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Excited state absorption (ESA) has been used as a method to controllably induce photo-protonation of porphyrins
in chloroform solution allowing the substitution of continuous UV radiation by visible pulsed light (6 ns pulse
width). We explore the role of meso-substituents in these photochemical reactions and demonstrate that the
number of fluorine atoms linked to the porphyrin’s outlying phenyl substituents affects both the protonation
formation rate and stability of photo-protonated structures. It is observed that with increasing the number of

fluorine atoms the reaction becomes less efficient, and the photo-protonated porphyrins become less stable. Our
findings suggest a tuning mechanism to control the ESA-triggered photo-protonation of porphyrins.

1. Introduction

Molecular photochemistry shares frontiers with a great number of
areas including materials science [1-3], medicine [4-5], and energy
conversion [6-8]. The benefits of using light to promote chemical re-
actions are mostly associated with selection rules involved in the access
of specific excited states of reagents [9-10]. In the one hand, these se-
lection rules are closely dependent on the environmental properties
[9-10], including pH, temperature, dielectric constant, and viscosity.
On the other hand, photo-induced reactions are strongly regulated by
the structure of involved reagents [9-15]. Therefore, even small varia-
tions in the composition or geometry of reagents can modulate the yield
of photoproduct formation [9-15]. These results show that structur-
e-activity relationships in photochemistry are rather important and
require a thorough analysis and understanding.

Porphyrins play important roles as reagents in photochemistry
[15-20]. The remarkable photophysical properties of these molecules
confer to them characteristic absorption bands spread over the B- (Soret)
and Q-bands together with a vast and well-documented number of

* Corresponding authors.

excited state deactivation processes including the emission of red-
fluorescence, hot luminescence, intersystem crossing and excited state
charge transfer [21-28]. In addition to these properties, the feasibility of
linking groups in the large macrocyclic unit presented by such molecules
is seen as a convenient method to tune porphyrin-mediated photo-
chemical reactions.

Recently, the synthetic free-base meso-tetra(4-pyridyl)porphyrin
(H2TPyP) has been employed to promote the excited state absorption
(ESA)-driven photochemical reduction of chloroform (CHCl3) [29]. The
benefits of this approach go beyond the substitution of UV-radiation by
visible light and also include the investigation of the role of the reagent’s
orbital parity in the reaction [16,29]. The overall photochemical reac-
tion resulted in the release of hydrochloric acid (HCl) in the former
solution leading to (i) the protonation of the mediator (porphyrin), (ii)
exciplex formation, and (iii) possible J-aggregation of protonated por-
phyrins [29]. Despite the understanding of the rich phenomenology
involved in such ESA-driven photochemical reactions, the exploration of
both the stability of photoproducts and the role of substituents is still
elusive.
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In this work, a set of fluorine-decorated phenyl free-base porphyrins
dissolved in pure chloroform is explored as tunning agents in the
aforementioned ESA-driven photochemical reaction. A careful evalua-
tion employing steady-state absorption and fluorescence spectroscopies;
time-resolved fluorescence and quantum chemical calculation reveals
that ESA-driven photo-protonation of porphyrin, as well as the stability
of photoproducts, are ruled by the number of fluorine-atoms linked in
the outlying phenyl groups, establishing a reliable mechanism to control
the photo-induced process.

2. Materials and methods
2.1. Sample preparation and spectroscopic measurements

The meso-tetra(phenyl)porphyrins, both fluorine-free (HoTPP) and
fluorinated forms (HoTPFsP; HoTPFgP and HoTPF5oP) were synthesized
according to procedures described in the literature [30-33] and their
representative structures are depicted in Fig. 1. All porphyrins are dis-
solved in pure chloroform (CHCl3) stabilized with amylene, which was
purchased from NEON Inc. and used as received. The concentration of
solutions was always set to values below 10 uM to avoid the interference
of spontaneous aggregate formation and inner filter effects.

Absorption spectra were acquired with a JASCO V-670 spectropho-
tometer. Steady-state fluorescence spectra were acquired using a setup
composed of a Xenon lamp; a monochromator model 300i from ACTON
and a portable spectrophotometer from Ocean Optics. The fluorescence
signal was detected in a 90° geometry relative to the excitation beam
direction. Time-resolved fluorescence experiments were conducted
using a Time-Correlated Single Photon Counting (TCSPC) system from
Horiba (Delta-Flex model with 27 ps of temporal resolution), equipped
with a pulsed laser (Aexc = 352 nm with 8.0 MHz of repetition rate) as the
excitation source. For all samples, the fluorescence decays were
collected at the maximum of the steady-state spectra. Emission quantum
yields [34-35] were calculated adopting the HyTFyoP molecule as

H,TPFgP
HoTPF P

Fig. 1. Representative structures of the studied free-base porphyrins. Meso-
tetra(phenyl)porphyrin  (HoTPP);  meso-5-(pentafluorophenyl)-10,15,20-tri
(phenyl)porphyrin (H,TPFsP); meso-tetra(2,5-fluorophenyl)porphyrin
(H,TPFgP) and meso-tetra(pentafluorophenyl)porphyrin (HoTPFooP).
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standard [28] and applying Eq. (1), where, ®,, and ® account for the
quantum yields of the sample (sa) and standard (st) solution, respec-
tively. The quantities Absy (Fy) and Abs,, (Fy,) are the absorbances at
420 nm (the integrated fluorescence intensities) for the sample and
standard solutions. Both sample and standard were dissolved in
chloroform.

Absy Fq,

D, = Dy
'Abs,, Fy

@

Considering the excited state lifetimes (t) and ®,, both the radiative
(k;) and nonradiative (k, ) relaxation rates of the first singlet excited
state can be obtained using Egs. (2) and (3) [34-35].

k = & 2
T

knr = l[1 - q)sa] (3)
T

2.2. Excited state absorption-driven photochemistry

A frequency-doubled Q-switched Nd-YAG laser, from Quantel (Q-
smart 100 model, 6.0 ns FWHM, 532 nm excitation, 20 Hz of repetition
rate) was used as the pulsed-radiation source. Each pulse presents a
nominal fluence of ~836 mJ/cm?. Samples were submitted to the total
fluence of ~300 J/cm? in intervals of ~50 J/cm? Quantitative analysis
of pulsed irradiation was performed by considering the effectively
absorbed fluence (absorbed photon density) instead of incident fluence.
In brief, by conservation, the relation between the incident (F;), trans-
mitted (Fr) and absorbed (F,) fluences is written as F; = Fr + Fa.

Fr _

Normalizing it by F; we have [34] 1 -5 = 1;—? From Lambert-Beer law,

i =10"*" (with A(A) corresponding to absorbance at the incident
wavelength, for the non-irradiated solution) resulting in Eq. (4).

Fp=F (1-107%) &)

Inspecting the characteristic maximum absorption values at the
B-band assigned to the non-protonated (A) and protonated (Ap) por-
phyrins we obtained absorbance ratios Rg = %, which evolutions were
plotted as a function of F, allowing the calculation of parameters related
to the photochemical reaction. Therefore, each sample has yielded
characteristic curves, that could be fitted by applying an exponential
function defined in Eq. (5).

Rp = Bell (5)

The parameters B; and k stand for the exponential amplitude, and
photo-protonation rate (given in em?/J) respectively.

2.3. Quantum chemical calculations

The molecular structures were optimized employing the meta-GGA
MO06 DFT hybrid functional [36], while the electronic spectra were
calculated using the time-dependent version of DFT, applying the CAM-
B3LYP hybrid functional [37] in combination with the DGDZVP double-
zeta atomic basis set [38]. The electronic spectra were obtained using
the same atomic basis set, in calculations performed considering the 60
first singlet excited states. All calculations were performed in the sol-
vation environment simulated using the integrated equation formalism
polarizable continuum model (IEFPCM) [39-40], considering chloro-
form as the solvent. All calculations were done using the software
Gaussian 09, rev. E.01 [41]. Orbitals and electron densities over the
macrocycles were obtained using the software GaussView 5.
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3. Results and discussions
3.1. Insights from the photophysical processes

Due to the sensitivity of the porphyrin’s excited state to structural
modifications [22-23], we initially explore the role played by fluorine
atoms on the absorption and emission properties of HoTPP solution.
Fig. 2a and b show that the presence of fluorine atoms at outlying po-
sitions progressively causes blue shifts of the most intense B- and Q-
absorption bands of fluorinated porphyrins regarding HoTPP. Consid-
ering the Gouterman four orbitals model [21-23], these shifts can be
associated with an overall modification in the conjugation length of the
n structure of the macrocycle, which can be understood as a fluorine-
dependent variation in the energy gap of involved transitions. Taking
into account the fact that electronegative atoms like fluorine can pull
electrons from conjugated structures such as phenyl and the macrocycle
itself [24,42-43], it is possible to infer that the macrocycle is also
probably disturbed by the electron withdrawing character achieved in
the substituents. Therefore, the higher the number of appended fluorine
atoms, the greater (lower) the energy gap (the electronic density) at the
macrocycle ring, which directly impacts the porphyrins’ spectroscopic
signatures [21,25,28]. Taking HoTPP as the reference, a careful in-
spection of the B-band in the absorption spectrum reveals relative shifts
of 7.11 meV (HoTPFsP), 28.66 meV (H,TPFgP), and 35.91 meV
(H2TPF20P), respectively. For the Q,(0,1)-band, these relative shifts are
greater than the shifts of the B-band, displaying the values of 14.05 meV,
37.84 meV, and 47.49 meV for HyTPFsP, HyTPFgP, and HoTPFy(P,
respectively. This behavior indicates that fluorine atoms affect distinctly
the first and the second excited states of porphyrins since B-bands
(Q-bands) arise from So — Sy (Sp — S1) transitions in the macrocycle ring
[21-23]. The reason for such behavior is the influence of the fluorine
atoms on the conjugation length of the macrocycle, which is possibly
caused by the distortion of the carbon atoms’ n-orbitals in the porphyrin
ring. Furthermore, the calculations show that the electronic densities at
the macrocycle are affected by the presence of outlying fluorine atoms,
see Fig. S1 from Supplementary Material (SM). It is also verified that
electronic density is less localized at the center of the macrocycle for the
H,TPF,oP molecule in comparison to the HyTPP.

Together with the occurrence of the overall blue shift in the ab-
sorption spectra, there is a strong dependence between the presence of
fluorinated substituents and the vibronic structure of the Q-band. Sig-
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Fig. 2. Normalized absorption spectra at (a) B-band and (b) Q-band; (c)
Fluorescence (FL) spectrum (Aexe = 415 nm) and (d) fluorescence decays (Agetec.
= 650 nm) of fluorinated phenyl porphyrins (HoTPP (dark cyan), HoTPFsP
(violet), HoTPFgP (magenta) and HyTPFooP (red) dissolved in CHCl;.
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nificant variations in the relative intensity of peaks associated with the
vibronic progressions at B- and Q-bands indicate that fluorine atoms
affect the relative displacement between potential energy surfaces
involved in the transitions (ground, first, and second excited states)
which is in agreement with the literature [25,28].

Turning attention to the steady-state emission spectra, it is verified
by following the absorption features that fluorine atoms also cause blue
shifts in the spectra and drive modifications on the HoTPP porphyrin’s
vibronic features, see Fig. 2¢. In HoTPFgP and HyTPF5(P, the vibronic
Q(0,1) emission band becomes more intense than its Q(0,0) counter-
part, reinforcing the role of substituents on the vibronic progressions
observed for the absorbance at the Q-band. Excited state deactivation
kinetics are also affected by the number of fluorine atoms. As verified in
Fig. 2d and Table 1, although excited state lifetimes are only slightly
modified, both the emission quantum yields @, and deactivation rates
(k, and k) decrease as a function of the number of linked fluorine
atoms.

Note that, while t and k,, are barely affected, k, undergoes significant
modifications. The decrease of 48 % in the former HoTPP radiative
quantum yield observed in HaTPFoP can be mostly attributed to a
reduction in the porphyrin’s k;, see Table 1. From Fermi’s golden rule,
the deactivation rates are associated with the downward transition’s
dipole strength which, in turn, depends on the dipole transition moment
and consequently on the electronic density of involved states
[34-35,44-45]. This trend reinforces the fact that fluorine atoms are
affecting the electron population of involved n and n* orbitals in the
transitions.

3.2. The impact of fluorinated phenyl substituents on the photo-
protonation

Irradiation of the samples with a pulsed 532 nm laser source was
necessary to induce excited state absorption-driven photo-protonation
as reported elsewhere [29,46]. Fig. 3 shows that the former spectro-
scopic signatures smoothly evolve when the samples are irradiated by
the pulsed laser, resulting in the formation of novel red-shifted peaks
which can be promptly assigned to corresponding protonated porphy-
rins [16,18,43,47-51]. To support the occurrence of the ESA-driven
photochemical reaction, all samples were also excited with a contin-
uous laser source (Aexe = 532 nm) which has not implied any modifi-
cation in the spectrum, confirming that ESA plays a fundamental role in
the formation of photoproducts. Moreover, according to the literature,
fluorinated porphyrins are good ESA absorbers when submitted to
similar conditions regarding that adopted herein [18,43,48,50,52].
Similar to what occurs for HyTPyP [29], the ESA-triggered photo-pro-
tonation of fluorinated phenyl porphyrins in chloroform is assumed to
follow the well-known dye-mediated photo-oxi-reduction of solvent
[16,29,53-56]. In brief, the excited porphyrins donate electrons from
their macrocycle ring toward CHCls, finally resulting in the formation of
hydrochloric acid (HCI) and other unstable products [16].

As shown in Fig. 3, the photo-protonation process is mainly ruled by
the number of fluorine atoms appended in the substituents. The absor-
bance and, consequently, the concentration of protonated species, is

Table 1

Fluorescence parameters for the fluorinated phenyl porphyrins, where v =
fluorescence decay lifetime, ®,, = fluorescence quantum yield, k, = radiative
decay rate, and k,, = non-radiative decay rate. All molecules are dissolved in
CHCl; and the radiative quantum yield of HoTPF4oP in chloroform (@4 = 1.79 x
102) was taken as standard [28].

Porphyrin T x107°%s @, x1072 k x10687! Ko x10° 871
H,TPP 8.00 (:0.02) 3.4 (+0.1) 4.3 (+0.1) 120.6 (+0.1)
H,TPFsP 8.00 (£0.02) 2.7 (£0.1) 3.3 (+0.1) 121.6 (+0.1)
H,TPFgP 9.10 (+0.02) 2.0 (£0.1) 2.2 (+0.1) 107.7 (+£0.1)
HyTPFyoP 9.00 (+0.02) 1.8 (+£0.1) 2.0 (£0.1) 107.6 (+£0.1)
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Fig. 3. Absorption spectra evolution for (a) HoTPP; (b) HoTPFsP; (c) HoTPFgP and (d) HoTPF5oP porphyrins as a function of incident fluence (0-300 J/cm?). The
insets in these figures show the incident fluence-dependent evolution of the most intense B-band, associated with pristine, and the band located around 446 nm,

assigned to protonated species.

maximum for HoTPP and almost negligible for HyTPFooP. Differently
from HTPyP, the main B-band of the remnant pristine porphyrins
(unconverted reagent) investigated herein does not undergo any shift
[29] during the process, implying that outlying substituents are not
being protonated [29,51]. The absence of protonation at the outlying
substituent sites can be understood in terms of affinity and stability
between protons and the electronegative atoms in the porphyrin pe-
riphery. In the case of pyridyl substituted porphyrins, there’s a well-
known H'-N favorable interaction mechanism [51], involving the
donation of a proton from HCl and its reception at the nitrogen atoms
from the pyridyl. Although H'-F interaction could lead to a similar
process, this interaction is reported weak and unstable [57-59].

Supporting the assignment of photo-protonation, the fluence-
dependent evolution of steady-state fluorescence spectra and excited
state decay kinetics of HoTPP, HoTPFsP, and HoTPFgP porphyrins are
shown in Fig. S2 from SM. It is observed that in agreement with ab-
sorption spectra, emission signals of HoTPFsP and HoTPFgP, originally
containing features solely related to the unprotonated species, become
multi-structured at 300 J/cm? comprising a superposition of fluores-
cence peaks and decays of remnant unprotonated and the newly formed
protonated species. For the case of HoTPP, the initial features are fully
converted at 300 J/cm?, in agreement with absorption spectra. The
H,TPF,0P molecule had its emission features unaltered through irradi-
ation agreeing with its absorption spectrum.

To quantify the process, the ratio between absorbances probed at the
most intense peaks of the B-bands of protonated (Ap) and pristine (A)
porphyrins are inspected as a function of F,. Herein, the use of Fa

instead of F; assures a homogeneous correction of the response of each
sample to the incident excitation wavelength (532 nm). In Fig. 4 it can
be observed that each evaluated porphyrin follows its proper behavior,
endorsing the role played by substituents. Each curve was fitted by
applying Eq. (5) demonstrating that photo-protonation of HoTPP is the
most efficient among all samples. In fact, HyTPP ESA-triggered core
protonation is almost twice as efficient as the previously reported
H,TPyP ESA-triggered core protonation under the same conditions
(Fig. S3 from SM) and approximately-seven times more efficient than
HyTPFgP ESA-triggered core-protonation. Fig. 4b shows, higher to
lower, the photo-protonation rates for: HoTPP (~290.64 x 1073 em?/0)
> HoTPF5P (~208.06 x 1072 cm?/J) > HoTPFgP (~43.58 x 1073 cm?/
J) > HaTPFaoP (~0.00 cm?/J).

A possible explanation for the observed rates is that fluorine atoms
could be affecting the overall porphyrin-mediated photo-oxi-reduction
of chloroform. In this hypothesis, electron withdrawing effect could
prevent electron transfer from the porphyrin toward chloroform which
would significantly reduce the amount of HCI photochemically formed
and, consequently, lead to a decrease in the photo-protonation rate. This
would imply that in the case of HyTPF2(P no significant amount of HCl is
released in the solution explaining its almost null photo-protonation
rate. To test this hypothesis, we irradiated HoTPF2oP under the same
concentration, solvent, and fluence conditions, adopted early, and after
this processing, an analog porphyrin, the thienyl substituted free-base
porphyrin (HoTThP dissolved in chloroform with the concentration of
2.0 uM) was added to the solution to act as an acid sensor. This molecule
displays characteristic B- and Q- absorption bands [28] located at longer
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H,TPP
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(b)

H:TPFSI’
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~0,00

Porphyrin

Fig. 4. (a) Evolution of absorbance ratios (RF = %) as a function of F, for H,TPP (dark cyan semi-filled circles), HoTPFsP (violet semi-filled circles), and HyTPFgP
(magenta semi-filled circles) porphyrins. In (a) the continuous lines represent the corresponding fitting of Rg. (b) Photo-protonation rates obtained employing

Eq. (5).

wavelengths in comparison to the fluorinated species and is extremely
sensitive to acids due to its easy protonation [29]. In this case, the acid
sensor and irradiated HoTPF5oP were mixed in a 1:200 (v/v) proportion.
The results demonstrate that HCI is being formed in the solution, i.e., the
acid probe (HoTThP) undergoes protonation and forms a novel and red-
shifted B-band, see Fig. S4 from SM. This scenario, however, does not
support the occurrence of a null photo-protonation rate for HyTPFyoP
because of a possible fluorine-drive turn-off of chloroform
decomposition.

A close relationship between the stability of photo-protonated por-
phyrins and the decorated substituents was also verified. After being
irradiated, the samples were stored in sealed cuvettes under dark and
temperature-controlled conditions (room temperature ~22.5 °C) for 24
h. The absorption spectrum of each sample was inspected after this
period without opening the sealed cuvette resulting in Fig. 5, where it is
demonstrated that the capability to hold the protons at the center of the
macrocycle is closely dependent on the number of fluorine atoms
appended in the phenyl group.

After 24 h of sample storage, the protonated HoTPP counterpart
(H4TPP2+) is found to be stable, and no evidence of photoproduct
degradation (dissociation) is observed. Oppositely, for both the pro-
tonated forms of HoTPFsP and HoTPFgP, it is observed that in the first
(second) case a partial (full) reversion of photoproducts occurs, see
Fig. 5b and c. Indeed, the higher the number of fluorine atoms linked,
the more unstable the protonated species. Similar to what has been
observed for the photo-protonation rates, the stability of phenyl por-
phyrins follows the order (from most to less stable): HoTPP > HyTPFsP
> HyTPFgP. This behavior suggests that the presence of outlying fluo-
rine atoms difficult the insertion and permanence of the extra hydrogen
atoms at the center of the porphyrin ring. Such a fact could be explained

by the role of electron withdrawal in the porphyrin structures. From a
mechanistic point of view, besides affecting the overall electronic den-
sity of the macrocycle (as shown in Fig. S1 from SM), electron with-
drawal could pull electrons from the macrocycle center and enhance the
positive character of the nitrogen sites, which could drastically affect the
photo-protonation process [24,42]. In this case, the Mulliken charges at
these nitrogen sites were expected to vary accordingly with the number
of appended fluorine atoms. However, quantum chemical calculation
demonstrates that this parameter is not significantly affected by sub-
stituents: 0.461 (HoTPP), 0.460 (HyTPFsP), 0.463 (HoTPFgP), and
0.464 (H2TPFooP), see Fig. S5 from SM. This result rules out the
occurrence of a possible increase in the positive character of the nitrogen
positions due to substituents.

An additional explanation for the observed results could be associ-
ated with the formation of steric barriers due to appended fluorine,
which would be affecting the capacity of protons to reach the center of
the macrocycle. In other words, despite being porphyrins still capable to
decompose CHCl3 and form HCI, there is stiff competition between the
insertion of protons at the central portion of the macrocycle (nitrogen
atoms) or in the fluorine atoms of substituents. As already discussed, the
H™-F bonding is considered weak [57-59] and according to Fang et al.
[51], protonation of meso-substituents would result in a small but still
observable red-shift in the most intense B-band of pristine porphyrin
[29], which does not occur herein, see Fig. 3. Therefore, it is unlikely
that protons are being captured by the outlying substituents prior to the
macrocycle’s core.

4. Conclusion

A set of fluorinated phenyl porphyrins was explored to address the
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Fig. 5. Evaluation of the stability of photo-protonated (a) HoTPP; (b) HoTPFsP; and (c) HoTPFgP porphyrins, storage at room temperature and dark conditions for

24 h.
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elusive structure-activity relationships in the porphyrin-assisted ESA-
driven photodecomposition of chloroform. Since this reaction leads to
the photo-protonation of the porphyrins, the characteristic spectro-
scopic signatures could be used to obtain the reaction rate and to track
the stability of protonated porphyrins. It was demonstrated that the
number of fluorine atoms appended in the substituents plays a signifi-
cant role in both features. We observed that the fluorine-free meso-tetra
phenyl porphyrin is a good candidate for applications involving ESA-
triggered photo-protonation because the formation of the protonated
counterpart is more efficient, and the specie is more stable when
compared to other evaluated porphyrins. This work also brings a tuning
mechanism for ESA-driven photo-protonation of porphyrins through the
adoption of electronegative ligands in the meso groups.
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