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� Photoelectrochemical spectra of
substituted free base porphyrins were
collected.

� Influence of porphyrin substitutions
on excited state kinetics were
investigated.

� Fluorescence profiles of ionic
porphyrin species are reported.

� Time-dependent density functional
theory was used to compare
electronic structure.
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a b s t r a c t

Porphyrins play pivotal roles in many crucial biological processes including photosynthesis. However,
there is still a knowledge gap in understanding electronic and excited state implications associated with
functionalization of the porphyrin ring system. These effects can have electrochemical and spectroscopic
signatures that reveal the complex nature of these somewhat minor substitutions, beyond simple induc-
tive or electronic effect correlations. To obtain a deeper insight into the influences of porphyrin function-
alization, four free-base, meso-substituted porphyrins: tetraphenyl porphyrin (TPP), tetra(4-
hydroxyphenyl) porphyrin (THPP), tetra(4-carboxyphenyl) porphyrin (TCPP), and tetra(4-nitrophenyl)
porphyrin (TNPP), were synthesized, characterized, and investigated. The influence of various sub-
stituents, (-hydroxy,-carboxy, and -nitro) in the para position of the meso-substituted phenyl moieties
were evaluated by spectroelectrochemical techniques (absorption and fluorescence), femtosecond tran-
sient absorption spectroscopy, cyclic and differential pulse voltammetry, ultraviolet photoelectron spec-
troscopy (UPS), and time-dependent density functional theory (TD-DFT). Spectral features were evaluated
for the neutral porphyrins and differences observed among the various porphyrins were further
explained using rendered frontier molecular orbitals pertaining to the relevant transitions.
Electrochemically generated anionic and cationic porphyrin species indicate similar absorbance spectro-
scopic signatures attributed to a red-shift in the Soret band. Emissive behavior reveals the emergence of
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one new fluorescence decay pathway for the ionic porphyrin, distinct from the neutral macrocycle.
Femtosecond transient absorption spectroscopy analysis provided further analysis of the implications
on the excited-state as a function of the para substituent of the free-base meso-substituted tetraphenyl
porphyrins. Herein, we provide an in-depth and comprehensive analysis of the electronic and excited
state effects associated with systematically varying the induced dipole at the methine bridge of the
free-base porphyrin macrocycle and the spectroscopic signatures related to the neutral, anionic, and
cationic species of these porphyrins.

� 2022 Published by Elsevier B.V.
1. Introduction

One of the greatest scientific challenges society faces is meeting
the ever-growing energy demand while minimizing the global car-
bon footprint of energy production. To address this, the utilization
of solar energy has been vigorously pursued as it represents the
largest renewable energy resource available to our planet. A vari-
ety of chromophores, which model biological complexes, have
been investigated in the pursuit of a means of efficient solar radi-
ation conversion into a use form for societal utilization.[1–2] How-
ever, there are several requirements of these light collecting
antennas which enable them to effectively transform solar energy.
While visible light absorption is an important characteristic, it is
equally imperative that the photophysical properties of the chro-
mophore are conducive to efficient charge separation and transfer
so that this class of biologically-relevant complexes can lead to the
production of a viable and efficient source of energy.

Nature offers examples of highly efficient chromophores that
can serve as inspiration for solar technology. For example, chlorins
are naturally occurring tetrapyrrolic macrocycles and the main
component of Chlorophyll A and Chlorophyll B which drive photo-
synthesis through a series electron transfer processes.[3] Similarly,
porphyrins are tetrapyrrolic complexes known to be structurally
robust. These macrocycles exhibit high molar absorptivity within
the visible and UV wavelengths allowing efficient utilization of a
large portion of the solar spectrum.[1] Furthermore, porphyrins
permit facile functionalization, which enables one to fine-tune
their photophysical properties for tailored natural light harvesting
applications. This customizable structure–function relationship is
inherently attractive; however, additional analysis is needed to
understand the aspects that govern electron and energy transfer
mechanisms required for the development of porphyrins as suit-
able chromophores in devices.

Previous work has been conducted on a range of free-base por-
phyrins substituted with various substituent groups.[4–5] How-
ever, no prior study has provided a comprehensive investigation
of excited-state and electronic effects due to meso-substitution
with substituents of different chemical identities. The fundamental
investigation reported herein aims to generate foundational
insights that will create a detailed picture of the structure–function
relationship for a series of meso-substituted phenyl free-base por-
phyrins with para-phenyl substituents. The electronic structure
and photophysical properties of the ‘‘parent” 5,10,15,20-tetra
(phenyl) porphyrin (TPP), is compared to 5,10,15,20-tetra(4-carbox
yphenyl) porphyrin (TCPP), 5,10,15,20-tetra(4-nitrophenyl) por-
phyrin (TNPP), and 5,10,15,20-tetra(4-hydroxyphenyl) porphyrin
(THPP); each containing substituents in the para-position of the
meso-phenyl groups. For reference, the molecular structures of
these porphyrins are shown in Fig. 1.

The spectroscopic studies conducted using UV/Vis spectroscopy
and femtosecond transient absorption spectroscopy, revealed elec-
tronic and excited state effects related to the nature of the meso-
substitution. With the aid of time-dependent density functional
theory (TD-DFT), theoretical spectra and rendered frontier molecu-
lar orbitals offer a deeper explanation for the spectral results,
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indicating how the peripheral decoration of the macrocycle results
in varying degrees of stabilization based on the relevant electron
density of the participating orbitals. Anionic and cationic species
of the porphyrins were examined using spectroelectrochemical
UV/Vis and emission spectroscopy to provide insight into the por-
phyrin ions by probing spectral signature information relevant to
charge transfer processes. The investigation of charged porphyrins
is necessary to understand the mechanistic process for how these
model compounds for biologically relevant chromophores could
serve as organic sensitizers within a photoelectrochemical device.
2. Experimental

2.1. Materials

Benzaldehyde (>99.5%), 4-hydroxybenzaldehyde (98%), p-
nitrobenzaldehyde (98%), 4-formylbenzoic acid (97%), pyrrole
(98%), acetone (>99.5%) and propionic acid (>99.5%) were all
obtained from Sigma-Aldrich. Pyrrole was vacuum distilled to
afford a colorless reagent before use. All other aldehydes and sol-
vents were used without further purification. Meso-substituted
porphyrins were synthesized via the Alder method and purified
as needed by column chromatography or washing with cold ace-
tone.[6] Additional synthetic details can be found in the supporting
information. For electrochemical measurements, anhydrous and
inhibitor-free tetrahydrofuran (THF) (>99.5%, Sigma-Aldrich) and
tetrabutylammonium hexafluorophosphate (TBAPF6) (electro-
chemical grade, Fluxa Analytical) were used. All sample prepara-
tions for electrochemical measurements were carried out in
argon-filled glovebox to prevent moisture and oxygen exposure
from influencing the measurements.
2.2. Ultraviolet photoelectron spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy (UPS) was obtained uti-
lizing a monochromated helium discharge lamp [HEI] (E = 21.22 e
V), hybrid optics (employing a magnetic and electrostatic lens
simultaneously) and a multi-channel plate coupled to a hemi-
spherical photoelectron kinetic analyzer. Pressure of the analysis
chamber was maintained at 2 � 10�9 Torr throughout the analysis.
In order to assure that the samples did not charge during analysis a
charge neutralizer was employed, alongside a 1.0 eV polarization.
This setup thereby makes the effective energy of the beam
22.22 eV. This value was used in the experimental calculation of
HOMO energy levels for the various porphyrin analogs. The spectra
were calibrated by using Ag control to assure that energy levels
were not influenced by the charge neutralization settings or any
adventitious carbon in the chamber. The photoelectron take-off
angle was normalized to the surface of the sample and 45� with
respect to the source. All spectra were recorded using one sweep
and an aperture slot of 300 � 700 lm2. Spectra were collected
employing a pass energy of 80 eV and 1 eV per step. Regions were
collected using a pass energy of 20 eV and 0.1 eV per step with a



Fig. 1. Molecular structure of free-base Porphyrin and the meso-substitutuents evaluated in this work.
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total acquisition time ranging from 10 to 12 min. CasaXPS software
was employed to analyze the resulting spectra.
2.3. Nuclear magnetic resonance (NMR)

1H and 13C NMR spectra of porphyrins were acquired on a Bru-
ker Avance III-D 400 MHz instrument in deuterated solvents as
indicated, with residual solvent used as internal reference. Typical
1H spectra were acquired as the sum of 16 transients, while 13C
spectra were the sum of 1024 transients.
2.4. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)

Cyclic voltammetry measurements were performed on air-free
porphyrin solutions prepared in an argon filled glovebox. The sam-
ples were prepared by dissolving the desired porphyrin in deaer-
ated and anhydrous THF with a tetrabutylammonium
hexafluorophosphate (TBAPF6) supporting electrolyte to generate
a THF solution with a porphyrin to electrolyte concentration in
1:100 M ratio.

The measurements were conducted in a 50 mL, 3-neck round
bottom flask with a Pt counter electrode, glassy carbon working
electrode, and silver wire as a pseudo-reference electrode. The
electrodes were immersed in the solution but sealed airtight to
prevent re-oxidation of the reduced species during the measure-
ment. Measurements were carried out on a BioLogic potentiostat
controlled by EC-Lab software (BioLogic). The measured oxidation
and reduction potentials were corrected with an internal ferrocene
reference measured after the initial CVs. DPVs were recorded in a
similar fashion.
2.5. Spectroelectrochemistry and electrochemical fluorescence
spectroscopy

All samples were stored and prepared in an argon filled glove-
box. UV/Vis was performed on a Cary 60 (Agilent Technologies)
and fluorescence measurements were performed on a FS5 spec-
trophotometer (Edinburgh Instruments). The spectroelectrochemi-
cal UV/Vis and fluorescence measurements for the anionic and
dianionic porphyrins were performed in home-made 4-sided
quartz cell with a screw cap and airtight feedthroughs for the elec-
trodes. The spectroelectrochemical UV/Vis and fluorescence mea-
surements used a VMP3 potentiostat (BioLogic) with a Pt mesh
working electrode, Pt wire counter electrode, and a silver wire as
a pseudo reference electrode. The supporting electrolyte was
TBAPF6 in THF (0.1 M). Measurements for the generation of the
dicationic species were conducted on a Lambda 45 spectrometer
3

using a Pine Wave potentiostat with a Pt working electrode and
counter electrode and a silver wire pseudo reference electrode.

Steady-state excitation and emission spectra were also col-
lected on an Edinburgh FS5 spectrophotometer using a similar
experimental setup as described above. A potential was applied
accordingly to produce the desired cationic or anionic species.
The emission spectrum was collected using the most intense
wavelength from the UV/Vis data for the neutral, anionic, or
cationic species for excitation. The excitation spectra were col-
lected by monitoring the wavelengths of light that gave rise to
the emission maximum for the neutral, anionic, and cationic
species.
2.6. Femtosecond transient absorption spectroscopy

All transient absorption spectroscopy (TAS) experiments were
performed with a HELIOS Fire (Ultrafast Systems) transient absorp-
tion spectrometer. The pump and probe sources were provided by
a Ti:sapphire amplifier (Astrella, Coherent) with wavelength cen-
tered at 800 nm, pulse duration of 80 fs, and repetition rate of
5 kHz. The pump pulses were generated by splitting part of the
800 nm source light, one for the pump and another for the probe,
in an optical parametric amplifier (OPA; Apollo, Ultrafast Systems),
where it was converted to � 418 nm light by using the fourth har-
monic idler (�7 lJ). The experimental setup required the use of
two choppers, one for the pump and one for the probe, to prevent
continuous pumping and subsequent probing of a sample with
long-lived luminescence. The probe was generated by using a
CaF2 crystal that generated the white light continuum (400–
780 nm) generated from a portion of the fundamental 800 nm.
The relative optimal overlap of the pump and probe pulses was
adjusted for each sample to obtain the maximum signal. The tran-
sient absorption data were recorded on a HELIOS Fire spectrometer
(Ultrafast Systems) coupled with a 8 ns delay line that translated
the probe pulse. The change in absorbance measured for each sam-
ple was calculated as follows:

DA mODð Þ ¼ � log Ion=Ioff
� � � 1000 ð1Þ

The porphyrin samples were prepared by dissolving the solid in
THF to reach a concentration of � 10�5M porphyrin. The solution
was analyzed using UV/Vis spectroscopy to ensure sufficient absor-
bance of the Soret band. All porphyrin solutions were measured in
a 2 mm quartz cuvette with a magnetic stirrer to agitate the solu-
tion continuously. The UV/Vis spectra were collected following
each experiment to confirm the quality of the sample.

The data were processed using Surface Xplorer.[7–9] Global
analysis was performed using an instrument response function
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(IRF) of 200 fs and decay associated spectra (DAS) were con-
structed. All data were chirp corrected and time zero corrected
within Surface Xplorer.
2.7. Computational details

Geometry optimizations and time-dependent density func-
tional theory (TD-DFT) calculations were performed using the
Gaussian 16 platform.[10] Initially, substituted porphyrins were
modeled in Avogadro[11–12] to generate the starting coordinates
for the geometry optimization. The molecular structures were opti-
mized using the B3LYP hybrid functional[13–16] and triple zeta 6-
311G Pople basis set[17] with polarization functions on all atoms.
To account for solvation, self-consistent reaction field methods
were employed using the integral equation formalism polarizable
continuum model (IEFPCM) with input parameters for tetrahydro-
furan from the Gaussian 16 program. Previous work has demon-
strated successful excited state predictions utilizing this
functional and basis set for tetrapyrrole molecules.[18] Excited
state calculations were performed on the optimized species using
the same functional and basis set. The number of calculated tran-
sitions was set to 20. Singlet and triplet excitations were calculated
separately for each TD-DFT calculation. Results were visualized
and molecular orbitals were rendered using GaussView 6.[19]
Transition dipole spectra were generated and broadened to match
the experimental broadening. The excited state transitions of the
highest oscillator strength were analyzed, and the highest con-
tributing orbitals were rendered.
Fig. 2. UV/Vis spectra of TPP (black), THPP (red), TCPP (blue), and TNPP (green)
measured in THF.
3. Results and discussion

3.1. UV/Vis spectroscopy

The absorption spectra of the meso-substituted porphyrins are
shown in Fig. 2. The most intense absorption band < 450 nm corre-
sponds to the Soret (or B) band whereas the low intensity absorp-
tion bands > 450 nm, are known as Q-bands.[20–22] These
electronic transitions arise from pseudo dipole allowed or forbid-
den p-p* transitions residing on the porphyrin macrocycle. The
weakly absorbing Q-bands are HOMO-LUMO excitations that arise
along the four-fold symmetry proton-axis found in free-base por-
phyrins; these are known as the Qy and Qx bands. Vibronic cou-
pling generates a further split of these Q-band, giving rise to Qx

(0,0), Qx(0,1), Qy(0,0), and Qy(0,1) named based on the initial and final
vibronic states.[23].

The experimentally observed energies of the Soret and Q-bands
for the parent porphyrin, TPP, are consistent to what has been
reported for similar tetrapyrrole macrocycles.[24–26] In compar-
ison, there is a noticeable red-shift in all Q-bands for THPP, as
reported in Table 1. However, TNPP and TCPP only reveal a slight
red-shift in the Soret band and little influence on the other transi-
tions, with respect to TPP.

To deconvolute the experimentally observed spectral shifts
among the porphyrins, the theoretical transition dipole spectra
were computed and the relevant molecular orbitals were rendered
to understand the nature of the underlying transitions. The theo-
retical spectra for each geometry optimized porphyrin were gener-
ated using time-dependent density functional theory (TD-DFT). As
shown in Figure SI 1, the lack of substantial shifts in the calculated
Soret band among the porphyrins is in reasonable agreement with
the experimentally observed trends. Only the two symmetry sepa-
rated Q-bands, Qy and Qx[27] are observed for TPP, TCPP, and THPP,
while TNPP appears to have some supplementary transitions that
may correspond to the additional Q-bands.
4

In Fig. 3, the orbitals pertaining to the transitions of highest
oscillator strength are shown. As expected, these relevant orbitals
were assigned to be the HOMO-1, HOMO, LUMO, and LUMO + 1 for
all of the porphyrins. The TD-DFT calculations performed are also
in excellent agreement with the experimental electronic structure
measurements performed by UPS and UV/Vis (Figure SI 2–5). The
rendered molecular orbitals representing the HOMO, LUMO, and
LUMO + 1, reveal localized electron density on most or all methine
bridges linking the pyrrolic units, as mapped by the blue and red
lobes which correspond to the spin down and spin up orbitals,
respectively. This suggests that transitions to and from these fron-
tier orbitals may be more directly impacted by an inductive effect
of the functional group near that position. In contrast, the HOMO-1
has no obvious electron density at any of the methine positions on
the macrocycle. Provided this, the experimental shifts in the UV/
Vis peaks can be elucidated. Figure SI 6 assigns the underlying
transitions for Soret and Q-bands based on the TD-DFT calcula-
tions. The calculated peak < 450 nm has character from both the
HOMO ? LUMO + 1 and the HOMO-1 ? LUMO + 1 transitions.
The two calculated Q-bands are excitations from the HOMO-
1 ? LUMO (Qy) and HOMO ? LUMO (Qx).

The relative energies of the rendered calculated frontier molec-
ular orbitals offer a more comprehensive look as to how the vari-
ous substituents affect the overall electronic structure. As
illustrated in Fig. 3, there are distinct observations in the energy
levels of the substituted porphyrins. The HOMO-1 molecular orbi-
tal, despite having no calculated electron density in the meso posi-
tion, exhibits a reduction in energy with the substitution of



Table 1
UV/Vis Absorption bands of Neutral Porphyrins measured in THF.

Porphyrin Soret (nm) Qy(0,1) (nm)a Qy(0,0) (nm)a Qx(0,1) (nm)a Qx(0,0) (nm)a

TPP 418 514 547 591 647
TCPP 419 514 549 590 647
TNPP 422 514 550 591 647
THPP 422 520 557 598 651

a assignment of Q-bands given by ref. [28].

Fig. 3. TD-DFT calculated molecular orbitals of the relevant frontier orbitals for the meso-substituted porphyrins.
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carboxy or nitro groups (–NO2, –COOH) on the phenyl ring but not
by the introduction of hydroxy (–OH). Compared to the parent,
TPP, the energy of the HOMO is slightly increased in THPP in con-
trast to the reduction in energy observed for TNPP and TCPP. The
unoccupied frontier orbitals reveal different effects than the occu-
pied orbitals. Regardless of identity, all of the investigated meso-
substituted porphyrins have nearly degenerate, LUMO and
LUMO + 1. Notably, the porphyrin with hydroxyphenyl groups
result in a larger reduction in the band gap compared to TCPP
and TNPP, relative to TPP. These theoretical observations translate
to a reduced band gap for all the para-phenyl meso-substituted
porphyrins.

The observed spectral changes as a function of meso-
substitution are summarized by the following statements: The
nitro and carboxy substitutions result in a reduction of the HOMO
orbitals in comparison to the phenyl parent (TPP). The hydroxy
substitution has minimal impact on the energy of the HOMO orbi-
tals in comparison to the phenyl parent porphyrin. Regardless of
the nature of the para-phenyl substituent, all substituted por-
phyrins exhibit lower energy LUMO and LUMO + 1 compared to
TPP.

3.2. Transient absorption spectroscopy

Transient absorption spectroscopy for free-base substituted and
unsubstituted porphyrins have been previously measured to ana-
lyze the ultrafast and long-lived nature of the photoinduced
excited state.[29] To understand the influence porphyrin function-
5

alization may have on the lifetime of these excited states, fem-
tosecond transient absorption spectroscopy measurements were
employed. Stabilization of the HOMO and/or LUMO through struc-
tural modifications, as suggested by TD-DFT calculations, can be
supported through analysis of transient kinetics. According to pre-
vious reports, excitation of the Soret band for a free-base porphyrin
leads to four decay processes on the femto and picosecond time
scale as a result of sequential relaxation processes through the sin-
glet and triplet states.[11,30] A diagram summarizing the afore-
mentioned model is shown in Fig. 4. The first decay results from
a quick depopulation of the singlet excited state of the Soret band
(S2), (<50 fs), into a lower energy, singlet state Qy, (S1(Qy)) Subse-
quent relaxation to the singlet excited state of the Qx band, (S1
(Qx)) also occurs rapidly (<100 fs) and therefore, is generally within
the instrument response function (IRF) of many systems. It is sus-
pected that within this established model, the shortest detectable
component results from intramolecular vibrational energy redistri-
bution (IVR) within the Qx electronic band. The last kinetic time
constant observable, considering the experimental delay line, cor-
responds to intersystem crossing (ISC) from the equilibrated S1(Qx)-
to the triplet (T

1
) state; the lifetime of this relaxation is in the

nanosecond time range.[11,30].
It should be noted that the dynamics of symmetrically substi-

tuted free-base porphyrins may be described using Soret, Qx, and
Qy nomenclature when assigning the excited state due to the in-
plane symmetry of the porphyrins within this study. For por-
phyrins of lower point group symmetry (i.e. asymmetrically substi-
tuted porphyrins), the transition dipole moment of the electronic



Fig. 4. Diagram of relaxation pathway of the excited state upon Soret band excitation of a free-base porphyrin based on experimental observations and literature sources [30].
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transitions, described by the Gouterman four-orbital model,[28] no
longer lie on the Cartesian axis of the porphyrin macrocycle. There-
fore, the relaxed selection rules permit linear combinations of the
one-electron excitations and mixing of the states. As a result of the
ambiguity, the excited state should in those cases, be described by
a designated and numbered singlet or triplet.[20].

This previous assessment of the excited state nature of free-
base porphyrins paves the way for qualitative and quantitative
analysis of the electronic impact of the porphyrin due to meso-
substitution by directly monitoring the behavior of selected tran-
sient spectra and performing a global analysis.[30–31] Each of the
free-base porphyrins were measured in THF upon Soret band
excitation as a function of delay time between pump and probe
up to 6 ns. Fig. 5 shows representative spectral slices for each sys-
tem upon photoexcitation. The overall spectral shape is consistent
with what has been previously reported for cyclic tetrapyrroles.
[11,32] To aid in the assignment of the transient features, the
time resolved spectrum (t = 1 ps) was overlaid with the steady-
state absorption and emission spectra (Figure SI 11). This compar-
ison clearly indicates that the minima observed in the transient
absorption spectra for all porphyrins is directly in line with the
steady-state absorption and fluorescence features of the Q-
bands suggesting contribution of both ground state bleaching
and stimulated emission. The main excited state absorption
(ESA) band observed for the porphyrins has a maximum between
440 and 500 nm. In TPP and THPP, this transient appears to have
the dominant feature with two peaks at around 470 nm and
490 nm.

The excited state photophysics of the selected free-base tetra-
phenyl porphyrins were analyzed using a global fitting analysis
procedure using Surface Xplorer[9]. Fig. 6 shows the resulting glo-
bal analysis and decay associated spectra (DAS) for all measured
6

porphyrins to reveal the different contributing lifetimes to the
overall spectrum; the extracted lifetimes are summarized in
Table 2. In this analysis, the ultrafast relaxation, S2 ? S1, after ini-
tial Soret band excitation, was not able to be extracted given the
IRF of 180 ps,[30] therefore the fitting model was reduced to a
three component, unidirectional, parallel model described by two
independent, competing processes: excited state decay and ground
state recovery. The fit converged for all porphyrins with two signif-
icant components < 1 ps. However, for THPP, an appreciable short
component (349 fs) was also extracted. This short lifetime is
assumed to be the ultrafast relaxation from Qy to Qx, anoalogous
to what has been reported for similar systems.[11] The subsequent
resolvable process has been surmised in the literature to be
solvent-induced IVR of the electron within the Qx band.[30]
According to our fitting model, this excited state relaxation occurs
very quickly in TPP and THPP (7 ps and 10 ps, respectively), how-
ever, TCPP and TNPP reveal this lifetime to be fairly longer (27 ps
and 14 ps, respectively). The following component of the excited
state dynamics results from the overall singlet lifetime.[32] The
extracted singlet lifetime for TPP was 12 ns, which is in line with
previous reports.[33] Provided this model, the S1 lifetime of the
meso-substituted porphyrins with the carboxy or nitro groups
was concluded to be 7 and 3 ns for TCPP and TNPP, respectively.
THPP yielded a singlet lifetime of 7 ns; identical to that of TCPP.
Analysis of the singlet lifetime requires consideration of two com-
peting processes: ground state recovery (S1 ? S0) or intersystem
crossing into the triplet state (S1 ? T), as shown in Fig. 4. The
results of the global analysis reveal that each of the porphyrins
had a non-negligible contribution from the triplet state lifetime
(s = Inf) to the transient features. Therefore, the depopulation of
the singlet state must be analyzed as a sum of these two different
processes.



Fig. 5. Transient absorption spectroscopy spectra of TPP (A), TCPP (B), TNPP (C), and THPP (D) upon Soret band excitation.

Fig. 6. Decay Associated Spectra (DAS) for Meso-substituted porphyrins.
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Theoretical modeling, via TD-DFT calculations, aid in explaining
how the various substituents alter the overall photophysics of the
porphyrin. To understand the individual dynamics, the electronic
spectrum was modeled using Gaussian 16,[10] implementing both
singlet and triplet excitations using a previously reported compu-
7

tational prescription. The rate of intersystem crossing (kisc) from
the lowest singlet state to the triplet state was evaluated based
on the energy gap law.[34] This law states that the rate of intersys-
tem crossing is directly related to the relative energy difference
between the two states involved in the transition, as well as the



Table 2
Extracted Lifetimes from Global Analysis.

Sample IRF (ps) s1 (ps) s2 (ps) s3 (ns) s4

TPP 0.20 — 7 ± 3 12 ± 9 Inf
TCPP 0.20 — 27 ± 5 7 ± 4 Inf
TNPP 0.20 — 14 ± 3 3 ± 0.8 Inf
THPP 0.20 0.3 ± 0.1 10 ± 3 7 ± 5 Inf
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magnitude of the spin–orbit coupling (SOC).[34–35] As shown in
Table SI 2, the energies of the lowest lying singlet and triplet states
were obtained through analysis of vertical excitation calculations
performed on the selected porphyrins. The results indicate that
TNPP has the smallest singlet/triplet energy gap of 0.71 eV. TCPP
and THPP both were calculated to have DE = 0.73 eV followed by
TPP with DE = 0.75 eV. This calculated trend corresponds inversely
with the experimentally observed singlet lifetimes; TPP had the
longest lifetime of 12 ns, followed by TCPP and THPP (7 ns), and
then TNPP (3 ns). This observation supports the assumption that
the photophysics of the singlet relaxation is partially a reflection
of the orbital energy matching between the lowest singlet and tri-
plet states, as described by the energy gap law. In summary, as the
energy gap decreases, the rate of intersystem crossing increases
yielding shorter singlet (S1) lifetimes.

To comprehensively understand the differences in the singlet
lifetime for the selected porphyrins, the contribution of the S1
relaxation to the ground state must be considered. Previous studies
indicates that excited state conformational changes promote
S1 ? S0 relaxation and S1 ? T1 intersystem crossing, as observed
in ruffled or saddled free-base porphyrins.[35] To reveal possible
structural changes associated with photoexcitation, the Stokes
shift in the steady-state absorption and emission spectra were
evaluated. As shown in Table SI 3, the largest observed shift for
the lowest energy transition, Qx(0,0), was observed in THPP
(0.027 eV) whereas the other free-base porphyrins had relatively
moderate shifts (0.010–0.016 eV). Additional evidence came from
comparing the relative intensities and broadening of the fluores-
cence peaks. Similar to previous reports, the fluorescence features
originating from the Qx(0,0) and Qx(1,0) transitions measured for
THPP are noticeably broadened compared to the other por-
phyrins.[36] Furthermore, the relative intensity ratio of the two
features deviates from that of the other porphyrins, in which the
emission from the Qx(0,0) is drastically more intense than that from
the Qx(1,0). The above observations suggest that the excited state
may induce substantial structural changes in THPP which intro-
duces enhanced Franck-Condon factors resulting in a reduced over-
lap of the ground and excited-state manifolds.[36] Large Stokes
shifts between the steady-state electronic spectra and increased
fluorescence quantum yield are experimental signatures of such
excited state distortions.[36] These observations combined with
the reduced triplet/singlet energy gap, can serve as a possible
explanation for the observed photophysics of THPP that are dis-
tinct from those observed for the other porphyrins.

With the above conclusions in mind, the photophysics of Soret
excitation for the selected free-base porphyrins can explained
using a simple TD-DFT approach and aided with steady-state spec-
troscopy methods. The global analysis of the femtosecond tran-
sient absorption results reveals ultrafast processes with a long
lived component (>1 ns) assigned to be the singlet (S1) lifetime.
The fitting model did account for an additional substantial compo-
nent corresponding to the triplet lifetime (s � infinite). The singlet
kinetics as a function of substituent identity, can be understood by
evaluating both the rate of intersystem crossing (kisc) into the tri-
plet state and the rate of ground state recovery.[37] The observed
para-phenyl substituted porphyrins all yield shorter singlet life-
times with respect to TPP. The reduction of the S1 state lifetimes
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can explained using the energies of the singlet and triplet state cal-
culated by TD-DFT. As defined by the energy gap law, the closer the
orbital energy matching of the lowest singlet state and the triplet
state, the faster ISC will occur. Given that the energy of the partic-
ipating orbital in the S1(Qx) ? T1 transition is directly related to the
substituent identity, the photophysics can be described as a func-
tion of the different phenyl groups. However, the excited state
dynamics cannot be explained solely on the basis of inductive
effect arguments. While the relative position of the LUMO and tri-
plet states may be a product of stabilization due to the inductive
effect, sterics play an important role in the different excited state
dynamics. Experimental UV/Vis and fluorescence measurements
allude to possible excited state structural distortions for THPP
which may promote depopulation of the S1(Qx) state via ground
state recovery (S1(Qx) ? S0). The lack of experimental evidence sug-
gesting similar structural changes within TPP, TCPP, or TNPP sug-
gest the decay pathway is primarily governed by the energy gap
law.

3.3. Cyclic voltammetry and differential pulse voltammetry

The redox behavior of free-base porphyrins with various meso
substituents has been studied via cyclic voltammetry.[5,38–39]
These redox potentials were assigned to the one-electron addition
or removal from the macrocycle of the porphyrin.[38] Provided
this, the electrochemical properties of the substituted free-base
porphyrins were investigated via cyclic voltammetry and differen-
tial pulse voltammetry to reveal changes in oxidation and reduc-
tion potentials as a function of the nature of the meso-
substituent. The prepared porphyrin solutions were maintained
air-free to prevent re-oxidation of the reduced species and prevent
interference from ambient moisture. CV measurements were con-
ducted using a glassy carbon working electrode, platinum wire
counter electrode, and silver wire pseudo-reference electrode
while a ferrocene/ferrocenium redox couple was used as an inter-
nal standard. DPVs were conducted in a similar fashion with the
exception that the working electrode was a platinum button elec-
trode. The resulting cyclic voltammograms and differential pulse
voltammograms are shown in Figure SI 12 and Figure SI 13 and
the extracted oxidation and reduction porphyrins, collected from
both methods, are outlined in Table SI 4. The parent porphyrin,
TPP, exhibits two, one electron redox couples with oxidation occur-
ing at 1.33 V and 0.98 V followed by two clear reductions at
�1.05 V and �1.42 V. The porphyrins bearing –COOH or –NO2

the para position of the meso-substituted phenyl ring, TCPP and
TNPP, both show two oxidations and two reductions. While the
first oxidation potential for TCPP and TNPP are close in energy
(0.77 V and 0.74), the second oxidation varies greatly, resulting
in TNPP having a much larger DEox (0.50 V) than that of TCPP
(0.18 V). The second reduction potential of both porphyrins is very
similar, �1.39 V and �1.33 for TCPP and TNPP, respectively; how-
ever, the first reduction potentials are separated by 200 mV, with
TCPP at �1.24 V and TNPP at �1.04 V. The hydroxyphenyl por-
phyrin, THPP, has two oxidations (0.93 V and 1.11 V) and two
reduction potentials (-1.04 V and �1.28 V). CV measurements in
the presence of ferrocene revealed an additional reaction around
�0.5 V, in addition to the typical ferrocene and free-base porphyrin
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oxidation and reduction peaks. (Figure SI 14) While elucidating the
nature of this additional redox step is beyond the scope of this
work, the electrochemical reaction between ferrocene and the free
base porphyrin could be of future interest.

3.4. Spectroelectrochemical UV/Vis spectroscopy

Spectroelectrochemical UV/Vis studies were performed to
observe the distinct spectral features associated with the charged
version of the porphyrins in this study. As previously reported,
electrochemical oxidation results in the formation of the p-
dication of the porphyrin macrocycle.[38] To generate these spe-
cies, the potential was held above the second oxidation maximum
observed in the CV to ensure dication formation for each porphyrin
(TPP: +1.3 V, THPP: +1.4 V, TCPP: +1.3 V, and TNPP: +1.5 V), as
shown in Fig. 7. The parent TPP porphyrin reveals a red-shift in
the Soret band from 418 nm for the neutral species, to 441 nm
for the cationic porphyrin with an isosbestic point at approxi-
mately 428 nm. Additionally, this result is accompanied by a loss
of both Qy bands and a subtle increase in absorbance of both Qx

features. The para-substituted phenyl porphyrins, TCPP, TNPP,
and THPP, all show similar behavior of the Soret band, in which
the dicationic species is characterized by a shift to lower energy.
In addition, both TNPP and TCPP lose all intensity of the Qy bands.
However, TNPP maintains two Qx bands after oxidation, whereas
TCPP only shows intensity in the Qx(0,0) band. The spectrum of
the dicationic THPP exhibits only a Qx(0,1) and Qx(0,0) band in
addition to the Soret band. In all oxidized porphyrins, the remain-
ing Q-bands are also red-shifted with respect to the neutral
species. Curiously, the spectra observed for all porphyrins are the
Fig. 7. Spectroelectrochemical UV/Vis spectra of TPP, TCPP, THP
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same when holding the voltage at the first oxidation potential
compared to when the voltage is held at the second oxidation
potential (Figure SI 15). This observation suggests that dication for-
mation may occur while holding the applied potential at the first
observed oxidation in the CV, however, further study is needed
to understand this observation.

The electrochemically generated anion and dianion species for
each porphyrin exhibit similar spectral responses. To generate
the anion and dianionic porphyrin, the potential was held above
the first or second oxidation potential, respectively, to ensure for-
mation of the species The formation of the mono-reduced por-
phyrin, depicted in Fig. 8, leads to the generation of a
significantly red-shifted Soret band. THPP has the largest Soret
band energy change (DE = 0.21 eV), followed by TNPP and TCPP
(DE = 0.18 eV andDE = 0.17 eV, respectively). Similarly, the anionic
TPP gives rise to a lower energy Soret band, but to a smaller extent
(DE = 0.14 eV). Overall, generation of anionic porphyrin macrocycle
results in a loss of both Qy bands, independent of the meso-
substituent. The Qx bands shift and grow in intensity as the anion
forms for all, except THPP, in which the Qx(0,1) band disappears.

Likewise, the spectral response of the formation of the dianion
of each porphyrin was studied, as demonstrated in Fig. 9. As
observed for the mono-anion, the substituted porphyrins exhibited
a gradual loss of intensity of the Soret band and growth of a lower
energy band. The trend in the red-shifting of the newly observed
Soret band is: THPP > TNPP � TCPP > TPP. Additionally, electro-
chemical formation of the dianionic porphyrin results in similar
Q-band behavior as observed for the anionic species. The spectro-
electrochemical UV/Vis of the neutral, dicationic, and (di)anionic
porphyrins are summarized in Table SI 5.
P, and TNPP and their dicationic species measured in THF.



Fig. 8. Spectroelectrochemical UV/Vis spectra of TPP, TCPP,THPP,and TNPP and their monoanionic species measured in THF.
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The spectral changes associated with the formation of the anio-
nic and dicationic porphyrin speciesmay derive from structural dis-
tortions resulting from the additional charge. As mentioned
previously, the four Q-bands observed in free-base porphyrins per-
tain to vibronic transitions from the HOMO/HOMO-1 to the LUMO.
[23] The intensity of these pseudo-dipole allowed transitions orig-
inate from the D2h symmetry of the planar, porphyrin macrocycle.
Formation of the anionic, dianion, and dicationic species yields a
red-shifted Soret band. Significant debate as to the origins red-
shifts observed in various substituted neutral tetraaryl porphyrins
has been discussed in previous work.[40] The origin of the observed
red shifts in electronic spectra are believed to be from non-planar
distortions of the macrocycle or relief of strain from in-plane
nuclear reorganization (IPNR).[41–43] However, electronic effects
such as increased conjugation of the meso-phenyl rings with the
macrocycle as a result of the structural distortion, have been sug-
gested.[44] DFT geometry optimizations performed in this work
predict a substantial amount of saddling and distortion of the por-
phyrin core in the dicationic state. There are also substantial distor-
tions in the porphyrin core predicted for TCPP, TNPP, and THPP
dianions, but only minimal deviations from planarity for the
monoanions and dianion of TPP. There are also corresponding bond
length changes in all ionic porphyrin core bonds compared to the
neutral species. It is likely that IPNR and porphyrin core distortions
play a role in the observed red shift observed for the ionic species.

3.5. Electrochemical fluorescence spectroscopy

The fluorescence spectrum resulting from direct excitation of
the Soret band in neutral, free base porphyrins results in two emis-
10
sion peaks corresponding to Qx(0,0) and Qx(1,0) radiative decays.
[30,45–46] To elucidate how functionalization of the porphyrin
influences the emission profiles of neutral and ionic species, fluo-
roesence spectra of the neutral, dication, anion, and dianion species
were obtained. The results of these analyses are depicted in Fig. 10.
The energies of the Qx(0,0) and Qx(1,0) bands are nearly identical for
TPP, TCPP, and TNPP, but these features are red-shifted by about
10 nm for THPP. These observations are strikingly similar to the
observed UV/Vis trends in which only THPP exhibited Q-bands that
were substantially red-shifted, compared to the parent porphyrin,
TPP.

In-situ electrochemical generation of the anionic and dicationic
porphyrin reveals a notably different emission spectrum. The spec-
trum of all porphyrins, after applying the appropriate voltage,
results in a new emission peak centered between the Qx(0,0) and
Qx(1,0) bands with a smaller broad component at � 720 nm. Similar
observations have been reported for the acid protonated dicationic
free-base porphyrins in previous studies, however there remains
ambiguity as to the origin of this emissive state.[46] The energy
of the single observed emission peak for ionic TPP, THPP, TCPP,
and TNPP species appears to be independent of whether an anionic
or dicationic species is formed. Another notable observation is that
the emission spectrum of the anionic and dicationic species for
THPP are coincident in energy and significantly red-shifted com-
pared to the neutral species. Interestingly, emission profiles consis-
tent with the anionic species and neutral species are observed from
neutral TCPP when excited in the range of 435–465 nm. (Figure SI
20) These observations are not surprising due to the weak acid nat-
ure of the carboxylic acid moieties and the equilibrium likely pre-
sent between the protonated and deprotonated species of TCPP.



Fig. 9. Spectroelectrochemical UV/Vis of TPP, TCPP, THPP, and TNPP and their dianionic species measured in THF.

Fig. 10. Excitation (solid) and emission (dashed) spectrum of the different meso-substituted porphyrins for the neutral species (black), anion (red), and dication (blue). The
neutral porphyrin UV/Vis spectrum is overlaid (green, dashed) for comparison.
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The excitation profiles for the neutral porphyrins were collected
by monitoring the dominate emission line in each porphyrin. For
TPP, the transition pertaining to the Soret band, appears to be
11
resolved into two different excitations, whereas TCPP, TNPP, and
THPP only displayed one discernible transition. Aside from the
Soret band, all porphyrins exhibited low intensity visible excita-
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tions at similar energies to the Q-bands observed in the UV/Vis
spectrum of the neutral porphyrin. Comparatively, the excitation
spectrum was collected for the porphyrin dication and anion. The
TPP anion has a split Soret band that is red-shifted compared to
the neutral species. Generation of the dicationic TPP results in a
merge of these features, resulting in a single Soret band. The
observed Q-bands for ionic TPP solutions indicates the presence
of only the Qx bands, similar to the results of spectroelectrochem-
ical UV/Vis measurements collected in Figs. 7-9. Likewise, the para-
phenylmeso-substituted porphyrins all exhibited comparable exci-
tation features to those revealed in the spectroelectrochemical UV/
Vis studies.
4. Conclusions

A series of free base porphyrins served as models to evaluate
the spectral and electrochemical changes observed upon incorpo-
ration of various functional groups to the para position of attached
meso-substituted phenyl rings. Electronic structure changes
observed through UV/Vis spectroscopy were interpreted through
TD-DFT calculations and revealed that substitution on the meso-
phenyl substituent with –COOH or –NO2 groups (TCPP and TNPP)
reduced the energy of both the HOMO-1 and HOMO, with respect
to the parent TPP porphyrin. There was minimal effect on the
energy of these frontier orbitals upon introduction of –OH (THPP)
compared to TPP. The nearly degenerate LUMO and LUMO + 1 orbi-
tals, regardless of the nature of the phenyl substituent, were lower
in energy compared to TPP. These electronic effects were experi-
mentally observed as moderate red shifts in the Q-bands for THPP,
but very little change was observed in the carboxy or nitro group
porphyrins. Further investigations using photoelectrochemical
spectroscopy revealed spectral features associated with the forma-
tion of the anionic, dianionic, and dicationic species. Both anionic
and cationic species displayed a red-shifted Soret band which
was supported by TD-DFT calculations and believed to be related
to both IPNR and porphyrin core distortions.

Analysis of the transient absorption spectroscopy measure-
ments seem to correlate well with TD-DFT findings which lead to
several conclusions on the photophysical nature of the para-
substituted free-base meso tetraphenyl porphyrins. Excitation into
the Soret band revealed a similar but complex excited state spec-
trum consisting of various overlapping excited state absorption,
stimulated emission, and ground state bleaching bands. Global
analysis indicated three different contributing lifetimes, the short-
est being the ultrafast relaxation from Qy to Qx. Another fast com-
ponent (10–22 ps) reflects the vibrational relaxation following the
relaxation to S1(Qx). However, the longest component, correspond-
ing to the lifetime of the singlet state (S1(Qx)), revealed to be the lar-
gest deviation among the evaluated porphyrins. The decay of the
singlet state is a sum of two competing processes but appears to
be dominated by the rate of intersystem crossing into the triplet
state. TCPP and THPP had identical singlet state decay lifetimes
(7 ns), which is in sharp contrast to the extracted 3 ns singlet life-
time for TNPP. These lifetimes, revealed through global analysis,
were all much shorter than the parent porphyrin, TPP (12 ns). Anal-
ysis of frontier molecular orbitals calculated using TD-DFT indi-
cated a trend in the energy gap between the singlet and triplet
states therefore, invocation of the energy gap law may provide a
reasonable explanation for the drastic differences in the rate of
ISC observed among these porphyrins. Additionally, analysis of
the Stokes shift between the UV/Vis and fluorescence spectra sug-
gests possible distortions of THPP in the excited state, which may
promote a higher yield of ground state recovery though a S1
(Qx)?0 transition. Given these observations, it is clear that the pho-
tophysical dynamics of meso-substituted porphyrins are a function
12
of many factors. However, the ultrafast dynamics indicate that
small structural modifications, such as peripheral decoration of
the macrocycle, can lead to drastically different relaxation
dynamics.

Generation of the anionic, dianionic, and dicationic porphyrin
species led to the generation of one primary fluorescence pathway
from excitation into the Soret band in contrast to the two distinct
emission pathways present for the neutral species. The emission
was significantly red-shifted for the THPP porphyrin which corre-
lates to the significantly red-shifted Qx band in the electrochemical
absorption spectra. The fluorescence emission observed for the
TPP, TCPP, TNPP, and THPP anion and dication were strikingly sim-
ilar in wavelength and peak profile. The detailed spectroscopic
studies carried out in this work provides greater insight into the
impacts of porphyrin functionalization on the spectroscopic signa-
tures and electronic structure influences of free base porphyrins
and their ions.
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