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GaIIItriarylcorroles with push–pull substitutions:
synthesis, electronic structure and biomedical
applications†

Yingjie Niu,‡a Lin Wang,‡b Yingxin Guo,c Weihua Zhu, a Rodah C. Soy,d

Balaji Babu,d John Mack, *d Tebello Nyokong, d Haijun Xu *c and
Xu Liang *a

Two A2B type H3corroles and two GaIIItriarylcorroles with carbazole substitutions at 10-positions were

synthesized and characterized. An analysis of structure–property relationships of the corroles has been carried

out by investigating the optical spectroscopy of the dyes to trends predicted in DFT and TD-DFT calculations.

Interestingly, the photodynamic therapy (PDT) and photodynamic antimicrobial chemotherapy (PACT) activity

properties of the GaIIItriarylcorroles were determined against the MCF-7 breast cancer line, and

Staphyloccocus aureus (S. aureus) and Escherichia coli (E. coli), respectively. The cationic G-2Q species

exhibited the most favorable properties with an IC50 value of 7.8 µM against MCF-7 cells, and Log reduction

values of 7.78 and 3.26 against planktonic S. aureus and E. coli at 0.5 and 10 µM, respectively.

Introduction

Photodynamic therapy (PDT), one of the most attractive next
generation biomedical treatment methods, is a clinically
approved and non-invasive cancer treatment that facilitates the
selective eradication of cancer cells through the selective
accumulation of a photosensitizer dye in cancer cells.
Irradiation with light of a suitable wavelength generates
singlet oxygen and other reactive oxygen species (ROS).1–4

Energy transfer from the T1 state of the photosensitizer dye to
ground state dioxygen forms singlet oxygen (1O2), and this
causes damage to the cancer tumor. The photosensitizer dye
should be highly photostable with intense absorbance in the
therapeutic window (620–850 nm) and minimal dark toxicity.
Selective uptake and accumulation in the cancer cells are also
necessary. In a similar manner, singlet oxygen and other ROS
can be generated as an anti-bacterial treatment during photo-
dynamic antimicrobial chemotherapy (PACT) to provide an

alternative to antibiotics that are facing growing issues with re-
sistance in the context of hospital superbugs.5 Bacteria are
classified as either Gram-(+) or Gram-(−) based on differences
in the cell wall structure. The former possess a thick peptido-
glycan layer and have no lipid layer, while the latter have a thin
peptidoglycan layer and a lipid layer. The absence of a lipopo-
lysaccharide layer in Gram-(+) bacteria, such as Staphyloccocus
aureus (S. aureus), facilitates the uptake of neutral, cationic
and anionic photosensitizer dyes. In contrast, Gram-(−)
strains, such as Escherichia coli (E. coli), are resistant toward
neutral and anionic photosensitizer dyes.6 Corroles are por-
phyrin analogues that contain a direct pyrrole–pyrrole
bond.7–10 Their dye properties have attracted considerable
interest in a wide variety of different fields,10 including
PDT7,11–18 and PACT.19 Due to the smaller central cavity, the
corrole ligand stabilizes higher valent central ions.20 The lower
C2v molecular symmetry results in enhanced red region absor-
bance, making these dyes potentially suitable for use as photo-
sensitizers in photodynamic therapy. Although much of the
research on corroles has focused on the complexes of first-row
transition metal ions, which tend to be nonfluorescent due to
the presence of low-lying charge transfer states associated
with the central metal, studies on non-metallic corroles
became more and more popular, due to their attractive
properties and low biological toxicity. The potential utility
of GaIIItriarylcorroles for photodynamic therapy21–23 and
bioimaging2,13 applications in cancer cells has previously been
explored. Metallation with heavy ions, such as GaIII, enhances
the rate of intersystem crossing and the efficient generation of
singlet oxygen. Axial ligands can also decrease aggregation
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effects caused by π–π stacking. This can facilitate enhanced cel-
lular uptake and biodistribution. More importantly, carbazole-
based organic materials have been widely employed in elec-
tronic devices due to their unique charge-transporting pro-
perties and pronounced thermal stability, while carbazole-sub-
stituted porphyrins have exhibited enhanced anti-cancer
activity.24

There is an ongoing need to identify novel photosensitizer
dyes that can be prepared with relatively easy synthetic
methods that can easily be scaled up on a commercial scale.
In this study, the GaIII complexes of two asymmetric A2B type
meso-triarylcorroles with push–pull properties were prepared
with electron-withdrawing pentafluorophenyl rings at the A2
positions and electron-donating groups at the B position with
carbazole nitrogen atoms (Scheme 1). Pentafluorophenyl-
dipyrromethane was reacted with 9-(4-formylphenyl)-3,6-di-
tert-butyl-9H-carbazole (C-1, G-1) and N-butyl-4-carbazole-3-car-
boxaldehyde (C-2, G-2), and the carbazole nitrogen atom of
GaIIItriarylcorrole G-2 was quaternized with methyl iodide to
form a cationic species (G-2Q). The heavy atom effect of GaIII

ion in the corrole cavity enhances the rate of intersystem cross-
ing and hence the generation of singlet oxygen,8,25 making the
G-1 and G-2 dyes potentially suitable for use in biomedical
applications such as PDT and PACT. The axial pyridine ligand
and alkyl groups on the carbazole moieties are expected to
limit aggregation effects. In this study, the PDT and PACT
activity properties of G-1 and G-2 were investigated against
MCF-7 cancer cells, and S. aureus and E. coli, respectively,
along with those of a cationic species G-2Q (Scheme 1) to
enhance the suitability of the dye for use in PACT against
Gram-(−) bacteria. Attempts to form a similar stable species
from G-1 proved unsuccessful. The potential utility of G-1 and
G-2 as pH sensors due to spectral changes related to the proto-

nation properties of the carbazole nitrogen atom is also inves-
tigated in a similar manner to a recent study on an A2B type
GaIIItriarylcorrole.26

Experimental
General

Details of the materials and methods, and experimental
details for the PDT activity, cellular uptake, lipophilicity, anti-
microbial, photostability, photophysicochemical and theore-
tical calculation studies are provided as ESI.†

Synthesis

Pentafluorophenyldipyrromethane 1 (Scheme 1) was prepared
according to literature procedures,26 while 9-(4-formylphenyl)-
3,6-di-t-butyl-9H-carbazole (2) and N-butyl-4-carbazole-3-car-
boxaldehyde (3) were purchased commercially from Aladdin
Reagents and used without further purification. The synthetic
and characterization details are provided as ESI.†

Results and discussion
Synthesis and characterization

G-1 and G-2 were synthesized from the corresponding free
base corroles (Scheme 1) and characterized by mass spec-
trometry (Fig. S1–S5†) and 1H NMR spectroscopy (Fig. S6–
S10†) and are reported as ESI.† Firstly, the high-resolution ESI-
mass spectral data of G-1 (Fig. S3†) revealed a strong parent
peak at m/z = 1128.2543 (calcd for C62H41F10GaN6 [M]+ =
1128.2483), which indicates that the target GaIIItriarylcorrole
was obtained with an axially coordinated pyridine ligand.

Scheme 1 Synthesis of H3triarylcorroles C-1 and C-2, GaIIItriarylcorroles G-1 and G-2 and a cationic species with a quaternized nitrogen, G-2Q.
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Similar intense parent peaks were also observed for C-1 and
C-2 (Fig. S1 and S2†) and G-2. (Fig. S4†). The chemical shifts of
C-1 at 8.51–9.05 ppm can be assigned as the eight protons
from pyrrole rings (Fig. S6†), and the chemical shifts at
8.18–8.35 and 7.53–7.91 ppm can be assigned as the four
protons from benzo-ring and six protons from carbazole ring,
respectively. Additionally, the chemical shifts of G-1 at
8.83–9.27 ppm can be assigned as the eight protons of the
pyrrole rings (Fig. S8†), and those at 8.27–8.37 and
7.63–7.96 ppm can be assigned to the four benzo ring protons
and six carbazole protons, respectively. In a similar manner,
the chemical shifts at 3.73 and 6.69 ppm can be assigned to
the axially coordinated pyridine of G-1, and the chemical
shifts at around 1.50 ppm can be assigned to the tert-butyl
moiety for both C-1 and G-1. C-2 and G-2 have similar chemi-
cal shift values to those of C-1 and G-1. Finally, these com-
pounds were also characterized by elemental analysis and
FT-IR spectra (Fig. S12 and S13, see ESI†). The results confirm
the satisfactory purity of the target molecules.

Electronic structure

UV-visible absorption. The UV-visible absorption spectra of
C-1 and C-2 have similar intense B (or Soret) band absorptions
at 416 nm with weaker Q-bands at 565, 613 and 644 nm
(Fig. 1). These spectra are consistent with the typical absorp-
tion properties of low symmetry H3corroles.

20,27 G-1 and G-2
exhibit a red-shift of the B-band absorption at 416 nm, while
symmetry-split x- and y-polarized Q-bands lie at 576 and
604 nm. A comparison of the experimental data with TD-DFT
calculations demonstrates that the optical spectra of G-1 and
G-2 are dominated by Q and B electronic transitions associated
with the corrole ligand (Fig. 2a and Table S1, see ESI†) and
that their B position meso-aryl groups have a relatively minor
effect as their spectra are predicted to be very similar to those
calculated for the A3 type G-F and G-H model complexes.
Considering that solvent polarity has a large influence on the
optical properties of molecular dyes, we analyzed the UV-
visible absorption spectra of G-1 and G-2 in several solvents,
including methanol, CH2Cl2, CH3CN, THF, toluene, benzene,
acetone and DMSO. The data shown in Table S1† demonstrate
that solvent polarity has a large influence on the absorption
properties, such as the λmax values and absorption intensities.

The relationship between solvent refractive index (n), solvent
permittivity (ε, if ε < 10, the solvent is non-polar; ε > 10, the
solvent is polar) and the wavenumbers values for the B band
maxima are summarized according to Bayliss functions with
eqn (1) and (2):

f ðnÞ ¼ ðn2 � 1Þ=ð2n 2 þ 1Þ ð1Þ

f ðn; εÞ ¼ ðε� 1Þ=ðε� 2Þ � ðn 2 � 1Þ=ð2n2 þ 1Þ ð2Þ
A strong linear correlation was observed between f (n) and

the energy in wavenumbers of the B band maxima (v) for G-1
and G-2 in the non-polar solvent region (Fig. 2), indicating that
the dispersion effect has a larger influence. On the other
hand, ν and f (n, ε) have no specific correlation for either dye,
which is consistent with an exchange interaction between a
highly polar solvent molecule and an axially coordinated pyri-
dine molecule.

The electronic properties and optical spectroscopy of meso-
triaarylcorroles can be conceptualized as arising from the
π-MOs associated with the 15 atom 18 π-electron inner ligand
perimeter that is derived from a parent C15H15

3− hydrocarbon
perimeter with an ML = 0, ±1, ±2, ±3, ±4, ±5, ±6, ±7 sequence in
ascending energy terms. Since the HOMO and LUMO have ML

values of ±4 and ±5, this is analogous to Gouterman’s 4-orbital
model28 for porphyrins which predicts the presence of an
allowed B band based on the ΔML = ±1 transition at higher
energy and forbidden Q-bands arising from the ΔML = ±9 tran-
sitions at lower energy.20,27 To facilitate the comparison of
the frontier MOs of the different complexes, Michl29 referred
to frontier π-MOs derived from the HOMO and LUMO of
the parent perimeter, which have angular nodal planes that
lie on the y-axis as a and -a MOs, while those with large MO
coefficients on the y-axis are referred to as s and -s MOs
(Fig. 2b).

TD-DFT calculations. In contrast with metalloporphyrins,
corrole complexes lack four-fold symmetry. This results in a
significant lifting of the degeneracy of the -a and -s MOs for
symmetry reasons (Fig. 3c) and hence in a mixing of the for-
bidden and allowed properties of Q and B bands.20,27,29 This
results in a slight relative intensification of the Q-bands for
corroles that potentially makes the dyes more suitable for use
as photosensitizer dyes in biomedical applications. A marked
stabilization of the frontier MOs of G-1 and G-2 is predicted
relative to those of G-H due to the electron-withdrawing induc-

Fig. 1 UV-visible absorption spectra of C-1, C-2, G-1 and G-2 in
CH2Cl2.

Fig. 2 Correlation of the energy in wavenumbers of the B band
maxima, ν, with the Bayliss function for (a) G-1 and (b) G-2.
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tive effects of the meso-pentafluorophenyl groups at the A2

positions. The presence of the electron-donating B position
aryl groups results in a relative destabilization of the s and -s
MOs of G-1 and G-2, which have a large MO coefficient on the
meso-carbon that is aligned with the y-axis (Fig. 3b and c), in
comparison with the G-F model complex which has three elec-
tron-withdrawing meso-pentafluorophenyl groups due to meso-
meric effects.

Fluorescence. The free base and GaIIItriarylcorroles emit
strongly in solution (Fig. 4). In CH2Cl2, C-1 and C-2 have
intense emission bands at 657 and 662 nm with the additional
shoulder peak at 725 and 728 nm, respectively. On the other
hand, GaIIItriarylcorroles have typical two-wavelength emitting
properties, which can be assigned to the main Q00 electronic
transition at higher energy and a vibrational overtone on the
basis of Kasha’s rule.30 The absence of mirror symmetry with
the corresponding absorption spectrum (Fig. 1 and 4) provides

evidence that the higher energy band in the Q band region
of the absorption spectrum can be assigned as being
primarily electronic rather than vibrational in origin. The
GaIIItriarylcorroles exhibit blue-shifted emission bands at 609,
624 nm (G-1) and 616, 628 (G-2), respectively, since the intro-
duction of a GaIII ion results in a more rigid planar structure.
In order to understand the influence of organic solvents on
the fluorescence properties of G-1 and G-2 were also measured
in MeOH, CH2Cl2, CH3CN, THF and toluene (Fig. 5 and
Table S2, see ESI†). In lower polarity solvents, G-1 and G-2
exhibit red-shifted emission band wavelengths, but higher
fluorescence quantum yield (ΦF) values. G-2 exhibits a red-
shift of the emission bands compared with those of G-1. For
example, G-1 has two emission bands at 610 and 662 nm with
a ΦF value of 12.60% in THF, but G-1 exhibits emission bands
at 610 and 669 nm with a ΦF value of 10.80%. G-1 and G-2
have higher fluorescence quantum yield and radiation tran-
sition rate constants than C-1 and C-2 (Table S3, see ESI†),
since the penta-coordination of GaIIItriarylcorroles with axial

Fig. 3 (a) TD-DFT spectra for G-F, G-1, G-2 and G-H at the CAM-B3LYP/SDD level of theory. The Q and B bands are highlighted with red diamonds,
while blue and green diamonds are used for transitions into MOs localized on the axial pyridine ligand and out of MOs localized on the B position
meso-aryl group, respectively. The Chemcraft software package was used to generate simulated spectra with a fixed bandwidth of 2000 cm−1. (b)
MO energies and angular nodal patterns of the a, s, -a and -s MOs of G-2 at an isosurface of 0.02 a.u. (c) MO energies for G-F, G-1, G-2 and G-H at
the CAM-B3LYP/SDD level of theory. The a, s, -a and -s MOs are highlighted with thicker black lines, while blue and green lines are used for the MOs
localized on the axial pyridine ligand and the B position meso-aryl group, respectively. Small black or green squares denote occupied MOs, while
larger black circles highlight the s and -s MOs. Red diamonds highlight the HOMO–LUMO gap values. Details of the calculations are provided as ESI
in Fig. S1,† Table S9, see ESI.†

Fig. 4 The steady-state fluorescence spectra of C-1, C-2, G-1 and G-2
in CH2Cl2. Fig. 5 Fluorescence spectra of G-1 (a) and G-2 (b) in various solvents.
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pyridine ligands enhances the rigidity of the molecular plane.
The fluorescence lifetime (τF) values of G-1 and G-2 are signifi-
cantly shorter than those of C-1 and C-2 due to the heavy atom
effect of gallium, which promotes intersystem crossing to the
triplet manifold. According to Franck–Condon law, the
increase of non-radiative decay also shortens the fluorescence
lifetime of compounds. A series of pH-dependent spectro-
scopic experiments were carried out in a mixed solvent of H2O
and CH3CN (v/v = 1 : 9, C = 1.0 × 10−5 M), and the pH values
were controlled by the addition of trifluoracetic acid (TFA) for
protonation and NH4OH for deprotonation of the N atom of
the carbazole unit group. It should be noted that the solution
color and spectral properties resulted in few to no changes in
any of the measurements. In Fig. 6a and c, the B-band intensi-
ties of G-1 and G-2 were significantly decreased when lower pH
values were applied, and new absorptions were slightly
increased at ca. 480 nm. Compared with B band absorptions,
the changes in Q-band regions became much weaker upon
decreasing the pH values. In contrast, the fluorescence intensi-
ties of G-1 (Fig. 6b) and G-2 (Fig. 6d) gradually decreased
under acidic conditions as the pH was decreased from 6.51 to
0.97, and no obvious spectral shifts were observed. This obser-
vation suggests that a new species was formed due to the pro-
tonation of the N atom of the carbazole moieties, which
results in a quenching of a photoinduced electron transfer
(PET) process. The quenched PET process may also decrease
the molar absorption coefficients of these GaIIIcorroles. The
data shown here hence provide a plausible mechanism for the
observed decreases in absorbance and fluorescence intensity.
In contrast, as shown in Fig. S11 in the ESI,† when the pH was
increased from 7.50 to 13.4, the fluorescence intensity of
GaIIItriarylcorroles G-1 and G-2 exhibit little to no change in
both the UV-vis absorption and fluorescence spectra. This can
be attributed to the carbazole N atom being uniquely sensitive

to a low pH environment and unreactive at high pH values.
The electron-rich carbazole-substituents can quench the fluo-
rescence of the GaIIItriarylcorroles due to the PET process in
acidic media. The dependence of the fluorescence intensity of
G-1 and G-2 on pH is typical of an “on–off” mechanism
(Scheme 2). The significant changes in the absorption and
fluorescence properties of G-1 and G-2 imply that these
GaIIItriarylcorroles could be used as highly sensitive probes for
detecting pH changes under acidic conditions. In principle,
the GaIIItriarylcorroles in this study can serve as both electron
donors and acceptors upon photoexcitation. Photoinduced
electron transfer can occur from the excited GaIIItriarylcorrole
moiety to the LUMO of the carbazole moiety (donor-excited
PET; d-PET).

Photodynamic activities

General. The wavelengths of the major spectral bands of
G-1, G-2 and G-2Q vary to only a minor extent in DMSO in the
UV-visible absorption and fluorescence emission spectra
(Table S4, see ESI†), since the A2B type meso-triarylcorrole
structures of G-1 and G-2 are very similar. The ΦΔ values for
G-1, G-2 and G-2Q in DMSO are moderately high, ranging from
0.64–0.67 (Table S4,† see ESI†) while the ΦF values are rela-
tively low, ranging from 0.062–0.073 since GaIII is a relatively
heavy atom that enhances the rate of intersystem crossing to
the T1 state. The triplet state lifetime (τT) value of G-2Q of
42.4 µs is significantly shorter than those of G-1 and G-2 (255
and 193 µs, respectively) when the DMSO solutions are purged

Fig. 6 UV-vis absorption (a and c) and fluorescence emission (b and d)
spectra of GaIIItriarylcorroles G-1 (a and b) and G-2 (c and d) a mixed
solvent of H2O and CH3CN (1 : 9) with an excitation wavelength of
500 nm under various pH conditions.

Scheme 2 Proposed mechanism of the photoinduced electron transfer
between the GaIIItriarylcorrole moiety and carbazole unit of G-1 and
G-2 in protonated quinolinium, neutral, and deprotonated quinolinate
states, respectively.
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with nitrogen gas (Table S4, see ESI†), but is more comparable
in the presence of oxygen when this is not done. The τF values
of all three dyes lie in the 1.54–1.74 µs range (Table S4, see
ESI†), which is shorter than the values of 2.62–3.08 µs that
have been reported for a series of A3 type GaIIItriarylcorroles.21

The properties of G-1 and G-2 make them potentially suitable
for use in biomedical applications such as PDT and PACT.

Lipophilicity studies. The lipophilicities of G-1, G-2 and
G-2Q determined by the shake flask method are provided in
Table S5.† The Log Po/W values of G-2 and G-2Q are lower than
that of G-1, so G-2 is less lipophilic. Ideally, a drug should
have a log P value of between 0–5 to achieve the proper
balance between aqueous solubility and cell permeability, so
these results suggest that G-1, G-2 and G-2Q are potentially
promising for use as photosensitizer dyes.

Photostability studies. Photodegradation of photosensitizer
dyes can occur during PDT and PACT related experiments due
to the generation of 1O2, resulting in side products and can
decrease PDT efficacy.31,32 Ideally, the photosensitizer dye
should remain stable under illumination during the PDT
activity experiments.1,2,31,32 The photostabilities of G-1, G-2
and G-2Q are compared in Table S6, see ESI.† In each case, the
degradation under the same conditions used for the PDT
activity experiments were <10%.

Cellular uptake. Cellular uptake studies were performed
with MCF-7 cells at 10 µg mL−1 after incubation with G-1, G-2
and G-2Q for 24 h (Fig. 7). G-2Q exhibits higher fluorescence
intensity. Since all three GaIII complexes have similar fluo-
rescence quantum yields (Table S1, see ESI†), this provides evi-
dence that uptake of G-2Q is significantly enhanced.

Cytotoxicity studies. The in vitro dark cytotoxicity properties
and PDT activities of G-1, G-2 and G-2Q against the MCF-7 cell
line were investigated over a dye concentration range of
0.7–50 µM in the dark and under illumination with a Thorlabs
M595L3 LED. Table S2† summarizes the dark cytotoxicity pro-
perties and the IC50 and phototoxicity index (PI) values
obtained, while Fig. 9 provides the cytotoxicity plots. Low dark
cytotoxicity is desirable, since this prevents cytocidal activity
from occurring against both healthy and cancerous cells in
the absence of light.3,4 G-1, G-2 and G-2Q were found to
have dark toxicity IC50 values >50 µM (Fig. 8). This demon-

strates that they are relatively non-toxic in this context.
The PDT activities of G-1, G-2 and G-2Q were determined
over 20 min of illumination at a fixed light dose of 300 J cm−2,
Fig. 8. As would be anticipated based on its higher
cellular uptake, G-2Q exhibited a higher PDT activity than G-1
and G-2 (Table S8, see ESI†) with a relatively low IC50 value of
7.8 µM and a phototoxicity index value of >6.45 (Table S7,
see ESI†).

Photodynamic antimicrobial activities of G-1, G-2 and G-2Q.
Photodynamic antimicrobial activity studies were carried out
at 595 nm with a Thorlabs M595L3 LED (250 mW cm−2) for
G-1, G-2 and G-2Q against both planktonic and biofilms cells
of S. aureus and E. coli that were selected to provide typical
examples of Gram-(+) and Gram-(−) bacteria, respectively. For
planktonic cells, only the direct method was considered for
the estimation of viable cells using the viable colony count
method by counting viable colonies formed on the agar plates
with a bacteria counter. In contrast, both direct and indirect
methods were used to quantify the biofilm cells. Crystal violet
assay was used to quantify biofilm cells indirectly by staining
the biofilms and determining the absorbance value at 590 nm
on a Synergy 2 multi-diode microplate reader (BioTek). G-2Q
exhibits significantly higher photodynamic antimicrobial
activity against S. aureus than G-2 and G-1 (Fig. 9 and Table S7,
see ESI†), probably due to the cationic nature of this species.
In the context of E. coli, all three dyes exhibit significant photo-
dynamic antimicrobial activity at 10 µM, with only G-2Q exhi-
biting a Log reduction of >3.0, which is the value required for
a molecular dye to be viewed as an efficient antimicrobial
agent in this context by the Food & Drug Administration of the
USA.33 The relatively favorable results obtained for G-1 and G-2
dyes in this context may be due to the push–pull properties
associated with the A2B meso-substitution pattern. In a similar
manner, the PACT activities were also determined against bio-
films cells of S. aureus and E. coli in the dark and light upon
treatment at gradient concentrations of 15, 30, 60, 120 and
240 µM. G-1, G-2, and G-2Q exhibited moderately high photoi-
nactivation activity towards biofilms of S. aureus at relatively
low dye concentrations, with significant photoinactivation
activity also observed toward E. coli (Fig. 10 and Table S8,
see ESI†).

Fig. 7 Fluorescence intensities plots of the cells against concentration
after incubation for 24 h with 10 µM of the samples; fluorescence
measured at 640 nm.

Fig. 8 Percentage cell viabilities of MCF-7 cancer cells after 24 h incu-
bation with a gradient concentration of the drugs in the dark and under
illumination for 20 min at 595 nm with a Thorlabs M595L3 LED (cells
quantification using the MTT assay).
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Conclusions

In summary, two novel GaIIItriarylcorroles with push–pull pro-
perties have been successfully synthesized with electron-with-
drawing pentafluorophenyl rings at the A2 positions and elec-
tron-donating groups at the B position that contain carbazole
moieties. The carbazole nitrogen atom of the meso-3-N-butyl-
carbazole group of G-2 was quaternized with methyl iodide to
form a cationic species. G-1, G-2 and G-2Q were found to have
moderately high singlet oxygen quantum yields in the
0.64–0.67 range in DMSO due to the heavy atom effect of the

central ion. The PDT and photodynamic PACT activity pro-
perties were determined at 595 nm against the MCF-7 breast
cancer line, and S. aureus and E. coli, respectively, with a
Thorlabs M595L3 LED. The PACT studies were carried out
against both planktonic and biofilm bacteria. In each case, the
cationic G-2Q species exhibited the most favorable
properties with an IC50 value of 7.8 µM against MCF-7 cells,
and Log reduction values of 7.78 and 3.26 against planktonic
S. aureus and E. coli at 0.5 and 10 µM, respectively. G-1 and G-2
were found to be potentially suitable for use as pH sensors.
Spectral changes are observed related to the protonation pro-

Fig. 9 Plots of Log CFU mL−1 of planktonic cells of (a) and (b) S. aureus, and (c) E. coli upon treatment with (a) 0.5 µM, (b) 2.5 µM and (c) 10 µM of
G-1, G-2 and G-2Q after irradiation for (a) 75 min, (b) and (c) for 120 min at 595 nm with a Thorlabs M595L3 LED (250 mW cm−2).

Fig. 10 Percentage cell viabilities of biofilm cells of (a) S. aureus, and (b) E. coli upon treatment with gradient concentrations of G-1, G-2 and G-2Q
after 30 min irradiation at 595 nm with a Thorlabs M595L3 LED (250 mW cm−2) with quantification by crystal violet stain. Percentage cell viabilities
of biofilm cells of, (c) S. Aureus, and (d) E. Coli, upon treatment with, (c) 30 µM, and (d) 60 µM, of G-1, G-2 and G-2Q after 120 min irradiation at
595 nm with a Thorlabs M595L3 LED (250 mW cm−2).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2022 Dalton Trans., 2022, 51, 10543–10551 | 10549

Pu
bl

is
he

d 
on

 2
1 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 R
ho

de
s 

U
ni

ve
rs

ity
 o

n 
10

/1
0/

20
22

 8
:3

3:
31

 A
M

. 
View Article Online

https://doi.org/10.1039/d2dt01262f


perties of the carbazole nitrogen atom on the B position meso-
aryl group.
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