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ABSTRACT: A molecular conjugate made of a free-base diphenyl porphyrin chromophore (DPP) trans-
linked to two N-acridinium units has been synthesized and photophysically characterized in acetonitrile.
Interestingly, the emission of both fluorophores is quenched in the array at room temperature. Steady-
state and time-resolved optical analysis proved that an ultrafast electron transfer from the porphyrin to
the acridinium units occurs upon excitation of either the porphyrin or the acridinium moiety. On the
other hand, at low temperature (77 K) the emission of the porphyrin is completely recovered, thanks
to the inhibition of the electron transfer, and a photoinduced energy transfer from the acridinium to the

porphyrin component is observed.

KEYWORDS: diphenyl-porphyrin, N-methylacridinium, photophysics, electron transfer, energy

transfer.

INTRODUCTION

Porphyrins are naturally occurring and highly colored
molecules whose extended m-conjugated system and
metal chelating capacity make them widely abundant
chromophores and ligands in biological systems [1-3].
One of the most interesting properties of this family of
macrocycles is the possibility to tune their oxidation and
reduction potentials by appending a variety of organic
fragments or by changing the metal ion, which makes
them widely used moieties in multicomponent systems
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undergoing photoinduced electron transfer [4-8]. This
feature, along with the characteristic and rich photophys-
ical behavior, make them suitable for use as molecular
wires or switches, or in the fabrication of transistors,
chemical sensors, and photodiodes [4, 9—-12].

N-acridinium ions are intensively investigated as a
new class of switches thanks to their responsiveness to
various orthogonal stimulations — including pH or elec-
trochemical/photochemical inputs — that trigger their
reversible conversion into acridane [13-16]. Previous
studies have demonstrated that the acridinium/acridane
equilibrium significantly alters the photo- and electro-
chemical properties of supramolecular systems carrying
those moieties [13, 17-20].

Previously, N-acridinium moieties have been associated
with porphyrin chromophores in supramolecular systems,
and those arrays could act as sensors or receptors [20-22].
Interestingly, in such systems a photoinduced electron trans-
fer takes place from the porphyrin to the acridinium moiety,
resulting in a quenching of both fluorophores. In this paper,
a full photophysical investigation of a new molecular array
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(1:(PFg),) composed of a free-base diphenyl-porphyrin
moiety linearly connected to two N-acridinium units has
been performed in acetonitrile (CH;CN).

EXPERIMENTAL

Synthesis

All chemicals were of the best commercially avail-
able grade and used without further purification. All
compounds were synthesized using schlenk technics and
were fully characterized by 1D (‘H, *C{'H}, ¥P{'H}
and "“F{'H}) and 2D (COSY, HSQC, and HMBC) NMR
experiments and by mass spectrometry experiments.
Nuclear magnetic resonance (NMR) spectra for "H were
acquired on Bruker AVANCE 300 and 500 spectrom-
eters. "*C spectra were acquired on a Bruker AVANCE
500 spectrometer. "°F spectra and 31P were acquired on
a Bruker AVANCE 300 spectrometer. The 'H and "*C
spectra were referenced to residual solvent peaks [23].
The sample was thermostated at 298 K unless otherwise
stipulated. Mass spectra were obtained by using a Bruker
MicroTOF spectrometer in electrospray mode (ESI).

Compound 1+(PF,),: To a solution of 9-(4-formyl-
phenyl)-10-methylacridin-10-ium  hexafluorophosphate
[21] (554 mg, 1.25 mmol, 1 eq.) and dipyrromethane
(183 mg, 1.25 mmol, 1 eq.) in degassed CH,Cl, (250 mL)
was added TFA (60.0 uL, 0.75 mmol, 0.6 eq.). The solution
was left to stir in the dark for four hours, before neutral-
izing with Et;N (2 mL). Following the removal of the sol-
vent, the resultant solid was taken up in CH;CN (100 mL)
and DDQ (426 mg, 1.88 mmol, 1.5 eq.) was added to the
solution. After stirring for one hour, purification was car-
ried out via column chromatography (SiO,, acetone/aq.
KPF; soln., 100:0 to 95:5, R; = 0.36) giving 1+(PFy), as
a dark purple solid (203 mg, 29%). '"H NMR (500 MHz,
CD;CN, 298 K) 6 (ppm) = 10.65 (s, 2H, H,.,.), 9.72 (d, *J
=4.6Hz,4H,H,,)),9.45 (d,"J=4.6 Hz,4H, H,,), 8.75 (d,
*J =9.2 Hz, 4H, H,;), 8.68 (d, *J = 8.2 Hz, 4H, H,), 8.66
(dd,*J=8.7Hz,*J=1.3Hz,4H, H,;), 8.55 (ddd,*J=9.2 &
6.6 Hz, *J = 1.3 Hz, 4H, H,), 8.14 (ddd, *J = 8.7 & 6.6 Hz,
*J = 0.8 Hz, 4H, H,,,), 8.04 (d, *J = 8.2 Hz, 4H, H,,), 4.96
(s, 6H, CH,), -3.09 (s, 2H, internal NH). BC{'H} NMR
(125 MHz, CD,CN, 298 K) 6 (ppm) = 162.7 (C,), 146.0
(CC,y), 144.1 (CC,), 142.8 (CC,s), 139.9 (Cyp), 135.8
(C,), 134.0 (CC,), 133.6 (C,)), 132.2 (C,»), 131.7 (C,pp),
129.9 (C,), 129.0 (C,y), 127.4 (CC,j), 119.5 (C,5), 106.8
(Cheso)s 39.8 (NCH,). ¥P{'"H} NMR (202 MHz, CD;CN,
298 K) 6 (ppm) = -144.43 (hept, 'J,.- = 706.4 Hz). “F{'H}
NMR (470 MHz, CD,CN, 298 K) 6 (ppm) = —=72.97 (d,
pr = 706.4 Hz). UV-Vis: (CH,CN, 298 K) A, (nm) =
348 (¢ L mol'em™ 36 400), 362 (60 100), 404 (267 000),
501 (17 700), 538 (9490), 575 (6800), 629 (4220). HRMS
(ESI-TOF): m/z cald. for C4H,N** 423.1730, found
423.1752 (100%, [M-2PF]*"); m/z cald. for CqH,N>*
872.3502, found 872.3521 (80%, [M-2PF+CNJ").

Copyright © 2023 The Author(s)

Absorption and emission spectroscopy, photophysics

Spectroscopic grade Uvasol® acetonitrile (CH;CN)
and butyronitrile (CH,CH,CH,CN) were purchased
from Merck and used without further purification. All
standards were acquired from commercial suppliers and
used without further purification: meso-tetraphenylpor-
phyrin from Porphychem and Coumarin 153 from Sigma
Aldrich. 5,15 diphenylporphyrin (DPP) model was pur-
chased from Porphychem.

Absorption spectra were recorded with Perkin—Elmer
Lambda 650 UV-vis or Lambda 950 UV-vis-NIR spec-
trophotometers in 1 cm quartz cuvettes. Emission spectra
were collected with an Edinburgh FLS920 spectrofluo-
rimeter, equipped with a Peltier-cooled Hamamatsu R928
PMT (280-850 nm).

Fluorescence quantum yields (®;) were evaluated
from the comparative method developed by Demas and
Crosby [24], with spectra corrected for the wavelength-
dependent photomultiplier response. Air-equilibrated
references used were meso-tetraphenylporphyrin (TPP)
in toluene (®; = 0.11) [25] for the porphyrin components
and Coumarin 153 in ethanol (®; = 0.544) [26] for the
acridinium units. Measurements at 77 K were performed
using Pyrex tubes dipped in liquid nitrogen in a quartz
Dewar. Excitation spectra were corrected for the wave-
length-dependent lamp intensity.

Emission lifetimes in the nanosecond range were
determined by using an IBH time-correlated single-pho-
ton counting apparatus with nanoLED excitation sources
at 465 nm and 368 nm.

Pump-probe transient absorption measurements were
performed with an Ultrafast Systems HELIOS (HE-VIS-
NIR) femtosecond transient absorption spectrometer by
using, as an excitation source, a Newport Spectra Phys-
ics Solstice-F-1K-230 V laser system, combined with
a TOPAS Prime (TPR-TOPAS-F) optical parametric
amplifier (pulse width: 100 fs, 1 kHz repetition rate)
tuned at 360 nm and 500 nm. A CaF, crystal for con-
tinuum generation in the UV-vis range (300-750 nm) has
been employed. The overall time resolution of the system
is 300 fs. Air-equilibrated solutions in 0.2 cm optical path
cells were analyzed under continuous stirring. The pump
energy on the sample was 4 wJ/pulse. Surface Xplorer
V4 software from Ultrafast Systems was used for data
acquisition and analysis. The 3D data surfaces were cor-
rected for the chirp of the probe pulse before analysis.

Estimated errors are 10% on transient absorbance life-
times, 10% for luminescence lifetimes, 10% for molar
absorption coefficients, and 10% on quantum yields.

Free energy calculations AG for electron transfer

The free energy for the charge-separation (AGg)
occurring in 1+(PF,), from the singlet excites state of
either the porphyrin or the acridinium has been calcu-
lated in CH;CN through the semi-empirical Rehm-Weller
equation (1) [27]:
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2

AGyg = e[ E” — E™]— Eo(DPP/Acr) — ———
ey d

6]

where E,. and E,,, are the oxidation potentials of the porphy-
rin unit (+1.15 V vs SCE) [28] and the reduction potential
of the acridinium unit (-0.55 V vs SCE) [16], respectively,
in CH,CN; E,, (DPP/Acr*) is the energy of the singlet
excited state of either the porphyrin (2.0 eV, Table 1) or
the acridinium (2.5 eV, Table 1); e is the elementary charge
(1.602x10-" C); g, is the vacuum permittivity (8.854x10'?
Fm™); €, is the permittivity of the solvent (g, = 35.94) and d
is the donor-acceptor (D-A) separation.

The value for d (10.7 A) has been obtained by approxi-
mating the D-A separation as a distance between the two
centroids of the acridinium and the porphyrin components.
The structures for these calculations have been obtained
with the semi-empirical PM6 energy minimization.

The free energy for charge-recombination (AG¢y) has
been obtained as the difference between E, (DPP) and
the energy of the charge-separated state (E), the latter
taken equal to the AGg with the opposite sign:

AGe, = Ecs — Egg (DPP). ()
RESULTS AND DISCUSSION

Photophysical investigation

The photophysical characterization of the multicom-
ponent array 1+(PF;), and its moieties, i.e. 5,15-(diphenyl)
porphyrin (DPP) and N-phenyl-acridinium (Acr-PFy)
(Chart 1) has been performed in acetonitrile (CH,CN).

The absorption spectrum of the array has been
compared with those of Acr-PF, and DPP models.
Acr-PF, has a strong absorption in the UV with two
characteristic peaks at 260 and 361 nm. DPP shows the

H

Chart 1. Chemical structures of the array 1+(PFy),, and models
N-phenyl-acridinium (Acr-PF¢) and 5,15-(diphenyl)porphyrin
(DPP).

Copyright © 2023 The Author(s)
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Fig. 1. Absorption spectra in CH;CN of 1:(PFy), (light green),
Acr-PF, (blue), and DPP (red), along with a simulated spec-
trum (dark green dashed) given by the sum of the spectra of
the three individual moieties (two Acr* and one DPP). Inset:
amplification of the spectra in the 200-650 nm range.

typical absorption features of free-base porphyrins, with
the Soret band at 400 nm and four Q bands at 500, 536,
575, and 627 nm. From the comparison of Fig. 1, a good
match between the absorption of the array and the sum
of the spectra of the three individual moieties (two Acr*
units and one DPP) can be observed. In particular, the
overlap is very good in the Q-bands region (470-650 nm)
and on the acridinium peaks, while the Soret band of
the array is less intense and broadened with respect to
the porphyrin component. These features suggest weak
ground-state electronic interactions between the compo-
nents in the array.

Both models, Acr-PF, and DPP, are fluorescent at
room temperature (®,,, and T are reported in Table 1), but
the conjugate 1-(PF,), was found to be weakly emissive
at any excitation wavelength. Selective excitation of the
DPP unit is possible for A > 470 nm (Fig. 1), while it is
not possible to selectively excite the acridinium moiety,
although predominant excitation can be obtained at 260
or 361 nm. From selective excitation of the porphyrin at
500 nm, an almost complete quenching of its emission
(> 99%) in the array can be observed (Fig. 2). On the
other hand, also predominant excitation of the acridinium
moiety at 361 nm (60% selectivity) results in its com-
plete emission quenching in the array (Fig. S1, ESI). The
experiment has been performed by comparing the emis-
sion spectra of solutions of the conjugate and models, the
latter having the same number of photons absorbed by
the corresponding moieties in the array. It can be noticed
that also the porphyrin fluorescence is quenched with
respect to that of the DPP model (Fig. S1, ESI). Based on
previously studied systems, the observed quenching can
be ascribed to a fast photoinduced electron transfer from
the porphyrin to the acridinium component, affording the
charge-separated species Acr*-DPP *-Acr” [21]. To test
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Table 1. Emission data of models and 1 in the indicated solvents and at the indicated temperatures.

RT, CH,CN 77 K, CH,CH,CH,CN
Apes™ (nmM) D0 T (ns) Apas™ (nM) T° (ns) E° (eV)
DPP 'DPP 632; 697 0.053 9.2 627; 694 15.0 2.0
Acr-PF, 'Acr* 510 0.050 1.5 468; 500 3.4 (7%); 17.7 (93%) 2.5
1-(PFy), Acr*-'DPP ¢¢ 634; 698 <10* - 626; 693 159 2.0
'Acr*-DPP © - <10* - - - -

“Fluorescence quantum yields, measured with the comparative method [24]. References used (air-equilibrated solutions): TPP
(meso-tetraphenylporphyrin) in toluene for the porphyrin units; Coumarin 153 in ethanol for the acridinium units. *Fluorescence
lifetimes in the nanosecond range, excitation wavelengths are 465 nm (porphyrin units), and 368 nm (acridinium moieties). “Energy
of the excited state determined as the energy of the 0-0 emission band measured at 77 K. ‘Upon selective excitation of the diphenyl-
porphyrin at 500 nm. ¢ The yield is below the minimum value measurable with steady-state experiments, i.e., 1.0 x 107,

CH;CN
RT

CH,CH,CH,CN
77K

700 750

A (nm)

I1au.

660 7(‘)0 8(‘]0
A/ nm

Fig. 2. Corrected luminescence spectra of isoabsorbing solu-
tions of DPP (red) and 1-(PF), (light green) in CH,CN; A, =
500 nm. Inset: corrected fluorescence spectra at 77 K in butyro-
nitrile (CH;CH,CH,CN) of isoabsorbing solutions of DPP (red)
and conjugate (light green), upon selective excitation of the
porphyrin moiety (A = 500 nm).

if an energy transfer process from the acridinium to the
free-base porphyrin occurs, the excitation spectrum of the
array has been collected at 704 nm (Fig. S4, ESI), where
only emission from the porphyrin can be monitored.
Comparison with the absorption spectrum of the array
shows that the absorption peaks of the porphyrin moiety
are well recovered in the excitation spectrum, while the
peaks corresponding to the absorption of the acridinium
units are not present. This indicates that energy transfer
from the acridinium to the porphyrin is not taking place
at room temperature.

Emission measurements were performed also at 77 K
by dipping butyronitrile solutions of the compounds into
liquid nitrogen. Upon selective excitation of the porphy-
rin units in the array (A.,. = 500 nm) at 77 K, it was possi-
ble to observe a complete recovery of porphyrin emission
(Fig. 2, inset), suggesting that the electron transfer pro-
cess is disfavored because of the hampered solvent
reorganization around the newly charged species that
would be produced. Interestingly, the low-temperature

Copyright © 2023 The Author(s)

excitation spectrum, collected at the porphyrin emission
(Ao = 626 nm), shows the presence of the absorption
peaks of the acridinium units together with those of the
porphyrin (Fig. S5, ESI), suggesting that energy transfer
from the acridinium to the porphyrin takes place at 77 K
when the fast electron transfer is inhibited. As a further
confirmation, excitation of the acridinium moiety (A, =
360 nm) at 77 K leads to observing a complete quench-
ing of its emission in the conjugate, whereas the fluores-
cence of the acridinium model AcrPF; is very intense,
also displaying a vibrational resolution (Fig. S2, ESI).
On the other hand, the porphyrin-based emission in the
array (Fig. S2, ESI) turns out to be intense and compa-
rable to that of the DPP model, indicating sensitization
of the singlet excited state of the porphyrin from the acri-
dinium singlet.

Transient absorption spectroscopy

To ascertain the occurrence of a photoinduced electron
transfer process within the units of the array, transient
absorption (TA) measurements were performed on the
array and the models for comparison purposes.

Upon excitation at 500 nm, the transient spectrum
of the DPP model shows a positive absorption in the
450-800 nm region that sums with ground-state bleaching
of the Q-bands at 500, 526, 575, and 627 nm and stimu-
lated emission at ca. 630 and 700 nm (Fig. 3a), as usu-
ally detected for porphyrin species. Conversely, the TA
signal observed in the conjugate (Fig. 3b) shows a more
intense absorption between 520 and 800 nm, a region in
which both the porphyrin cation and the reduced acri-
dinium species absorb [16, 19, 21, 29-31], and a more
defined band peaking at 470 nm, which can be attributed
to the reduced acridinium [16, 19, 21, 31, 32]. The main
unambiguous difference resides in the kinetics, since in
the model the spectrum decays with a lifetime of ca. 10
nanoseconds (outside the maximum time scale of the
instrument), in line with the lifetime of the singlet excited
state of the porphyrin (Table 1), reaching a stable signal
on a longer time scale that can be attributed to the triplet,

J. Porphyrins Phthalocyanines 2023; 27: 572-575
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Fig. 3. Transient absorption spectra of (a) DPP and (b) 1-(PF), in CH,CN at different delays. Excitation at 500 nm (Asy, = 0.1,
0.2 cm optical path, 4 WJ/pulse). Insets: AA time evolutions (dots) and fittings (lines) at the indicated wavelengths.

while in the array the spectrum decays to zero in a much
shorter time (T = 6.9 ps). It can be thus concluded that the
end-of-pulse spectrum detected in the conjugate is that of
the charge-separated state, indicating that the process is
ultrafast (occurring within the signal formation: 300 fs)
and that charge-recombination occurs within about 7 ps.

Measurements upon acridinium prevalent excitation at
360 nm have also been made for the conjugate and mod-
els Acr* and DPP (Fig. 4 and Fig. S3, ESI). The signal
of model Acr-PF, is very weak in this solvent (Fig. 4a)
and shows positive absorption between 450 and 500 nm
and stimulated emission in the 500—650 nm range. The
observed decay is in line with the excited state lifetime
found from luminescence measurements (Table 1). DPP
shows features similar to those detected upon excitation
at 500 nm (Fig. S3a, ESI), with kinetics well fitted by a
two-exponential decay with lifetimes of about 4 ps and
tens of ns. The first short lifetime might be related to a
fast internal conversion process between S, and S, while

0.020
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the longer one is related to S, deactivation. The peaks
observed for the conjugate (Fig. 4b) are similar to those
of the porphyrin model, but with a more intense absorp-
tion between 640 and 800 nm. Again, the first band at
ca. 480 nm is indicative of the presence of radical Acr’,
which displays bands between 480 and 520 nm [30]. On
the other hand, the decay of the signal in the array is well-
fitted by a lifetime of 6.4 ps.

Overall, it can be concluded that the features of the
charge-separated state are present at the end-of-pulse
both with the excitation of the porphyrin or of the acri-
dinium component, indicating that charge separation
occurs on ultrafast scales. Once the CS is formed, charge
recombination takes place in ca. 6.5 ps. The free energy
(AGgg) for charge separation from the porphyrin singlet
excited state is -0.3 eV (obtained by applying equation 1,
Experimental Section), while from the acridinium singlet
excited state is -0.8 eV (Scheme 1). It can be noticed that
a similar ultrafast electron transfer process was observed

0.03
- A=478nm
0.008 + A=523nm
3
0.02 0.004 1=64%0.1ps
\ 0.000
0.014 ! l 0 20 40 60 80
: ﬁq M‘
0.00 < .
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0014 1.57 ps ——85.0ps
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Fig. 4. Transient absorption spectra of (a) N-phenyl-acridinium Acr-PFg and (b) 1-(PFy), in CH;CN at different delays. Excita-
tion at 360 nm (A = 0.1, 0.2 cm optical path, 4 puJ/pulse). Insets: AA time evolutions (dots) and fittings (lines) at the indicated

wavelengths.
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Scheme 1. Energy level diagram and photoinduced processes occurring in 1:(PFy), in CH;CN solution at 298 K. The singlet energy

levels are taken from the data of the present paper. The energy of the charge-separated state (1.7 eV) has been calculated according

to equation 2 (see the Experimental Section).

in a related system incorporating a Zn(II) porphyrin
instead of a free-base porphyrin [21]. The formation of the
charge-separated state was detected on the same ultrafast
scale (< 300 fs) for the Zn(II) porphyrin-containing conju-
gate, while the kinetics of the charge recombination reac-
tion was faster, in the order of 1 ps, in accordance with a
charge-separated state of lower energy, i.e. 1.39 eV. Nota-
bly, in supramolecular systems containing dimeric por-
phyrinic tweezer-like receptors complexing an acridinium
guest [19, 22] an electron transfer process from the free-
base porphyrins to the acridinium unit was observed but
on longer timescales (few ns). The occurrence of ultrafast
events in the present array can be ascribed to through a
bond reaction between covalently linked units, differ-
ently from the reported supramolecular systems where a
through space electron transfer is envisaged.

CONCLUSIONS

A multicomponent array made of a free-base diphe-
nyl-porphyrin (DPP) chromophore covalently linked to
two acridinium (Acr*) moieties, upon excitation of either
the porphyrin or the acridinium component, undergoes
an ultrafast electron transfer process from the porphyrin
to an acridinium unit, forming the charge-separated spe-
cies Acr*-DPP *-Acr’. This process results in a quench-
ing of both luminophores at room temperature and the
charge-separated intermediate and related kinetics can
be observed with femtosecond transient absorption spec-
troscopy. By decreasing the temperature to 77 K, charge
separation is suppressed and the free-base porphyrin
emission is recovered, upon its selective excitation. On
the other hand, low-temperature excitation of the acridin-
ium luminophore leads to its quenching, with concomi-
tant sensitization of the porphyrin fluorescence. These
results suggest that the present bis-acridinium free-
base porphyrin conjugate and related arrays containing

Copyright © 2023 The Author(s)

metallated porphyrins are promising donor-acceptor
systems for the development of molecular wires or the
design of temperature-sensitive probes.
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