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ole complexes: from property
tuning to applications in photocatalysis and
triplet–triplet annihilation upconversion†

Atif Mahammed,‡a Kepeng Chen, ‡b Jenya Vestfrid,c Jianzhang Zhao *b

and Zeev Gross *a

Efficient triplet photosensitizers are important for fundamental photochemical studies and applications

such as triplet–triplet annihilation upconversion (TTA UC), photoredox catalytic organic reactions and

photovoltaics. We now report a series of phosphorus corrole compounds as efficient visible light-

harvesting metal-free triplet photosensitizers. While the heavy-atom-free phosphorus corroles show

absorption in the visible spectral region (centered at 573 nm) and have a decent triplet state quantum

yield (FD ¼ 49%), iodo-substitution on the corrole core induces red-shifted absorption (589 nm) and

improves intersystem crossing significantly (FD ¼ 67%). Nanosecond transient absorption spectra confirm

triplet state formation upon photoexcitation (sT ¼ 312 ms) and the iodinated derivatives also display near

IR phosphorescence in fluid solution at room temperature (lem ¼ 796 nm, sp ¼ 412 ms). Both singlet

oxygen (1O2) and superoxide radical anions (O2
�c) may be produced with the phosphorus corroles,

which are competent photocatalysts for the oxidative coupling of benzylamine (the Aza Henry reaction).

Very efficient TTA UC was observed with the phosphorus corroles as triplet photosensitizers and

perylene as the triplet acceptor, with upconversion quantum yields of up to FUC ¼ 38.9% (a factor of 2

was used in the equation) and a very large anti-Stokes effect of 0.5 eV.
Introduction

Energy up-conversion is a highly desirable process, as incident
photons of a given energy are converted into photons with
higher energy.1 It is important for applications in many elds
including photovoltaic devices,2,3 luminescent probes for bio-
imaging,4–9 photocatalysis by low-energy photons,10–15 and
photoinduced charge separation.16–19 When the efficiency of up-
conversion is high enough, low-power up-conversion may be
used to harness low-energy photons that, otherwise, would be
lost in practical applications. For instance, it could be applied to
solar cells to harvest the red and NIR part of the solar spectrum,
which has energy lower than the band-gap of the employed
photoactive material.20 Its applicability for bioimaging is even
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more intriguing, since excitation in the NIR region offers
advantages of deeper depth penetration, suppressed back-
ground uorescence and reduced phototoxicity.21

One possible strategy for photon upconversion comes from
harnessing sensitized triplet–triplet annihilation (TTA) photo-
chemistry. Higher energy photons are generated from the
absorption of lower energy light by an efficient triplet sensitizer
through sequential, highly allowed one-photon absorption,
subsequent intersystem crossing (ISC) and intermolecular
triplet–triplet energy transfer (TTET) to the energy acceptor, and
the population of the S1 state of the triplet acceptor by the TTA
process.1,2,22,23 In essence, the energy stored in two sensitized
triplet molecules is combined to produce one higher energy
singlet state and a corresponding ground-state species. TTA
upconversion is particularly interesting for its advantages over
conventional upconversionmethods where two photons require
excitation with coherent light sources (lasers) of very high-
power density (e.g. nonlinear optical crystals). In contrast, TTA
upconversion requires only noncoherent low-power excitation
and is characterized by intense absorption of excitation light as
well as high upconversion quantum yields.1,2,11 This phenom-
enon was rst introduced by Parker and Hatchard in the 1960s,
utilizing organic chromophores as triplet sensitizers, which
however exhibited low intersystem crossing efficiencies thereby
limiting upconversion.24,25 TTA upconversion has witnessed
great development in recent years.26,27
Chem. Sci., 2019, 10, 7091–7103 | 7091
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One challenge for the development of TTA upconversion is
the limited availability of appropriate triplet photosensitizers.11

Commonly investigated typical triplet photosensitizers used for
TTA upconversion include porphyrin and phthalocyanine
complexes,28 phosphorescent transition metal complexes with
diimine ligands,29 bromo- and iodo-organic chromophores,30

and a few heavy-metal-free triplet photosensitizers.31 It is rela-
tively easy to study the intermolecular triplet energy transfer of
phosphorescent photosensitizers, however, when the triplet
sensitizer is non-phosphorescent, quenching must be
measured by the variation of the lifetime of the T1 excited state
of the sensitizer with the aid of time-resolved transient
absorption spectroscopy.11 During the last decade, we and other
groups have studied corroles chelated by metal ions such as
gold and iridium as triplet photosensitizers, by taking advan-
tage of the heavy atom effect for inducing efficient singlet-triplet
interconversion (ISC).32–37 In parallel, we have also introduced
corroles chelating non-redox active and much more abundant
elements, such as Ga, Al, and P, wherein the non-radiative decay
of the S1 state can be inhibited. ISC enhancement was encour-
aged by bromides or iodides,38,39 which in the corrole case are
present on the corrole skeleton and hence not released to the
environment.40,41 Corroles with reasonable ISC probability have
been introduced for photodynamic therapy,34,42,43 molecular
spintronics,44 energy transfer studies,45 and oxygen sensing.35

But to the best of our knowledge, corroles were rarely used for
TTA upconversion,32,46 despite the easy tuning of their redox and
photophysical properties and the extremely high stability
regarding demetallation.

Results and discussion
Rational design of the compounds

We decided to focus our investigations on compounds
composed of non-toxic and non-precious C, H, F, I, and P
elements only (Scheme 1), as opposed to the intensively used
Ru/Pt/Ir photosensitizers. The most prominent feature of cor-
roles, particularly meso-C6F6-substituted derivatives, is strong
uorescence. As this testies for very little non-radiative loss of
energy,47 the hypothesis was that halogenation of the corrole
core will increase the ISC probability and consequently the
Scheme 1 Axial ligand exchange and macrocycle iodination of phospho

7092 | Chem. Sci., 2019, 10, 7091–7103
yields of the triplet excited states. Another advantage is that
iodination increases red shis of the absorbance/emission
maxima and also redox potentials. The latter aspect is also
tunable by the axial ligands and the number of F atoms in the
meso-aryl substituents. The novelty regarding the synthetic part
was to move away from hydroxo- and oxo-phosphorus corroles,
which are substitution labile (converted into each other and
react with solvents),47,48 to a well-dened series of substitution-
inert trans-diuorophosphorus corroles, so as to allow for the
systematic research described in this paper.49

Treatment of phosphorus corroles with N-iodosuccinimide
(NIS) or with 1,3-diiodo-5,5-dimethylhydantoin (DIH) led to
selective iodination on the corrole macrocycle (Scheme 1).41 The
axial hydroxyl ligands of these iodinated complexes were
exchanged with uorides aer treatment with aqueous hydro-
uoric acid (Scheme 1).41 This transformation resulted in very
signicant and enlightening changes in the NMR spectra
(Fig. S1–S17†). The 1H resonances of hydroxyl groups disappear
and the 19F signals of uoride ligands appear, well separated
from those of C6F5 and C6H3F2 aryl groups. Another prominent
feature is the J y 830 Hz mutual splitting coupling constant
between the axial uorides (appear as a doublet) and phos-
phorus (appears as a triplet).
X-ray crystallography

Being concerned about the effect of the rather large iodo-
substituents on the planarity of the complexes, the X-ray struc-
tures of 1PF2-I4 and 2PF2-I4 were obtained. Fig. 1 clearly demon-
strates that the deviations of the b-pyrrole substituted moieties of
1PF2-I4 and 2PF2-I4 relative to the average mean plane of all 23
carbon atoms are quite small, in the range of 0.032–0.287 Å for
2PF2-I4 and 0.000 Å for the extremely planar 1PF2-I4. The periph-
eral phenyl rings are not in coplanar geometry with the corrole
core, and thus the p-conjugation framework of the substituted
corroles is not heavily affected by the phenyl rings.
UV-vis absorption and photoluminescence of the compounds

The UV-vis absorption spectrum of 1PF2 displays an intense
absorption band at 404 nm and weaker ones in the range of
500–600 nm (Fig. 2a). The former is attributed to the higher-
rus corroles.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Top and side views of the single-crystal molecular structure of 1PF2-I4 (left) and 2PF2-I4 (right).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 3
:3

5:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
energy and more allowed Soret band and the latter to lower
energy and symmetry-forbidden Q bands of the corrole core.
Similar absorptions were observed for 1PF2-I4, but red-shied
by 19 nm for the Soret band and 16 nm for the Q bands, and
the absorption of the lower energy band at 589 nm is intensied
as compared to that of 1PF2. Intensied absorption in the red-
shied region is benecial for the application of these heavy-
metal-free photosensitizers. Similar absorption proles were
observed for 2PF2, 2PF2-I3 and 2PF2-I4 (Fig. 2b).

In terms of luminescence properties, there is a signicant
difference between 1PF2 and 1PF2-I4 (Fig. 3). 1PF2 displays
emission bands in the range of 525–700 nm in different
organic solvents (DCM, CH3CN, and MeOH), with signicant
vibrational progression (Fig. 3a). This is a typical emission
feature of corroles, which is also similar to the emission of
porphyrin compounds. 1PF2-I4 has a similar emission prole
in the same solvents (Fig. 3b), but the intensity is much weaker
(Fig. 3c). Instead, a new emission band at 796 nm was
observed in deaerated solutions of 1PF2-I4 at room tempera-
ture, which was completely quenched in aerated solution
(Fig. 3d), consistent with phosphorescence.41 No phospho-
rescence was observed for the non-iodinated corroles under
Fig. 2 UV-vis absorption spectra of (a) 1PF2 and 1PF2-I4; (b) 2PF2,
2PF2-I3 and 2PF2-I4. c ¼ 1.0 � 10�5 M in toluene, 20 �C.

This journal is © The Royal Society of Chemistry 2019
the same conditions (Fig. S28†), consistent with previous
demonstration that phosphorescence of free base corroles is
only recognizable at low temperature (77 K).50 This observa-
tion can be attributed to the enhanced ISC in the iodinated
corroles, i.e. the heavy atom effect.51–53 The photophysical
parameters for the phosphorus corroles in toluene are
compiled in Table 1. 1PF2 and 2PF2 are uorescent with
quantum yields of 10% and 13% and uorescence lifetimes of
3.3 ns and 3.7 ns, respectively. Iodination of these complexes
at the corrole macrocycle reduces the uorescence quantum
Fig. 3 Emission spectra (lex ¼ 410 nm, optically matched solutions
were used (A ¼ 0.454), 20 �C) of (a) 1PF2 in four N2 saturated solvents;
(b) 1PF2-I4 in four N2 saturated solvents; (c) 1PF2 and 1PF2-I4 in N2

saturated toluene; (d) 1PF2-I4 in air- and N2- saturated toluene (“*”
denotes the secondary transmission of the monochromator, due to
the excitation wavelength).

Chem. Sci., 2019, 10, 7091–7103 | 7093
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Table 1 Photophysical properties of the compounds

labs
a/nm 3b lem

c/nm sL
d FL

e (%) sT
f (ms) FD

g (%)

1PF2 404, 556, 573 3.31, 0.30, 0.33 577h, 630h 3.3i 10j 312 49
1PF2-I4 423, 544, 589 2.80, 0.15, 0.62 598h, 647h, 796k 1.2i, 412l 0.05j, 0.27m 179 67
2PF2 405, 557, 576 3.12, 0.30, 0.42 578h, 632h 3.7i 13j 192 46
2PF2-I3 415, 570, 587 2.88, 0.42, 0.61 591h, 645h, 786k 0.48i, 338l 0.12j, 0.15m 127 60
2PF2-I4 417, 570, 587 3.06, 0.42, 0.61 592h, 638h, 795k 0.14i, 530l 0.11j, 0.36m 181 71

a In toluene, c ¼ 1.0 � 10�5 M. b Molar absorption coefficient � 105, M�1 cm�1. c Emission wavelength, in toluene. d Luminescence lifetimes.
e Luminescence (uorescence and phosphorescence) quantum yields, with Ru(bpy)3[PF6]2 (in deaerated CH3CN, FP ¼ 9.5%) as in ref. 54.
f Triplet life time, in deaerated toluene. g Quantum yield of singlet oxygen (1O2). MB (methylene blue) was used as the standard (FD ¼ 0.57 in
DCM). h Fluorescence emission wavelength. i Fluorescence lifetimes (ns). j Fluorescence quantum yields. k Phosphorescence emission
wavelength. l Phosphorescence lifetimes (ms). m Phosphorescence quantum yields.
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yields and the uorescence lifetimes dramatically, and the
complexes become phosphorescent at longer wavelengths (about
800 nm) with lifetimes of several hundred microseconds (Table
1). An in-depth investigation of the uorescence lifetimes
revealed a mono-exponential decay with a lifetime of 3.3 ns for
1PF2 (Fig. 4a), corresponding to the decay of the bright S1 state of
the corrole. Interestingly, for 1PF2-I4, a bi-exponential decay was
observed for the emission at 598 nm (uorescence, Fig. 4b). A fast
component (64%) is with a lifetime of 0.065 ns, which is close to
the instrument response function (IRF). A long-lived (36%)
component was observed with a lifetime of 3.0 ns. We attribute
the fast-decaying component to the ISC, and the relatively long-
lived component is due to the presence of the activation barrier
for ISC, i.e., a minor component of the excitedmolecules does not
undergo ISC.55 This is consistent with the low-intensity uores-
cence emission seen in Fig. 3c. In other words, there is a non-
unity transition probability for ISC. Similar phenomena are also
very oen observed formolecular systems used for photo-induced
electron transfer.56 The decay at 795 nm was also monitored and
its lifetime was determined as 412 ms (Fig. 4c). Considering the
large Stokes shi, the long lifetime, and the sensitivity of this
emission band to O2, the emission at 795 nm is assigned to the
phosphorescence of the iodinated corrole. Room temperature
phosphorescence is rarely obtained for organic chromophores
with a large p-conjugation framework, but is displayed for
Fig. 4 Decay traces of the luminescence of (a) 1PF2 at 577 nm (fluores
deaerated toluene; (c) 1PF2-I4 at 795 nm (phosphorescence band) in d
fluorescence band (lex ¼ 405 nm), and excited with a microsecond flash
20 �C.

7094 | Chem. Sci., 2019, 10, 7091–7103
iodinated chromophores such as iodinated Bodipy derivatives.19

Multiple iodo-substitutions on the corrole framework are clearly
benecial for obtaining phosphorescence.57 The luminescence
lifetimes of the compounds in different solvents are summarized
in Table S1,† which reveals that 2PF2 without iodo substituents
has a uorescence lifetime that is similar to that of 1PF2. Similar
results were observed for 2PF2-I3 and 2PF2-I4, compared with
1PF2-I4: all of them have uorescence lifetimes that are 10–20
times smaller relative to their non-substituted analogs, and
phosphorescence lifetimes in the range of several hundred
microseconds.

As a preliminary evaluation of the ISC efficiency of the cor-
roles, the singlet oxygen quantum yields (FD) were measured.
For the non-iodinated corroles 1PF2 and 2PF2, the FD values are
49% and 46%, respectively. These results indicate that while ISC
is quite efficient even for 1PF2 and 2PF2, upon iodination, the
FD increases to 60–71% (Table 1), which is clearly attributed to
the heavy atom effect of the iodo-substituents.
Nanosecond transient absorption spectroscopy: triplet excited
states

In order to conrm the triplet state production of the corroles
upon photoexcitation, the nanosecond transient absorption
spectra of the compounds were studied (Fig. 5). For 1PF2,
cence band) in toluene; (b) 1PF2-I4 at 598 nm (fluorescence band) in
eaerated toluene. (b) Excited with a picosecond pulsed laser for the
lamp for the phosphorescence peak at lex ¼ 420 nm, c¼ 1.0� 10�5 M,

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Nanosecond transient absorption spectra of (a) 1PF2 (lex ¼ 556
nm) and (b) 1PF2-I4 (lex ¼ 589 nm); decay trace of the transients of (c)
1PF2 at 410 nm and (d) 1PF2-I4 at 420 nm. Excited with a nanosecond
pulsed laser. c ¼ 2.5 � 10�6 M in deaerated toluene, 20 �C.
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a signicant ground state bleaching band at 405 nm was
observed upon photo-excitation. However, the ground state
band (GSB) at 567 nm is much weaker, apparently due to the
much smaller molar extinction coefficients of the ground state
absorption of the compound in this region (Fig. 2), as well as the
possible superimposition of the GSB with the excited state
absorption (ESA) band in this region. This effect is much more
signicant in the range of 350–500 nm, where the ESA band also
overlaps with the GSB. The transient was determined to have
a lifetime of 277 ms in deaerated solution (Fig. 5c). This was
reduced by 3 orders of magnitude (266 ns) in aerated solution
(Fig. S35†), thus conrming that the transient absorption is of
the triplet-excited state of the corrole. It should be pointed out
that for a long-lived triplet state that is formed with high
quantum yield (Table 1), self-quenching of the triplet state
might be signicant, i.e. that the observed triplet state lifetime
might be concentration dependent. The intrinsic triplet state
was determined by extrapolation to indenite diluted concen-
tration, uncovering it to be 312 ms (Table 1 and Fig. S58, S59†).
Fig. 6 Spin density surfaces of (a) 1PF2 (calculated at the B3LYP/6-31G
GENECP level with Gaussian 09W) at the optimized triplet state geomet

This journal is © The Royal Society of Chemistry 2019
Similar transient absorption spectra were observed for 1PF2-
I4 (Fig. 5b), and by extrapolation to indenite diluted concen-
tration, its triplet state lifetime was determined as 179 ms (Table
1). The shorter triplet state lifetime of 1PF2-I4 as compared to
1PF2 may be attributed to the heavy atom effect in 1PF2-I4. The
triplet states of other compounds were also studied with
nanosecond transient absorption spectra: long-lived triplet
states were observed in all cases (Fig. S33†). The ESA bands of
the compounds in the region of 300–550 nm can be assigned to
the transition of T1 to higher triplet states, i.e. T1/ Tn based on
TD-DFT computations (Table S2†). Interestingly, some previ-
ously reported corroles show much shorter triplet state life-
times. For instance, corroles with non-uorinated phenyl rings
show triplet state lifetimes in the range of 0.82–3.50 ms.58

Comparison with other heavy atom containing corroles (Br, Au,
Ir, Os, and Re) discloses typical excited state life times in the
range of 19–183 ms, which identies the iodinated P corroles as
among the complexes with the largest excited-state life-
times.32,35,46,59,60 It should be pointed out that the strong
absorption of visible light and the long-lived triplet states of
these corroles are benecial for these compounds to be used as
triplet photosensitizers, because these are the desired photo-
physical properties for intermolecular energy- or electron-
transfer (vide infra).

The spatial connement of the triplet state wavefunction of
the corroles was investigated by DFT optimization studies
(Fig. 6). For both 1PF2 and 1PF2-I4, the triplet state wavefunction
is largely conned on the corrole p-conjugation framework,
although it also spreads slightly to the peripheral peruorinated
phenyl moieties (Fig. 6).

Although different torsion angles between the peripheral
C6F5 ring and the corrole core of the two compounds were
observed, i.e. the dihedral angles are 65� and 78� for 1PF2 and
1PF2-I4, respectively, the connement of the triplet states is
almost the same. These different dihedral angles may safely be
attributed to the iodine substitution in 1PF2-I4, which exerts
some steric hindrance on the rotation of the aryl rings. The
connement of the triplet state wavefunction of the triplet state
of corroles was previously studied by time-resolved electron
paramagnetic resonance (TREPR), but the connement of the
triplet state was not discussed in detail.61
(d) level with Gaussian 09W) and (b) 1PF2-I4 (calculated at the B3LYP/
ry.

Chem. Sci., 2019, 10, 7091–7103 | 7095
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Fig. 8 ESR spectrum of the mixtures of 1PF2 and TEMP (spin trapping
reagent for 1O2) or DMPO (spin trapping reagent for O2

�c) upon
photo-irradiation. (a) 1PF2 (1.0 � 10�5 M), Et3N (0.25 M) and TEMP (0.1
M); (b) 1PF2 (1.0 � 10�5 M) and TEMP (0.1 M); (c) 1PF2 (1.0 � 10�5 M),
DMPO (0.01 M), Et3N (0.25 M); (d) 1PF2 (1.0 � 10�5 M), DMPO (0.01 M).
In air-saturated CH3CN. The samples were photo-irradiated with a Xe
lamp for 60 s (23 mW cm�2), 20 �C.
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Production of the corrole radical anions by reversible
photoreduction

The motivation for investigating photo-driven intermolecular
electron transfer between the corroles and a sacricial electron
donor (triethylamine, Et3N) was to gain fundamental informa-
tion that is relevant for potential applications of the corroles as
photocatalysts. UV-vis examination upon continuous white light
irradiation of an anaerobic solution of 1PF2/Et3N disclosed that
the absorption bands at 400 nm and 567 nm decreased, whereas
new absorption bands in the region of 350–450 nm and 575–
650 nm appeared (Fig. 7a, the ground state difference absorp-
tion spectra). These new absorption bands may safely be
attributed to the radical anion of the corroles.62 Interestingly,
the photo-reduction process is reversible, clearly evident by the
recovery of the pink color of the corrole solution aer exposure
of the irradiated solution to air (Fig. 7b) i.e., 1PF2

�c is oxidized
to the neutral form of the corroles by dioxygen in air. The
process of light-induced reduction of 1PF2 to 1PF2

�c and reox-
idation of the latter by oxygenmay in fact be repeated for several
cycles without degradation of the corrole, as illustrated in
Fig. 7c.

We also studied the interaction of molecular oxygen with the
triplet excited state and the photo-generated radical anion of
the corroles (Fig. 8): singlet oxygen (1O2) and superoxide radical
anions (O2

�c) are expected to be formed by the two species,
respectively. Spin traps selective for 1O2 (2,2,6,6-tetramethyl-4-
piperidone, TEMP) and O2

�c (5,5-dimethyl-1-pyrroline-N-oxide,
DMPO) were used in combination with 1PF2 and photo-
irradiation, in the presence/absence of Et3N. The results
depicted in Fig. 8 reveal the formation of the 1O2-scavenged
product of TEMP only when Et3N was absent (Fig. 8a and b) and
of the O2

�c-DMPO product only when Et3N was present (Fig. 8c
and d). These studies clarify that both 1O2 and O2

�c can be
produced under appropriate conditions with the phosphorus
corroles.63 Similar results were obtained for 2PF2-I3 and 2PF2-I4
(Fig. S49 and S50†). The ability of these phosphorus corroles to
photooxidize Et3N is attributed to their high triplet reduction
potential (Table 2) relative to the onset oxidation potential of
Fig. 7 (a) UV-vis difference absorption spectra of 1PF2 in the presence
irradiation using a xenon lamp, light power density: 5.2 mW cm�2. (b) P
solution upon alternating photoirradiation and exposure to air: (1). Wi
photoirradiation under a N2 atmosphere; (3) Exposure to air after phot
atmosphere. (c) Reversibility of the formation of 1PF2

�cmonitored at the
will oxidize the radical anion to the neutral form 1PF2). Photoirradiation
0.25 M, 20 �C.

7096 | Chem. Sci., 2019, 10, 7091–7103
Et3N (0.65 V, Fig. 9). The triplet excited state reduction potential
of 2PF2 (0.52 V, Table 2) is however lower than the onset
oxidation potential of Et3N. This explains the inability of 2PF2 to
be photo-reduced by TEA in the absence of O2 (Fig. S38†).
Phosphorus corroles as photocatalysts for redox-involving
organic reactions

Encouraged by the photo- and electro-chemical properties
uncovered for the phosphorus corroles, it is suggested that they
might be good photocatalysts for redox-involving organic reac-
tions. The Aza Henry reaction was selected as it is an oxidative
coupling of benzylamine with itself. The literature points
towards two possible mechanisms for the role of the
of Et3N in the deaerated MeCN with white light continuous photo-
hotos showing the consecutive color change of the 1PF2/Et3N mixed
thout photoirradiation under an air atmosphere; (2) Upon 8 second
oirradiation; (4) Upon another 8 second photoirradiation under a N2

594 nm absorption band (after generation of 1PF2
�c, re-exposure to air

power density is 23 mW cm�2. c [1PF2] ¼ 1 � 10�5 M and c [Et3N] ¼

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc01463b


Table 2 Redox potentials of phosphorus corroles

Ground state redox potentials, V vs. Ag/AgCl

ES
a (eV) ET

b (eV)

Excited state redox potentials, V vs.
Ag/AgCl

Eox1/2(corrole
+/corrole) Ered1/2(corrole/corrole

�) Eo*
oxd Eo*

red

1PF2 1.34 �0.90 2.15 1.57c �0.81d (�0.23)e 1.25d (0.67) e

1PF2-I4 1.34 �0.74 2.07 1.56 (1.49)c �0.73d (�0.22)e 1.33d (0.82)e

2PF2 1.20 �1.03 2.13 1.55c �0.83d (�0.35)e 1.11d (0.52)e

2PF2-I3 1.31 �0.81 2.10 1.58 (1.55)c �0.79d (�0.27)e 1.29d (0.77)e

2PF2-I4 1.33 �0.77 2.10 1.56 (1.51)c �0.77d (�0.23)e 1.33d (0.79)e

a ES ¼ [1240/(lmax(onset) in nm)], l is the uorescence wavelength. b ET¼ [1240/(lmax(onset) in nm)], l is the phosphorescence wavelength. c The triplet
energy levels were calculated using B3LYP/6-31G(d). d In the singlet state. e In the triplet state. Eo*

red ¼ Eo
red þ E0;0; Eo*

red is the reduction potential of
the excited state species, Eored is the reduction potential of the ground state using electrochemical measurements. Eo*

oxd ¼ Eo
oxd � E0;0, where Eo*

oxd is
the oxidation potential of the excited state species, Eooxd is the oxidation potential of the ground state using electrochemical measurements. E0,0 is
the zero–zero excitation energy estimated from the uorescence (E0,0 ¼ ES)/phosphorescence (E0,0 ¼ ET) spectra.

Fig. 9 Cyclic voltammograms of phosphorus corroles, triethylamine
(Et3N), and benzylamine in acetonitrile (1 mM substrate, 0.1 M TBAP as
the electrolyte, glassy carbon as the working electrode, Ag/AgCl as the
reference electrode, and Pt wire as the supporting electrode; scan
rate: 100 mV s�1).

Table 3 Transformation of benzylamine catalyzed by different triplet
photosensitizersa

Entry Photosensitizer T (�C) T (h) Conv.b,c (%) FUC
d/%

1 1PF2 20 1.0 87 33.6
2 1PF2-I4 20 1.0 67 24.8
3 2PF2 20 1.0 100 38.9
4 2PF2-I3 20 1.0 75 26.4
5 2PF2-I4 20 1.0 87 34.1
6 Ru(bpy)3[PF6]2 20 1.0 100 —e

a Reaction conditions: benzylamine (0.5 mmol), photosensitizers
(catalyst, 0.005 mmol, 1 mol%), solvent (5 mL), under an air
atmosphere, l > 380 nm (20 mW cm�2), 1 h, 20 �C, in MeCN/CH2Cl2
(5 : 1, v/v). b Yield was determined by 1H NMR. The conversion of the
reaction was calculated by integrating the singlet peak of the featured
proton in the products (at about 4.82 ppm for –CH]N–CH2–) and
that of the corresponding proton in the starting materials (at about
3.86 ppm as the singlet for H2N–CH2–).

c Reaction was monitored by
TLC. Only two spots (one point was attributed to the starting material
and the other was attributed to the product) were found (except the
photosensitizer), and therefore the selectivity of the photoreaction is
good. d TTA upconversion quantum yield with diiodo-distyryl-bodipy
as the standard (FF ¼ 0.101 in DCM). The laser power density is
70.6 mW cm�2. e Not measured.
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photocatalyst: (a) production of singlet oxygen (1O2) that reacts
with the benzylamine;64 (b) direct electron transfer from the
amine to the photoexcited dye.65 Porphyrins, porphycences, and
mainly the Ru(bpy)3[PF6]2 (bpy ¼ 2,20-bipyridine) or Ir(ppy)3
complex (ppy ¼ 2-phenylpyridine) were reported as suitable
photocatalysts.65–75 However, Ru(bpy)3[PF6]2 has only very weak
absorption in the visible spectral region, and its triplet state
lifetime is quite short (1.10 ms in CH3CN).76 These photophysical
features are not optimal and precious metal complex photo-
sensitizers are also expensive. Our results show that phos-
phorus corroles, free of any precious or rare elements, are
efficient photocatalysts for the Aza Henry reaction (Table 3).
With only 1 mol% phosphorus corrole, most of the benzylamine
was converted with high selectivity to N-benzylidenebenzyl-
amine (67–100%), at RT and aer short time visible light irra-
diation (1 h). No reaction took place in the absence of oxygen
and 2PF2 appeared to be the best photocatalyst among the
phosphorus corroles that were tested in this study, despite
displaying the lowest reduction potential of its photo-excited
triplet state (0.52 V). This result indicates that the photo-
catalytic reactionmechanism in our systemmay be attributed to
the involvement of 1O2 and not the electron transfer mechanism
(Scheme 2).64 In fact, a comparison of the oxidation potential of
This journal is © The Royal Society of Chemistry 2019
benzylamine and the redox potentials of the phosphorus cor-
roles suggests that all the phosphorus corroles tested in this
study cannot photo-oxidize the amine via the electron transfer
mechanism. The onset potential for oxidation of benzylamine is
1.62 V, which is much higher than the photoreduction potential
of the triplet excited state and even higher than the ground state
oxidation potentials of all the phosphorus corroles (Table 2). We
hence propose that the oxidation of benzylamine by the phos-
phorus corroles as photosensitizers occurs via the singlet
oxygen mechanism, which is also consistent with the superi-
ority of 2PF2 as its photoexcited state is highest in energy.
Triplet–triplet annihilation upconversion with the
phosphorus corroles as triplet photosensitizers

Considering that the corroles are characterized by strong
absorption of visible light and the long-lived triplet excited
state, the compounds were tested as triplet photosensitizers
Chem. Sci., 2019, 10, 7091–7103 | 7097
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Scheme 2 Proposed reactionmechanism for the photocatalytic aerobatic oxidation of benzylamine with the triplet photosensitizers 1PF2, 1PF2-
I4, 2PF2, 2PF2-I3 and 2PF2-I4.

Fig. 11 (a) Photographs of the emission of triplet photosensitizers
alone and the upconversion. The CIE coordinate of (b) the lumines-
cence of the triplet sensitizers (1PF2 and 1PF2-I4) before and after
adding Py. Excited with a continuous laser of 532 nm for 1PF2 and
a 589 nm laser for 1PF2-I4. The power density was 4.8 mW. c (sensi-
tizers) ¼ 2.0 � 10�6 M in deaerated toluene. Py was at 2.4 � 10�5 M
and 2.8 � 10�5 M for upconversion, respectively, 20 �C.
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for TTA upconversion (Fig. 10). Nitridoosmium(VI) and oxo-
rhenium(V) corroles were previously reported for TTA upcon-
version, with SG 5 (diisobutyl 3,9-perylenedicarboxylate) as the
triplet acceptor, but the upconversion quantum yields were very
low: 0.16%–2.0%.32,46 Based on the triplet state energy level of
the corroles (approximated as 1.56 eV, by the phosphorescence
emission of 1PF2-I4), perylene was selected as the triplet
acceptor and the emitter (with a T1 state energy level of 1.54
eV).77 For 1PF2-I4, no emission was observed upon 589 nm cw
laser excitation (Fig. 10b). This is due to the weak emission of
1PF2-I4 (luminescence quantum yield: 0.27%, Table 1). In the
presence of perylene, however, strong emission was observed in
the range of 420–550 nm, which is the characteristic emission
prole of perylene. Taking into account that the excitation
wavelength is 589 nm, which is insufficient for the direct exci-
tation of perylene, the emission is safely attributed to TTA. The
upconversion quantum yield was determined as 24.8% (Table 3,
note that the factor of 2 was used in the equation). Similarly,
upconversion was also observed with 1PF2 as the triplet
photosensitizer (Fig. 10a), but its anti-Stoke's shi was much
smaller. The visual perception of the upconversion systems is
shown in Fig. 11. It is clear that the blue upconverted emission
with 1PF2-I4 is more signicant than that of 1PF2. The highest
upconversion quantum yield was observed with 2PF2 (38.9%)

In order to study the efficient TTA upconversion capability,
the upconversion intensity–excitation power relationship was
Fig. 10 The upconversion fluorescence spectra of (a) 1PF2 and (b)
1PF2-I4 as photosensitizers in toluene. Py (perylene) was the acceptor.
Excitation was done with a continuous laser of 532 nm for 1PF2 and
589 nm for 1PF2-I4 and the power density was 70.6 mW cm�2 under
a deaerated atmosphere. c (sensitizer) ¼ 2.0 � 10�6 M, and c (Py) was
2.4 � 10�5 M and 2.8 � 10�5 M, respectively, 20 �C.

7098 | Chem. Sci., 2019, 10, 7091–7103
investigated (Fig. S43–S47†). A linear relationship, instead of
the typical quadratic relationship, was observed. This is indic-
ative of a highly efficient TTA upconversion system, with effi-
cient triplet–triplet-energy-transfer (TTET).78

The intermolecular triplet state energy transfer between the
phosphorus corrole photosensitizers and the triplet energy
acceptor perylene was also studied by nanosecond transient
absorption spectroscopy, focusing on the quenched triplet state
lifetime in the presence of increasing amounts of perylene
(Fig. 12). Analysis of the Stern–Volmer plots provides the Stern–
Volmer quenching constants (KSV values), in the range of
Fig. 12 Stern–Volmer plots based on fluorescence intensity-
quenching of (a) 1PF2 and 2PF2 (lex ¼ 532 nm); and phosphorescence
intensity-quenching of (b) 1PF2-I4, 2PF2-I3 and 2PF2-I4 (lex ¼ 589 nm),
with perylene as the quencher. c [sensitizers] ¼ 2.0 � 10�6 M in
toluene, at 20 �C.

This journal is © The Royal Society of Chemistry 2019
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Table 4 Upconversion-related parameters for 1PF2, 2PF2, 1PF2-I4,
2PF2-I3 and 2PF2-I4, for their utility as photosensitizersa

1PF2 1PF2-I4 2PF2 2PF2-I3 2PF2-I4

KSV
b/105 M�1 19.3 5.8 9.7 4.2 5.7

kq
c/109 M�1 s�1 6.2 3.3 5.1 3.3 3.1

Rq
d/10�10 m 3.7 3.7 3.7 3.7 3.7

Dq
e/10�6 cm2 s�1 7.4 7.4 7.4 7.4 7.4

k0
f/109 M�1 s�1 8.1 8.1 8.1 8.1 8.1

fQ
g/% 75.8 40.0 62.1 40.6 38.7

FTTET
h/% 97.9 94.4 95.1 92.6 94.4

a In deaerated toluene, c (sensitizers) ¼ 2.0 � 10�6 M, lex ¼ 532 nm for
1PF2 and 2PF2, lex ¼ 589 nm for 1PF2-I4, 2PF2-I3 and 2PF2-I4.

b Stern–
Volmer quenching constants. c Bimolecular quenching constants. KSV
¼ kqsp.

d The radius of the quencher molecules. e Diffusion
coefficients. In toluene, h ¼ 5.9 � 10�4 Pa s; T ¼ 293.15 K; Rf (1PF2) ¼
Rf (1PF2) ¼ Rf (1PF2-I4) ¼ Rf (2PF2-I3) ¼ Rf (2PF2-I4) ¼ 5.01 � 10�10 m;
Df is for the energy donor, Df ¼ 5.54 � 10�6 cm2 s�1 for all three
compounds, Dq is for the quencher molecules. f Diffusion-controlled
bimolecular quenching rate constants. g The quenching efficiency.
h The bimolecular TTET efficiency (FTTET) occurred between perylene
and the triplet dyad, FTTET ¼ 1 � s/s0, where s0 and s are the lifetimes
of the triplet dyad in the absence and presence of perylene, respectively.
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4.2–19.3 � 105 M�1 (Table 4). The bimolecular quenching
constants (kq) calculated based on the variation of the triplet
state lifetimes are in the range of 3.1–6.2 � 109 M�1 s�1. As
these values are close to the diffusion-controlled bimolecular
rate constants (k0), we conclude that the intermolecular triplet–
triplet energy transfer is very efficient. We further note that, to
the best of our knowledge, this is the rst report of TTA
upconversion with corroles not chelated by transition metals.
Conclusions

A series of phosphorus corroles with peripheral uorinated
phenyl moieties were prepared, with focus on those that are also
with iodo-substituents on the p-conjugation core. The photo-
physical properties were studied by both steady state and time-
resolved spectroscopies. The corroles display intense absorp-
tion in the visible spectral region (centered at 404 nm for 1PF2),
and iodo-substitution on the core induces up to 19 nm red-
shis of the absorption band. Near IR phosphorescence
(centered as 796 nm) was observed in uid solution at room
temperature for the iodo-substituted derivatives, whereas the
regular phosphorus corroles emit only uorescence. Transient
absorption spectroscopy was used for determining photoexcited
triplet state formation and lifetimes (sT), which ranged from ¼
412 to 179 ms. Singlet oxygen quantum yields (FD) of the
compounds were elucidated to be in the range of 46–71%, with
higher quantum yields for the iodo-containing corroles. Prop-
erly tuned photo-excited corroles react with both reductive and
oxidative quenchers, as exemplied by their reactions with
a frequently used sacricial electron donor (triethylamine) and
the formation of superoxide radical anions (O2

�c), respectively.
They may hence be very useful as photoredox catalysts for many
organic transformations.79–81 This was exemplied by utilizing
the phosphorus corroles as triplet photosensitizers for efficient
photocatalytic oxidative coupling of benzylamine (the Aza
This journal is © The Royal Society of Chemistry 2019
Henry reaction). Efficient triplet–triplet annihilation upconver-
sion was observed with the phosphorus corroles as triplet
photosensitizers and perylene as the triplet acceptor. The
upconversion quantum yield is record high, with up to FUC ¼
38.9% (a factor of 2 was used in the equation) for 2PF2-I4 and an
anti-Stokes effect of 0.5 eV, an outcome of appropriate adjust-
ment of excited-state lifetimes and redox potentials. This work
demonstrates that phosphorus corroles can be developed as
a new type of efficient triplet photosensitizers for photocatalytic
organic reactions and photon upconversions.
Experimental
General methods

All the chemicals used in synthesis were analytically pure and
were used as received. 1P(OH)2, 1PF2, 2PF2, 2P(OH)2-I3, and
2P(OH)2-I4 were synthesized as previously reported.41 Fluores-
cence quantum yields were measured in toluene, with
Ru(bpy)3[PF6]2 in deaerated CH3CN (Fp ¼ 9.5%) as in ref. 54.
The molecular structures of the corroles are shown in Scheme 1.
The uorescence lifetimes of the compounds were measured
with an OB920 luminescence lifetime spectrometer (in TCSPC
detection mode. Edinburgh Instrument Ltd., UK). The uores-
cence lifetimes were measured with 405 nm EPL picosecond
pulsed laser excitation (pulse width: 51.9 ps, maximum average
power: 5 mW). The phosphorescence lifetimes were measured
with a ms ash lamp (maximum average power: 100 mW). Fluo-
rescence and triplet–triplet annihilation (TTA) upconversion
spectra were recorded with a RF 5301PC spectrouorometer
(Shimadzu, Japan). 1H and 19F NMR spectra were recorded
using a Bruker Advance III 400 MHz spectrometer (operating at
400.4 MHz for 1H and at 376.7 MHz for 19F). Chemical shis are
reported in ppm relative to the residual hydrogen atoms in the
CDCl3 solvent (d ¼ 7.26), and relative to CFCl3 (d ¼ 0.00) in the
19F NMR spectra. Mass spectra for the compounds were recor-
ded on a Bruker MaXis Impact mass spectrometer, using an
APCI (atmospheric pressure chemical ionization) direct probe
in either positive or negative mode.
Synthesis and characterization

Synthesis of 2PF2-I3. A sample of 2P(OH)2-I3 (20 mg, 18.2
mmol) was dissolved in CH2Cl2 (5 mL) in a small plastic ask.
2 mL of 40% hydrouoric acid (caution! HF should be handled
with extreme care. It is a highly corrosive inorganic acid and can
cause deep tissue damage) was added and the mixture was
stirred overnight. The CH2Cl2 solution was separated and
washed twice with distilled water, and the organic layer was
dried over anhydrous sodium sulfate and evaporated. The
purple solid material was crystalized in n-hexane/CH2Cl2 (1 : 1,
v/v) to afford pure 2PF2-I3 in 92% yield (18 mg, 16.7 mmol). 1H
NMR (400.4 MHz, CDCl3): d ¼ 9.99 (broad s, 1H), 8.89 (broad s,
2H), 8.69 (broad s, 2H), 7.75 (unresolved m, 3H), 7.30 (t, J ¼
6.80 Hz, 6H). 19F NMR (376.75 MHz, CDCl3): �36.90 (d, J ¼
829.23 Hz, 2F), �108.01 (unresolved t, 2F), �108.08 (broad s,
4F). 31P NMR (162 MHz, CDCl3) d ¼ �180.3 (t, J ¼ 828 Hz). 13C
NMR (CDCl3) d ¼ 164.11, 161.69, 140.61, 137.86, 132.18, 131.69,
Chem. Sci., 2019, 10, 7091–7103 | 7099
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124.50, 115.55, 114.47, 111.98, 111.79, 111.74, 101.11. UV-vis
(toluene) lmax (3) [nm (�105 cm�1 M�1)]: 415 (2.88), 570 (0.42),
587 (0.61). HR-MS (APCI+) for C37H14N4F8I3P: m/z ¼ 1077.7957
(calculated), 1077.8015 (observed).

Synthesis of 2PF2-I4. The procedure for axial ligand substi-
tution was performed on complex 2P(OH)2-I4, by the same
method and for the same amounts as for complex 2P(OH)2-I3.
17 mg (85% yield, 16.7 mmol) was obtained aer crystallization
from n-hexane/CH2Cl2 ¼ 1 : 1. 1H NMR (400.4 MHz, CDCl3): d ¼
8.93 (t, J ¼ 4.8 Hz, 2H), 8.71 (t, J ¼ 4.8 Hz, 2H), 7.75 (unresolved
m, 3H), 7.30 (unresolved m, 6H). 19F NMR (376.75 MHz, CDCl3):
�37.52 (d, J ¼ 832.61 Hz, 2F), �108.01 (unresolved m, 4F),
�108.14 (unresolved m, 2F). 31P NMR (162 MHz, CDCl3) d ¼
�181.9 (t, J ¼ 832 Hz). 13C NMR (CDCl3) d ¼ 161.50, 132.18,
131.68, 128.00, 127.92, 124.92, 124.155, 124.07, 112.08, 111.83.
UV-vis (toluene) lmax (3) [nm (�105 cm�1 M�1)]: 417 (3.06), 570
(0.42), 576 (0.61). HR-MS (APCI+) for C37H13N4F8I4P: m/z ¼
1203.6924 (calculated), 1203.6954 (observed).

X-ray quality crystals of 2PF2-I4 were obtained from recrys-
tallization from a mixture of CH2Cl2: n-hexane (1 : 1, v/v) solu-
tion. Crystal data for C38H15Cl2F8I4N4P (M ¼ 1289.01 g mol�1):
monoclinic, space group P21/c (no. 14), a ¼ 21.925(2) Å, b ¼
13.1020(11) Å, c ¼ 13.146(3) Å, b ¼ 97.96(5)�, V ¼ 3740.0(11) Å3,
Z ¼ 4, T ¼ 200.15 K, m(MoKa) ¼ 3.596 mm�1, Dcalc ¼
2.289 g cm�3, 6114 reections measured (3.752� # 2Q #

49.058�), 6114 unique (Rint ¼ 0.0650, Rsigma ¼ 0.0384) which
were used in all calculations. The nal R1 was 0.0569 (I > 2s(I))
and wR2 was 0.1438 (all data). CCDC 1888513.†

Synthesis of 1P(OH)2–I4. A sample of 1P(OH)2 (40 mg, 46.6
mmol), 50 eq. of N-iodosuccinimide (NIS, 524 mg), and TFA (200
mL) were dissolved in acetonitrile (10 mL). The solution was
stirred for 4 h at room temperature in the dark. The reaction
mixture was diluted with CH2Cl2 (40 mL), washed with distilled
water (50 mL), dried over anhydrous sodium sulfate, and
evaporated. The reaction products were chromatographed on
silica gel by using hexanes/ethyl acetate (100 : 5, v/v) as the
eluent. The product was further puried by silica gel 60
preparative thin-layer chromatography (PTLC) with n-hexane/
ethyl acetate (100 : 3, v/v) as the eluent. The product was
eluted as the third fraction with purple color (20 mg, 32% yield).
1H NMR (400.4 MHz, CDCl3): d ¼ 8.80 (dd, J ¼ 4.8, 3.2 Hz, 2H),
8.62 (dd, J ¼ 4.8, 3.2 Hz, 2H), �4.11 (d, 7.6 Hz, 2H). 19F NMR
(376.75MHz, CDCl3):�136.10 (dd, J¼ 23.0 Hz, 7.5 Hz, 4F; ortho-
F), �136.33 (dd, J ¼ 23.0, 7.5 Hz, 2F; ortho-F), �150.68 (t, J ¼
21.1 Hz, 1F; para-F), �150.94 (t, J ¼ 21.5, 2F; para-F), �160.48
(m, 2F; meta-F), �161.46 (m, 4F; meta-F). 31P NMR (162 MHz,
CDCl3) d ¼ �188.0 (s). UV-vis (toluene) lmax (3) [nm (�105 cm�1

M�1)]: 428 (2.6), 551 (0.17), 596 (0.60). HR-MS (APCI+) for C37-
H6F15N4I4PO2: m/z ¼ 1361.6162 (calculated), 1361.6148
(observed).

Synthesis of 1PF2-I4. The procedure for axial ligand substi-
tution was performed on complex 1P(OH)2-I4, by the same
method as for complex 2P(OH)2-I3. 18 mg (90% yield, 13.2 mmol)
was obtained aer crystallization from n-hexane/CH2Cl2 (1 : 1,
v/v).1 H NMR (400.4 MHz, CDCl3): d ¼ 8.98 (broad s, 2H), 8.78
(broad s, 2H). 19F NMR (376.75 MHz, CDCl3): �27.20 (d, J ¼
818.19 Hz, 2F), �135.72 (unresolved m, 2F; ortho-F), �136.47
7100 | Chem. Sci., 2019, 10, 7091–7103
(unresolved m, 4F; ortho-F),�150.41 (t, J¼ 21.80 Hz, 1F; para-F),
�150.92 (t, J ¼ 21.80 Hz, 2F; para-F), �160.75 (m, 2F; meta-F),
�160.92 (m, 4F; meta-F). 31P NMR (162 MHz, CDCl3) d ¼ �183.5
(t, J ¼ 819 Hz). 13C NMR (CDCl3) d ¼ 139.00, 136.53, 129.05,
126.70, 126.62, 126.55, 126.44, 123.15, 123.07, 100.23, 100.17,
95.92. UV-vis (toluene) lmax (3) [nm (�105 cm�1 M�1)]: 423 (2.8),
544 (0.15), 589 (0.62). HR-MS (APCI+) for C37H4F17N4I4P–2H

+:m/
z ¼ 1363.5919 (calculated), 1363.6068 (observed).

X-ray quality crystals of 1PF2-I4 were obtained from recrys-
tallization from a mixture of CH2Cl2: n-hexane (1 : 1, v/v) solu-
tion. Crystal data for C39H4Cl4F17I4N4P (M ¼ 1531.83 g mol�1):
monoclinic, space group P21/m (no. 11), a ¼ 17.2430(13) Å, b ¼
7.806(5) Å, c¼ 17.503(3) Å, b¼ 110.42(3)�, V¼ 2207.9(15) Å3, Z¼
2, T ¼ 200.15 K, m(MoKa) ¼ 3.211 mm�1, Dcalc ¼ 2.304 g cm�3,
3932 reections measured (4.11� # 2Q # 49.42�), 3932 unique
(Rint ¼ 0.0770, Rsigma ¼ 0.0485) which were used in all calcula-
tions. The nal R1 was 0.1059 (I > 2s(I)) and wR2 was 0.2462 (all
data). CCDC 1888512.†

Crystal structure determination. The single-crystal material
was immersed in Paratone-N oil and was quickly shed with
a glass rod and mounted on a Nonius Kappa CCD diffrac-
tometer under a cold stream of nitrogen at 200 K. Using
Olex2,82 the structure was solved with the SIR2004 (ref. 83)
structure solution program using Direct Methods and rened
with the ShelXL84 renement package using least squares
minimization. The soware Mercury 3.10.1 was used for
molecular graphics.

Electrochemistry. The cyclic voltammograms were obtained
utilizing a PlamStat3+ connected to a personal computer using
PSTrace 5.5 soware. A three-electrode system was used con-
sisting of a mini glassy carbon electrode (diameter of the active
zone: 2.8 mm; Metrohm) as a working electrode, a platinum
wire as a counter electrode, and an Ag/AgCl electrode as
a reference electrode. The CV measurements were performed in
acetonitrile solutions (HPLC grade), 0.1 M tetrabutylammo-
nium perchlorate (TBAP, Fluka, recrystallized twice in meth-
anol), and 1 mM substrate at ambient temperature with 100 mV
s�1 scan rates. The E1/2 value for the ferrocene/ferrocenium (Fc/
Fc+) couple under these conditions was 0.42 V.

Singlet oxygen quantum yield (FD). 1,3-Diphenylisobenzo-
furan (DPBF) was used as the 1O2 scavenger (Fig. S37†). The

1O2

production was monitored by following the absorbance of DPBF
at 414 nm upon photo-irradiation of the photosensitizer/DPBF
mixed solution. To determine the singlet oxygen quantum
yield (FD), a relative method was used according to eqn (1):

Fsam ¼ Fstd

�
1� 10�Astd

1� 10�Asam

��
msam

mstd

��
hsam

hstd

�2

(1)

where ‘sam’ and ‘std’ represent the sample and the standard. F,
A, m and h represent the singlet oxygen quantum yield, the
absorbance at the excitation wavelength, the slope of the
absorbance of DPBF changing over time, and the refractive
index of the solvent used for measurement, respectively. Opti-
cally matched solutions were used (the solutions of the sample
and the standard give the same absorbance at the excitation
wavelength). Singlet oxygen quantum yields (FD) were
This journal is © The Royal Society of Chemistry 2019
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measured in toluene. The excitation wavelength was 573 nm (A
¼ 0.222) for 1PF2, 576 nm (A ¼ 0.218) for 2PF2, and 589 nm (A ¼
0.203) for the other compounds. The monochromatic light
source includes a xenon lamp and a monochromator. Methy-
lene blue (MB) was used as the standard (FD ¼ 0.57 in DCM).

Nanosecond transient absorption spectroscopy. The nano-
second transient absorption spectra were obtained with
a LP980-K Laser Flash Photolysis Spectrometer (kinetic mode,
Edinburgh Instruments, UK). The analogue signal was digitized
with a Tektronix TDS 3012C oscilloscope. The samples were
purged with N2 for 15 min and excited with a nanosecond
pulsed laser (Opolette™, the wavelength is tunable in the range
of 210–2400 nm. OPOTEK, USA). The raw data were analyzed by
using LP900 soware.

The general procedure for transformation of benzylamine
catalyzed by different triplet photosensitizers. The mixture of
photosensitizer (1 mol%) and benzylamine (0.5 mmol) in
CH3CN (5 mL) was stirred at room temperature (RT) under an
air atmosphere. The solution was irradiated using a 35 W xenon
lamp through a cut off lter (0.72 M NaNO2 aqueous solution,
which is transparent for light > 380 nm). Thin layer chroma-
tography (TLC) was used to monitor the progress of the reac-
tion. Aer completion of the reaction, the solvent was
evaporated under reduced pressure. The conversion of the
photoreactions was determined by 1H NMR: calculated by
integrating the singlet peak of the unique proton in the product
(at about 4.82 ppm for –CH]N–CH2–) relative to that of the
corresponding proton in the starting materials (singlet at
3.86 ppm for H2N–CH2–).

Photoreduction of the corroles to produce radical anions.
UV-vis difference absorption spectra of the corroles were
recorded in the presence of Et3N in deaerated MeCN with white
light photoirradiation using a xenon lamp. Et3N was used as the
sacricial electron donor and corrole was used as the electron
acceptor. Photos were taken to show the color change using
a digital camera.

Triplet–triplet annihilation upconversion. A 532 nm and
589 nm continuous wave (cw) diode-pumped solid state laser
was used as the excitation source for the upconversion. The
mixed solution of the triplet photosensitizers and the triplet
acceptors was degassed with N2 for at least 15 min before the
upconversion experiments. The upconverted uorescence was
recorded with a RF 5301PC spectrouorometer. In order to
depress the laser scattering in the sample chamber of the
spectrometer, a small black box was put behind the cuvette as
the beam dump to trap the transmitted laser. The upconversion
quantum yields (FUC) of the corroles in toluene were deter-
mined, relative to diiodo-distyryl-bodipy as the standard: FF ¼
0.101 in DCM. Plots of UC intensity vs. power density, in the
range of 30–900 mW cm�2, were linear with unity slopes
(Fig. S43–S47†). The upconversion quantum yields were calcu-
lated with the following equation (eqn (2)), where F, A, I and h

represent the quantum yield, absorbance, integrated photo-
luminescence intensity and refractive index, respectively.
Symbols with ‘std’ and ‘sam’ present the corresponding
parameter for the standard and sample (eqn (2)). Note a factor
of 2 was used in the equation.2
This journal is © The Royal Society of Chemistry 2019
FUC ¼ 2Fstd

�
1� 10�Astd

1� 10�Asam

��
msam

mstd

��
hsam

hstd

�2

(2)

Theoretical computations. Density Functional Theory (DFT)
and Time-dependent Density Functional Theory (TD-DFT) were
used for geometry optimization and energy calculation of all the
compounds in a vacuum. All the calculations were performed
with the Gaussian 16 program. The geometry optimization of
the ground state and the excited state was conducted at the
B3LYP/6-31G(d) level for non-iodo-substituted compounds and
the B3LYP/GENECP level for iodo-substituted compounds and
frequency calculations guarantee that the optimal structures are
valid. Vertical excitation energies of singlet and triplet states
were calculated at the B3LYP/6-31G(d) level for non-iodo-
substituted compounds and the B3LYP/GENECP level for
iodo-substituted compounds. The Gaussian 09W program
package was used for the calculations.85

Conflicts of interest

There are no conicts to declare.

Acknowledgements

ZG and JZ acknowledge the ISF/NSF Israel-China co-funding
project (21761142005) for nancial support. JZ also thanks the
NSFC (21673031, 2181101275 and 21421005), the Fundamental
Research Funds for the Central Universities (DUT16TD25,
DUT15ZD224, and DUT2016TB12) and the State Key Laboratory
of Fine Chemicals (ZYTS201801) for nancial support.

Notes and references

1 P. Ceroni, Chem.–Eur. J., 2011, 17, 9560–9564.
2 T. N. Singh-Rachford and F. N. Castellano, Coord. Chem. Rev.,
2010, 254, 2560–2573.

3 Y. Y. Cheng, B. Fückel, R. W. MacQueen, T. Khoury,
R. G. C. R. Clady, T. F. Schulze, N. J. Ekins-Daukes,
M. J. Crossley, B. Stannowski, K. Lips and T. W. Schmidt,
Energy Environ. Sci., 2012, 5, 6953–6959.

4 J. Liu, Y. Liu, Q. Liu, C. Li, L. Sun and F. Li, J. Am. Chem. Soc.,
2011, 133, 15276–15279.

5 L. Xiong, Z. Chen, Q. Tian, T. Cao, C. Xu and F. Li, Anal.
Chem., 2009, 81, 8687–8694.

6 H. M. Kim and B. R. Cho, Acc. Chem. Res., 2009, 42, 863–872.
7 C. J. Fahrni, in Reviews in Fluorescence 2007, Springer New
York, New York, NY, 2009, pp. 249–269.

8 Q. Liu, T. Yang, W. Feng and F. Li, J. Am. Chem. Soc., 2012,
134, 5390–5397.

9 S. H. C. Askes and S. Bonnet, Nat. Rev. Chem., 2018, 2, 437–
452.

10 B. D. Ravetz, A. B. Pun, E. M. Churchill, D. N. Congreve,
T. Rovis and L. M. Campos, Nature, 2019, 565, 343–346.

11 J. Zhao, S. Ji and H. Guo, RSC Adv., 2011, 1, 937–950.
12 S. Ji, W. Wu, W. Wu, H. Guo and J. Zhao, Angew. Chem., Int.

Ed., 2011, 50, 1626–1629.
Chem. Sci., 2019, 10, 7091–7103 | 7101

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc01463b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 3
:3

5:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
13 Q. Yan, R. Zhou, C. Fu, H. Zhang, Y. Yin and J. Yuan, Angew.
Chem., Int. Ed., 2011, 50, 4923–4927.

14 S. Guo, W. Wu, H. Guo and J. Zhao, J. Org. Chem., 2012, 77,
3933–3943.

15 C. Kerzig and O. S. Wenger, Chem. Sci., 2018, 9, 6670–6678.
16 F. Auzel, Chem. Rev., 2004, 104, 139–174.
17 M. Haase and H. Schäfer, Angew. Chem., Int. Ed., 2011, 50,

5808–5829.
18 G. Bergamini, P. Ceroni, P. Fabbrizi and S. Cicchi, Chem.

Commun., 2011, 47, 12780–12782.
19 W. Wu, H. Guo, W. Wu, S. Ji and J. Zhao, J. Org. Chem., 2011,

76, 7056–7064.
20 Y. Shang, S. Hao, C. Yang and G. Chen, Nanomaterials, 2015,

5, 1782–1809.
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