? for DAEPor,
(1.7 + 0.2) x 1077 cm? for DABPor and (1.9 #+ 0.2) x 10~ 7 cm? for
DAHPor. We noted that, considering the experimental error, all values
are approximately the same, indicating that peripheral structures do not
significantly change the absorption strength of the molecules in the
triplet state for a wavelength of about 532 nm. On the other hand, the
values for the intersystem crossing time were slightly influenced by the
presence of CgF,4 and ferrocene moiety. From TPP dissolved in DCM, it
was found an intersystem crossing time of about 21.0 = 0.6 ns. When
CgF4 group is added at the porphyrin meso position, a reduction in the
intersystem crossing time of about 7% was observed for MCgFsPor
(19.5 = 0.5) ns. Since the fluorescence lifetime for both porphyrins
can be considered identical (see Table 1) but the fluorescence quantum
yield is less intense in MCgFsPor, nonradiative processes such as in-
ternal conversion or intersystem crossing time should increase their
efficiency. For the case of the three ferrocene porphyrins, intersystem
crossing times were obtained and considered indistinguishable within
the experimental error of the technique: (17.0 + 1.0) ns for DAEPor,
(17.5 = 0.5) ns for DABPor and (16.5 * 0.5) ns for DAHPor. How-
ever, all values were lower than for TPP and MCgFsPor of about 19%
and 13% respectively. Based on these values, we can also conclude that
the length of the aliphatic chain is not affecting significantly the in-
tersystem crossing time of these three molecules.

Finally, for better visualization and understanding of the results
obtained by photophysical studies made in this work, we also de-
termined the radiative and internal conversion rates, as shown in
Table 3. Intersystem crossing decay rate was calculated directly from
the intersystem crossing time by using kj,c = 1/7is., and, as can be seen
in Table 3, the highest rates were obtained for the ferrocene porphyrins.
The radiative decay rate was obtained by the ratio between the fluor-
escence quantum yield and fluorescence lifetime as k. = ¢;/7¢. The
lowest radiative rate was observed for MCgFsPor; however, the values
do not differ significantly from each other.

Internal conversion rate, that indicates nonradiative process from
the first singlet excited state to the ground state was obtained by
kKic = k¢ — k; — Kjs, in which k¢ = 1/1¢. Calculated values reveal that
this process is more efficient for DAEPor molecule, followed by
DABPor, which is in agreement with the shortest fluorescence lifetime.
The proximity of the ferrocene unit to the CgF4 in DAEPor increases the
nonradiative rate and quenches the fluorescence due to the higher in-
teraction between the iron ion and the porphyrin ring. This is in ac-
cordance to what was described for ferrocenes units in BODIP mole-
cules [42]. As the length of the aliphatic chain increases, nonradiative
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through the solution of the rate equations for five energy levels diagram as depicted.

Table 3
Fluorescence lifetime, radiative, internal conversion and intersystem crossing
rates constants for porphyrins dissolved in DCM.

Porphyrin 77 (ns) k(10%~1) kic(10%™ 1) kisc(10% ™)
TPP 8.7 2.8 65 47
MCgFsPor 8.5 2.2 64 51
DAEPor 6.4 2.5 95 59
DABPor 7.2 2.6 79 57
DAHPor 7.1 2.5 77 61

rate decreases its value to the ones close to TPP and MCgFsPor. The fact
that the ferrocene unit is separated by a non-conjugated spacer, and,
consequently, the charge interaction is not so effective, explains why
the optical properties of the porphyrins are only slightly affected in
these molecular systems.

The triplet state formation was determined by using ¢ = 7¢/Tis. It
was observed that MCgFsPor and DAHPor presented the best triplet
formation of the five porphyrins, followed by TPP and DABPor. The
results are presented in Fig. 9, together with fluorescence and internal
conversion quantum yields. The lowest triplet quantum yield of about
37.6% was obtained for DAEPor. As can be seen, the intersystem
crossing rate for DAEPor is not the lowest one (see Table 3); never-
theless, its internal conversion rate is the highest, which explains a
decrease in the triplet quantum yield. Looking at Fig. 9, we observe that
internal conversion process (green bars), obtained by ¢ =1 — ¢; — ¢,
is the most favorable mechanism for the deactivation of first excited
state for all five porphyrins, with values close to 55%.

4. Conclusion

In summary, amino-ferrocene moieties attached to the TPP por-
phyrin show to slightly modify some photophysical properties of the
main porphyrinic ring. One can see that the absorption cross-sections of
the ground and first excited states, followed by absorption of the triplet
state at 532 nm, are not considerably modified from TPP to MC¢FsPor,
as well as for the three amino-ferrocenyl porphyrins, within the ex-
perimental error. However, the rates involved in the deactivation
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I Internal conversion
| I Triplet formation J
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Porphyrins
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Fig. 9. Fluorescence, internal conversion and triplet formation quantum yields,
expressed in % for the five porphyrins studied in this work, all dissolved in DCM
solvent.

processes of the first excited state are the ones that suffer some changes
due to the molecular structure modification. Fluorescence quantum
yield is affected when the ferrocenyl moiety with the shortest aliphatic
chain is binding to the MCgFsPor, increasing the internal conversion
process. However, as the aliphatic chain length increases, the photo-
physical processes tend to be numerically close to the ones obtained for
TPP and MCg¢FsPor. The lowest triplet quantum yield formation was
evaluated for DAEPor, which indicates that the internal conversion
process is the main mechanism for these molecules.

Based on the photophysical experiments supported by the TD-DFT
calculations of the studied molecules, it was possible to prove that these
characteristics are independent of the size of the spacer connected in
the meso-aryl position of the porphyrin. Future works and investigations
will be conducted in order to improve the understanding of effects such
as changing from aliphatic to aromatic or conjugated spacers, and also
the insertion of other substituents at the periphery of porphyrin to
control their photophysical properties, since these derivatives have a
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great interest for interactions with biomolecules (DNA and proteins) as
well as in bio-electrochemical sensors (using the ferrocene unit as a
probe).
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