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A B S T R A C T   

The spectroscopy and electronic structure of the novel phosphorous(V) octacarbazole tetrabenzotriazacorrole (TBC(Cz)8P¼O) compound were evaluated using a large 
array of experimental and theoretical methods, and compared to the reference terta-tert-butyl tetrabenzotriaazacorrole (TBC(tBu)4P¼O). The first coordination sphere 
in TBC(Cz)8P(XY) and TBC(tBu)4P(XY) in a solid state and solution was probed by MALDI-TOF mass spectrometry, 31P NMR spectroscopy, XPS, UV–Vis, MCD, and 
elemental analysis. Based on the 31P NMR, mass spectrometry, UV–Vis, and MCD data, it was demonstrated that the initial pentacoordinated TBC(tBu)4P¼O complex 
can be easily transformed to the hexa-coordinated species in the presence of water and methanol following TBC(tBu)4P¼O ⇌ TBC(tBu)4P(OH)2 ⇌ TBC(tBu)4P(OH) 
(OMe) ⇌ TBC(tBu)4P(OMe)2 equilibrium. In wet solvents, the UV–Vis and MCD spectroscopies revealed that the two structures possess similar absorbance profiles; 
however, the TBC(Cz)8P(OH)2 compound had a more intense and red-shifted Q-band than the TBC(tBu)4P(OH)2 compound. The first oxidation under spectroelec
trochemical conditions was found to be completely reversible for the TBC(Cz)8P(OH)2 compound; conversely, these experiments were completely irreversible for the 
TBC(tBu)4P(OH)2 compound. DFT and TDDFT calculations were performed using three different exchange-correlation functionals. The DFT results revealed several 
(16 in total) carbazole-centered MOs at energies in between the classical Gouterman’s a1u and a2u frontier orbitals while the four Gouterman’s frontier orbitals were 
found to be energetically sequential for the TBC(tBu)4P(OH)2 compound. The TDDFT calculations provided a very reasonable agreement between theory and 
experiment and demonstrated the presence of the inter-ligand (carbazole-to-TBC) charge-transfer transitions in TBC(Cz)8P(OH)2 in ~500 nm region. Steady-state 
fluorescence spectroscopy data are indicative of the mid-range fluorescence quantum yields in both compounds. Transient absorption spectroscopy was utilized 
to probe triplet state formation and lifetimes (τT) which were found to be 112 μs for TBC(Cz)8P(OH)2 and 91 μs for TBC(tBu)4P(OH)2.   

1. Introduction 

The corrole ring (Corr, Fig. 1) is comprised of four nitrogen atoms 
within its macrocyclic core and a total of 19 carbon atoms in the 
molecule [1–8]. When compared to porphyrins (Fig. 1), corroles possess 
attractive properties such as higher fluorescence quantum yields, 
intense absorption in the red region of the optical region, redox 
non-innocence and lower first oxidation potentials, as well as more 
significant Stokes shifts. Corroles are trianionic planar ligands that can 
stabilize the higher oxidation states of different main-group and 
transition-metal ions, which make corroles a suitable material for many 
different applications including catalysis, artificial photosynthesis, and 
biomedical applications [9–25]. By attaching various metals to the 
corrole macrocycle, one can tune the optical properties by changing the 

energy gaps of the frontier molecular orbitals, which can then be used 
for biomedical imaging and sensing [26–28]. In contrast, despite their 
discovery by Gouterman’s group in 1981 [29], until recently introduced 
by Goldberg’s group [30–36], triazacorroles (TAC, also known as cor
rolazines) and tetrabenzotriazacorroles (TBC, Fig. 1) were limited to 
their phosphorous, silicon, tin, aluminum, and germanium derivatives 
[37–43]. Main-group TBC derivatives are known to have a slightly 
blue-shifted (compared to phthalocyanines) Q-band of lower intensity 
and a very characteristic intense transition in the 400–450 nm region 
[44–50]. More importantly, phosphorous TBCs were found to form 
triplet states and to be effective photosensitizers for singlet oxygen 
production which is useful for photodynamic therapy (PDT) of cancer 
application [51–53]. Despite significant progress in the chemistry of 
TBCs, when bio-applications are considered, these platforms still suffer 
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from the typical (for phthalocyanines) aggregation problems and 
blue-shifted (compared to phthalocyanines) position of their Q-band. 
We have recently shown that because of a bulky nature of carbazole 
groups, octa-carbazole substituted phthalocyanine and respective 
transition-metal complexes remain monomeric in a large range of con
centrations. In addition, their Q-bands are red-shifted compared to those 
of typical phthalocyanines [54,55]. In this work, we introduce phos
phorus octacarbazoltetrabenzotriazacorrole (TBC(Cz)8P¼O) and 
compare its photophysical properties with the reference tetra-tert-bu
tyltetrabenzotriazacorrole (TBC(tBu)4P¼O, Scheme 1). 

2. Results and discussion 

2.1. Synthesis 

The reference tetra-tert-butyltetrabenzotriazacorrole (TBC(tBu) 

4P¼O) (Scheme 1) was reported by Hanack and co-workers [56], by 
Tomilova and co-workers [57] and later on by Giribabu and co-workers 
[48]. Its synthesis follows a procedure established by Gouterman in 
1981 [29]. There is some controversy present for the structure of 
unsubstituted and alkyl-substituted phosphorous TBCs. The controver
sial nature of phosphorus TBCs is derived from the attributes of the 
axially coordinated phosphorus which is bound either to an oxygen 
atom through a double-bond (penta-coordinated TBCRnP¼O com
pound) or to two axial groups (hexa-coordinated TBCRnP(OR)2 struc
tures with R = H or Me, respectively) [48,50,56–58]. In addition, a 
third, salt-like structure, [TBCP(OH)]þ(OH)- was also proposed by 
Goldberg and co-authors for α-octabutoxy-substituted TBCs [58]. It is 
commonly accepted that the combination of 31P NMR spectroscopy and 
mass spectrometry can provide an ultimate knowledge on the first co
ordination sphere of phosphorous TBCs. In several cases, XPS, IR, and 
X-ray crystallographic data were used to solidify the conclusions. It is 
well-known that six-coordinated phosphorous porphyrin, corrole, 
phthalocyanine, tetraazacorroles, and TBCs have signals in the −180 to 
−200 ppm region of their 31P NMR spectra (Table 1) [58]. Contrarily, 
penta-coordinated systems of the same macrocycles have 31P NMR 

signals in the −90 to −110 ppm region and these data correlate well 
with the available X-ray crystallographic data (Table 1). As we will show 
below, the general trends in the axial coordination of phosphorous(V) 
TBCs follows that established for corrole analogues [59–73]. 

In case of the unsubstituted phosphorous(V) TBC in a very accurate 
study, Bender and co-workers showed that the electronic ionization TOF 
mass spectrum of this compound obtained by double sublimation in 
vacuum has only a molecular ion that corresponds to the penta- 
coordinated TBCP¼O compound [50]. The XPS analysis of the vac
uum deposited (sublimed) film as well as elemental analysis of the 
sample dried overnight under vacuum are also consistent with this for
mula; however, its 31P NMR spectrum in a Py/CDCl3 (10:90% v/v) 
mixture has a single signal at −202.0 ppm, which is characteristic for the 
hexa-coordinated phosphorous(V) species (Table 1). Similarly, Hanack 
and co-workers [56] observed (using the FAB mass spectrometry 
method) penta-coordinated TBC(tBu)4P¼O and TBC(β-C5H11)8P¼O mo
lecular ions, while the 31P NMR spectra of these compounds in CDCl3 
have peaks at −186.7 and −189.4 ppm, respectively. Moreover, these 
authors mentioned that “besides the main signal, a second minor signal 
close to the main one is also observed, indicating that a different coor
dination environment for PV may exist.” Tomilova and co-authors [57] 
also reported that TBC(tBu)4P¼O and TBC(β-C4H9)8P¼O compounds 
have molecular ions in their MALDI-TOF spectra that correspond to the 
penta-coordinated species, while their 31P NMR spectra in a Py/CDCl3 
(1:1 v:v) mixture has signals observed at −201.7 ppm, which correspond 
to the hexa-coordinated species. Furthermore, in CDCl3, these authors 
observed two peaks for the TBC(β-C4H9)8P¼O molecule: one at −201 and 
another at −105 ppm with the latter one being characteristic to the 
penta-coordinated species. In order to clarify such controversy, we have 
prepared two samples of TBC(tBu)4P(XY), which differ by the purifica
tion protocols. The first sample was chromatographed using DCM 
(100-95%)/MeOH(0–5%) gradient. Pure fraction of this sample then 
was evaporated to dryness using a standard rotary evaporator at 50 ◦C 
for several minutes. When dissolved in CDCl3, this sample gives two 
signals in its 31P NMR spectrum (Supporting Information Fig. S1a). The 
main signal at −187.9 ppm correlate well with that reported by Hanack 

Fig. 1. Comparison between the structures of unsubstituted porphyrin and corrole, tetraazaporphyrin and triazacorrole, and phthalocyanine and 
tetrabenzotriazacorrole. 
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and co-workers in the same solvent [56]. The presence of the minor 
signal observed at −194.8 ppm was also mentioned (but not interpreted) 
by the same group. Both signals are indicative of the presence of 
hexa-coordinated TBCs. When the same sample was dissolved in 
pyridine-d5, we observed only one signal at −200.9 ppm (Supporting 
Information Fig. S1b). This signal correlates well with data from Bender 

and co-workers for unsubstituted TBC [50] dissolved in pyridine as well 
as Tomilova and co-workers for alkyl-substituted TBCs [57] dissolved in 
Py/CDCl3 (1:1 v/v) mixture (Table 1). 

The second sample was obtained without use of methanol and dried 
in vacuum oven at 100 ◦C for several hours. When this sample was 
dissolved in dry CDCl3 (400 μL) in vacuum-dried NMR tube, the only 

Scheme 1. Synthesis of TBC(Cz)8P(XY) and TBC(tBu)4P(XY) complexes.  
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signal was observed at −106.3 ppm (Supporting Information Fig. S2). 
This signal is indicative of penta-coordinated TBC(tBu)4P¼O complex. 
Adding of just 2 μL of D2O to this solution leads to disappearance of this 
peak and appearance of a new peak at −202.5 ppm (Supporting Infor
mation Fig. S2). This peak is reflective of hexa-coordinated complex. 
Similarly, addition of 1 and 7 μL of wet pyridine-d5 to solution of 
TBC(tBu)4P¼O complex in dry CDCl3 results in gradual increase of signal 
at −202.5 ppm and decrease of signal at −106.3 ppm (Supporting In
formation Fig. S4). The position of −202.5 ppm signal in both cases 
correlate well with the −200.9 ppm signal obtained in pure pyridine-d5 
for sample 1 discussed above. Thus, we conclude that the residual water 
in any organic solvent can easily hydrate TBC(tBu)4P¼O complex with 
the formation of hexa-coordinated TBC(tBu)4P(OH)2 compound (Scheme 
1). Initial addition of 1 μL of wet methanol-d4 to a solution of TBC(tBu) 

4P¼O complex in dry CDCl3 results in the appearance of two signals at 
−187.9 and −194.9 ppm (Supporting Information Fig. S3). Further 
addition of methanol-d4 leads to increase of the intensity of −187.9 ppm 
signal and decrease of signal at −194.9 ppm. The final spectrum re
sembles that of sample 1 in CDCl3. Based on the titration experiments, 
we assign the −187.9 ppm signal to TBC(tBu)4P(OMe)2 complex and the 
signal at −194.9 ppm to TBC(tBu)4P(OH)(OMe) complex. Thus each of 
stepwise substitution of the axial OH− group to MeO− in TBC(tBu)4P 
(OH)2 leads to ~7 ppm downfield shift. The same ~7 ppm shift was 
observed by Ravikanth and co-workers in Corr(Ph)3P¼O ⇌ Corr(Ph)3P 
(OH)2 ⇌ Corr(Ph)3P(OH)(OMe) ⇌ Corr(Ph)3P(OMe)2 transformation of 
phosphorous(V) corrole upon titration with methanol [59]. 

Similar to NMR experiments, we have conducted a number of MALDI 
investigations. Deposition of the TBC(tBu)4P(OMe)2 sample 1 (obtained 
in the presence of methanol) onto a MALDI plate surface using regular 
(wet) DCM results in the spectrum shown in Fig. 2A. Four peaks can be 
easily identified in the spectrum. These belong to [TBC(tBu)4P]þ, 
[TBC(tBu)4P¼O]þ, [TBC(tBu)4P(OH)2]+, and [TBC(tBu)4P(OH) 
(OMe)]+. The last one is reflective of the presence of methanol in the 
purification steps. Deposition of the same sample from a DCM/MeOH 
(95:5% v:v) mixture results in the spectrum shown in Fig. 2B. In this 
case, the intensity of the [TBC(tBu)4P¼O]þ peak is significantly reduced 
and the base peak belongs to the [TBC(tBu)4P(OMe)]þ ion, which 
apparently originates from the TBC(tBu)4P(OMe)2 molecule which was 
also observed in the spectrum. It is interesting to note that all known (to 
date) X-ray crystal structures of phosphorous(V) TBCRn and TACRn 

platforms are six-coordinate, which seems to indicate the stabilization of 
such structures in solution from which all crystals were grown. When 
vacuum dried sample 2 was deposited on MALDI plate at ambient 
(humid) atmosphere from regular DCM, the spectrum was dominated by 
[TBC(tBu)4P]þ, [TBC(tBu)4P¼O]þ, and [TBC(tBu)4P(OH)2]+ peaks 
along with unidentified cluster at 804.3763 m/z (Supporting 

Table 1 
31P NMR and other selected data for selected phosphorous(V) triazacorroles, 
corroles, phthalocyanines, and porphyrins.  

Compound CNa 31P NMR (solv.) X- 
ray 

MSb ref 

Tetrabenzotriazacorroles 
TBC(Cz)8P(OH)2 6 −198.5 Py no MALDI tw 
TBC(tBu)4P(OH)2 

TBC(tBu)4P(OH)2 

TBC(tBu)4P(OH)(OMe) 
TBC(tBu)4P(OMe)2 

TBC(tBu)4P¼O 

6 
6 
6 
6 
5 

−200.9 Py 
−202.5 CDCl3/ 
Py (98:2 v/v)c 

−194.9d CDCl3 

−187.9e CDCl3 

−106.3 CDCl3 

(dry) 

no 
no 
no 
no 
no 

MALDI 
MALDI 
MALDI 
MALDI 
MALDI 

tw 
tw 
tw 
tw 
tw 

TBC(tBu)4P¼O ?f 5? −201.7 Py/ 
CDCl3 1:1 

no MALDI 57 

TBC(tBu)4P¼O ?g 5? −186.7 CDCl3 no FAB 56 
TBC(C4H9)8P¼O ?f 

TBC(C4H9)8P¼O ?h 
5? −201.7 Py/ 

CDCl3 1:1 
−201 (−105) 
CDCl3 

no MALDI 57 
57 

TBC(nC5H11)8P¼O ?g 5? −189.4 CDCl3 no FAB 56 
TBC(iPrO)4P(OH)2 6 −202.8 DMSO no MALDI 64 
TBC(α-PhO)4P(OH)2 6 −201.3 Py no MALDI [M 

− H2O] 
65 

TBC(β-PhO)4P(OH)2 6 −201.3 Py no MALDI [M 
− H2O] 

65 

TBCP(Ph)2 6 −212.0 Py no MALDI [M- 
Ph]+

66 

TBCP(C8H17)2 6 −208.2 Py no MALDI [M 
− C8H17]+

66 

TBC(α-BuO)8P(OCH3)2 6 −186.1 CDCl3 no MALDI 58 
[TBC(α-BuO)8P(OH)]þOH¡ 5 −105.1 CDCl3 no MALDI [M 

+ OH]+

58 

[TBC(α-BuO)8Cl8P 
(OH)]þOH¡

5 −105.1 CDCl3 no MALDI [M 
+ OH]+

58 

TBCP¼O ?g 5? −202.0 Py/ 
CDCl3 9:1 

no EI 50 

TBCP(OH)2 6 −200.7 Py no MALDI 67 
TBC(SO3H)nP(OH)2 6 −201.5 DMSO no MALDI 68 
TBC(SO3H)4P(OH)2 6 −201.5 DMSO no MALDI 67 
TBC(PhO)8P(OSiPh3)2 6 −216 Py yes MALDI 69 
TBC(PhO)8P(OH)2 6 −200 Py no MALDI 69 
[TBC(tBuPhO)8P 

(OH)]þOH¡

5 −106.3 CDCl3 no MALDI-OH 70 

Phthalocyanines 
[Pc(tBu)4P(OH)2]þOH¡ 6 −189 Py/CDCl3 

1:1 
no MALDI 57 

[Pc(tBu)4P(OH)2]þOH¡ 6 −166.0 CDCl3 no FAB [M −
OH]+

56 

[Pc(Pr)8P(OH)2]þOH¡ 6 −164.0 CDCl3 no FAB [M −
OH]+

56 

[Pc(Bu)8P(OH)2]þOH¡ 6 −201 Py:CDCl3 

1:1 
no MALDI 57 

[Pc(α-BuO)8P 
(OCH3)2]þOH¡

6 −179.8 CDCl3 no MALDI 58 

Triazacorrolazines 
[TAC(TBP)8P(OH)]þOH¡ 5 −111.2 CDCl3 no FAB 33 
TAC(TBP)8P(OCH3)2 6 −192.1C6D6 yes MALDI 33 
[TAC(MeOP)8P(OH)]þOH¡ 5 −111.4 CDCl3 no LD[M −

OH]+

35 

TAC(MeOP)8P(OCH3)2 6 −192.7C6D6 yes LD[M- 
Ome]+

35 

Corroles 
(OEC)P¼O 6 −99.40 CDCl3 no EI 71 
[(EMC)P(OH)]þCl¡ 5 −102.5 ? yes EI 72 
Corr(Ph)3P¼O 5 −100.7 no na 59 
Corr(Ph)3P(OH)2 6 −191.5 no “Q-TOF” 59 
Corr(Ph)3P(OH(OMe) 6 −184.1 no na 59 
Corr(Ph)3P(OMe)2 6 −176.8 yes na 59 
Porphyrins 
[OEPP(CH2CH3) 

(OH)]þClO4
¡

6 −179.8 CDCl3 yes na 68 

[OEPP(C6H5) 
(OCH2CH2CH3)]þClO4

¡

6 −186.7 CDCl3 yes na 68 

[OEPP(OH)2]þClO4
¡ 6 −183 (−191) 

acetone 
no na 29  

Table 1 (continued ) 

Compound CNa 31P NMR (solv.) X- 
ray 

MSb ref 

[mesoDMEP(OH)2]þPF6
¡ 6 −190 acetone no na 29 

[mesoDMEP(OH)2]þPF6
¡ 6 (-192) −193 

MeOH 
no na 29  

a CN = coordination number. 
b Mass spectrum. [M]+ ions were detected, otherwise peaks are mentioned 

next to the method used. 
c Same peak observed in CDCl3/D2O (99.5:0.5 v/v) solution. 
d Minor peak for sample 1. For this peak appearance in CDCl3/MeOH-d4 

system, see 31P spectra in supporting information. 
e Major peak for sample 1. For this peak appearance in CDCl3/MeOH-d4 

system, see 31P spectra in supporting information. 
f Highly likely TBC(tBu)4P(OH)2 complex;g Highly likely TBC(tBu)4P(OMe)2 

complex. 
h Highly likely that the major signal at −201 ppm belongs to TBC(C4H9)8P 

(OH)2 complex and the minor signal at −105 ppm belongs to TBC(C4H9)8P¼O 
complex. 
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Information Fig. S6A). As expected, the ratio between [TBC(tBu) 

4P¼O]þ and [TBC(tBu)4P(OH)2]+ peaks changes upon addition of the 
water to DCM. In this case, [TBC(tBu)4P(OH)2]+cluster dominates the 
spectrum (Supporting Information Fig. S6B). Finally, when DCM/MeOH 
(95:5 v/v) mixture was used for deposition of sample 2, the mass 
spectrum is dominated by [TBC(tBu)4P]þ, [TBC(tBu)4P¼O]þ, [TBC(tBu) 

4P(OH)]+, [TBC(tBu)4P(OMe)]+, and [TBC(tBu)4P(OH)(OMe)]+peaks. 
Small intensity [TBC(tBu)4P(OMe)2]+ cluster was also observed in the 
spectrum (Supporting Information Fig. S6C). The low intensity of the 
[TBC(tBu)4P(OMe)2]+ cluster is indicative of the easiness of dissociation 
of the axial methoxide anion in the gas phase upon laser irradiation. The 
high intensities of the [TBC(tBu)4P(OH)(OMe)]+and [TBC(tBu)4P 
(OH)2]+peaks could be indicative of a higher affinity of the OH− axial 
ligand compared to MeO−. This hypothesis correlate well with the 
observation of both TBC(tBu)4P(OH)(OMe) (−194.9 ppm) and TBC(tBu) 

4P(OMe)2 (−187.9 ppm) signals in 31P NMR experiment conducted in 
CDCl3/MeOH-d4 solution. 

Phosphorous 2p XPS data on the room-temperature dried TBC(tBu) 

4P¼O sample are shown in Supporting Information Fig. S7. On a qual
itative level, they correlate well with the XPS spectrum of TBCP¼O 
reported by Bender and co-workers [50]. In particular, the main peak at 
134.2 eV and shoulder at 135.0 eV have energies close to those observed 
by Bender and co-workers (~133.8 and ~134.9 eV); however, in order 
to obtain a reasonable fit, two more peaks were introduced at 133.25 
and 134.30 eV. These data, again, might be indicative of the presence of 
at least two slightly different coordination forms of TBC(tBu)4P (i.e., 
TBC(tBu)4P¼O and TBC(tBu)4P(OH)2), which correlate well with the 31P 
NMR and MALDI data. Overall, from our and previous data, it is clear 
that the initially made in pyridine solution TBC(tBu)4P(OH)2 is prone to 

dehydration in the solid state once subject to thermal and/or vacuum 
treatment with the formation of TBC(tBu)4P¼O as a final product. 
However, once in solution, once in solution, TBC(tBu)4P¼O complex 
prone to form the hexa-coordinated TBC(tBu)4P(OR)2 (R = H or Me) 
species is evident from 31P NMR and mass spectrometry data. The pro
posed transformations are outlined in Scheme 1. Similar transformations 
were already proposed by Goldberg and co-authors [33] for the TACR8P 
(OH)2 compounds, as well as by Longhi and co-authors [74] and Rav
ikanth and co-authors [59] for the phosphorous(V) corroles. 

Next, we collected the UV–Vis and MCD spectra of the TBC(tBu)4P 
(XY) complex under different conditions in order to explore the influ
ence of the axial coordination on the (magneto)optical properties of this 
compound. To the best of our knowledge, this is the first such attempt in 
the field of triazacorroles and tetrabenzotriazacorroles. The UV–vis and 
MCD spectra of TBC(tBu)4P(XY) complexes in the variety of solvents are 
shown in Fig. 3. In all cases, the UV–vis spectra are dominated by the 
transitions in the B- and Q-bands region observed between 400 and 460 
nm and 580 and 690 nm, respectively. A strong, red-shifted B-band 
(compared to the phthalocyanine derivatives) is a well-known feature of 
TBC systems [44–50]. The Q-band region in TBC(tBu)4P(XY) has clear 
solvent dependency. Based on the effective C2v symmetry of the tetra
benzotriazacorrole chromophore, presence of the Qx and Qy transitions 
is expected. In wet pyridine (Fig. 3A), Q-band region is dominated by a 
prominent band at 678 nm with a shoulder observed at 665 nm. Based 
on the 31P NMR spectroscopy and mass spectrometry, we assign this 
spectrum to TBC(tBu)4P(OH)2 compound. The Q-band region of the 
UV–Vis spectrum of dry TBC(tBu)4P¼O in dry DCM is dominated by two 
bands observed at 680 and 661 nm (Fig. 3B). Addition of 5 μL of 
methanol to this solution leads to the spectrum shown in Fig. 3C. In this 

Fig. 2. Matrix-free MALDI-TOF spectra of (A) Sample 1 in DCM, (B) sample 1 in DCM:MeOH (95:5% v:v), (C) TBC(Cz)8P(OH)2 in DCM.  
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case, the Q-band region is dominated by bands at 658 and 639 nm and a 
visible shoulder at ~680 nm. This shoulder completely disappears in the 
presence of 50 μL of methanol (Fig. 3D). In agreement with the 31P NMR 
and mass spectrometry data, we assign the last spectrum to TBC(tBu)4P 
(OMe)2 compound. Overall shift of the lowest energy band in this region 
(Qx band) is 21 nm (470 cm−1), which is not typical for the 
transition-metal phthalocyanines and reflective of the axial ligand de
pendency in tetrabenzotriazacorroles. Interestingly, the most intense 
transition observed at 442 nm does not have a clear axial ligand de
pendency. The MCD spectra of TBC(tBu)4P(XY)2 in the Q-band region 
confirms the relatively low (compared to transition-metal phthalocya
nines) symmetry of the chromophore. Indeed, in each case, the MCD 
spectrum in this region is dominated by a pair of Faraday B-terms that 
correlate with the Qx and Qy absorption bands. In case of TBC(tBu)4P 
(OH)2 complex, the pair of Faraday B-terms was observed at 684 and 
666 nm (Fig. 3A), which is close to B-terms observed for TBC(tBu)4P¼O 
at 681 and 663 nm (Fig. 3B). However, in case of the TBC(tBu)4P(OMe)2 
complex, Qx and Qy bands are shifted to 654 and 634 nm (Fig. 3D). Thus, 
our MCD data also suggest a TBC(tBu)4P¼O ⇌ TBC(tBu)4P(OH)2 ⇌ 
TBC(tBu)4P(OMe)2 equilibrium in different solvents, which is in agree
ment with the 31P NMR and mass spectrometry data [74]. Similar 
behavior was observed but not explained by Kobayashi and Mack for the 
MCD spectrum of TBC(α-BuO)8P(OMe)2 complex in which the two lowest 
energy negative amplitude B-terms in the Q-band region were clearly 
split by ~500 cm−1 [75]. In this case, the authors should also observe 
TBC(α-BuO)8P(OH)2 ⇌ TBC(α-BuO)8P(OH)(OMe) ⇌ TBC(α-BuO)8P(OMe)2 
equilibrium upon dissolvation of the initial TBC(α-BuO)8P(OMe)2 

complex in wet solvent. Our observations also correlate well with the 
MCD spectra of corroles reported by Longhi and co-workers using a 
DCM/MeOH system [74]. In all cases, pair of B-terms has 
negative-to-positive (in ascending energy) sequence. Following perim
eter model [76,77], this is indicative of the ΔHOMO > ΔLUMO 
(ΔHOMO is the energy difference between Gouterman’s a1u and a2u 
occupied MOs in a standard D4h point group notation and ΔLUMO is the 
energy difference between Gouterman’s pair of eg unoccupied MOs in a 
standard D4h point group notation). The ΔHOMO > ΔLUMO ratio was 
further confirmed by DFT calculations for TBCRnP(OH)2 compounds 
discussed below. Similar to previously reported MCD spectra of 
phosphorus-centered tetrabenzotriazacorroles [66,69,70,75], the 
B-band region is at a comparable intensity to the Q-band region. 
Furthermore, MCD Faraday pseudo A-terms (pairs of closely spaced 
B-terms) are clearly present in the B-band region. Overall, our combined 
31P NMR, mass spectrometry, and MCD spectroscopy experiments on 
TBC(tBu)4P(XY) compounds allowed to explain the behavior of the 
phosphorous TBC compounds in a solid state and solution. Indeed, once 
dried at elevated temperatures in vacuum, phosphorous TBCs can be 
formulated as penta-coordinated TBCRnP¼O complexes. However, 
these compounds can be easily hydrated in solution with the formation 
of TBCRnP(OH)2 compounds. In the presence of methanol, depending on 
the methanol concentration, phosphorous TBCs can form either TBCRnP 
(OH)(OMe) or TBCRnP(OMe) 2 compounds. It also seems that the 
phosphorous TBCs have higher affinity to hydroxide anions compared to 
the methoxide anions. This behavior mirros that of phosphorous(V) 
corroles discussed by Ravikanth and co-authors [59]. 

Synthesis of the novel TBC(Cz)8P(OH)2 compound follows a similar 
procedure which slightly deviates from Gouterman’s procedure [29] via 
the use of a metal-free β,β′-octacarbazole decorated phthalocyanine 
(H2PcCz8).54 1H NMR spectra of this compound were recorded in 
DSMO-d6 at 25 and 90 ◦C (Supporting Information) and consist of four 
groups of the aromatic signals. Similar to the previous report on 
octa-(carbazole)phthalocyanines, a number of overlapped multiplets 
observed in the solution preclude the accurate peak assignments 
although confirm the overall number of the aromatic protons in com
pound. 31P NMR spectrum of this compound in pyridine-d5 (Supporting 
Information Fig. S1C) has a signal at −198.5 ppm, which is close to that 
observed in TBC(tBu)4P(OH)2 compound. This observation allows us to 
confirm its hexacoordinated nature of TBC(Cz)8P(OH)2 in solution. 
Matrix-free MALDI-TOF spectrum of the TBC(Cz)8P(XY) air dry sample 
loaded from regular DCM solution is dominated by the TBC(Cz)8P¼O 
peak and lower intensity peaks of TBC(Cz)8P(OH)2 and [TBC(Cz)8P 
(OMe)]þ clusters (Fig. 2C). The presence of the small amount of 
[TBC(Cz)8P(OMe)]þ cluster can be explained by the presence of MeOH 
during the purification step and is indicative of much slower axial ligand 
exchange in more sterically crowded carbazole-substituted compound. 
Phosphorous 2p XPS data on the room-temperature dried TBC(Cz)8P 
(OH)2 sample are shown in Supporting Information Fig. S7. On a qual
itative level, they correlate well with the XPS spectrum of TBCP¼O 
reported by Bender and co-workers [50] and its energies are clearly 
suggestive of a phosphorous(V) oxidation state; however, at least four 
peaks are needed to deconvolute the experimental data, which might be 
indicative of the simultaneous presence of TBC(Cz)8P ¼ O and TBC(Cz)8P 
(OH)2 species. Once dried under vacuum at elevated temperature, the 
elemental analysis of this compound fits well with the penta-coordinated 
TBC(Cz)8P¼O formula, similar to that reported by Bender and 
co-workers [50] Thus, again, it seems that the structure of phosphorous 
(V) TBC(Cz)8P(XY) samples dried in vacuum under elevated temperature 
can be formulated as TBC(Cz)8P¼O, while dissolvation of these samples 
in regular (wet) organic solvents results in a hydration or solvation re
action, leading to the formation of a hexa-coordinated species of general 
formula TBC(Cz)8P(OR)2 (R = H or Me). 

The Q-band is significantly red-shifted to 690 nm in the case of 
TBC(Cz)8P(OH)2 (Fig. 4). This red-shift of the Q-band in TBC(Cz)8P(OH)2 
is reflective of the electron-donating nature of the eight peripheral 

Fig. 3. UV–Vis and MCD spectra of TBC(tBu)4P(OH)2 in pyridine (A); TBC(tBu) 

4P¼O in dry DCM (B); TBC(tBu)4P(OH)2/TBC(tBu)4P(OH)(OMe)/TBC(tBu)4P 
(OMe)2 in DCM/5 μL MeOH (C); TBC(tBu)4P(OMe)2 in DCM/50 μL MeOH (C);. 
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carbazole groups. The B-band of TBC(Cz)8P(OH)2 is rather broad and 
consists of several overlapping transitions centered at 478 nm. Finally, a 
broad and low intensity band was observed in the UV–vis spectrum in 
the 520–590 nm region for TBC(Cz)8P(OH)2, which is absent in the 
unsubstituted phosphorus-centered TBC [29,51,65] UV–vis spectrum. 
The carbazole groups in TBC(Cz)8P(OH)2 are electron-donating in na
ture; therefore, it could be expected that the energies of the 
carbazole-centered molecular orbitals (MOs) could be near the energy of 
the tetrabenzotriazacorrole-centered highest occupied molecular orbital 
(HOMO) which is a π-orbital. For the case of TBC(Cz)8P(OH)2, 
low-energy carbazole-to-TBC inter-ligand charge-transfer (ILCT) tran
sitions are expected to appear at larger than Q-band energies; therefore, 
the broad band observed in the UV–vis spectrum of TBC(Cz)8P(OH)2 in 
the 520–590 nm region can tentatively be assigned as an ILCT transition. 
This tentative assignment was further supported by MCD spectroscopy 
and TDDFT calculations. The Q-band region in the MCD spectra of 
TBC(Cz)8P(OH)2 is dominated by a pair of intense Faraday MCD B-terms 
centered at 690 and 663 nm. These bands correlate well with the bands 
at 690 and 663 nm observed in the UV–Vis spectrum. Similar spectro
scopic signatures have been observed for a previously reported 
phosphorus-centered β-octasubstituted tetrabenzotriazacorrole 
TBC(tBuPhO)8P(OH)2 species [66]. The intensity of the MCD signals of 
TBC(Cz)8P(OH)2 in the 520–590 nm region is quite low, which further 
supports the tentative ILCT assignment of the ~580 nm transition in 
TBC(Cz)8P(OH)2. 

The absorption spectra in different solvents of TBC(Cz)8P(OH)2 and 
TBC(tBu)4P(OH)2 complexes are shown in Supporting Information 
Fig. S8. Furthermore, tracing the Q-band’s appearance and position at 
different concentrations was also performed using a range of 

concentration values (1–9 μM). The TBC(Cz)8P(OH)2 compound does not 
show significant solvatochromic behavior in the Q-band region. How
ever, the B-band profile undergoes an appreciable change as a function 
of solvent (Supporting Information Fig. S8). Such behavior is not sur
prising as one might expect that the ILCT transitions should be located in 
the 400–500 nm region and also, because of their CT nature, the sol
vatochromic effect should be substantial. 

The steady-state fluorescence spectral measurements were conduct
ed for TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 in toluene and THF using a 
xenon lamp. Fig. 5 displays the fluorescence emission of both complexes 
using different excitation wavelengths (420 and 620 nm). When excited 
close to the Q-band wavelength, the TBC(Cz)8P(OH)2 and TBC(tBu)4P 
(OH)2 compounds display expected emission profiles (Fig. 4). In 
particular, the main emission peak has a small Stokes shift from the Qx- 
band absorption energy, and the energy difference between the main 
emission peak and vibronic satellite is very close to that observed be
tween the Qx-band and vibronic satellite in the UV–vis and MCD spectra 
of the corresponding compounds. When excited at 420 nm, additional 
very weak bands in the 450–600 nm region were also observed. A 
similar band was reported for the TBC(SO3H)nP(OH)2 systems and 
attributed to the S2 → S0 emission process [68]. The photophysical pa
rameters for TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 in toluene and THF 
are compiled in Table 2. The ΦF of the carbazolyl substituted TBC(Cz)8P 
(OH)2 compound in two different solvents examined herein are gener
ally higher than the analogous metal-free phthalocyanine precursor 
[54]. The ΦF values obtained for TBC(Cz)8P(OH)2 after excitation at 420 
nm are larger by a factor of two (0.41) than that obtained after excitation 
at 620 nm (0.20) in both solvents (toluene and THF), and this was 
attributed to an ILCT transition caused by the carbazole groups. Mean
while, the ΦF for TBC(tBu)4P(OH)2 after excitation at 420 nm shows little 
change (0.30–0.27) compared to excitation at 620 nm (0.25–0.24) either 
in toluene or THF, respectively, as shown in Table 2. 

The fluorescence lifetimes (τF) and their kinetic decay for both 
complexes were studied using different excitation wavelengths in both 
THF and toluene, as shown in Table 2 and Fig. S11. Time-correlated 
single photon counting (TCSPC) for TBC(Cz)8P(OH)2 generated a short- 
lived decay (~2 ns) as a major lifetime in either solvent. A second 
minor lifetime was also observed (~12 ns). The fluorescence lifetime 
obtained for TBC(tBu)4P(OH)2 in both solvents was slightly longer 
compared to that of TBC(Cz)8P(OH)2, with a lifetime ~0.9 ns (42%) and 
longer components of ~3 ns in THF and 12 ns in low polarity toluene 
(>50%). The additional decay time in TBCs that were excited in 
400–450 nm region have been reported earlier for a number of com
pounds. At this moment, no rational explanation on such photophysical 
behavior exists in the literature. Nanosecond transient absorption 
spectra were studied to confirm the triplet state production for TBC(Cz) 

8P(OH)2 and TBC(tBu)4P(OH)2 as shown in Fig. 6. For TBC(Cz)8P(OH)2, a 
significant ground state bleaching bands at 490 and 690 nm was 
observed upon photoexcitation. In addition, a raise of a slow (μs regime) 

Fig. 4. UV–Vis and MCD spectra of TBC(Cz)8P(OH)2 in CH2Cl2.  

Fig. 5. Emission spectra of TBC(Cz)8P(OH)2 (left) and TBC(tBu)4P(OH)2 (right) in toluene and THF using different excitation wavelengths (420 nm and 620 nm).  
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decaying broad bands appeared between 400 and 450 nm, 510 and 600 
nm, as well as 710 and 750 nm due to the formation of a triplet state in 
the carbazolyl complex (Fig. 6, left). These bands were assigned to the T1 
→ Tn transitions in unsubstituted and sulfonated phosphorous(V) TBCs 
[68]. For TBC(tBu)4P(OH)2 the dynamics of the ground state bleaching 
bands at 450 and 660 nm correlate with the formation of slow decaying 
bands between 350 and 370 nm, 460 and 570 nm, as well as 710 and 
750 nm that are associated with the formation of a triplet state in this 
molecule [23]. Again, these bands can be assigned to the T1 → Tn 
transitions similar to those in unsubstituted and sulfonated phosphorous 

(V) TBCs [68]. The triplet state lifetime was detected in both air and 
argon. Our results show that the carbazole substituents, in the case of 
TBC(Cz)8P(OH)2, increase the triplet state lifetime to 112 μs compared to 
the TBC(tBu)4P(OH)2 which possess a shorter triplet lifetime (91 μs) in 
argon. 

The electrochemical behavior of tetrabenzotriazacorroles TBC(Cz)8P 
(OH)2 and TBC(tBu)4P(OH)2 was investigated with cyclic voltammetry 
(CV) and differential pulse voltammetry (DPV) methods using a DCM/ 
0.1 M tetrabutylammonium perchlorate (TBAP) system (Fig. 7 and 
Supporting Information Figs. S13 and S14). 

Regarding the TBC(Cz)8P(OH)2 compound, two oxidation processes 
were observed within the electrochemical window at 0.23 and 0.43 V 
(vs. Fc/Fc+) with the first oxidation event being reversible and the 
second one irreversible. The reduction window of TBC(Cz)8P(OH)2 
shows two irreversible reduction processes observed at −1.24 and 
−1.74 V (Fc/Fc+). All redox events were assigned to oxidation and 
reduction of the tetrabenzotriazacorrole core. Interestingly, the 
octacarbazole-based multielectron oxidation event typically observed at 
higher potentials in carbazole-containing phthalocyanines (Pcs) [24,33] 
was not observed in TBC(Cz)8P(OH)2. For compound TBC(tBu)4P(OH)2, 
two closely spaced quazi-reversible oxidation events were observed at 

Table 2 
Photophysical dataa of TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 complexes in both 
THF and toluene.  

Compound Solv. λex 

(nm) 
Abs. 
Maxima 
(nm) 

Log 
(ε)Q- 
Band 

λF 

(nm) 
ΦF τF (ns) 

TBC(Cz)8P 
(OH)2 

THF 420 322, 335, 
461, 473, 
615, 643, 
685 

4.9 509, 
540, 
702, 
778 

0.41 τ1 =

2.09 
(91%) 
τ2 =

13.65 
(9%) 

620 702, 
778 

0.20 τ1 =

2.88 
(100%) 

Tol. 420 322, 335, 
463,493, 
625, 
656,692 

5.0 524, 
692, 
768 

0.41 τ1 =

1.45 
(96%) 
τ2 =

0.65 
(4%) 

620 692, 
768 

0.20 τ1 =

2.68 
(100%) 

TBC(tBu)4P 
(OH)2 

THF 420 326, 410, 
461,596, 
625, 642 

4.9 545, 
663, 
730 

0.27 τ1 =

0.92 
(42%) 
τ2 =

3.31 
(58%) 

620 662, 
730 

0.24 τ1 =

3.66 
(100%) 

Tol. 420 327, 412, 
473, 
603, 637, 
663 

4.9 545, 
661, 
730 

0.30 τ1 =

3.36 
(33%) 
τ2 =

12.88 
(67%) 

620 662, 
730 

0.25 τ1 =

3.40 
(100%)  

a Q-band absorption maximum (λmax), extinction coefficient (ε), emission 
maximum (λF), fluorescence lifetime (τF), and fluorescence quantum yield (ΦF). 

Fig. 6. Nanosecond time-resolved transient difference absorption spectra of (left) TBC(Cz)8P(OH)2 and (right) TBC(tBu)4P(OH)2. Inset: decay trace of the transients of 
TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 in argon saturated solution. Excited with nanosecond pulsed laser with AOD~ 0.5 in deaerated toluene. 

Fig. 7. Electrochemical CV (blue) and DPV (red) voltammograms for TBC(Cz)8P 
(OH)2 in a DCM/0.1 M TBAP system. 
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slightly lower potentials (−0.10 and 0.20 V) than for TBC(Cz)8P(OH)2. 
Titration of DCM solution of TBC(tBu)4P(OH)2 with methanol (0–10% 
v/v, Supporting Information Fig. S13) results in the formation of 
TBC(tBu)4P(OMe)2 (as discussed in 31P NMR section above), which has 
the first oxidation potential shifted to 0.00 V with the second oxidation 
potential remained unaffected. The 100 mV shift of the first oxidation 
potential between TBC(tBu)4P(OH)2 and TBC(tBu)4P(OMe)2 correlates 
well with the 0.06 eV blue shift of the Qx band observed for the same 
transformation. The two closely spaced oxidation events in tri
azacorroles have already been reported [58]. The reduction window of 
TBC(tBu)4P(OH)2 displays two irreversible reduction events at very 
anodic potentials (−1.60 and −2.15 V). 

In order to confirm the oxidation site in TBC(Cz)8P(OH)2 and TBC(tBu) 

4P(OH)2, we conducted spectroelectrochemical oxidation of these 
compounds using a DCM/0.3 M TBAP system (Fig. 8). In the case of 
TBC(Cz)8P(OH)2, oxidation under spectroelectrochemical conditions 
results in the reduction of the Q- and B-band intensities, which is 
accompanied by the formation of bands at 543, 792, and 946 nm 
(Fig. 8). The NIR band at 792 nm (and similar band at 753 nm was 
observed in the oxidation of TBC(tBu)4P(OH)2) is indicative of the for
mation of a [TBC(Cz)8P(OH)2]þ. species in solution [54,55]. The nature 
of new 946 nm band in the UV–Vis–NIR spectrum of [TBC(Cz)8P 
(OH)2]þ. remains unclear but might be associated with 
carbazole-to-SOMO inter-ligand charge-transfer process. In agreement 
with the electrochemical data, the oxidation is reversible. Indeed, the 
[TBC(Cz)8P(OH)2]þ. species can be almost completely transformed back 
to the starting TBC(Cz)8P(OH)2 compound (Supporting Information 
Fig. S15). In contrary, although the formation of new bands at 542 and 
753 nm was observed upon oxidation of the TBC(tBu)4P(OH)2 compound 
under spectroelectrochemical conditions, this process was found to be 
irreversible in our spectroelectrochemical cell which typically requires 
40–60 min for complete oxidation (Fig. 8 and Supporting Information 
Fig. S15). We speculate that the eight bulky carbazole groups present in 
the TBC(Cz)8P(OH)2 compound prevent the [TBC(Cz)8P(OH)2]þ. species 
from interacting with the solvent molecules which might result in 
sample degradation. 

DFT and TDDFT Calculations. The vertical excitation energies and 
electronic structures of tetrabenzotriazacorroles TBC(Cz)8P(OH)2 and 
TBC(tBu)4P(OH)2 were investigated by DFT and TDDFT calculations. In 
order to correlate the DFT and TDDFT results with experimental redox 
properties and UV–vis spectra, the polarized continuum model (PCM) 
was utilized to account for solvent effects (chloroform was used as the 
solvent for all calculations). Since the calculated singlet-triplet gaps and 
TDDFT-predicted vertical excitation energies are expected to have 
exchange-correlation dependencies [78–81], we tested the B3LYP, 
HSEH1PBE, and MN12SX functionals. It was found that all three func
tionals provide similar electronic structures and singlet-triplet energy 
gaps for the TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 compounds, and 
thus, only one set of calculations will be discussed in detail below. The 

energy level diagrams for TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 as 
predicted by DFT-PCM calculations are shown in Fig. 9, and the selected 
frontier molecular orbital (MO) profiles are depicted in Fig. 10, S16, and 
S17. 

In both compounds, the DFT-predicted HOMO takes the form of 
Gouterman’s a1u orbital (in standard D4h symmetry notation) [82–84], 
with significant electron density contributions from the pyrrolic α- and 
β-carbon atoms. In the case of TBC(Cz)8P(OH)2, DFT predicts that the 
electron density distributions on HOMO-1 to HOMO-16 remain largely 
localized on the carbazole moieties, while HOMO-17 resembles Gou
terman’s a2u orbital with additional electron density present on the 
inner- and meso-nitrogen atoms of the tetrabenzotriazacorrole core. The 
energy differences between Gouterman’s a1u and a2u orbitals that were 
predicted by DFT are about half that of typical phthalocyanines at about 
1.2 and 0.8 eV for TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2, respectively, 
and the carbazole-based HOMO-1 to HOMO-16 orbitals are also ener
getically closely spaced (~0.5 eV, Fig. 8). The LUMO and LUMO+1 as 
predicted by DFT in compounds TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 
also resemble the classical Gouterman’s pair of eg orbitals, which are 
dominated by electron density contributions from α- and β-pyrrolic 
carbons, inner- and meso-nitrogen atoms, and the benzene ring of the 
triazatetrabenzcorrole core (Fig. 10). Overall, the electronic structures 
of compounds TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 that were pre
dicted by DFT correlate well with the electrochemical and spectroscopic 
data that were collected. To be more specific, based on the DFT calcu
lations, it is expected that the first two oxidations will be centered on the 
tetrabenzotriazacorrole core and this notion is well-correlated with the 
spectroelectrochemical and electrochemical data collected on TBC(Cz)8P 
(OH)2 and TBC(tBu)4P(OH)2. Additionally, the DFT calculations are 
indicative of a tetrabenzotriazacorrole-centered lowest-energy excited 
state, while many of the ILCT transitions can be expected in the spectral 
envelope containing energies higher than that of the Q-band. Finally, 
DFT predicts a ΔHOMO > ΔLUMO relationship for both compounds 
(ΔHOMO is the energy difference between the a1u and a2u MOs and 
ΔLUMO is the energy difference in eg set of MOs). According to the 
perimeter model [76,77], this should lead to the negative-to-positive (in 
ascending energy) sequence in the Q-band region, which indeed is 
observed experimentally. Reported earlier kinetics of the photodynamic 
quenching of organic molecules by TBCs [53] suggests that the triplet 
state in these platforms is 0.54 eV lower than the first excited singlet 
state. Our DFT calculations, using all three exchange-correlation func
tionals, indeed predicted a 0.66–0.97 eV gap between the first excited 
singlet state and the triplet state (Supporting Information Table S1). 

The TDDFT-predicted UV–vis spectra of TBC(Cz)8P(OH)2 and 
TBC(tBu)4P(OH)2 are presented in Fig. 11 and S19, while the summary of 
excited state contributions for the most intense excited states is listed in 
Table S2. 

Generally, the TDDFT results agree well with both the experimental 
UV–vis spectra and electronic structures of compounds TBC(Cz)8P(OH)2 

Fig. 8. Spectroelectrochemical oxidation of TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 using a DCM/0.3 M TBAP system.  
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Fig. 9. DFT-PCM predicted energy level diagram for (a) select frontier molecular orbitals and (b) Gouterman’s classical frontier orbitals.  

Fig. 10. DFT-PCM predicted images of Gouterman’s classic frontier orbitals of TBC(Cz)8P(OH)2 (left) and TBCP(OH)2 (right).  

Fig. 11. Experimental (upper) and TDDFT-predicted (lower) UV–vis spectra of TBC(Cz)8P(OH)2 and TBC(tBu)4P(OH)2 using the HSEH1PBE/LANL2DZ-PCM method.  
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and TBC(tBu)4P(OH)2. Particularly, the first few excited states of TBC(Cz) 

8P(OH)2 and TBC(tBu)4P(OH)2 that were predicted by TDDFT and 
comprise the Q-band region are singly-degenerate transitions of mod
erate intensity which are dominated by H→L and H→L+1 single- 
electron excitations. The non-degeneracy of these excited states differs 
from those of analogous phthalocyanine compounds due to the lower 
degree of molecular symmetry which is a result of the “missing” meso- 
nitrogen atom on the tetrabenzotriazacorrole framework relative to the 
Pc structure. In the case of TBC(Cz)8P(OH)2 and absent from TBC(tBu)4P 
(OH)2 are the several TDDFT-predicted ILCT bands, which are largely 
dominated by carbazole-based single-electron excitations of the HOMO- 
1 to HOMO-16 orbitals to higher-energy carbazole-centered and unoc
cupied triazatetrabenzcorrole (LUMO and LUMO+1) orbitals. These 
excitations have clear ILCT character, while their intensities are over
estimated in TDDFT calculations (which is quite typical for hybrid 
exchange-correlation functionals). Also, the TDDFT results indicate 
large HOMO-17→LUMO, LUMO+1 (for TBC(Cz)8P(OH)2) and HOMO- 
1→LUMO, LUMO+1 (for TBC(tBu)4P(OH)2) contributions to the most 
intense B-band region transitions. Overall, the TDDFT results indicate 
TBC-centered excited states at low energy, followed by the expected 
ILCT transitions. 

3. Conclusion 

Two phosphorus-centered tetrabenzotriazacorrole compounds were 
prepared and investigated from an electronic structure standpoint where 
structure TBC(Cz)8P(OH)2 possessed eight peripheral carbazole sub
stituents and TBC(tBu)4P(OH)2 was decorated with four peripheral tert- 
butyl groups. Overall, the UV–vis and MCD spectra for TBC(Cz)8P(OH)2 
and TBC(tBu)4P(OH)2 appeared quite similar with the exception of the 
red-shifted and more intense Q-band for TBC(Cz)8P(OH)2. Based on the 
31P NMR, mass spectrometry, UV–Vis, and MCD data, it was demon
strated that the initial pentacoordinated TBC(tBu)4P¼O complex can be 
easily transformed to the hexa-coordinated species in water and meth
anol following TBC(tBu)4P¼O ⇌ TBC(tBu)4P(OH)2 ⇌ TBC(tBu)4P(OH) 
(OMe) ⇌ TBC(tBu)4P(OMe)2 equilibrium. The UV–vis spectra were 
accurately simulated for both compounds using a TDDFT approach. For 
TBC(Cz)8P(OH)2, the electrochemical experiments detected two oxida
tion and reduction processes. The electrochemical analysis of TBC(tBu)4P 
(OH)2 uncovered two partially overlapping oxidation processes and two 
partially reversible reduction events. It was found that for TBC(tBu)4P 
(OH)2, addition of methanol to the electrolyte/sample solution caused 
the two oxidation processes to shift closer together as a result of the axial 
hydroxy groups being replaced by methoxy groups. The spectroelec
trochemical oxidation performed on TBC(tBu)4P(OH)2 was found to be 
completely irreversible but fully reversible for TBC(Cz)8P(OH)2. Also, for 
TBC(Cz)8P(OH)2, the spectroelectrochemical data showed the charac
teristic feature of a cationic radical species via the broad low-energy 
signal at 792 nm; this feature was observed for TBC(tBu)4P(OH)2 at 
753 nm. Finally, the DFT-predicted energy level diagram of TBC(Cz)8P 
(OH)2 showed several carbazole-centered molecular orbitals that were 
energetically intermixed with the Gouterman’s frontier a1u and a2u or
bitals; however, for TBC(tBu)4P(OH)2, the four Gouterman’s frontier 
orbitals were predicted to be energetically sequential as the tert-butyl 
substituents behaved quite innocently with negligible contribution to 
the electronic structure. Transient absorption spectroscopy was moni
tored to investigate the triplet state formation and lifetimes (τT) which 
were 112 μs for TBC(Cz)8P(OH)2 and 91 μs for TBC(tBu)4P(OH)2. The 
axial ligand exchange dynamics investigation revealed that the phos
phorus center is highly prone to coordination and, based on the mass 
spectrometry results, a mixture of axially coordinated products was 
observed which included different configurations of hydroxy, methoxy, 
or pyridine axial coordination. The results reveal that our novel phos
phorus corroles can be developed as a new type of efficient triplet 
photosensitizer for various applications. 

4. Experimental section 

4.1. General methods 

The starting materials were prepared according to our previously 
reported method to prepare metal-free phthalocyanine [54]. Column 
chromatography was performed using Merck silica gel 60 of mesh size 
0.040–0.063 mm. Anhydrous solvents were either supplied from 
Sigma-Aldrich and used as they were received or dried as described by 
Perrin and Armarego [85]. 1H and 13C NMR spectra were performed 
using a Bruker DPX 600 at 600 MHz and 150 MHz, respectively. UV–Vis 
spectra were recorded in CHCl3, DCM, DMSO, THF and toluene using a 
Varian Cary 5000 spectrometer and a Shimadzu UV-2600 spectropho
tometer. Elemental analyses were performed on an Elementar Vario 
MICRO Cube and analyzed using W-positive mode in the range of 
1000–3000 m/z. Capillary and sample cone voltages were set at 4800 
and 174 V, respectively. Desolvation and cone gas were 500 and 50 L 
h−1. The desolvation temperature was 225 ◦C and the ion source tem
perature was 120 ◦C. In addition, clusters of peaks that corresponded to 
the calculated isotope composition of the molecular ion were observed 
by matrix-assisted laser desorption/ionization-time-of-flight mass spec
trometry (MALDI-TOF) via an ultrafleXtreme (Bruker). The MALDI-TOF 
mass data for samples are presented as the mass of the most intense peak 
in the cluster instead of the exact mass. 

4.2. Fluorescence measurements 

Steady-state and time-resolved fluorescence were measured at room 
temperature using an Edinburgh Instruments FLS980 spectrofluorom
eter equipped with a 450 W xenon lamp. The samples were excited at 
420 nm and 620 nm. 

4.3. Fluorescence quantum yields (ΦF) 

The fluorescence quantum yields were acquired using an integrating 
sphere incorporated into a spectrofluorometer (FLS980, Edinburgh In
struments) using Eq. (1) and Eq. (2) 

ΦX
F =

Lsam

Eref − Esam
(%) (1) 

corrected to re-absorption by: 

ΦF =
ΦX

F

1 − a + a ΦX
F

/100
(%) (2)  

where LSam is the area under the detected spectrum in the part of the 
spectrum where sample emission occurs, ERef is the area under the 
reflection part of the detected spectrum using pure solvent as reference 
material (diffuse reflectance), ESam is the area under the reflection part 
of the detected spectrum after absorption by the sample, and a is the 
reabsorbed area. 

4.4. Time-resolved spectroscopy measurements 

The time-resolved spectrosopy measurements were performed using 
the time-correlated single-photon-counting technique (TCSPC) inte
grated in the Edinburgh Instruments’ FLS-980 fluorescence spectrom
eter equipped with a Supercontinuum Fianium White Laser as the 
excitation source at 420 nm and 620 nm (frequency of 10 MHz). The 
instrument response function was measured using a diffusive reference 
sample (LUDOX ® from Sigma-Aldrich). Reconvolution fit analysis 
software (FLS980, Edinburgh Instruments) was used for lifetime data 
analysis. 
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4.5. Nanosecond transient absorption spectroscopy 

The nanosecond time-resolved transient absorption spectra were 
measured with laser flash photolysis using an Edinburgh Instruments 
LP980 instrument in degassed solution (prepared by bubbling with 
argon for 20 min). The samples were excited with a continuum Surelite 
laser (420 nm) as the excitation source. The analyzing light was pro
duced by a pulsed xenon lamp. The laser and analyzing light beams 
perpendicularly passed through a quartz cell with an optical path length 
of 1 cm. The signal was displayed and recorded on a Tektronix MDO 
3022 Mixed Domain Oscilloscope and a PMT-LP detector. The laser 
energy incident at the sample was attenuated to ca. 20± mJ per pulse. 
Time profiles at a series of wavelengths from which point-by-point 
spectra were assembled were recorded with the aid of a PC controlled 
kinetic absorption spectrometer. The lifetimes were obtained with the 
LP980 software. The concentrations of the target compounds were 
typically 20 μM providing A420 = 0.45 in a 1 cm cuvette. 

4.6. Synthesis and characterization 

Synthesis of TBC(Cz)8P(OH)2. TBC(Cz)8P(OH)2 had been synthesized 
from the corresponding octa-carbazole substituted metal-free phthalo
cyanine precursor [54] (PcCz8H2) according to the general procedure 
[29] as follows: 0.6 g of PcCz8H2 (1.17 mmol) in 10 mL of pyridine was 
added into a 50 mL three-necked round-bottomed flask, which was 
equipped with a reflux condenser and a gas inlet tube. Pyridine (5 mL) 
that contained 3.2 mL of PBr3 (35 mmol) was then added and the 
resulting mixture was heated at 90–100 ◦C and stirred for 2 h. After 
cooling, the mixture was poured into water and filtered, the solid was 
washed thoroughly with water. The crude product was dissolved in 
pyridine and purified by column chromatography (CHCl3–MeOH in 9:1 
ratio). Yield: 51%. 1H NMR (DMSO‑d6): 1H NMR (DMSO‑d6): δ = 8.56 (s, 
4H), 8.1–8.3 (m, 16H), 7.55–7.6 (m, 12H), 7.35–7.45 (m, 40H). 31P 
NMR (Py-d5): δ = −198.53. UV–Vis [CH2Cl2; λ, nm (log ε, cm−1 M−1)]: 
478 (4.87), 627 (4.30), 663 (4.60), 690 (4.90). MS (MALDI-TOF), mo
lecular ion = 1884.59 m/z in a MeOH-free system and 1912.62 m/z in a 
MeOH-containing system. Elemental analysis for vacuum dried at 
100 ◦C sample: calculated for C128H72N15O1P1: C – 82.34%; H – 3.89%; 
N - 11.25%; found: C – 82.33%; H – 3.97%; N – 11.23%. 

4.7. Synthesis of Pc(tBu)4H2 

40 mL of dry N,N-dimethylaminoethanol and 5 g (27.1 mmol) of 4- 
tert-butyl-phthalonitrile were placed into a 50 mL 3-neck round-bottom 
flask fitted with a water condenser and charged with a magnetic stir bar. 
Under an argon atmosphere, 0.6 eq. (374 mg) of elemental sodium was 
added to the mixture before refluxing for 30 min. The bulk of the solvent 
was then evaporated and the remaining mixture crystallized in water. 
After filtering and drying, the crystals were dissolved in DCM and run 
through a silica flash column and eluted with DCM. The product was 
recrystallized in a 4:1 EtOAc:DCM system with a 24% yield. 

4.8. Synthesis of TBC(tBu)4P(XY) derivatives 

100 mg (0.14 mmol) of Pc(tBu)4H2 was added to 10 mL of pyridine in 
a Schlenk flask and 25 eq. (284 μL) of PBr3 was added. This mixture was 
heated to 90-100◦ ֯C and stirred for 75 min under an argon atmosphere. 
The reaction mixture was then crystallized in ice-water, filtered, and 
dried. Two methods were used in purification. Sample 1 was initially 
dissolved in DCM, filtered, and the filtrate was purified using first col
umn chromatography (silica gel; 100–95 DCM 0–5 MeOH gradient sol
vent mixture as eluent). Dark blue fraction was collected, solution was 
evaporated using rotary evaporator, and the resulting residue was dried 
at room temperature. According to 31P NMR data (major peak at −187 
ppm and the minor peak at −194.8 ppm) this sample is dominated by 
TBC(tBu)4P(OMe)2 with a minor contribution from TBC(tBu)4P(OH) 

(OMe). Yield: 22%. Sample 2 was purified using first column chroma
tography (silica gel; 85:15 v/v DCM:THF solvent mixture as eluent). 
Further purification was performed via silica preparative TLC using a 5:1 
v/v DCM:THF system. Dark blue fraction was collected, solution was 
evaporated using rotary evaporator, and the resulting residue was dried 
at 100 ◦C overnight. Yield: 34%. According to 31P NMR spectra, this 
sample is pure TBC(tBu)4P¼O. 1H NMR (CDCl3): δ 9.44 (m, 8H), 8.40 (m, 
4H), 1.70 (s, 9H), 1.63 (m, 27H). UV–Vis [CH2Cl2; λ, nm (log ε, cm−1 

M−1)]: 443 (4.27) Due to observed ligand exchange dynamics, the molar 
absorptivity coefficients for the signals in the Q-band region are incon
sistent and therefore, not listed herein. MS (MALDI-TOF), molecular ion 
= 787.37 m/z in a MeOH-free system and 815.41 m/z in a MeOH- 
containing system. 

4.9. UV–vis/MCD spectroscopy 

All UV–vis spectra were collected on an Agilent Cary 5000 spectro
photometer and MCD spectra were measured with a Jasco J-1500 CD 
spectrometer using a Jasco MCD-581 electromagnet operated at 1.0 T. 
The completed MCD spectra were measured at 10 ◦C in parallel and 
antiparallel orientations with respect to the magnetic field. 

4.10. Electrochemical measurements 

The electrochemical data were collected using a CH-620 analyzer 
with either glassy carbon or platinum working, platinum auxiliary, and 
Ag/AgCl pseudo-reference electrodes. Decamethylferrocene was used as 
an internal standard for the studied complexes and the reported po
tentials were corrected to the Fc/Fc + couple. All electrochemical ex
periments were conducted in a CH2Cl2/0.1 M tetrabutylammonium 
perchlorate (TBAP) system. 

4.11. Spectroelectrochemical measurements 

The spectroelectrochemical experiments were performed using a 
Jasco V-770 UV–vis–NIR spectrophotometer in tandem with a CH In
struments electrochemical analyzer which was operated using the bulk 
electrolysis mode. The data were collected using a custom-made 1 mm 
cell, a platinum mesh working electrode, platinum auxiliary electrode, 
Ag/AgCl pseudo-reference electrode, and a 0.3 M solution of TBAP in 
CH2Cl2. 

4.12. Computational details 

All calculations were run using Gaussian 16 [86]. The B3LYP [87, 
88], HSEH1PBE [89], or MN12SX [90] exchange-correlation functional 
with the LANL2DZ basis set [91] were used for all calculations. Vibra
tional frequencies were calculated to ensure all geometries were local 
minima. All calculations were conducted in solution using the PCM 
model [92], with chloroform as the solvent. For all TDDFT-PCM calcu
lations, 100 excited states were predicted for each compound. The 
QMForge program [93] was used for the orbital analysis. 
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