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ABSTRACT 

Corroles are emerging as an important class of macrocycles with numerous applications because 

of their peculiar photophysical and metal chelating properties. Meso-pyrimidinylcorroles are 

easily deprotonated in certain solvents, which changes their absorption and emission spectra as 

well as their accessible supramolecular structures. To enable control over the formation of 

supramolecular structures, the dominant corrole species, i.e. the deprotonated form or one of 

the two NH-tautomers, needs to be identified. Therefore, we focus in the present article on the 

determination of the UV-vis spectroscopic properties of the free-base NH-tautomers and the 

deprotonated form of a new amphiphilic meso-pyrimidinylcorrole that can assemble to 

supramolecular structures at hetero-interfaces as utilized in the Langmuir-Blodgett and liquid-

liquid interface precipitation techniques. After quantification of the polarities of the free-base 

NH-tautomers and the deprotonated form by means of quantum chemically derived 

electrostatic potential distributions at the corroles’ van der Waals surfaces, the preferential 

stabilization of (some of) the considered species in solvents of different polarity is identified by 

means of absorption spectroscopy. For the solutions with complex mixtures of species, we 

applied fluorescence excitation spectroscopy to estimate the relative weights of the individual 

corrole species. This technique might also be applied to identify dominating species in 

molecularly thin films directly on the subphase’ surface of Langmuir-Blodgett troughs. 

Supported by quantum chemical calculations we were able to differentiate between the 

spectral signatures of the individual NH-tautomers by means of fluorescence excitation 

spectroscopy.  
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INTRODUCTION 

The versatile photophysical properties1-3 and chelating abilities of corroles render this class of 

molecules of high interest for numerous applications4-5, such as novel catalysts6-9, antitumor and 

imaging agents10-12, molecular sensors13-17 and optoelectronic devices18-20. Corroles are 

macrocycles that, similar to porphyrins, contain four pyrrole rings21. In contrast to porphyrins, 

however, corroles contain only three meso-carbon atoms (Cm) and one direct pyrrole-pyrrole 

(Cα-Cα) linkage, as shown in Figure 1. Moreover, corroles exhibit NH-tautomerisation22, the 

possibility of a single protonation, and in principle three successive deprotonations23. Since the 

corrole NH-tautomers can differ significantly in their chemical and spectroscopic properties24-27, 

it is of interest to determine which one of the NH-tautomers dominates. Moreover, the 

chemical and spectroscopic properties of the deprotonated species differ even more from those 

of the aforementioned free-base NH-tautomers.23 

Since the spectroscopic and chemical properties of the abovementioned corrole species differ, 

the formation and properties of supramolecular structures and thin films will strongly depend 

on the corrole species that dominates during processing. Therefore, it is important to determine 

and control the protonation state and, when indicated, the dominant NH-tautomer in stock 

solutions and during processing to yield supramolecular structures and thin films with the 

required properties. 

In the present work, we have synthesized a new corrole that shows amphiphilicity, thus allowing 

its assembly into supramolecular structures, particularly at hetero-interfaces as utilized in the 

Langmuir-Blodgett (LB)16, 28-33 and liquid-liquid interface precipitation34-35 techniques (cf. 

porphyrinoids). In both, the LB and the LLIP techniques, polar solvents are involved. However, it 
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was found that corroles show solvent dependent deprotonation, to which the polarity seems to 

have a key contribution.23 Hence, it is important to investigate the dependence of 

deprotonation and NH-tautomerization on solvent properties, such as polarity, before 

performing extensive LB studies. 

To utilize the UV-vis spectroscopic differences between the NH-tautomers and the 

deprotonated form for identifying these individual species in different media, we have 

comprehensively analyzed their polarities and systematically resolved their individual UV-vis 

spectroscopic features. This spectroscopic characterization was performed experimentally and 

theoretically by measuring UV-vis absorption spectra and by analyzing fluorescence and 

fluorescence excitation spectra. The fluorescence-based techniques can be applied to 

determine the protonation or NH-tautomerization state, for example in stock solutions and 

directly on the LB-trough surface in subsequent studies. 

METHODS 

Synthetic Procedure 

 

Scheme 1: Synthesis of the amphiphilic Pyrim2Ph1Corrole. 

The amphiphilic A2B-pyrimidinylcorrole (Scheme 1) was synthesized under pseudo high-dilution 

conditions employing 0.043 equivalents of BF3⋅OEt2 as Lewis acid catalyst. Synthetic strategies from the 

literature were used.36-40  
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A mixture of p-octylbenzaldehyde (1) and BF3⋅OEt2 (3 µL, 0.043 equiv) in dichloromethane (50 

mL) was added dropwise over 2 h to a stirred solution of pyrimidinyldipyrromethane 2 (600 mg, 

1,17 mmol) in dichloromethane (400 mL), under N2. The mixture was shielded from light and 

further stirred overnight at room temperature. p-Chloranil (200 mg, 0.813 mmol) was then 

added and the mixture was refluxed for 1 h. The solvent was evaporated under reduced 

pressure until 100 mL remained. The crude mixture was then first passed through a silica gel 

plug (in dichloromethane). Further purification was carried out by column chromatography 

(silica gel, dichloromethane:hexane 1:1) to give pure corrole 3 as a purple-green solid (9.2 mg, 

2%). 1H NMR (300 MHz, CDCl3, 25°C, TMS): δ = 9.06 (d, 3J(H,H) = 4.2 Hz, 2H, Hβ), 8.70 (d, 3J(H,H) = 

4.8 Hz, 2H, Hβ), 8.61 (d, 3J(H,H) = 4.8 Hz, 2H, Hβ), 8.51 (d, 3J(H,H) = 4.2 Hz, 2H, Hβ), 8.08 (d, 3J(H,H) 

= 7.9 Hz, 2H, Har), 7.56 (d, 3J(H,H) = 7.9 Hz, 2H, Har), 2.95−2.90 (m, 2H), 2.84 (s, 6H, HSMe), 

1.95−1.85 (m, 2H), 1.56−1.41 (m, 8H), 0.96−0.83 (m, 5H), −2.35 (sbr, 3H, NH) ppm. 13C NMR (75 

MHz, CDCl3, 25°C, TMS): δ 173.5, 163.4, 142.5, 138.4, 134.5 (CH), 128.1 (CH), 127.4 (CH), 125.9, 

125.0 (CH), 117.2 (CH), 77.2 (CH), 36.0 (CH2), 32.0/31.7 (CH2), 29.7/29.6/29.4 (CH2), 22.8 (CH2), 

14.8 (CH3), 14.2 (CH3) ppm. MALDI-TOF: calc. 872.14 [M+]; found 872.27. 

Experimental Details 

Absorption spectra were recorded with a Varian Cary 5000 spectrometer. Overview emission 

and fluorescence excitation spectra were measured with a spectrofluorometer LS50B from 

Perkin Elmer. Detailed emission spectra at different excitation wavelengths were recorded with 

an in-house setup. This setup uses a Princeton Instruments Isoplane 320 spectrograph with a 

Pixis 400 eXelon CCD camera to measure even very small fluorescence intensities. A 1200 l/mm 

grating with a blaze wavelength of 500 nm was used and the slit was set to 500 µm, resulting in 
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a spectral resolution of 1.7 nm. All measurements were corrected for the setup’s response 

curve. We used a 450 W Xe lamp and a monochromator with a focal length of 260 mm (LOT-

Quantum Design) as a monochromatic light source for excitation. The monochromator’s slits 

were set to 2 mm, giving a spectral resolution of 7 nm. 

Quantum Chemical Details 

All quantum chemical results were obtained with the functional ωPBEh41 and the basis set 

lanl2dz42. We employed an ω of 0.12/aB,, which we obtained using omega-tuning43-45 as 

implemented in an in-house code46. The omega is tuned so that Koopmans’ theorem is obeyed 

as closely as possible, therefore enforcing optimized HOMO and LUMO energy. However, it has 

been shown, that also a good description of the low lying excited states can be achieved in cases 

where the orbitals involved have a similar character as HOMO and LUMO47-48 The omega-tuning 

was done without solvent model. Results obtained at the ground state geometries of T1 and T2 

both resulted in the same optimal omega value, which was then used for all further calculations. 

Vibrational analysis of the ground state geometries was done to check that true minima were 

found during the optimization. All calculations were done with a development version of 

TeraChem49. 

Vibrationally broadened absorption spectra were calculated with the nuclear ensemble 

method50-51 by sampling 585 geometries per tautomer using ab initio molecular dynamics 

(AIMD) and a Langevin thermostat as suggested by Isborn et al.52. The AIMD was conducted 

with a time step of 1.5 fs. After an equilibration time of 20 ps, geometries were sampled every 

500 fs. Independence of the samples was tested based on the autocorrelation function used by 

Isborn et al.52. All individual electronic transitions of the different geometries were broadened 
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with Gaussian functions of a full width at half maximum of 0.03 eV before being added up, 

resulting in a smooth total spectrum. To decrease the computational effort, AIMD and 

subsequent TDDFT calculations were done with a shorter R2 moiety, consisting of phenyl-C3H7. 

This is a valid approximation as the normal modes and the electronic excitations of the Q-band 

region are not significantly influenced by the length of the alkyl chain.  

The discretized vdW surfaces were obtained using the skin-surface model as implemented in the 

Computational Geometry Algorithms Library (CGAL)53. The electrostatic potential at these points 

was computed from the quantum mechanical orbitals according to the well-known expression 
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using an altered version of the numerical integrator for the local part found in the literature54 

with spherical harmonics computed using the Boost library 55. Here, P is the first order density 

matrix, the χ are the contracted Gaussian basis functions and Z is the nuclear charge. All capital 

letters correspond to the nuclei. The data was organized using a Python program and interfaces 

to parts written in other programming languages which were generated using the Simplified 

Wrapper Interface Generator (SWIG) 56. The figures were rendered using the Persistence of 

Vision Raytracer (PoVRay) version 3.7.1 57. 
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RESULTS AND DISCUSSION 

Polarity of the Different Corrole Species  

To enable (self)assembly at hetero-interfaces for extending supramolecular structures, we 

induced amphiphilicity to a specific meso-pyrimidinylcorrole. Therefore, 4,6-dichloro-2-

methylsulfanylpyrimidinyl groups (Pyrim) were inserted in the 5- and 15-positions to increase 

the hydrophilicity of the molecule, while a p-octylphenylene group (Ph) was placed in the 10-

position to act as the lipophilic moiety (total abbrev. Pyrim2Ph1Corrole), as shown in Figure 1. 

For details on the synthesis, see methods section.  

The amphiphilic character is visualized by the quantum mechanically calculated electrostatic 

potential distribution ϕ(r) derived from the electron density distribution58-60at the van der 

Waals (vdW) surface (for computational details, see methods section) in Figure 1. From 

electrostatic potential and charge distributions on vdW surfaces, solubilities as well as 

reactivities can be estimated61-63, cf. the seminal work of Klamt et al. on the analysis of 

screening counter charges in conductor environments.62, 64-65 As shown in Figure 1, the free-

base macrocycle features high absolute ϕ-values, while the alkyl moiety has a rather non-

charged van der Waals surface, thus indicating amphiphilicity. Furthermore, the calculated 

dipole moments show large differences between the free-base NH-tautomers T1 (3.1 D) and T2 

(1.8 D).  

To understand the rather large difference between the NH-tautomer’s dipole moments, the 

chemical difference between the NH-tautomers was considered. Since NH-tautomerization 

occurs essentially at the corrole core, similar dipole moment differences between the NH-

tautomers (structures in Figure 1 (Pyrim2Ph1Corrole): ∆p(T1,T2) = 1.34 D) would also be 
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expected for already reported corrole derivatives. However, a comparison with unsubstituted 

corrole reveals the significant influence of the meso-substituents on ∆p(T1,T2), which is 

2.4 times higher for Pyrim2Ph1Corrole than for the pristine corrole, as shown in Table 1.  

This large increase in ∆p(T1,T2) upon meso-substitution is related to the strong increase in the 

individual tautomers’ dipole moments due to the negative ϕ-values at the phenylene groups, as 

shown in Figure 1. The increased negative ϕ-values at the R2 substituent, in combination with 

the partially positively charged corrole core, cause the orientation of the resulting dipole to be 

similar to the direction of tautomerization, i.e. the orientation of a vector defined by the 

nitrogen atoms involved in tautomerization, N(23) and N(24), see Table 1 for the angels. 

However, upon tautomerization from T1 to T2 the charge distribution in the core naturally 

changes, as shown in Figure 1, and shrinks and tilts the dipole away from the tautomerization 

direction (angles listed in Table 1). In case of the recently published Mes2Pyrim1Corrole26 (see SI 

Figure S1 for molecular structure) the change in magnitude and angle of the dipole upon 

tautomerization is smaller than in case of the here-investigated Pyrim2Ph1Corrole, see Table 1. 

 

Besides tautomerization, it was shown that in the case of the meso-mesityl (Mes) derivative 

Mes2Pyrim1Corrole, deprotonation occurs in certain solvents.23 This solvent-dependence of the 

deprotonation arises from different solvent screening of surface charges, as shown in Figure 1, 

of the deprotonated species.65 Thus, in addition to molecular properties like electron 

delocalization and polarizability, the charge screening by a solvent heavily influences the 

chemical potential and finally the pKB in solution, as recently shown for porphyrins62. This 

charge screening is improved with increasing solvent permittivity, albeit other solvent 
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properties, like dipole-moment, proticity and more are known to influence acid-base equilibria 

and were combined to various descriptors to better account for specific solvatochromic effects, 

cf. the work of Taft66, Hammett67, Swain68, and others69. In a rough approximation, we might 

consider the molecular dipole moment as a descriptor of the charge distribution to facilitate the 

discussion in the following section. Within this approximation, we ascribe the more facile 

deprotonation with increasing solvent permittivity to molecules with larger differences between 

the dipole moments of the acidic and the deprotonated form as compared to molecules with 

smaller dipole moment differences. Following this approximation, the dipole moments of the 

free-base NH-tautomers and those of the deprotonated forms of Mes2Pyrim1Corrole, 

Pyrim2Ph1Corrole (introduced here), and the corrole reference compound are compared in 

Table 1 to investigate how solvent permittivity might influence deprotonation.  

The deprotonated species of Mes2Pyrim1Corrole and the pristine corrole have very small dipole 

moments (p<1 D), well below the respective dipole moments of T1 and T2. In contrast to this, 

the deprotonated species of the corrole studied here has a much larger dipole moment (9.25 D) 

than the free-base tautomers, which is induced by negative charge accumulating mainly at the 

corrole core, while the alkyl chain is neutral. As the difference in dipole moments between the 

deprotonated Pyrim2Ph1Corrole and its T1-tautomer is about four times greater than ∆p(T1,T2), 

deprotonation is increasingly probable with larger solvent dipolarity as compared to 

accumulation of the more polar NH-tautomer (T1). Thus, systematic variation of the solvent 

dipolarity (same order if sorted for permittivity within the small set of solvents employed here) 

appears to be a suitable approach for identification of the individual spectral features of NH-

tautomers and the deprotonated Pyrim2Ph1Corrole, as discussed in the following section.  
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Table 1: Dipole moments p of different species of the three corroles studied as well as angle between the tautomerization 

direction and the dipole moment and the differences between the dipole moments of the different species. We calculated all 

dipole moments listed here (for the new amphiphilic Pyrim2Ph1Corrole as well as for the two reference corroles) by means of 

TDDFT at the ωPBEh/lanl2dz level of theory using a range-separation parameter of ω=0.12/aB. For comparability of all 

calculation, the omega obtained using the omega-tuning for the Pyrim2Ph1Corrole was applied for all three corroles (for further 

details see methods section).  

 Corrole Mes2Pyrim1Corrole Pyrim2Ph1Corrole 

|p(deprotonated)| [D] 0.62 0.71 9.25 

|p(T1)| [D] 1.74 3.76 3.10 

|p(T2)| [D] 1.18 2.54 1.76 

∡ (p(deprotonated), N(23)N(24)�������������������������⃗ ) 1.91 ° 5.67 ° 9.23 ° 

∡ (p(T1), N(23)N(24)�������������������������⃗ ) 47.46 ° 21.75 ° 31.62 ° 

∡ (p(T2), N(23)N(24)�������������������������⃗ ) 77.00 ° 32.83 ° 51.65 ° 

∆p(T1,T2) = |p(T1)|-|p(T2)| [D] 0.56 1.22 1.34 

|p(deprotonated)|-|p(T1)| [D] 1.12 3.05 6.15 

|p(deprotonated)|-|p(T2)| [D] 0.56 1.83 7.49 
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Figure 1: Lewis structures of the two NH-tautomers and the deprotonated species of the amphiphilic pyrimidinylcorrole. Orange 

arrows indicate the calculated dipole moments and blue arrows indicate the direction of tautomerization. The plots of the 

electrostatic potential distribution at the Van der Waals surface are shown to visualize amphiphilicity. Red, blue and black 

correspond to a positive, negative and vanishing electrostatic potential, respectively. The saturation of the color is a direct 

measure of the strength of the electrostatic potential with independent red-black and blue-black color scales. The optimized 

vacuum geometries of T1, T2 and the deprotonated species on which the potential plots are based are given in Tables S2, S3 and 

S4 in the Supporting Information. 

 

Absorption Spectra in Solvents of Different Polarity 

In the absorption spectra measured in different solvents, shown in Figure 2a, four distinct 

absorption bands can be observed in the Q-band spectral range at 1.94, 2.01, 2.15, and 2.38 eV, 

respectively. The spectra show only minor differences in a multitude of solvents with different 
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basicity and permittivity, (according to Kamlet-Taft parameters70, see SI Table S2). This means 

that solvatochromic effects are negligible for individual corrole species in the solvents shown in 

Figure 2a. This very weak solvatochromism of the Q-band is corroborated by the very small 

differences between time-dependent density functional theory (TDDFT) derived absorption 

spectra of T1 and T2 in calculations employing solvent effects using a high dielectric constant 

(ε(propylene carbonate)=64.0) and a low dielectric constant (ε(chloroform)=4.81), as shown in 

Figure 2b. The first two transitions for T1 and T2 are mainly of ππ* character and are centered 

on the corrole core, see supporting information for details. Therefore, their calculated 

transitions energies are not as strongly influenced by the simulated solvent as the transition 

energies of the deprotonated species, which involves significant charge transfer character. The 

calculated peak positions of the S0S1 transitions for both tautomers match the experiment. In 

contrast to this, the relative intensities and the energies of the S0S2 transitions cannot be 

described as good by the calculations. This is probably due to the high influence of vibrational 

progression, as is often the case for porphyrins and corroles.25 The frontier orbitals of the three 

species and the nature of the corrole’s Q-band transitions as visualized by means of charge 

difference densities 71-73 are shown in Figure S2 to S4 as calculated without solvent. 
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Figure 2: a) Normalized absorption spectra of the investigated amphiphilic Pyrim2Ph1Corrole in various solvents (corrole 

concentration: 11.5 μmol/ml). The Q-band spectral range is enlarged by a factor of six to provide a better view on the spectral 

changes in this region. b) Absorption spectra of the investigated amphiphilic corrole in chloroform. The calculated stick spectra 

of T1, T2 and the deprotonated species are shown in orange and green for chloroform (ε=4.81) and propylene carbonate 

(ε=64.0), respectively. Sticks are shifted by 0.365 eV and calculated at the ωPBEh/lanl2dz level of theory using a range-

separation parameter of ω=0.12/aB and COSMO64, 74 to describe solvent effects. 

 

However, dissolving the corrole in very dipolar propylene carbonate (Kamlet-Taft dipolarity 

π*=0.9) leads to a new band at 1.96 eV (see Figure 3a). Additionally, a peak at 2.10 eV arises 

that lies beneath the shoulder of the 2.15 eV peak in other solvents. Furthermore, an additional 

peak in the Soret-band appears at ∼2.80 eV for the propylene carbonate solution. When mixing 

increasing amounts of propylene carbonate into a chloroform solution, the peaks at 1.96, 2.10 

and 2.80 eV systematically increase, whereas the peaks at 2.01 and 2.15 eV that dominate the 

spectra measured in chloroform decrease. Because of the significant difference between the 

spectra measured in propylene carbonate and the other solvents, the exclusion of large specific 

solvatochromic effects, and the larger polarity of propylene carbonate, we conclude that in the 
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propylene carbonate solution a different species is predominant. Even though propylene 

carbonate has a low basicity according to Kamlet-Taft hydrogen bond acceptor strength β, we 

assume that this species is the deprotonated corrole.  

In order to verify this hypothesis, we added tetramethylguanidine (TMG) as an organic base to 

the chloroform solution. With increased TMG concentration, the same form of peaks as that 

observed for the propylene carbonate solution arises, as shown in Figure 3b. Because of the 

high basicity of TMG, we assign the spectral features that arise both with increasing TMG and 

propylene carbonate concentration to the deprotonated corrole. Therefore, we conclude that 

also in dipolar solution like in propylene carbonate or at a water-surface, e.g. on a LB trough (as 

outlined in the introduction), the corrole is deprotonated to a substantial extent. Thus, in case 

of the LB technique, the protonation state can be influenced by variation of the pH of the 

subphase upon processing and by the polarity in the thin film, which can be tuned by means of 

matrix molecules and additives. 

The protonation state of the corrole in the molecularly thin Langmuir layer on the LB trough 

could possibly be identified by analyzing the Q-band spectral range. However, because of the 

weak absorption of the Langmuir layer, highly sensitive spectroscopic techniques such as 

fluorescence and fluorescence excitation spectroscopy might be applied to characterize 

Langmuir layers. Thus, in the following section, the fluorescence and fluorescence excitation 

spectra of the different Pyrim2Ph1Corrole species are analyzed.  
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Figure 3: a) Normalized absorption spectra of the investigated amphiphilic Pyrim2Ph1Corrole in chloroform and propylene 

carbonate and different mixtures of both solvents with ratios of volumes 4:1, 3:2, 1:1: 2:3 and 1:4(corrole concentration: 

28.6 μmol/l) b) Normalized absorption spectra of the investigated amphiphilic corrole in chloroform with increasing amounts of 

tetramethylguanidine (TMG). (corrole concentration: 4.6 μmol/l)  

 

Fluorescence and Fluorescence Excitation Spectra 

Free-base and Deprotonated Corrole Species 

The fluorescence spectrum of the amphiphilic corrole in chloroform solution (see Figure 4) 

shows a pronounced maximum at 1.87 eV with two shoulders at 1.98 and 1.74 eV. In contrast to 

this, the fluorescence spectrum in propylene carbonate has a blue-shifted maximum at 1.94 eV 

and only one additional band at 1.76 eV. When mixing increasing amounts of propylene 

carbonate into the chloroform solution, the maximum first shifts very slowly towards that of the 
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propylene carbonate solution because the quantum yield of the corrole in chloroform solution is 

higher than that in propylene carbonate1.  

 

Figure 4: Normalized Fluorescence spectra of the investigated amphiphilic Pyrim2Ph1Corrole in chloroform and propylene 

carbonate (corrole concentration: 1.15 μmol/l) and five different mixtures of both solvents (corrole concentration: 

13.75 μmol/l).  

 

After having characterized the basic absorption and fluorescence features of the deprotonated 

and the free-base corrole species based on preferential stabilization in solvents of different 

polarity, we investigated whether the abovementioned individual spectroscopic features can be 

identified in a more complicated solution containing an approximately balanced mixture of free-

base and deprotonated species. Since their fluorescence spectra are significantly different, 

                                                           
1 The relative quantum efficiency in propylene carbonate is 14 % of that in chloroform. The quantum efficiency was 
calculated as the integral intensity of the fluorescence peak weighted by the absorbance at the excitation wave-
length of 405 nm.  
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fluorescence excitation (FE) spectroscopy of a corrole solution with balanced volume fractions 

of propylene carbonate and chloroform was performed. 

The energies of the fluorescence maxima of the pure propylene carbonate and chloroform 

solutions, 1.94 and 1.87 eV, respectively, would normally be used as detection energies for the 

FE-spectra. However, because of the different quantum yields in these solvents, the overall 

intensity of the fluorescence at 1.94 eV is very weak in the solvent mixture. Therefore, FE-

spectra were detected at systematically scanned emission energies, as shown in Figure 5a, to 

identify which emission energies yield the most different FE-spectra with acceptable signal to 

noise ratio. To facilitate the comparison, the FE-spectra were normalized to the FE-peak at 

2.14 eV. Significant differences in the lower-energy FE-peak at around 1.96 eV can be seen for 

the spectra detected at emission energies of 1.900 and 1.825 eV (light blue and black, 

respectively, in Figure 5a). With increased detection energy, the intensity of the FE-peak at 

1.96 eV rises significantly compared to the normalization peak. From these significant 

differences, we conclude that different species can be extracted from these FE-spectra. This is 

visualized in more detail in Figure 5b, which shows the difference fluorescence (DF) intensity in 

relation to the fluorescence spectrum at an excitation energy of 2.14 eV plotted over emission 

energies between 1.75 and 1.96 eV. The DF-spectra for excitation energies lower than the 

normalization peak exhibit a minimum at an emission energy of about 1.83 eV and increase 

strongly in intensity for higher energies up to a maximum at ~1.94 eV. In contrast to this, the 

DF-spectrum at an excitation energy of 2.19 eV shows the opposite behavior, having a broad 

maximum between 1.80 and 1.85 eV. This leads to the conclusion that the DF-spectra for 
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different excitation energies fall into two groups, which we assign to the free-base and the 

deprotonated species.  

 

 

Figure 5: a) Normalized fluorescence excitation (FE, normalized at 2.14 eV, corrole concentration: 1.15 μmol/l in solution of 

balanced volume fractions of propylene carbonate and chloroform) spectra of Pyrim2Ph1Corrole detected at systematically 

varied emission wavelengths (in the range from 1.725 to 1.900 eV). b) Difference fluorescence intensities for different excitation 

energies in relation to the fluorescence spectrum at an excitation energy of 2.14 eV plotted over the emission wavelength. 

 

From the analysis presented above, we conclude that FE-spectra taken at emission energies of 

1.83 and 1.90 eV2 (see vertical lines in grey and black, respectively, in Figure 5b) can be used to 

unambiguously deconvolute the overall absorption spectrum of a mixed solution of the 

deprotonated and free-base species into the spectra of the pure species. In order to obtain a 

first approximation of the ratio with which both species contribute to the FE-spectra at emission 

energies of 1.83 and 1.90 eV, we used the absorption spectra measured in pure propylene 

                                                           
2 The overall intensity at 1.95 eV is very low, so we used the FE-spectra at 1.90 eV instead 
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carbonate and chloroform as first approximations for the spectra of the pure deprotonated and 

free-base species, respectively. This is reasonable, as we previously concluded that these are 

each dominated by one of the two species, i.e. that they have spectral ratios of approx. 1/0 and 

0/1, respectively. The spectral ratios for the FE-spectra were estimated by simply fitting the 

absorption spectra of pure chloroform and propylene carbonate to each FE-spectrum in the 

one-to-one solvent mixture, as detailed in the Supporting Information. The resulting fits are 

shown in Figure 6a. This procedure results in a spectral ratio of ∼1/3 (1/1) for the spectrum 

obtained at an emission energy of 1.83 eV (1.90 eV).  

Assuming that the overall FE-spectra are simply a linear combination of the absorption spectra 

of the pure species, we can use the previously obtained spectral ratios to approximate the linear 

combination coefficients. Using these coefficients and the FE-spectra at both emission energies 

(1.83 and 1.90 eV), two independent equations are obtained for each absorption wavelength, 

which can be used to solve for the intensity of the pure species at each absorption wavelength. 

Using this method, we obtain the whole spectrum for the deprotonated and the free-base 

species (see SI for a detailed explanation). The resulting spectra are shown in Figure 6b for the 

deprotonated and the free-base species in orange and blue, respectively. This method can be 

used to obtain reasonable approximations for the spectra of different species and also to 

determine approximate spectral ratio. However, in the above described procedure we did not 

consider the free-base consisting of actually two NH-tautomers with slightly different 

spectroscopic properties, thus basically treating a spectral average of the NH-tautomers. In the 

following section we investigate whether the procedure described above can be used to 

differentiate even between the absorption spectra of the individual NH-tautomers. 
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Figure 6: a) Dashed lines are the fit of the spectra in pure chloroform and propylene carbonate to the characteristic FE-spectra 

at emission energies of 1.830 eV (solid gray) and 1.900 eV (solid black). b) Extracted spectra of the deprotonated species (orange 

solid line) and the free-base species (dashed blue line) as obtained from the analysis of the FE-spectra in comparison to the 

absorption spectra in propylene carbonate (PC) and chloroform (CHCl3) (dotted and dashed lines).  

 

NH-Tautomers 

In chloroform, no spectral features of the deprotonated species can be observed. Therefore, we 

chose the chloroform solution to investigate whether detection and analysis of the FE-spectra 

yields individual spectral features of the NH-tautomers. A comparison of the fluorescence and 
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absorption spectra shows that the fluorescence peak at 1.98 eV has a higher S1S0 transition 

energy than the lowest energy absorption peak at 1.94 eV. Thus, these peaks cannot belong to 

the same species. This leads us to the conclusion that the main fluorescence peak at 1.87 eV can 

be assigned to the same chemical species as the lowest absorption peak. Therefore, different 

FE-spectra, originating from the absorption spectra of the respective species, should be 

obtained when detecting the emission at 1.98 and 1.87 eV.  

Based on an analysis as described above, we identified the FE-spectra at 1.75 and 1.90 eV as the 

ones with the most significant difference with acceptable signal to noise ratio, see Figure 7a. 

Even though the spectral ratio of the tautomers is not determined, we can conclude that the 

tautomer which dominates the FE-spectra measured at 1.90 eV has a blue-shifted S0S2 

transition as compared to the other tautomer. The FE-spectra measured at 1.90 eV has a much 

sharper and less asymmetric peak at 2.01 eV than the spectrum measured at 1.75 eV. This lead 

to the conclusion that the tautomer which dominates the spectrum measured at 1.90 eV has a 

sharper and probably blue-shifted S0S1 transition.  



23 
 

 

Figure 7: a) Normalized fluorescence excitation (FE, normalized at 2.15 eV, corrole concentration: 4.6 μmol/l in chloroform 

solution) spectra detected at emission wavelengths of 1.75 and 1.90 eV. b) Dotted and dashed blue (orange) lines are the 

vibrationally broadened (VB) absorption spectra of S0S1 and S0S2 transitions for T1 (T2), respectively. Spectra are calculated 

for each truncated tautomer (octyl replaced by propyl) from 585 snapshots taken from ab initio molecular dynamics at the 

ωPBEh/lanl2dz level of theory using a range-separation parameter of ω=0.12/aB and a bathochromic shift of 0.365 eV. No 

solvation effects were taken into account for the vibrationally broadened spectra. The S0S1 peaks of T1 and T2 are scaled to 

match the corresponding experimental peaks of the absorption spectra measured in chloroform, while not manipulating the 

S1/S2 ratio for both tautomers.  

In order to assign T1 and T2 to the experimentally derived spectra, we compared them to 

quantum chemically calculated spectra of T1 and T2, see Figure 7b. Because of the strong 

vibrational progression in the Q-band spectral range, we calculated the absorption spectra by 

means of TDDFT calculations that are based on snapshots of ab initio molecular dynamics 

trajectories to account for vibrational broadening. The spectrum measured at 1.90 eV is 

dominated by the tautomer T2, which can be seen from the sharp S0S1 transition at 2.01 eV. 
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Lowering of the detection energy to 1.75 eV leads to an increased contribution of T1 which 

leads to a significant broadening of the peaks. Thus, we can conclude that the tautomer with 

protonated N(21), N(22) and N(23) is the red-shifted T1, while the blue-shifted T2 has 

protonated N(21), N(22) and N(24) (see Figure 1), a situation that was found for other meso-

pyrimidinylcorrole derivatives as well25.  

 

CONCLUSIONS 

In the present work, we have investigated the influence of deprotonation and NH-

tautomerization on the absorption and fluorescence spectra of an amphiphilic meso-

pyrimidinylcorrole by different methods. Apart from the quantum-mechanical calculation of the 

spectra of both NH-tautomers, we used two experimental methods, one based on fluorescence 

excitation spectra and one based on spectral changes induced by preferential stabilization in 

solvents of different polarity of the deprotonated and the free-base species, to identify the 

individual spectral features of the deprotonated and the tautomeric species.  

We found that the deprotonated and free-base species differ significantly in their dipole 

moments. Hence, we conclude that the deprotonated species dominates in propylene 

carbonate, while the free-base species dominates in all the investigated less polar solvents. 

Therefore, the absorption spectra differ significantly between propylene carbonate and less 

polar solutions, whereas specific solvatochromic effects are negligible for the individual free-

base corrole species. The absorption features of the individual NH-tautomers in chloroform 

were assigned by means of ab initio MD calculations to account for the complex vibrational 
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broadening and fluorescence excitation spectroscopy. The S0S1 absorption of T1 is red-shifted 

relative to T2, while the S0S2-absorptions are at very similar energies for both NH-tautomers. 

In the case at hand, where these three species can be transformed into each other when 

significantly changing the solvent polarity, knowledge of the spectral characteristics of these 

species is of utmost importance to identify and monitor the dominant species upon formation 

of supramolecular structures, which will differ depending on the molecular species that 

dominates. Because of the amphiphilicity of the meso-pyrimidinylcorrole investigated here, 

supramolecular structures can be formed preferentially at hetero-interfaces between water and 

air, as in the Langmuir-Blodgett technique, or between two solvents of different polarity, as in 

the liquid-liquid interface precipitation technique. From the spectroscopic methods presented 

here, fluorescence excitation spectroscopy might be particularly suited to be applied directly to 

the molecularly thin layers at LB troughs to monitor changes in the equilibrium between 

deprotonated species and free-base NH-tautomers upon variation of the processing 

parameters, which will be explored in further studies. 
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