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naphthiporphyrins: expanded carbaporphyrinoid
macrocyclest
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The one- and two-photon absorption (LPA and 2PA) properties of three expanded aceneporphyrinoids, 28-
thia-, 28-selena- and 28-tellura-2,7-naphthiporphyrin, have been studied. The open-aperture Z-scan
technique was used to determine two-photon absorption cross-sections in the near infrared range using
an amplified femtosecond laser system. The maximum values of the cross sections were found to be 99,
200 and 650 GM at 900 nm and 1, 13 and 31 GM at 1400 nm for the three investigated compounds,
respectively. These results demonstrate enhanced 2PA properties compared with well-known porphyrin
photosensitizers, such as Foscan®, showing the potential of porphyrin core modification for optimizing

rsc.li/rsc-advances infrared nonlinear absorbers.

Introduction

Carbaporphyrinoids are porphyrin analogues characterized by
a presence of carbon atom(s) within the coordination cavity of
the macrocycle.* This profound structural alteration of arche-
typical porphyrin framework results in systems providing an
unusual coordination environment composed of nitrogen
donors and carbon atoms capable of metal or metalloid
binding.?

In this respect, the carbaporphyrinoids embedding poly-
cyclic aromatic hydrocarbon (PAH) subunits, namely acene-
porphyrinoids, were found to be particularly intriguing, as it
was demonstrated that the PAH motif is a crucial factor
dictating the overall properties of the hybrid molecule.>> The
extent to which the electronic properties are altered depends on
the nature of the PAH moiety present and whether it takes part
in the m-delocalization with the rest of the macrocycle. In recent
years aceneporphyrinoids have received a lot of attention due to
their atypical m-conjugation,®” their aromaticity varying from
nonaromatic to antiaromatic,*® and their ability to form stable
organometallic complexes with metals of uncommon oxidation
states.*'*** The incorporation of a particular PAH into the
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macrocycle can be accomplished in a way that the cavity size
exceeds 16 atoms, typical for a porphyrin/porphyrinoid of
regular size."'' The resultant macrocycles are considered
expanded carbaporphyrinoids.*®

One selected type of a PAH embedded porphyrinoid is that of
naphthiporphyrin. Up to date a series of its constitutional
isomers have been synthesized, including 1,3-,*%* 1,4-,'%'® 1,5-
, and  1,7-naphthiporphyrinoids.* These macrocycles
contribute porphyrin-like donor atoms within the precisely
designed cavity and are becoming more and more desirable for
applications within organoelement chemistry and organome-
tallic chemistry.>*® The naphthiporphyrins have also been
demonstrated to display exceptional conformational
flexibility.>*->*

The molecular properties of carbaporphyrinoids can be
further altered by the incorporation of heteroatoms®*® such as
O, S, Se, or Te within the macrocyclic cavity. In most cases, the
modification significantly affects the electronic properties of
the molecule, which in turn changes the spectral, structural,
and coordination properties.>*?*”

In a previous study, a new constitutional isomer of naph-
thiporphyrin was designed and synthesized, namely 28-hetero-
2,7-naphthiporphyrin.”®® The compound was proven to act as
a macrocyclic ligand, as demonstrated by the formation of
organophosphorus(v) complexes.

It has been well established that two-photon absorption
(2PA) properties are affected by both structural and electronic
properties of molecules, such as the extent of the r-conjugation
length,”?* and the planarity and aromaticity of the mole-
cule.*** However, the photophysical properties for hetero-
porphyrins, and particularly carbaporphyrinoids, have not been
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extensively studied despite their potential use in applications
such as photodynamic therapy,* sensor development,** and as
catalysts** and anion-binding agents.*> Herein, we provide
details on the 2PA properties, characterized using the Z-scan
technique,*®*” of 28-hetero-2,7-naphthiporphyrins differing in
the presence of sulfur (1-S), selenium (1-Se) and tellurium (1-Te)
atoms within the macrocyclic cavity (Fig. 1). To the best of our
knowledge, these are some of the very few carbaporphyrinoids
for which the nonlinear optical properties were measured using
this technique.*® Several examples of previous works describing
the 2PA properties of atypical porphyrinoids include N-
confused hexaphyrins,* expanded porphyrins such as cyclo[n]
pyrrole, amethyrin and rubyrin,® and biradicaloid meso-
substituted [26]hexaphyrin.*

Results and discussion
One-photon absorption

The three investigated compounds 1-S, 1-Se and 1-Te were dis-
solved in ultrapure dichloromethane to ensure no chemical
changes of the molecules took place during the measurements.
When dissolved, they formed dark green solutions. The UV-Vis
spectra contained an intense Soret-like band located in the 347-
358 nm range, as well as a second relatively intense band in the
443-452 nm range (see Fig. 2).

They also display a broad absorption band extending
through the 500-850 nm range, with maxima at 661 nm for 1-S,
670 nm for 1-Se (for both 0.5 and 1%) and 679 nm for 1-Te.
These bands and spectral patterns are characteristics of
nonaromatic carbaporphyrinoids.®® As the heterocyclic ring D is
varied in the macrocycles from thiophene to selenophene to
tellurophene (Fig. 1), the absorption bands display a modest
bathochromic (red) shift. This observed red-shift is a common
effect and has been well-documented for heteroporphyrins®*
and heterocarbaporphyrinoids,**?® likely due to the increasing
metallic nature and electron delocalization of group 16
elements (the chalcogens).”> Due to the differing sizes of the
heteroatoms in the 28™ position, the conformation of the
macrocycle is affected, and may also have some effect on the
photophysical properties, due to changes in aromaticity and -
electron delocalization.”

1-S

Fig. 1 Structures of 1-S, 1-Se and 1-Te.
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Fig. 2 UV-Vis absorption spectra of 1-S (concentration = 1% w/w), 1-
Se (concentration = 1% w/w) and 1-Te (concentration = 0.5% w/w)
measured in DCM.

Two-photon absorption

Changing the heterocyclic ring D from thiophene to seleno-
phene to tellurophene, leads to changes in the electron delo-
calizability and charge transfer of the molecules, due to the
differences of the three heteroatoms with tellurium being the
heaviest and less electronegative than selenium and sulfur.>
The presence of these heavy atoms not only red-shifts the 1PA
band, but has also been known to enhance the intersystem
crossing (ISC) of a molecule.”>*” Since 2PA, a third-order non-
linear optical phenomenon, is known to be influenced by
charge transfer efficiency®®*® which is related to electron donor
properties, we have compared the 2PA cross-section (o,) values
of 1-S, 1-Se and 1-Te by using the femtosecond open-aperture Z-
scan technique.®*** In order to determine the maximum o,
values for these compounds, we have measured the two-photon
absorption at excitation wavelengths in the ranges corre-
sponding to the doubled wavelength region of the 1PA bands,
where the one-photon absorption contribution to the open
aperture signal (which may be due to the excited state absorp-
tion process and/or absorption saturation) could be manage-
able, between 850 and 1600 nm for 1-S_1, 1-Se_1, and 1-Te_0.5,
and between 800 and 1600 nm for 1-Se_0.5. The 2PA cross-
sections (), which are a measure of the probability of simul-
taneous absorption of two photons by a molecule were
computed and the values are presented in Fig. 3 alongside the

1-Te
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Fig. 3 Overlay of one- (black solid line) and two-photon absorption
spectra for 1-S_1 (a), 1-Se_0.5 and 1-Se_1 (b) and 1-Te (c) in DCM. The
two-photon absorption cross-sections are derived from open aper-
ture Z-scan measurements and the one-photon spectra are plotted
against twice the wavelength (2%).

one-photon spectra plotted against the doubled wavelength.
This way of presenting the 2PA data rests on the assumption
that the same excited states can be reachable by both 1PA and
2PA, which is a normal occurrence for non-centrosymmetric
molecules.®® One should note, however, that the relative 2PA
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strengths of various absorption bands do not have to follow the
patterns seen in 1PA spectra.

The examples of open aperture Z-scan curves are displayed
below for two wavelengths, 900 and 1400 nm, which are at
approximately twice the wavelengths of 1PA peaks (Fig. 4 and
Table 1). It is evident that the 1-S and 1-Se display weaker
nonlinear absorption compared to that of 1-Te, with the
nonlinear absorption being almost indiscernible for 1-S at
1400 nm. As expected, the two differently concentrated solu-
tions of 1-Se complex (0.5% and 1%) exhibit the nonlinear
absorption that roughly scales with the concentration, thus, as
seen in Table 1, the cross sections calculated from those data
are in agreement.

Examination of the data indicates that all compounds show
a relatively weak TPA maximum at around 1400 nm with the
value of ¢, being about twice higher for 1-Te compared to 1-Se,
and about 6 times higher when compared to 1-S. One does
expect that shorter wavelength maxima may appear at around
700 and 900 nm. This, however, cannot be determined rigor-
ously because of the overlap of those ranges with the tail of the
1PA absorption. The presence of the band at around 900 nm can
be invoked as the existence of a knee-like feature in all two-
photon spectra.®* The increase of g, to 600 GM at 800 nm for
1-Se is likely to arise from the presence of excited state
absorption. The 1PA contribution is probably still too high at
800 nm, leading to the observed increase in calculated 2PA
cross-section value due to excited state absorption or absorption
saturation. The cross sections determined here exceed 650 GM
for 1-Te. Still larger cross-sections may be present at shorter
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T T T T T T T

15 -10 5 0 5 10 15
Z-position (mm)

@
Q
<
o
£
£
3
S
°
(=4

1400 nm

1-S

0.88 - * 1-Se

b) 4 1-Te

0.86 —— T T T T T T

15 -10 5 [ 5 10 15

Z-position (mm)

Fig. 4 Open aperture Z-scan curves of samples 1-S, 1-Se_0.5 and 1-
Te at 900 nm (a) and 1400 nm (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The calculated two-photon absorption cross-section values
of the investigated compounds in DCM (MW represents molecular
weight)

Sample 2PA 2 (nm) o, (GM) a,/MW (GM g 1)
1-S_1 900 99 + 6.8 0.143
1400 1.4 +0.8 0.002
1-Se_0.5 900 209 £ 22 0.272
1400 132 £3 0.017
1-Se_1 900 233 £ 10 0.303
1400 157 £ 1.5 0.020
1-Te_0.5 900 652 £ 25 0.826
1400 315+3 0.040

wavelengths, but the evidence for that is hard to obtain because
of the influence of 1PA.%

From the results presented above, we can further support the
fact that changing from sulfur to selenium, and to the heavier
tellurium atom, yields larger 2PA cross-sections. There is
increased electron density at the center of these heavy
atoms,*** which has been interpreted to be due to the
increased electron donation down the chalcogen family because
of the decreased electronegativity of each element. This may
lead to improved charge transfer’® and thus, lead to increased
2PA cross-sections. Further studies of photophysical properties
of each compound would be helpful to confirm this mecha-
nism. Such studies may shed more light on the role of electron
donation and the heavy atom effect, which also promotes
intersystem crossing due to atoms with large atomic numbers
being able to induce strong spin-orbit coupling (SOC).**”*”> The
heavy atom effect has been shown to cause changes to photo-
physical properties,”””® observed here by the increasing 2PA
cross-section as the heavy atom becomes heavier. Both effects
being of great interest for novel materials for related photo-
chemical and photophysical applications, such as photody-
namic therapy,”””® optical limiting,**** optical data storage,****
2PA imaging,**® microfabrication,**® and more.

While the main interest in the present study has been in
nonlinear absorption properties of the investigated molecules,
the closed-aperture Z-scan measurements on their solutions in
principle allow for the determination of both the nonlinear
absorptive and refractive properties. These are most often pre-
sented as the real (Re (v)) and imaginary (Im (y)) parts of the
cubic hyperpolarizability (y) of the studied compounds.®-*

Fig. 5 shows the spectra of the complex hyperpolarizability, ¥
(—w; ©, —w, w) that were derived from the Z-scan measure-
ments. For all three compounds the absolute values of the real
and imaginary parts of y are of the order of 103 esu. While the
imaginary part is related to the two-photon cross section and its
dispersion follows that of the spectral dependence of ¢,, on the
other hand, the real part appears to be negative in almost the
whole spectral region investigated which is typical for
compounds with strong two-photon absorption. One may note
that, thanks to relatively high concentrations of the solutions,
the solute contribution to the total refractive nonlinearity of the
solution was relatively high leading to acceptably low errors in
the determination of Re (y). As the chalcogen changes from S to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Spectra of the real and imaginary parts of the hyperpolarizability
v, derived from the Z-scan measurements for samples 1-S_1 (a), 1-
Se_0.5 and 1-Se_1 (b) and 1-Te_0.5 (c).

Se to Te, we see an increase in the hyperpolarizability (y) value.
Previous studies suggest that the heavier heteroatom is
responsible for decreases in the transition energy between the
ground and excited state involved in the transition that
contributes to v.>* Thus, this change in transition energy may
also lead to the enhanced 2PA cross-sections observed as we
move down the chalcogen group.

The measured 2PA cross-sections, for 1-Te in particular,
show a marked improvement upon traditional macrocyclic

RSC Adv, 2022, 12, 19554-19560 | 19557
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molecules. The distinct advantage of these compounds is their
ability to absorb at much longer wavelengths (1400 nm)
compared to commonly used porphyrins, Foscan® (652 nm)
and meso-tetra-4-hydroxyphenylporphyrin (648 nm),** for the
treatment of head and neck cancers, demonstrating their
potential for future applications.

Experimental

Solvents were obtained commercially and used without
purification.

Synthesis

1-S, 1-Se, and 1-Te were synthesized as described earlier.?®

UV-Vis

All UV-Vis spectra were recorded on a JASCO V-730
spectrophotometer.

Z-scan

The two-photon absorption properties have been determined
using the Z-scan technique.” The experiments were performed
over a wide range of wavelengths (800-1600 nm), achieved by
employing an Astrella Ti: Sapphire amplifier (output wave-
length 800 nm) pumping a TOPAS Prime optical parametric
amplifier equipped with a NirUVis frequency mixer, which
delivered wavelength tunable pulses with a duration of about 50
fs and the repetition rate of 1 kHz. The output beam was
selected with a polarization separator and attenuated using
neutral density filters. DCM solutions of 1-S_1, 1-Se_0.5, 1-Se_1
and 1-Te_0.5 were placed in stoppered 1 mm glass cuvettes. Two
different concentrations of solutions were studied for 1-Se:
0.5% (1-Se_0.5) and 1% (1-Se_1) w/w while the concentration of
1-S was 1% w/w, and 1-Te was 0.5% w/w. In a Z-scan experiment
the sample is moved along the axis of the incident beam (z-
direction), prior to and past the focal point, and the so-called
open and closed aperture signals are recorded: corresponding
to the overall transmittance of the sample and that of the
central part of the beam as selected by an aperture in the far
field, respectively. These signals, as well as the signal corre-
sponding to the incident beam, were viewed on an oscilloscope
and digitized and transferred to a computer via a National
Instruments BNC-2110 Terminal Block and National Instru-
ments PCI-6143 Multifunction I/O Device. The obtained results
for the three compounds were calibrated by using Z-scan
measurements performed on a fused silica plate, for which
the nonlinear refractive index was assumed employing litera-
ture data and compared with measurements of an identical
glass cuvette filled solely with the solvent.?**® The obtained data
were analyzed using a custom fitting program that utilised
equations derived by Sheik-Bahae, et al.*

Conclusions and outlook

The investigation of one- and two-photon absorption properties
of expanded heteroporphyrins 1-S, 1-Se and 1-Te demonstrates
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an improvement upon well-known porphyrin photosensitizers
used e.g., in photodynamic therapy. While the measured 2PA
cross-sections may appear moderate in comparison to much
larger molecules investigated in this context, it is important that
reasonable values can be obtained even at the relatively long
wavelength of 1400 nm and order of magnitude higher values
are seen at 900 nm for 1-Se and 1-Te, exceeding values for well-
known PDT photosensitizers such as Foscan®, which has ¢, =
28 + 8 GM, in DMSO at 775 nm.”®

Further investigations would be required to determine
whether the modification of the porphyrinoid core can be
utilized to build more extended porphyrin-like systems with
sizeable enhanced 2PA properties.
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