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Abstract 
 

An electronic structure investigation was done on three separate types of light-harvesting 

macrocycles using UV-visible (UV-vis) and magnetic circular dichroism (MCD) 

spectroscopy as well as density functional theory (DFT) and time-dependent DFT 

(TDDFT) computational methods. The choice of the macrocycle compounds was such 

that a large range of non-traditional porphyrin analogues was covered including 

subpthalocyanines, corroles, and reduced porphyrins.  It has been found that small 

changes in structure of these result in large changes in the optical and redox properties of 

these compounds.         
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Chapter One: Combined MCD/DFT/TDDFT Study of the 
Electronic Structure of Axially Pyridine Coordinated 

Metallocorroles 
SUMMARY:   

A series of metallocorroles were investigated by UV-visible and magnetic circular 

dichroism spectroscopies. The diamagnetic distorted square-pyramidal main group 

corrole Ga(tpfc)py (2), the diamagnetic distorted octahedral transition-metal adduct 

Co(tpfc)(py)2 (3), and paramagnetic distorted octahedral transition-metal complex 

Fe(tpfc)(py)2 (4) [H3tpfc = tris(perfluorophenyl)corrole] were studied to investigate 

similarities and differences in the electronic structure and spectroscopy of the closed- and 

open-shell metallocorroles.  Similar to the free base H3tpfc (1), inspection of the MCD 

Faraday B terms for all of the macrocycles presented in this report revealed that a 

ΔHOMO < ΔLUMO [ΔHOMO is the energy difference between two highest energy 

corrole-centered p-orbitals and ΔLUMO is the energy difference between two lowest 

energy corrole-centered π*-orbitals originating from ML ± 4 and ML ± 5 pairs of 

perimeter] condition is present for each complex, which results in an unusual sign-

reversed sequence for π - π* transitions in their MCD spectra. In addition, the MCD 

spectra of the cobalt and the iron complexes were also complicated by a number of 

charge-transfer states in the visible region. Iron complex 4 also exhibits a low energy 

absorption in the NIR region (1023 nm). DFT and TDDFT calculations were used to 

elaborate the electronic structures and provide band assignments in UV-vis and MCD 

spectra of the metallocorroles.   
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Introduction 

First discovered in the 1960s,1 the corrole macrocycle has continued to attract 

interest for a wide variety of applications due to its unique chemical and physical 

properties.  Corrole (1, Figure 1) is a contracted analogue of porphyrin, comprised of four 

pyrrollic subunits three bridging meso carbon positions, and a direct bipyrrole linkage.   

The synthesis and modification of free base corroles has been an active area of research.2 

The omission of one carbon atom from the macrocyclic backbone results in a number of 

structural changes in corrole relative to porphyrin, including a contracted metal binding 

core and three ionizable NH groups.  Although modified from normal porphyrin, corrole 

retains an aromatic 18-electron annulene ring structure.   Accordingly, the UV-visible 

spectrum has absorption similar to normal porphyrins, with Soret- and Q-band features 

that can be described using Gouterman’s four orbital model.3,4 However, the electronic 

and spectroscopic properties of corrole have features that are notably altered from normal 

porphryins.  With free base corroles, such differences include solvent-dependent 

absorption and emission behavior as well as increased quantum yields of fluorescence.5   

 The metal binding chemistry of corrole has also been an area of intense 

investigation and the metal complexes of corrole have been used as catalysts,6 sensors,7 

and heme model complexes.8 The contracted core and trianionic character of the 

macrocycle affect how metal ions bind to corrole, especially with regard to stabilizing 

high-valent oxidation states.    Thus, oxidation states +3 and above are typically observed 

in corroles.  Corroles can bind transition metal and main group ions from across the 

periodic table, and much work has been carried out developing the metalation chemistry 
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for this macrocycle.  Nonetheless, much fundamental chemistry and properties of corrole 

and corrole metal complexes remain to be investigated.    

To our surprise, the magnetic circular dichrosim (MCD) spectroscopy of the 

metallocorroles is completely unexplored despite the potential for MCD spectroscopy to 

provide accurate assignment of the optical transitions observed in such complexes. In this 

report, we present the first study on the MCD spectra of a series of metallocorroles.  

Previously, we presented the first study of the MCD spectra of free base corrole 

macrocycles.9 Since our initial report, there has been one study on the MCD spectroscopy 

of a phosphorous corrole.10 For the present study, we used the readily available 

tris(pentafluorophenyl)corrole (1), which can be produced in decent yields2,11 and the free 

base corrole has already been investigated by MCD spectroscopy.9 We have collected 

MCD spectra from three different systems that reflect part of the diversity of the metal 

complexes for this porphyrinoid (Figure 1):  a diamagnetic main-group distorted square-

pyramidal metal corrole (Ga(III), 2), a diamagnetic distorted octahedral transition-metal 

corrole (Co(III), 3), and a paramagnetic distorted octahedral transition-metal corrole 

(Fe(III), 4). All three complexes have a central metal ion in a +3 oxidation state and have 

an identical axial ligand(s) (pyridine).  Compound 2 has one axial pyridine, whereas 

transition metal complexes 3 and 4 have two pyridines bound to the metal ion.  In all 

three metal adducts, we observe sign reverse (positive-to-negative intensities in 

ascending energy) features in the Soret- and Q-type band regions.  This is the opposite 

trend as seen in normal porphyrins, but similar behavior was observed in free base 

corroles9 as well as the porphyrin isomer N-confused porphyrin.12 This reverse behavior 
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in the Faraday B terms indicates that the magnitude of the splitting between the corrole-

centered π* LUMO and LUMO+1 (originating from ML ± 5 pair of the perimeter) is 

greater than that seen for the corrole-centered p HOMO and HOMO-1 (originating from 

ML ± 4 pair of the perimeter).13 Additionally, using TDDFT methods, we were able to 

probe the degree of participation of the metal orbitals in the Gouterman-type frontier 

orbitals, which can provide insight into the non-innocent nature of the corrole ligand as 

well as the effects of d orbital occupancy on the UV-visible spectra of the corroles.   

 

Figure 1. Structures of corroles 1 – 4 and the reference porphyrin macrocycle. 

Experimental 

Synthesis and Instrumentation. All solvents were purchased from commercial 

sources and dried using standard approaches prior to experiments. Free-base 5,10,15,25-

pentafluorophenyl corrole (1) was synthesized as described previously.2,5,11 The metal 

complexes 2, 3, and 4 were prepared from 1 using published methods. 14 

UV-vis-NIR data were obtained on Jacso V-670 or spectrometer in DCM, pyridine, or 

toluene as solvents. MCD data were recorded using an OLIS DCM 17 CD 

spectropolarimeter using a permanent 1.4 T DeSa magnet. The spectra were recorded 
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twice for each sample, once with a parallel field and again with an antiparallel field, and 

their intensities were expressed by molar ellipticity per T.15 

 

Figure 2. Structures of corroles 2 – 4 used in DFT and TDDFT calculations. 

 

Computational Aspects. All DFT calculations were conducted using the Gaussian 09 

software.16 The starting geometries of the corrole compounds were adopted from the 

experimental X-ray data; these were optimized at the DFT level using the TPSSh 

exchange-correlation functional (10% of Hartree-Fock exchange).17 In the case of 

gallium corrole 2, three different geometries were considered (Figure 2): (i) C1 symmetry 

without any restrictions (2a); (ii) pyridine ligand is parallel to the short corrole C-C bond 

(Cs symmetry, 2b); and (iii) pyridine ligand is perpendicular to the short corrole C-C 

bond (Cs symmetry, 2c). In the case of cobalt (s = 0, 3) and iron (s = 1/2, 4) corroles, four 

different geometries were considered: (i) C1 symmetry without any restrictions (3a and 

4a); (ii) both pyridine ligands are parallel to the short corrole C-C bond (C2v symmetry, 
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3b and 4b); (iii) both pyridine ligands are perpendicular to the short corrole C-C bond 

(C2v symmetry, 3c and 4c); and (iv) one pyridine ligand perpendicular and one pyridine 

ligand parallel to the short corrole C-C bond (Cs symmetry, 3d and 4d). Equilibrium 

geometries were confirmed by frequency calculations and specifically by the absence of 

imaginary frequencies. The Wachter's full-electron basis set18 was utilized for the 

gallium, cobalt, and iron atoms, while all other atoms were modeled using the 6-31G(d) 

basis set.19 For the DFT and TDDFT calculations, solvent effects were calculated using 

PCM approach20 and DCM as a solvent. In the TDDFT calculations, the first 60 states 

were calculated for the cobalt corroles and the first 40 and 80 states were calculated for 

the gallium and iron corroles, respectively. Molecular orbital contributions were 

compiled from single point calculations using the QMForge program.21 

 

Results and Discussion 

UV-Vis and MCD spectra: 

 The corrole macrocycle can readily bind metal ions, and M(III) complexes are 

typical for this ligand.14  The Ga(III) adduct 2 can be produced via reaction of GaCl3 with 

the free base 1 in pyridine, resulting in a five coordinate complex with a single axial 

pyridine ligand.  The transition metal complexes 3 and 4 are prepared by reaction of 

Co(OAc)2⋅4H2O and FeCl2, respectively, with free base 1 followed by recrystallization in 

the presence of pyridine. Compounds 3 and 4 have nearly identical structures, with 

equatorial corrole coordination and two axial pyridines comprising the six coordinate 

metal ion coordination spheres.  As a result of structural similarities for all three metal 
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adducts, we can directly compare the effect of the identity and spin state of the metal ions 

on the spectroscopy of corrole.   

A B

C D
 

Figure 3.  UV-visible and MCD spectra of compounds 2 - 4.  (A): gallium corrole 2 in 

DCM with a drop of pyridine; (B): cobalt corrole 3 in pyridine; (C): cobalt corrole 3 in 

DCM; (D): iron corrole 4 in toluene with a drop of pyridine.  

 

In our previous work,9 we investigated the MCD spectra of free base corroles and 

were able to deduce from our measurements the relative energy levels and gaps between 

the frontier orbitals of the 18 electron annulene ring system.  The MCD spectra of all so 
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far studied free-base corroles exhibit what has been considered as unusual sign-reverse 

(positive-to-negative intensities in ascending energy) features in the Soret- and Q-type 

band regions9 similar to those seen in N-confused porphyrin12 and in a small number of 

other porphyrinoids.22 The sign-reverse features, as supported by our calculations, are 

consistent with an unusual ΔHOMO < ΔLUMO relationship between the π and π* MOs 

in the corrole ring.  The UV-visible spectra, MCD spectra and emission spectra of free 

base corroles are highly solvent dependent, we have investigated and discussed this 

aspect of corrole chemistry.5,9  This solvent dependence is no longer observed upon 

metalation due to the loss of the internal protons, possible hydrogen bonding with the 

corrole as well as variable tautomerization states.9  

 The UV-visible and MCD spectra of the three metal complexes of free-base 

corrole 1 are shown in Figure 3.  The gallium corrole 2 exhibits an absorption spectrum 

with an intense Soret band (420 nm) and three lower intensities Q-type bands at 530, 569 

and 594 nm (Figure 1A).  The increase in intensity observed in the Q band region is 

similar to that seen in chlorins and in the external tautomer of N-confused porphyrin.23,24  

However, the spectrum of 2 is also very similar to that observed in normal Ga(TPP)Cl in 

both the energies of the transitions, the relative intensities of the transition and the 

number of Q bands.25   The MCD spectrum of corrole 2 exhibits four strong Faraday B 

terms in 250 - 700 nm range.  A positive Faraday B-term at 594 nm and a negative MCD 

B-term at 570 nm correlate well with 594 and 569 nm bands observed in the UV-vis 

spectrum of complex 2. The Soret band region in the MCD spectrum of complex 2 is 

dominated by positive and negative MCD B-terms observed at 427 and 417 nm. These 
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two B-terms form a MCD pseudo A-term centered at 422 nm, which is close to the 

observed Soret band (420 nm) in the UV-vis spectrum of complex 2. The positive-to-

negative (in ascending energy) sequence of the Faraday B-terms in complex 2 is clearly 

indicative of a situation when ΔHOMO < ΔLUMO [ΔHOMO is the energy difference 

between two highest energy corrole-centered p-orbitals and ΔLUMO is the energy 

difference between two lowest energy corrole-centered π*-orbitals].13  In the analogous 

phosphorous complex of a carboxymethylphenyl corrole studied by Kobayashi and co-

workers, a similar positive to negative Faraday B term behavior was observed.10 In the 

phosphorous corrole and in compound 2, the decrease in symmetry in the macrocycle 

backbone removes the degeneracy of the corrole-centered LUMO and LUMO+2, and 

splits them to a greater degree than the corrole-centered HOMO and HOMO-1 levels.   

For the cobalt complex of corrole (compound 3), Gross and coworkers reported 

that the six coordinate complex exists in equilibrium with a five coordinate complex at 

low concentrations of pyridine.26 Earlier, Murakami and co-workers reported that for the 

octaalkyl cobalt corroles, low pyridine concentration resulted in aggregation and that 

dimerization could occur in the Co(II) analogues.27 We also observed different spectra for 

3 in dichloromethane versus pure pyridine (Figures 1B and 1C). In the case of pure 

pyridine solution, UV-vis and MCD spectra of the low-spin cobalt(III) complex 3 look 

quite similar to those of gallium analogue 2, except the complex 3 has lower energies of 

Q- and B-bands as well as larger bandwidths. Specifically, the Q-band region of the 

MCD spectrum of 3 is dominated by a positive Faraday B-term at 602 nm and a negative 

Faraday B-term at 581 nm, which correlate well with UV-vis bands at 601 and 582 nm, 
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respectively. Similarly, a positive Faraday B-term at 448 nm and a negative B-term at 

405 nm dominate the Soret band region of MCD spectrum of complex 3, which correlate 

with the most intense absorption band of 3 observed in the UV-vis spectrum. It is

 interesting to note, however, that in the case of cobalt corrole 3, the MCD B-terms 

are more intense in the Q-band region, while in gallium corrole 2 they are more intense in 

the Soret band region. As in the gallium corrole 2, we observe strong positive to negative 

Faraday B terms, which as before indicates a ΔHOMO < ΔLUMO configuration in 3.  

The UV-vis and MCD spectra of complex 3 in pure DCM are different from those 

observed in pyridine (Figure 1C). Although Q-band region in pyridine and DCM are 

almost identical, an additional strong absorption band at 382 nm has been observed in 

UV-vis spectrum of complex 3 in DCM. This new band is associated with a quite weak 

MCD signature, which could be consistent either with formation of H-type cofacial dimer 

similar to those observed in the main-group and transition-metal phthalocyanines28 or 

with dissociation of one axial pyridine ligand with formation of the pentacoordinated 

cobalt corrole complex 3. In the later case, the new weak MCD band can be associated 

with a charge-transfer transitions, which are absent in the hexacoordinated corrole 3. 

Gross and co-workers6a,d,e discussed equilibrium between penta- and hexacoordinated 

cobalt corroles as a function of solvent. We also have seen a clear disappearance of the 

band at 382 nm in UV-vis spectrum of cobalt corrole 3 upon titration of DCM solution 

with pyridine (Figure 4). Moreover, excellent agreement between TDDFT predicted for 

pentacoordinated cobalt corrole 3 and experimental spectrum of this compound in DCM 

as well as absence of aggregate peaks in APCI and ESI mass spectra of corrole 3 allowed 
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us to suggest an axial ligand dissociation as a main reason for observable UV-vis and 

MCD spectra in DCM. Our proposed reaction chemistry that describes this pyridine-

dependent behavior is shown in Scheme 1. In order for such dimerization to occur in the 

bis(axially) coordinated complex 3, one of the axial pyridine ligands should dissociate. 

Although mechanistically, such axial ligand dissociation is trivial, complex 3 is formally 

a d6 system, which should be kinetically very inert.29 Axial ligand dissociation in 

complex 3 will be explained below on the basis of DFT calculations.   
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Figure 4. Transformation of the UV-vis spectrum of cobalt corrole 3 in DCM upon 

stepwise addition (0 - 10 mL) of pyridine. 
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Scheme 1. Proposed transformation of the hexacoordinated cobalt corrole 3 into a 

pentacoordinated form. 

 

 The UV-visible and MCD spectra of the iron complex 4 in pyridine/toluene 

mixture are strikingly different from free base corroles, the main group corrole 2 or even 

the diamagnetic transition metal corrole 3.  Gross and co-workers reported that complex 4 

exhibits NMR and EPR features that correspond to a low spin (s = ½) Fe(III) metal 

complex, which is expected for the relatively strong ligand field environment of the 

trianionic corrole macrocycle and axial pyridines.26 The features in the UV-visible 

spectrum are rather broad, with a Soret-type absorption centered at 408 nm, and Q band 

features at 550 nm and 733 nm.  We also observed a very low energy absorption in the 

near infra-red (NIR) region around 1023 nm, which can be seen in Figure 1D.  The same 

region in the cobalt complex 3 shows no such absorption in the NIR region.  However, 

Fe(III) porphyrins do exhibit low energy ligand to metal charge transfer (LMCT) bands 

resulting from low spin (s = ½) configurations.30  The MCD spectrum exhibits features 

consistent with the UV-vis spectrum of complex 4. Indeed, the Soret-type band in MCD 

spectrum of complex 4 is represented by a positive (424 nm) and negative (377 nm) 

signals centered at 398 nm. The intensity of this feature is close to the intensity of another 
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pseudo C-term, which is centered at 554 nm and consists of positive (566 nm) and 

negative (543 nm) B-term components. It is interesting to note that the relatively weak 

but easily detectable positive Faraday B-term at 730 nm in MCD spectrum of 4 can be 

clearly associated with the 733 nm band in its UV-vis spectrum, while no clear MCD 

signal was observed for the 1023 nm band at room temperature even at high 

concentrations of sample.  

 

DFT and TDDFT Calculations: 

 To obtain insight into the electronic structures of corroles 2 - 4 and to interpret 

their observed UV-vis and MCD spectra, we conducted DFT and TDDFT calculations on 

these systems. In general, the metal complexes of corrole have received much attention 

from a computational standpoint as a result of their unique reactivities and the observed 

“non-innocence” of the macrocycle.31 In particular, calculations have focused on 

understanding the relationship between the corrole macrocycle and stabilization of the 

central metal high-valent oxidation states.31 Several research groups presented DFT 

calculations on gallium,32 cobalt(III),33 and iron(III)34 corroles, but in many of those 

calculations pyridine axial ligands were not considered. Although truncation of the axial 

pyridine ligand can be (to some extent) justified for gallium corrole, axial pyridine 

ligands should be always considered in the case of cobalt(III) and iron(III) corroles as 

they  directly influence spin state and the energies of the charge-transfer transitions. 

Having this consideration in mind, we conducted DFT calculations axial pyridine 

ligand(s). In all cases, DFT predicted geometries are n good agreement with known X-ray 
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crystal structures for Ga(III) and Fe(III) corroles (Supporting Information Table 1).35 As 

discussed below, DFT predicts only small energy differences for different orientations of 

the axial pyridine ligand(s) thus confirming small rotational barrier for this group. 

Because of such small rotational barrier, however, one cannot only consider 

crystallographically observed geometries as in solution axial ligand(s) can adopt variety 

of orientations. More important, different orientations of the axial pyridine ligand(s) in 

transition-metal corroles 3 and 4 can easily change the degree of interaction with the 

metal-centered d-manifold thus changing energies and compositions of the metal-

centered MOs. For these reasons all specific orientations of the pyridine ligand(s) in 

target corroles are discussed below. 

 There are also two recent TDDFT calculations on the π - π* transition energies in 

metal-free9 and phosphorus-containing10 corroles.  Indeed, we recently presented TDDFT 

calculations on a series of meso substituted free base corroles, and noted a correlation 

between the ΔLUMO and ΔHOMO and the sign-reverse features observed in the MCD 

spectra.9 The TDDFT calculations that are most relevant to the current work were 

presented recently by Kobayashi and co-workers on the oxyphosphorous 5,10,15-tris(p-

methoxycarbonylphenyl)corrole system.10  In this report, the unsubstituted 

phosphorous(V) macrocycle along with the tris(phenyl) and tris (p-

methoxycarbonylphenyl) substituted variants were studied.  In each case, the same trends 

were observed as seen in the free base corroles.  The ΔLUMO remains larger than the 

ΔHOMO (resulting in the reverse sign Faraday B terms in the corresponding MCD 
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spectra), but the presence of the phenyl rings and ester functional groups does increase 

the ΔHOMO, although not enough to alter the reverse sign Faraday B term.  

 

Figure 5. Frontier orbitals energy diagram for gallium corrole 2 predicted at DFT level.  

The diagrams at the bottom of the chart show the orientations of the pyridine ring with 

regard to the macrocycle. 
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Figure 6. Frontier orbitals for gallium corrole 2 predicted at the DFT level for different 

orientations of the axial pyridine ligand. 

 

Because of the presence of the closed shell main-group metal ion, it is expected 

that the electronic structure and properties of the excited states in complex 2 would be the 

easiest to analyze. Molecular orbital energies for complex 2 with different orientations of 

the axial pyridine ligand are shown in Figure 5, their profiles are pictures in Figures 6 and 

Supporting Information Figure 1, while orbital compositions are listed in Supporting 

Information Table 1. For compound 2, as a complex with a closed shell main-group metal 

ion, Ga(III), we expected minimal perturbation caused by the axial pyridine position to 

the frontier orbital energies and compositions.  Geometry optimization without any 

symmetry restrains results in axial ligand orientation very close to the parallel with 

respect of the corrole C-C bond (Figure 6).  The energy difference between this and the 

idealized Cs geometry is virtually zero, while the energy of the idealized geometry with 

the axial pyridine ligand perpendicular to the corrole C-C bond is slightly (0.34 kcal/mol) 
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higher.  As we had surmised, there is little metal orbital involvement in the frontier 

orbitals of compound 2 (Supporting Information Table 2).  The nature of the HOMO and 

HOMO-1 is very similar for all orientations and correlate well with the previous DFT 

calculations.31 In particular, the HOMO is dominated by the contributions from the 

nitrogen atoms, meso-carbon atoms, and the short corrole C-C bonds (Figure 6).  

Although not identical(because of the lack of one meso-carbon), the HOMO resembles, to 

some extent, Gouterman's a2u type orbital.4 Similarly, pyrrolic a- and b-carbon atoms are 

predominant contributors into the HOMO-1 (Figure 6), which resembles, to some extent, 

Gouterman's a1u type orbital.4 For the symmetry with parallel pyridine ligand, the LUMO 

and LUMO+1 both exhibit significant amounts of pyridine ligand character.  For the C1 

and the Cs symmetries with pyridine ligand parallel to the corrole C-C bond (2a and 2b), 

the LUMO and LUMO+2 have π* character and are dominated by contribution from the 

corrole core, while the LUMO+1 is primarily pyridine in character.  In the case of the 

perpendicular orientation of the axial pyridine ligand (2c), both LUMOs have a large 

contribution, while LUMO+1 is dominated by the contribution of the axial pyridine 

ligand (Supporting Information Table 2). The LUMO+2 remains pure corrole-centered 

orbital.  Overall, DFT calculations on complex 2 reveal that the corrole based ΔLUMO 

(not including the predominantly pyridine-based LUMO+1) is larger (0.385 - 0.423 eV) 

than the ΔHOMO (0.142 - 0.146 eV), which is in agreement with the reverse sign 

Faraday B term observation in its MCD spectrum.  
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Figure 7. Frontier orbitals energy diagram for cobalt corrole 3 predicted at the DFT level. 

The diagrams at the bottom of the chart show the orientations of the pyridine rings with 

regard to the macrocycle. 
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Figure 8. Frontier orbitals for cobalt corrole 3 predicted at the DFT level for different 

orientations of the two axial pyridine ligands. 

 

In the case of diamagnetic low-spin cobalt corrole 3, both axial pyridine ligands 

were used in DFT calculations to mimic an actual ligand field environment around cobalt 

center.  Once again, we calculated four different structures based on the orientations of 

the pyridine rings: a C1 symmetry, 3a, with no geometric restrictions, a C2v symmetry 

with both pyridine ligands parallel to the short corrole C-C bond (3b), a C2v symmetry 

with the pyridines perpendicular to the short corrole C-C bond (3c), and an intermediate 

Cs symmetry with the pyridine ligands in orthogonal orientations (3d). The relative 

orbital energies for 3a-d based on their symmetries are shown in Figure 7.  The relative 

energies of 3a - 3c are very close to each other, while the energy difference between 3a 
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and 3d is 2.61 kcal/mol. In all cases, the HOMO and HOMO-1 are similar to those 

observed in gallium corrole 2 (Figure 8). Indeed, nitrogen atoms contribute ~25% into the 

HOMO, while a- and b-pyrrolic carbons contribute the most into the HOMO-1 

(Supporting Information Table 3). Unlike in gallium analogue 2, cobalt dxz and dyz 

orbitals have a large contribution into the HOMO-2 and HOMO-3. Again, similar to the 

gallium complex 2, the LUMO and the LUMO+2 are predominantly corrole-centered p* 

orbitals, which used in our ΔLUMO calculations. The LUMO+1 in cobalt corroles 3a-d 

has almost equivalent contributions from cobalt dz2 orbital and two pyridine axial ligands 

(Supporting Information Table 3, Figure 8 and Supporting Information Figure 2).  Once 

again our calculations indicate that the ΔLUMO (0.391 – 0.406 eV) > ΔHOMO (0.191 – 

0.195 eV) condition occurs in 3, producing the observed MCD Faraday B terms 

sequence.  

Cobalt(III) corrole complex 3 is formally a d6 system, which are well-known to be 

kinetically very stable toward dissociation of ligands.29 Previous26,27 and current data on 

this complex, however, are clearly suggestive of the presence of a non-negligible 

L2Co(tpfc) ⇄ LCo(tpfc) + L axial ligand dissociation process in solution. Such axial 

ligand dissociation can be at least partially explained by the possible presence of a 

valence isomer in 3. Indeed, taking into consideration non-innocent redox properties of 

the corrole ligand, one might expect the presence of two resonance structures for complex 

3: L2CoIII(tpfc3-) ↔ L2CoII(tpfc2-). The later formally has a d7 configuration, and would 

exhibit much higher kinetic mobility of the axial ligand. In order to test such a possibility, 

we conducted single-point calculation on the L2CoII(tpfc2-) valence isomer using broken-
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symmetry calculation approach in which low-spin (s=1/2) cobalt(II) center is 

antiferromagnetically coupled to the one-electron oxidized corrole ligand. Broken-

symmetry calculations resulted in significantly higher energy (~71 kcal/mol) for the 

L2CoII(tpfc2-) valence isomer. Moreover, optimization of the resulting wavefunction leads 

to its convergence to the L2CoIII(tpfc3-) valence isomer. Although calculated energy 

differences are expected to have a strong exchange-correlation functional dependence, it 

seems that the L2CoIII(tpfc3-) valence isomer is the only one present in solution, and the 

question of the increased lability of the axial ligand remains unclear.  

For the pentacoordinated cobalt corrole complex, we calculated three different 

structures based on the orientations of the pyridine rings: a C1 symmetry, 3e, with no 

geometric restrictions, a Cs symmetry with both pyridine ligands parallel to the short 

corrole C-C bond (3f), and a Cs symmetry with the pyridines perpendicular to the short 

corrole C-C bond (3g). During geometry optimization, the C1 geometry (3e) converged 

close to the Cs symmetry observed for 3f. The relative orbital energies for 3e-f based on 

their symmetries are shown in Figure 9.  The relative energies of 3e - 3f are close to each 

other with the largest energy difference between 3e and 3f is 0.4 kcal/mol. In all cases, 

the HOMO and HOMO-1 are corrole-centered p-orbitals followed by HOMO-2 and 

HOMO-3 with a significant contribution from the cobalt dxz and dyz orbitals corrole 

nitrogen atoms (Supporting Information Table 3, Figure 10). The major consequence of 

the axial ligand dissociation from the hexacoordinated cobalt corrole is a strong 

stabilization of the unoccupied cobalt dz2 orbital. As a result of such stabilization, the 

LUMO in pentacoordinated corrole 3 is dominated by the cobalt dz2 (~44%) and pyridine 
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p* (~24%) contributions. The LUMO+1 and the LUMO+3 are predominantly corrole-

centered p* orbitals, which used in our ΔLUMO calculations. The LUMO+2 is predicted 

to be almost pure pyridine centered p* orbital (Supporting Information Table 4, Figure 10 

and Supporting Information Figure 3).  Once again our calculations indicate that the 

ΔLUMO (0.381 – 0.393 eV) > ΔHOMO (0.107 – 0.117 eV) condition occurs in 

pentacoordinated 3e-g, producing the observed MCD Faraday B terms sequence. 

 

Figure 9. Frontier orbitals energy diagram for pentacoordinated cobalt corrole 3 

predicted at the DFT level. The diagrams at the bottom of the chart show the orientations 

of the pyridine ring with regard to the macrocycle. 
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Figure 10. Frontier orbitals for pentacoordinated cobalt corrole 3 predicted ay the DFT 

level for different orientations of the axial pyridine ligand. 
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Figure 11. Frontier orbitals energy diagram for iron corrole 4 predicted at the DFT level. 

The diagrams at the bottom of the chart show the orientations of the pyridine rings with 

regard to the macrocycle. 
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Figure 12. Frontier orbitals (top: a-set; bottom: b-set) for iron corrole 4 predicted at DFT 

level for different orientations of the two axial pyridine ligands. 
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For the paramagnetic iron corrole 4, which is isostructural to the bis-pyridine 

form of cobalt corrole 3, we used the same set of the axial pyridine ligands arrangements. 

Again, the relative energies of 4a - 4c are very close to each other, while the energy 

difference between 4a and 4d is 2.01 kcal/mol. The energy diagram of the open-shell 

molecular orbitals is shown in Figure 11, the relative contributions to the orbitals are 

shown in Supporting Information Table 5 and their profiles are presented in Figure 12 

and in Supporting Information Figure 4.  In all geometries of the pyridine ligands, 

unpaired electron density was found on the central iron atom (Supporting Information 

Table 5). The a-set of MOs in iron complex 4 is very close to DFT predicted MOs in 

gallium and cobalt corroles 2 and 3.  Indeed, the HOMO resembles Gouterman's a2u type 

orbital with substantial contribution from the nitrogen atoms, meso-carbon atoms, and the 

direct pyrrole-pyrrole bond, while the HOMO-1 is dominated by contribution from 

pyrrolic a- and b-carbons and resembles Gouterman's a1u MO. In addition, HOMO-2 and 

HOMO-3 have significant iron dxz and dyz character, while HOMO-4 is predominantly an 

iron-centered dxy orbital.  The LUMO and LUMO+1 are similar to the LUMO and 

LUMO+2 in gallium and cobalt complexes 2 and 3 and are corrole-core centered π* 

MOs.  In both a- and b-sets of MOs for 4a-d, the pyridine π* orbitals are of higher energy 

than the immediate (LUMO and LUMO+1) frontier orbitals. This is in contrast with the 

gallium and cobalt corroles 2 and 3 in which pyridine π* orbitals contribute significantly 

into the LUMO+1. As expected, the LUMO in the β-set of MOs has significant iron 

character and the overall spin densities for all possible axial pyridine ligands geometries 

4a-d is clearly suggestive of localization of the unpaired electron on iron center 
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(Supporting Information Table 5).  Again, in all cases 4a-d, we observe a ΔLUMO (0.431 

– 0.438 eV) > ΔHOMO (0.188 – 0.201 eV) relation that is in a good agreement with the 

MCD experiments.   

 The electronic structure calculations on corroles 2 - 4 at DFT level suggest two 

distinct cases.  In the first case (gallium corrole 2), no metal-centered orbitals were 

predicted in the frontier orbitals region. Thus, it is expected that its UV-vis and MCD 

spectra could be entirely described by intense π-π* transitions.  Taking into account that 

the LUMO+1 in corrole 2 is dominated by the axial pyridine ligand, expected π-π* 

transitions could originate either from corrole-to-corrole or corrole-to-pyridine 

excitations.  In the second case (corroles 3 and 4), metal-centered MOs have significant 

contribution into frontier orbitals region. Thus, in addition to the mentioned above π-π* 

transitions, a set of metal-to-ligand and/or ligand-to-metal charge-transfer transitions are 

expected to appear in their UV-vis and MCD spectra.  In order to correlate electronic 

structure of corroles 2 - 4 with the experimentally observed UV-vis and MCD spectra, we 

have conducted TDDFT calculations on all possible orientations of axial ligands in 

complexes 2 - 4. 
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Figure 13. Experimental (top) and TDDFT predicted for gallium corrole 2a. For 

TDDFT-predicted UV-vis spectra of 2 with different orientations of the axial pyridine 

ligand, see Supporting Information Figure 5. Energy of the second excited state of low 

intensity is shown as blue vertical bar. 

 

As expected, TDDFT predicted UV-vis spectra of corrole 2 (Figure 13 and 

Supporting Information Figure 5) are dominated by π-π* transitions and predicted excited 

states energies are almost insensitive to the orientation of the axial pyridine ligand.  In 

general, we observed an excellent agreement between experimental and TDDFT 

predicted UV-vis spectra of the gallium corrole 2 with the typical TDDFT errors at 

~0.1eV level.  TDDFT predicts that the whole UV-vis spectrum of gallium corrole 2 can 

be described by the first six excited states (Supporting Information Table 6).  The Q-band 

region can be described by the first four low intensity excited states.  TDDFT predicts 
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that the first two excited states are dominated by corrole-centered HOMO → LUMO and 

HOMO-1 → LUMO transitions with a large contribution of the HOMO-1 → LUMO+1 

and HOMO → LUMO+1 single electron excitation, respectively. The energy difference 

between the first and the second excited states are in excellent agreement with the energy 

difference for the first two low-energy bands in UV-vis and MCD spectra of corrole 2, 

although TDDFT predicted intensity of the second band is underestimated. The third and 

fourth excited states in the visible range predominantly originate from the corrole-

centered HOMO → LUMO+2 and HOMO-1 → LUMO+2 transitions, respectively. 

TDDFT calculations predict that the Soret band region of corrole 2 originates from two 

excited states (states 5 and 6), which have high oscillator strengths.  These two excited 

states have contributions from the HOMO → LUMO, HOMO-1 → LUMO+2, HOMO-1 

→ LUMO+2, HOMO → LUMO+2, HOMO → LUMO+1, and HOMO-1 → LUMO+1 

major excitations and are π-π* in nature. 
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Figure 14. Experimental (top) and TDDFT predicted for hexacoordinated cobalt corrole 

3a. For TDDFT-predicted UV-vis spectra of 3 with different orientations of the axial 

pyridine ligand, see Supporting Information Figure 6. Energy of the second excited state 

of low intensity is shown as blue vertical bar.  

 

 In the case of the diamagnetic low-spin cobalt(III) corrole 3, the LUMO+1 orbital 

is close in energy to the LUMO and has ~40% of cobalt ion and ~40% of the axial 

pyridine ligands character. Thus, it could be expected that the single-electron excitations 

from the corrole-centered HOMO and HOMO-1 to LUMO+1 would result in formation 

of the low-energy excited states with significant LMCT character. Indeed, TDDFT 

calculations predict that the first two excited states in corrole 3 should be dominated by 

HOMO → LUMO+1 (excited state 1, 598 nm) and HOMO-1 → LUMO+1 (excited state 

2, 577 nm) single-electron transitions and thus, these excited states should have 

significant LMCT character (Figure 14, Supporting Information Figure 6, Supporting 

Information Table 7). In addition, TDDFT predicted excited state 5 (483 nm) and excited 

state 8 (464 nm) are dominated by the single-electron excitations to the LUMO+1 and 

also have significant LMCT character. According to TDDFT calculations, all of these 

LMCT states, however, should have a low-intensity. TDDFT predicts that the Q-band 

region in UV-vis spectrum of corrole 3 should be dominated by the intense π- π* 

transition (excited state 3), which has the prominent corrole-core centered HOMO → 

LUMO character. This p-p* transition is closely followed by less intense π-π * band 

originating from the HOMO → LUMO+2 and HOMO-1 → LUMO excitations. The 
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energy difference between these two excited states is in good agreement with the energies 

and energy differences of two most intense bands experimentally observed in Q-band 

region of complex 3. In addition, four low-intensity bands at 481, 480, 448, and 447 nm 

with corrole-to-pyridine charge transfer character were also predicted in the Q-band 

region of complex 3. TDDFT predicts that most of the Soret band intensity in UV-vis 

spectrum of corrole 3 should originate from two predominantly π - π* transitions (excited 

states 12 and 13), which have large contributions from single-electron excitations 

involving corrole-centered HOMO, HOMO-1, LUMO, and LUMO+2. The energies and 

intensities of these excited states have clear dependence on orientation of the axial 

ligands (Supporting Information Figure 6). The general agreement between TDDFT 

predicted and experimental UV-vis spectra of corrole 3 is very good and explains a 

slightly broader absorption in UV and visible regions. 

 



 

 32 

Figure 15. Experimental (top) and TDDFT predicted for pentacoordinated cobalt corrole 

3e. For TDDFT-predicted UV-vis spectra of 3e - 3g with different orientations of the 

axial pyridine ligand, see Supporting Information Figure 7. Energies of the several 

important excited states of low intensity are shown as blue vertical bars. 

 

In the case of pentacoordinate cobalt corrole 3, TDDFT predicts four low-intensity 

LMCT from predominantly corrole-centered π-orbitals to LUMO (excited states 1 – 4). 

According to our TDDFT calculations, two major transitions contribute in the visible 

region intensity (excited states 5 and 6), which are predominantly associated with 

corrole-centered π - π* single electron excitations from HOMO or HOMO-1 to LUMO+1 

(Figure 15, Supporting Information Figure 7, and Supporting Information Table 8). 

Unlike in the hexacoordinate complex, both of these transitions have reasonable 

intensities and correlate well with two transitions observed in the visible region in DCM 

solution of corrole 3. In addition, two other, almost independent of the axial ligand 

orientation, prominent absorption profiles were predicted by TDDFT in 400 – 450 nm 

and 350 – 380 nm regions (Figure 15, Supporting Information Figure 7, Supporting 

Information Table 3). The first region is dominated by excited states 11 and 12, which are 

very similar in composition to those observed in the hexacoordinate cobalt analogue. The 

second region (350 – 380 nm) is dominated several excited states (excited states 15, 20, 

24, and 25), which mostly originate from the LMCT and MLCT single-electron 

transitions. This region is close to the experimentally observed additional band in UV-vis 
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spectrum of cobalt corrole 3 recorded in DCM, while its charge-transfer nature can 

explain the weak MCD signal associated with this experimental band. 

 

 

Figure 16. Experimental (top) and TDDFT predicted for iron(III) corrole 4a. For 

TDDFT-predicted UV-vis spectra of 4 with different orientations of the axial pyridine 

ligand, see Supporting Information Figure 8. Energies of the several important excited 

states of low intensity are shown as blue vertical bars. 

 

 The open-shell electronic structure of the iron corrole 4 allows low-energy 

transitions from corrole-centered MOs to the half-filled iron-centered orbital as well as 

low energy transitions with significant d-d character. In agreement with these 

expectations, the first two excited states are predicted to have very low energies, near 
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zero intensities, and significant d-d character (Figure 16, Supporting Information Figure 

8, Supporting Information Table 9). The first two non-zero intensity excited states 

predicted by TDDFT (excited states 3 and 4) were calculated close to the experimentally 

observed 1023 nm band and could be assigned to the transitions with significant LMCT 

character. Next, TDDFT predicted two low-intensity excited states (excited states 6 and 

7) with predominant π- π* character, which correlate well with the experimentally 

observed band at 733 nm. In addition, two more intense excited states 10 and 11 

predicted by TDDFT at 553 and 546 nm also have predominant π - π* character and 

correlate very well with the experimentally observed band at 550 nm associated with 

positive and negative MCD B-terms at 566 and 543 nm, respectively. TDDFT predicts 36 

excited states in the 415 and ~2000 nm range, which correlate well with the general broad 

character of the UV-vis and rich character of the MCD spectra of corrole 4. In the Soret 

band region of iron corrole 4, TDDFT predicts two intense predominantly π - π* 

transitions calculated at 411 and 405 nm, which correlate well with UV-vis maximum at 

408 nm. Similar to hexacoordinated cobalt corrole 3, TDDFT predicted transitions in the 

Soret band region of iron(III) corrole 4 have small dependence on the axial ligands 

orientation (Supporting Information Figure 8). Overall correlation between experimental 

UV-vis spectrum of corrole 4 and TDDFT predicted spectra of 4a-d is excellent (Figure 

16). 
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Conclusions  

In our initial report on the magnetic circular dichroism of free base corroles, we showed 

that these macrocycles exhibit both similarities and differences from normal free base 

porphyrins.  The metallocorroles exhibit similar similarities and differences from the 

metalloporphyrins and their electronic structures can be understood via Gouterman’s four 

orbital model.  Similar to the free base H3tpfc (1), inspection of the MCD Faraday B 

terms for all of the macrocycles presented in this report revealed that the same ΔHOMO 

< ΔLUMO condition is present for each complex, which results in sign-reversed 

sequence for π - π * transitions in their MCD spectra. In addition, the MCD spectra of the 

open d shell cobalt and the iron complexes 3 and 4 were also complicated by dynamics in 

solution and by the number of the charge-transfer states in visible region.   For the cobalt 

complex 3, we observed spectra that are dependent on the concentration of pyridine in 

solution; at low pyridine concentrations we hypothesize that both penta- and 

hexacoordinate cobalt corroles exist in solution.   Additionally, the iron complex 4 

exhibits a low energy absorption in the NIR region (1023 nm) similar to those seen in 

Fe(III) porphyrin systems.   DFT and TDDFT calculations were used to elaborate the 

electronic structures and provide band assignments in UV-vis and MCD spectra of 

metallocorroles.  These calculations showed that there is a significant degree of d orbital 

involvement in the frontier orbitals for the open d shell corroles 3 and 4.  We are 

continuing our investigations into porphyrin and phthalocyanine analogs and the 

relationships between modifications to the macrocycle backbone and electronic structure.   
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Chapter Two: Magnetic Circular Dichroism 
Spectroscopy of meso-Tetraphenylporphyrin-
derived Hydroporphyrins and Pyrrole-modified 
Porphyrins 
 
SUMMARY: 

A large set of free base and transition metal 5,10,15,20-tetraphenyl substituted chlorins, 

bacteriochlorins, and isobacteriochlorins, and their pyrrole-modified analogues were 

investigated by combined UV-visible spectroscopy, Magnetic Circular Dichroism 

(MCD), Density Functional Theory (DFT), and time-dependent DFT (TDDFT) 

approaches and compared to the spectral characteristics of the parent compounds, free 

base tetraphenylporphyrin 1H2 and chlorin 2H2. It was shown that the nature of pyrroline 

substituents in the chlorin derivatives dictates their specific UV-vis and MCD 

spectroscopic signatures. In all hydroporphyrin-like cases, MCD spectroscopy suggests 

that the Δ HOMO is smaller than the Δ LUMO for the macrocycle-centered frontier 

molecular orbitals. DFT and TDDFT calculations were able to explain the large 

broadening of the UV-vis and MCD spectra of the chlorin diones and their derivatives 

compared to the other hydroporphyrins and hydroporphyrin analogues. The study 

contributes to the further understanding of the electronic effects of replacing a pyrrole in 

porphyrins by pyrrolines or other five-membered heterocycles (oxazoles and imidazoles). 
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Introduction 
Porphyrins and hydroporphyrins–chlorins, bacteriochlorins, and isobacteriochlorins 

(Figure 1) are key members of the ‘pigments of life’.1 They are named thusly because of 

the crucial roles they play in the metabolism in all kingdom of life: For instance, the iron 

porphyrin-based heme proteins are ubiquitously found in electron and oxygen transport 

chains, oxygen storage and activation, or in peroxide deactivation. The iron complexes of 

isobacteriochlorins are the prosthetic groups in bacterial multi-electron reduction 

enzymes, the sulfite and nitrite reductases.2,3 
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Figure 1: The macrocycle structures of the porphyrinoids indicated; the bold outlines 
indicate their 18 π-aromatic chromophore 

 

Most prominently, algae and higher plants utilize the green magnesium complexes of 

chlorins, the chlorophylls, as their key light harvesting pigments.4 Light-harvesting is not 

limited to chlorins, however, as the light-harvesting chromophores of phototrophic purple 

bacteria, heliobacteria, or sulfur bacteria are bacteriochlorin magnesium complexes.5  



 

 38 

Multiple other roles of porphyrins and hydroporphyrins are known, spanning their use as 

colorants, sex differentiating hormone, to cytotoxins, while the role of others remain 

unkown. 6-8 

The natural functions of the porphyrins and hydroporphyrins have long inspired their 

study, though the knowledge about these compounds is uneven. Porphyrins and the 

chlorophylls are very well studied, but much less is known about bacteriochlorins and 

isobacteriochlorins.9 The general electronic structure of the porphyrinoids can be 

rationalized using Gouterman’s four-orbital model.10 

Porphyrins and porphyrin analogues also found numerous technical and biomedical 

applications, some of which utilize the porphyrin in a biomimetic fashion (catalysis, 

light-harvesting),11-13 but many also found uses outside of natural precedents 

(photodynamic therapy, molecular memories, fluorescent and photoacoustic imaging 

dyes).14-18 Thus, diverse methods toward synthetic hydroporphyrins were reported.19-21 

The conversion of a porphyrin, such as meso-tetraphenylporphyrin (1H2) to the parent 

chlorin 2H2 by reduction is possible (Scheme 1), but such unsubstituted chlorins are often 

unstable with respect to their oxidation back to porphyrins.22,23 The OsO4-mediated 

dihydroxylation of 1H2 generates a the more stable dihydroxychlorin 3H2; coordination 

with Zn2+ or Ni2+ furnishes its zinc and nickel complexes 3Zn and 3Ni, respectively.24 

Reduction of 3Zn generates regiospecifically the dihydroxyisobacteriochlorin zinc 

complex 4Zn.25,26 
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Scheme 1. Synthesis of the chlorin and isobacteriochlorin used in this study. 

 

Importantly, in all of the known porphyrins and hydroporphyrins, including their 

degradation products,27 no non-pyrrolic moieties are found, hinting at the particular 

stability of the tetrapyrrolic porphyrinoid architecture. However, many applications 

require a fine-tuning of the optical properties of the porphyrinoids used, giving rise to a 

large effort in the synthesis of porphyrin analogues containing, for example, more than 

four pyrroles in a macrocyclic arrangement. One particularly class of porphyrin analogs 
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that are structurally similar to porphyrins and chlorins are the pyrrole-modified 

porphyrins, chromophores in which one or two of the pyrroles (or pyrrolines) were 

replaced by non-pyrrolic heterocycles.28,29 

While many of them are accessible through total synthesis approaches, a large variety 

of meso-tetraphenyl-substituted and b-substituted porphyrin derivatives or pyrrole-

modified porphyrins can be made by step-wise functionalization of dihydroxychlorins, 

utilizing the diol functionality as a synthetic handle (Scheme 2).29 Thus, oxidation of 

diols 3H2 or 3Ni formed the corresponding diones 5H2 or 5Ni,30 respectively, that can be 

converted to mono- (6H2 and 6Ni) or bis-oximes (8H2).31 Treating diols 3M with a 

different oxidant, MnO4
–, results in the excision of a carbon from the chlorin framework 

and the formal replacement of the b,b’-carbon bond by a lactone moiety (8M).32 Other 

oxidative conditions also generate porpholactones from a variety of porphyrins.3334 Free 

base lactone 8H2 can be converted to lactam 9H2 in two steps, while this can be 

dehydrated/halogenated to the chloro-imidazoloporphyrin 10H2.35 Oxidation of diol 3Ni 

with Pb(OAc)4 leads to the formation of an intermediate secochlorin bisaldehyde that 

may undergo, under strongly basic conditions, an intramolecular Cannizarro reaction,36 

followed by loss of CO2 and oxidative ring closure, forming an oxazolochlorin 

hemiacetal.37 This can be readily converted to the oxazolochlorin acetal 11Ni.32 The same 

framework structure, as its free base 11H2, can be generated from the free base lactone 

8Zn, by reduction, metal removal, and acetalization with MeOH.32 Porpholactone 8Zn is 

also susceptible to alkylation reactions using Grignard reagents.38 Bisalkylation leads to, 

for example, the formation of oxazolochlorin 12H2 carrying a b-gem-dialkyl group 
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known to stabilize a chlorin against oxidations. Alkyl addition to the lactone 8Zn, 

followed by acetalization, generates an intermediate that can be, like regular chlorins, 

regiospecifically dihydroxylated at the pyrrole opposite the pyrroline (or, here, the 

oxazole).39 This diol can then be oxidized using MnO4
–, generating pyrrole-modified 

porphyrin 13H2 in which two pyrroles were replaced by oxazole/oxazolone moieties.39 
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Scheme 2. Synthesis of the porphyrin and chlorin analogues used in this study by 

transformation of chlorin diol 3H 
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Traditionally, in cases where all b-carbons are sp2-hybridized, the compound is 

classified as a porphyrin; if an sp3-carbon is present, a chlorin is formed (Figure 1). 

However, as will be detailed below, this simple metric often succeeds in predicting their 

optical properties but also fails frequently. In general, little is known about the electronic 

properties of pyrrole-modified porphyrins.32,40,41 The ability to stepwise modulate their 

chromophores makes them ideal objects for systematic investigations on the role of the 

b,b’-functionalities on the electronic structure of porphyrinoids. 

Quite often, the UV-vis spectra of reduced porphyrins looks very similar to the 

corresponding porphyrin systems. This makes it extremely difficult to evaluate the 

differences in their electronic structures. The MCD spectroscopy, on the other hand, is 

very sensitive to the perturbation of the macrocyclic π-system and thus can be used for 

investigation of the differences in electronic structures between reduced porphyrins and 

corresponding porphyrins.42 Curiously, despite the large progress of the research on the 

reduced porphyrins and their analogues, the number of reports on the MCD spectroscopy 

and the electronic structure of these systems is very limited.43 Following the perimeter 

model, in application to the reduced porphyrins, one might expect that the MCD spectra 

would produce a negative signal for the MCD Faraday B-term for the lowest energy 

transition if the Δ HOMO is larger than Δ LUMO (Δ HOMO is the energy between the 

two highest energy occupied porphyrin-centered orbitals and Δ LUMO is the energy 

difference between the two lowest unoccupied porphyrin-centered orbitals).44  

We present in this contribution a systematic study on the electronic structures of a 

series of chlorins and porphyrin- and chlorin-like porphyrinoids in reference to the parent 
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porphyrin 1H2 using MCD spectroscopy and time-dependent DFT (TDDFT) calculations. 

The choice of chromophores investigated was to cover a swath of structural variety 

among porphyrinoids containing four five-membered moieties in a porphyrin-like 

arrangement that are either known or strongly suspected to be essentially planar. 

Porphyrinoids 5H2, 6H2, 7H2, 8M, 9H2, 10H2 possess all sp2-hybridized b-carbons, that 

would put them into porphyrin categories. However, dione 5H2 or particularly its oximes 

6H2 and 7H2 containing sp2-hybridized b-carbons are more chlorin-like.31 Also, the 

spectra classification of some classes may change with metallation, as is for the case of 

the porpholactones 5M; the free base is porphyrin-like while the metal complexes are 

metallochlorin-like.32 Other porphyrinoids, such as 11M, 12H2 are UV-vis 

spectroscopically and by architecture clearly chlorin-like. Likewise, compound 4Zn is an 

unambiguous metalloisobacteriochlorin.25 Bis-modified chromophore 13H2 was 

classified as a chlorin, with the oxazole moiety mimicking a pyrroline and the oxazolone 

moiety mimicking a pyrrole moiety.39 Again, we were interested in better understanding 

the electronic structures of these chromophores and hypothesized that MCD spectroscopy 

would provide a deeper insight into the classifications of these chromophores. As we will 

show below, this proved to be indeed the case.  

Results and Discussion 

UV-vis and MCD spectra 
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Figure 2: UV-visible and MCD spectra of compounds 1H2 (left) and 10H2 (right) 

 

 
Figure 3: UV-visible and MCD spectra of compounds 8Ni (top left), 8Zn (top right), and 

11Ni (bottom). 
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Figure 4: UV-visible and MCD spectra of compounds 2H2 (top left), 12H2 (top right), 

11H2 (bottom left), and 9H2 (bottom right). 
 
 

 
Figure 5: UV-visible and MCD spectra of compounds 13H2 (left) and 8H2 (right). 

 

 
Figure 6: UV-visible and MCD spectra of compounds 5Ni (left) and 6Ni (right). 
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Figure 7: UV-visible and MCD spectra of compounds 5H2 (top left), 6H2 (top right), and 

7H2 (bottom). 
 
 

 
Figure 8: UV-visible and MCD spectroscopy of compound 4Zn. 

 
 

The UV-vis and MCD spectra of all compounds are shown in Figures 2 - 8.  The well-

known UV-vis spectrum of the reference 1H2 is dominated by an intense Soret band at 

417 nm, which is associated with a very strong MCD pseudo A-term centered at 419 nm. 

In addition, there are four bands observed at the Q-band region of this compound, which 
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are associated with two negative and two positive MCD B-bands in ascending energy. 

This type of MCD spectra is very characteristic for the free base tetraarylporphyrins.45 

Substitution of one b-carbon atom to the more electronegative nitrogen and addition of an 

electron withdrawing chlorine atom at the neighboring position results in an increase in 

the intensity of the Q00(x) band observed at 654 nm in porphyrin 10H2. The sequence of 

the MCD signals in the fully conjugated porphyrin however does not change, as four 

bands in the Q-band region are associated with two negative and two positive signals in 

10H2 in ascending energy. The Soret band in 10H2 also resembles that of parent 

porphyrin 1H2 with respect to its position and the associated strong MCD pseudo A-term 

centered at 425 nm (Figure 2). 

The effect of the reduction of a single pyrrole ring in the free base chlorins is illustrated 

by chlorins 2H2, 12H2, 11H2 and 9H2. The introduction of the lactone functional group in 

chlorin 9H2, at first glance, does not affect its electronic structure because its UV-vis 

spectrum still resembles that of reference porphyrin 1H2, including a Soret band at 420 

nm. Its MCD spectrum of chlorin 9H2, however, suggests that there are dramatic changes 

in its electronic structure compared to the reference porphyrin 1H2. In particular, the 

Q00(x) band is associated with a positive MCD signal observed at 651 nm which is 

followed by three negative MCD signals at 600, 552, and 516 nm. Qualitatively, chlorins 

2H2, 12H2, and 11H2 all possess similar UV-vis and MCD spectra. In particular, all three 

of these chlorins have a broader Soret bands compared to the reference 1H2 spectrum. 

This can be rationalized by the non-degenerate transitions giving rise to the Soret band 

and the generally increased conformational flexibility of the hydroporphyrins. All three 
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of these compounds also exhibit the chlorin-typical most intense Q00(x) band at the 

longest wavelength of absorption. In chlorins 2H2, 12H2, 11H2, and 9H2, four clear 

transitions can be identified in the Q-band region and the energies of the lowest energy 

transition do not vary much (ranging from 649 to 662 nm), irrespective of the presence of 

different heterocycles in these chlorin models. The low energy Q-band is associated with 

a positive MCD signal, followed by a set of three negative MCD signals in ascending 

energy.  

The situation changes dramatically, however, when it comes to chlorins 5H2, 6H2, and 

7H2, which are all derived from free base porphyrin b-diketone 5H2.31 The Q-band region 

in all of these compounds are represented by closely spaced transitions, resulting in the 

broadening of the Q-bands. Despite of the broadening, however, the MCD spectroscopy 

reveals a very clear positive signal associated with the lowest energy transition in these 

compounds, followed by a set of negative MCD B terms in ascending energy.  

Finally, free base bacteriochlorins 13H2 and 8H2 possess similar UV-vis spectra that 

are close to those of chlorins 2H2, 12H2, and 11H2, with the most intense Q-band at the 

longest wavelength of absorption (at 672 nm for 13H2 and 684 nm for 8H2). Both of 

these transitions are associated with a positive MCD signal close to their corresponding 

energies, which are followed, by a negative MCD signal at higher energy. Unlike all 

other chlorins and porphyrins discussed above, however, the Soret bands in chlorins 9H2 

and 13H2 are represented by the MCD pseudo A-terms with a positive to negative signal 

sequence in the Soret band region in ascending energy. Similar behavior for the both the 

Soret and Q-band region, having the positive to negative sequences in ascending 
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energies, has already been documented for tetraphenylbacteriochlorins published by 

Djerassi and coworkers in 1982,[43a,b] but a different behavior was observed for the free 

base bislactone bacteriochlorins discussed by Zhang and coworkers possessing all sp2-

hybridized b-carbons in the ring.[43c] 

The MCD spectra of zinc chlorin 8Zn and its nickel analogue 8Ni are quite similar. In 

particular, the Q-band region in both compounds is dominated by two bands with the 

lowest energy band being the most intense in this region.  The lowest energy band in both 

compounds is associated with a MCD pseudo A-term, centered at the corresponding band 

of their UV-vis spectra. The MCD pseudo A-term is almost symmetrical in compound 

8Zn but shows an asymmetrical nature in nickel complex 8Ni, with a positive to negative 

amplitude in ascending energy. The situation is quite different in the case of nickel 

complex 11Ni. Although the UV-vis Q-band region resembles that of complex 8Ni, its 

MCD spectrum is quite different as the energy of the Q00(x) band at 607 nm correlates 

well with the MCD B-term observed at 608 nm and no MCD pseudo A-terms were 

observed in the Q-band region. 

The UV-vis and MCD spectra of nickel complexes 5Ni and 6Ni reveal two unusual 

features.  First, the Q-band regions in these compounds are represented by a very broad 

absorption, which is also associated with a very broad MCD pseudo A-term with positive 

to negative sequences in ascending energy. The second unusual feature in the UV-vis and 

MCD spectra of 5Ni and 6Ni is the relatively intense absorption asymmetric band at 482 

nm for Ni and 473 nm for Ni. This unusual band is associated with a quite strong MCD 

pseudo A-term with negative to positive sequence in ascending energy.  
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Finally, in the case of the zinc isobacteriochlorin 4Zn, the UV-vis and MCD spectra are 

close to the spectra observed for chlorin TPPZn, except the sequence of the MCD B-

terms are reversed. This behavior is similar to the previously discussed zinc 

isobacteriochlorin.[43a,b] 

Overall, in the set of hydroporphyrins and pyrrole-modified porphyrins and chlorins 

studied in this work, only the reference porphyrin 1H2 and imidazoloporphyrin 10H2 

show standard porphyrin MCD spectra in the Q-band region: Two negative signals 

followed by two positive signals in ascending energy. All hydroporphyrins and 

hydroporphyrin analogues studied here possess a reversed MCD sequence in which the 

lowest energy transition in the UV-vis spectrum is associated with a positive signal in the 

MCD spectrum.  
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Figure 10: Frontier orbitals energy diagram for the nonmetal complexes 

 

Figure 11: Frontier orbital energy diagram for the metal complexes 
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Figure 12: Frontier orbitals for compounds 1H2 and 10H2 
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Figure 13: Frontier orbitals for 8Ni, 8Zn, 11Ni  
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Figure 14: Frontier orbitals for compounds 2H2, 12H2, 11H2, and 9H2 
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Figure 15: Frontier orbitals for compounds 13H2 and 8H2 
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Figure 16:  Frontier orbitals for compounds 5Ni and 6Ni 
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Figure 17: Frontier orbitals for compounds 5H2, 6H2, and 7H2 
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Figure 18: Frontier orbital for compound 4Zn 

To reveal the differences and similarities in the electronic spectra of the chromophores 

discussed, we conducted DFT and TDDFT calculations on these systems. In case of the 

metal derivatives, the geometry optimization is fairly straightforward. However, in the 

case of the hydroporphyrin free base compounds, the possibilities of different tautomers 

exists,46-48 and needed to be addressed (Figure 9).49 In all the calculations, we found that 
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the “ac” NH tautomers are at least ~28 kcal/mol less stable compared to the 

corresponding NH tautomers. Thus only the “bd” tautomers were considered.  

The electronic structure of reference 1H2 and core-modified porphyrin 10H2 are quite 

close to each other and their frontier orbitals fit well within Gouterman’s four-orbital 

model.10 For instance, the HOMO-1 and HOMO frontier orbitals in these compounds 

resemble the Gouterman’s a1u and a2u type orbitals, while the closely spaced LUMO and 

LUMO+1 orbitals resemble eg set of the orbitals (in a D4h space group notation). It is 

interesting to note that all of the metal-containing chlorin and isobacteriochlorin 

derivatives studied in this paper have the same orbital order for the HOMO and HOMO-1 

orbitals in which the a1u type orbital will always be the HOMO and the HOMO-1 will 

always be a2u type. This sequence correlates really well with the electron withdrawing 

effect on the central metal in any given macrocycle, which stabilizes the a2u type orbitals 

because of the high electron density at the inner nitrogen atoms, with the degree of 

stabilization of the a2u orbital depending on the electronegativity of the metal cations. 

Accordingly, DFT predicts that the a2u type orbital in zinc chlorin 8Zn will be of lower 

energy than the corresponding orbital in nickel chlorin 8Ni. 

The HOMO and HOMO-1 orbital sequence in the free base chlorins and 

isobacteriochlorins, in general, follow the general electron withdrawing strength of the 

substituents at the modified pyrrole ring(s). Due to the large electron density at the inner 

b-pyrrolic carbon atoms and the outer substituents in a1u type orbitals, electron-

withdrawing groups would stabilize its energy compared to the a2u type orbitals. 

Inversely, electron donor groups destabilize it.10 For instance, in the case of the free base 
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chlorins 9H2, 5H2, 6H2, and 7H2, the HOMO orbital was found to be a2u and the HOMO-

1 was identified as a1u. While in the case of the chlorins 12H2 and 11H2, in which 

electron-donating groups are attached to the b-pyrrolic carbons, the HOMO orbital was 

found to possess a1u symmetry and the HOMO-1 orbital was found to be of a2u symmetry. 

In case of the simple metal free chlorin 2H2, the a2u and a1u HOMO and HOMO-1 

orbitals are almost degenerate. In the case of the free base and metalated derivatives with 

the same chlorin macrocycles (5H2/5Ni and 6H2/6Ni) the presence of the transition metal 

stabilizes the orbital of the a2u type symmetry and thus reverses the nature of the HOMO 

and HOMO-1 orbitals.  

The energies of the HOMO and HOMO-1 orbitals in all free base chlorin derivatives 

follow the electron-donating or electron-withdrawing strengths of the peripheral 

substituents. For instance, stepwise substitution of the keto groups in chlorin 5H2 by the 

less electron withdrawing oxime fragments in 6H2 and 7H2 results in an incremental 

destabilization of the a2u type orbital by ~0.2 eV and a1u type HOMO-1 orbital (which is 

more sensitive to the substituents effect) by about ~0.4 eV. It is interesting to note that 

the energy difference of a1u and a2u types of orbitals in chlorins 5H2, 6H2, and 7H2 

reduces from 0.27 eV to 0.02 eV upon stepwise substitution of the carbonyl groups by 

oximes. The DFT-predicted structures of chlorins 11H2 and 12H2 allow us to conclude 

that the substituents in chlorin 12H2 have stronger electron-donating properties than in 

chlorin 11H2. In the case of the free base bacteriochlorins 13H2 and 8H2, DFT predicted 

the a1u type orbitals to be the HOMO orbital and the a2u orbitals to correspond to HOMO-

1. 
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The LUMO and LUMO+1 orbitals for the majority of compounds studied in this paper 

resemble a pair of Gouterman’s eg orbitals oriented along two opposite pyrrolic fragments 

(“ac” and “bd”).10 In the case of the core-modified porphyrin 10H2, the lower energy 

LUMO is oriented along the modified pyrrolic ring. On the contrary, in case of the 

hydroporphyrins, the lower energy orbital from Gouterman’s eg set is oriented along the 

unsubstituted pyrrolic fragments, which includes the inner N-H bonds.  In the case of the 

derivatives of porphyrin diketones 5Ni, 6Ni, 5H2, 6H2, and 7H2, the LUMO region 

includes a localized or hybrid orbital which is dominated by contribution from the 

modified pyrrolic fragment. For instance, the LUMO in chlorins 5Ni and 5H2 are 

predominantly located at the modified pyrrole fragment, while in the case of chlorins 6Ni 

and 6H2, the largest contribution of LUMO still comes from the pyrrole rings. In the case 

of nickel complexes 8Ni, 5Ni, and 6Ni, the MO with significant contribution of the nickel 

dx
2

-y
2

 orbital was also observed in the LUMO energy envelope. According to the Michl 

perimeter model, in application to porphyrins and their analogues44, The difference in 

energy between two occupied Gouterman’s type a1u and a2u orbitals and the difference in 

energy between the Gouterman’s eg orbitals will dictate the sign of the lowest energy 

MCD signal. In the case where ∆ HOMO is larger than ∆ LUMO, the negative MCD 

signal is expected. While in the case when ∆ HOMO is smaller than ∆ LUMO, the 

positive signal of the reduced porphyrinoid will be expected. The calculated ∆ HOMO 

and ∆ LUMO values are located in Table 1. In agreement with DFT predictions, pyrrole-

modified porphyrin 10H2 and reference porphyrin 1H2 should have a negative lowest-

energy signal on the MCD spectrum, while the modified chlorin models should have the 
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opposite (positive) signal on the lowest-energy MCD band. This prediction correlates 

well with our experimental data. The only exceptions from these predictions are reduced 

porphyrins 5H2 and 6H2 in which DFT predicted that Δ LUMO is smaller than Δ HOMO. 

In these systems, however, the Δ LUMO is calculated as the energy difference between 

LUMO+1 and LUMO+2 as the LUMO in both of these compounds is predominately 

centered at the modified pyrrole fragment. The presence of such LUMO, however, makes 

Δ LUMO calculations less predictable in the assignment of the MCD signal sequence.  In 

the case of isobacteriochlorin 4Zn the DFT calculations fail to model the correct sign of 

the lowest-energy MCD signal. But as was discussed earlier by Djerrasu,43a,b prediction 

of isobacteriochlorin MCD signals are challenging.  

 

TDDFT calculations 

 

Figure 19: Experimental (top) and TDDFT predicted UV-vis spectra for compounds 

1H2 (left) and 10H2 (right) 
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Figure 20: Experimental (top) and TDDFT predicted UV-vis spectra for compounds 

8Ni (top left) , 8Zn (top right), 11Ni (bottom) 
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Figure 21: Experimental (top) and TDDFT (bottom) predicted UV-vis spectra for 

compounds 2H2 (top left), 12H2 (top right), 11H2 (bottom left), and 9H2 (bottom right) 

 

Figure 22: Experimental (top) and TDDFT (bottom) predicted UV-vis spectra for 

compounds 13H2 (left), and 8H2 (right) 

 

Figure 23: Experimental (top) and TDDFT (bottom) predicted UV-vis spectra for 

compounds 5Ni (left) and 6Ni (right)  
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Figure 24:  Experimental (top) and TDDFT (bottom) predicted UV-vis spectra for 

compounds 5H2 (top left), 6H2 (top right), and 7H2 (bottom) 

 

Figure 25: Experimental (top) and TDDFT (bottom) predicted UV-vis spectra for 

compound 4Zn 
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TDDFT was used to compute the UV-vis spectra of the porphyrinoids investigated 

(Figures 19-25). As expected, in reference porphyrin 1H2 and pyrrole-modified porphyrin 

10H2 the most intense transitions originate from the classic Gouterman’s π-π single 

electron excitations and their Q-band region from HOMO à LUMO and HOMO à 

LUMO+1 single-electron transitions, complemented by HOMO-1 à LUMO and 

HOMO-1 à LUMO+1 excitations. The Soret band region is dominated by two very 

strong excited states, which predominately originate from HOMO-1 à LUMO and 

HOMO-1 à LUMO+1 single-electron transitions complemented by the HOMO à 

LUMO and HOMO à LUMO+1 transitions.  

In case of chlorins 2H2, 12H2, and 11H2, and 9H2, the basic Gouterman’s model10 is 

still valid as the TDDFT transitions in the Q-band region have lower intensity than the 

Soret band excited states and all transitions are found to be dominated by the 

HOMO/HOMO-1 à LUMO/LUMO+1 single-electron excitations. As discussed above, 

the LUMO in the carbonyl-containing chlorin systems 5H2 and 6H2 is predominately 

centered at the modified pyrrole ring. As a consequence of this localization, one might 

expect that the lowest energy HOMO à LUMO transitions would not be related to the 

Gouterman model. Indeed, TDDFT predicts that the first three excited states in chlorin 

5H2 will predominately originate from the HOMO/HOMO-1/HOMO-2 à LUMO single-

electron excitations. These intramolecular charge transfer transitions were predicted to 

have low intensities and be located within the 840 – 710 nm envelope. There are thus 

likely responsible for the significantly broad and diffuse nature of the UV-vis and MCD 
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spectra in the Q-band region for these compounds. In addition to these intramolecular 

charge transfer (CT) transitions, TDDFT predicts two classical Gouterman excited states 

in the Q-band region originating from the HOMO/HOMO-1 à LUMO+1/LUMO+2 

single-electron transitions (at 553 and 535 nm). TDDFT further predicts we have two 

low-energy excited states (7 and 8) in the 485 nm region which correspond to the weak 

band at 473 nm of the UV-vis spectrum of 5H2, and that is associated with a relatively 

strong MCD signal. The nature of these transitions is rather unique. They are a 

combination of the intramolecular CT transitions originating from the localized a-

diketone fragment (HOMO-2) to the LUMO+1 and LUMO+2 porphyrin centered 

orbitals, complemented by the HOMO-4 porphyrin π orbital to the LUMO (localized at 

modified pyrrole fragment), as well as classic Gouterman’s HOMO-1 to LUMO+1 and 

LUMO+2 π-π* transitions. In both of these excited states, the largest contribution to the 

intensity originates from the Gouterman’s π-π* single electron excitations, which agrees 

well with the presence of two MCD B-terms observed between 480 – 520 nm. Finally, 

the Soret band region in the UV-vis spectrum of 5H2 is dominated by the excited states 

14 and 15 which represent the classic Gouterman’s π-π* transitions originating from the 

HOMO-1/HOMO à LUMO+1/LUMO+2 single-electron excitations. Similar to 

compound 5H2, the broadening in the Q-band region in compounds 6H2 and 7H2 can be 

explained by the presence of additional intramolecular transitions which involve a 

localized, at the modified pyrrole ring, low-energy molecular orbital.  

In the case of bacteriochlorins 8H2 and 13H2, TDDFT predicts that the most intense 

bands in the visible region will originate from the classic Gouterman’s HOMO-1/HOMO 
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à LUMO/LUMO+1 single-electron transitions. The large energy gap between the 

LUMO and LUMO+1 orbitals in these systems, however, results in a striking difference 

for the predicted nature of the transitions found in the Soret and Q-band regions. Indeed, 

in the case of the reference porphyrin 1H2, as well as systems 10H2, 2H2, 12H2, 11H2, 

and 9H2, the Q-band region is dominated by the single-electron excitations from the 

HOMO orbital to the LUMO and LUMO+1, and the single-electron excitations in the 

Soret band region are dominated by transitions from the HOMO-1 à LUMO / LUMO+1 

molecular orbitals. On the contrary, the Q-band region in the bacteriochlorins 8H2 and 

13H2 can be described by the excited states 1 and 2 which are dominated by the 

HOMOàLUMO transitions (excited state 1) but the HOMO-1àLUMO single-electron 

transitions (excited state 2). Similarly, the Soret band in bacteriochlorins 8H2 and 13H2 is 

dominated by excited states 3 and 4, which mainly originate from the HOMO à 

LUMO+1 (excited state 3) and the HOMO-1 à LUMO+1 (excited state 4) single-

electron excitations. The unusual nature of these excited states explains the large energy 

difference between the Q(x) and Q(y) band in the UV-vis and MCD spectra in 

compounds 8H2 and 13H2, as well as the presence of the reverse MCD pseudo A-term in 

the Soret band region. This reverse MCD pseudo A-term sequence was only observed for 

free base bacteriochlorins 8H2 and 13H2.  

The UV-vis spectrum of zinc chlorin 8Zn can also be described within the parameters 

of Gouterman’s four-orbital model.10 Indeed, the two largest intensity transitions in the 

Q-band region are excited states 1 and 2 which originate from HOMO/HOMO-1 à 

LUMO/LUMO+1 single-electron excitations. Similarly, the Soret band in zinc chlorin 
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8Zn is dominated by two excited states (4 and 5), which originate from the same single-

electron transitions as the Q-band region. The presence of nickel in chlorin system 8Ni 

allows for low-energy CT transitions from nickel-centered orbitals (HOMO-2 - HOMO-

4) to the chlorin-centered LUMO and LUMO+1 molecular orbitals. Indeed, TDDFT 

predicts that the first two excited states in chlorin 8Ni will be dominated by the nickel to 

chlorin metal to ligand charge transfer transitions, although their intensities are relatively 

small. The Q-band region in chlorin 8Zn is dominated by excited state 3, which has the 

major contribution from HOMO à LUMO. The Soret band region in nickel complex 

9H2 is dominated by the three excited states 13-15, fit well the Gouterman’s model,10 

with contributions from the HOMO/HOMO-1 à LUMO/LUMO+1 single-electron 

transitions. In general, for nickel chlorin 11Ni excited states were predicted that are 

similar to those of chlorin 8Ni, except that the lowest energy excited state 1 is a 

Gouterman type π-π transition, followed closely by MLCT transitions in the Q-band 

region.  

In the case of nickel complexes 5Ni and 6Ni, the occupied MO localized on the dione 

fragment is the HOMO-5 orbital, while the unoccupied orbital localized on the dione 

fragment is the LUMO orbital. Thus, in addition to the Gouterman’s predicted π-π* 

transitions in the Q-band region (excited states 7 and 8), the presence of low-energy 

excited states dominated by HOMO à LUMO and HOMO à LUMO+1 transitions are 

expected. These transitions have π-π* character and can be described as intramolecular 

CT in nature.  Indeed, TDDFT predicts that the first two excited states will have 

predominant HOMOàLUMO and HOMO-1àLUMO character. In addition, the MLCT 
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bands originating from the single-electron excitations from the HOMO-2 - HOMO-4 

àLUMO were also predicted by TDDFT calculations in the low energy region (excited 

states 3, 4, and 5). It is therefore not surprising that the Q-band region in 5Ni and 6Ni are 

much broadened. Interestingly, the classic Gouterman’s π-π* transitions in nickel 

complexes 5Ni and 6Ni originating from the HOMO/HOMO-1 à LUMO+1/LUMO+210 

were predicted to lie in the 500 - 510 nm range. This correlates well with the 

corresponding MCD pseudo A-terms centered at 511 and 513 nm, respectively. Finally, 

TDDFT predicts at least nine intense excited states at the Q-band region, which have 

complex contributions from the π-π and MLCT single-electron excitations.  

Although the LUMO and LUMO+1 orbitals in zinc isobacteriachlorin 4Zn are located 

at adjacent pyrrolic rings, they are still π* orbitals. Thus, it is not surprising that the first 

two excited states belong to the classic Gouterman’s HOMO-1/HOMO à 

LUMO/LUMO+1 single-electron excitations. Since only these two transitions are present 

in the Q-band region, it is not surprising that the corresponding MCD and UV-vis 

spectral signals are narrow. Similarly, the excited states 3 and 4 originate from the 

Gouterman’s π-π* transitions and resemble Soret band intensities in normal porphyrins.  

 

Conclusion 

A set of free-base and transition metal 5,10,15,20-tetraphenyl substituted chlorins, 

bacteriochlorins, isobacteriochlorins, and their pyrrole-modified analogues were 

investigated by a combination of UV-vis and MCD spectroscopy and DFT and TDDFT 

computations. It was found that the nature of the substituents at the β-pyrrolic positions 
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of the chlorin macrocycle dictates the intensities of the low-energy bands in the Q-band 

region. In the case of the chlorin derivatives that originate from the b-diketone chlorins, it 

was found that the Q-band region is dominated by very broad absorption features, 

determined to result from a superposition of π-π* and MLCT single-electron transitions. 

The bacteriochlorins have both positive to negative sequences in ascending energy in 

both the Q-and Soret-band regions, while the zinc isobacteriochlorin 4Zn has a MLCT 

sequence similar to the chlorin derivatives. In all cases, the MCD spectroscopy is 

suggestive of the Δ HOMO being smaller than Δ LUMO relationship for the frontier 

macrocycle-centered molecular orbitals. 

This investigation helped to shed light on the elctronic features of pyrrole-modified 

porphyrins, particularly with repect to their classification as chlorin- or porphyrin-type 

chromophores. The results therefor help in guiding the rational depvelopment of 

chromophores with electronic properties that are customized to their applications. 

 

Experimental Section 

Materials 

All chromophores described were synthesized from 1H2
50 as described in the literature, 

and referenced in the text. 

Computational studies 

All computations were performed using the Gaussian 09 software package running 

under Windows or UNIX OS.51 Molecular orbital contributions were compiled from 
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single point calculations using the QMForge program.52 In all single-point calculations, 

the TPSSh exchange-correlation functional53 was used. The 6-31G(d) basis set54 was used 

for all atoms in all calculations. Frequencies were calculated for all optimized geometries 

in order to ensure that final geometries represent minima on the potential energy surface. 

TDDFT calculations were conducted for the first 50 excited states in order to ensure that 

all π-π* transitions of interest were accounted for. Solvent effects were modeled using 

PCM approach using DCM as a solvent.55 

Spectroscopy 

All UV-Vis data were obtained on a JASCO-720 spectrophotometer at room 

temperature. An OLIS DCM 17 CD spectropolarimeter with a 1.4 T DeSa magnet was 

used to obtain all Magnetic Circular Dichroism (MCD) data. 

 

 

 

 

 
 
 
Chapter Three: Tuning up an electronic 
structure of the subphthalocyanine derivatives 
toward electron-transfer process in non-
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covalent complexes with C60 and C70 
fullerenes: experimental and theoretical studies 
 

SUMMARY: 

Non-covalent p-p interactions between chloroboron subphthalocyanine (1), 2,3-

subnaphthalocyanine (3), 1,4,8,11,15,18-(hexathiophenyl)subphthalocyanine (4), or 4-

tert-butylphenoxyboron subphthalocyanine (2) with C60 and C70 fullerenes were studied 

by UV-vis and steady-state fluorescence spectroscopy, as well as, mass (APCI, ESI, and 

CSI) spectrometry. Mass spectrometry experiments were suggestive of relatively weak 

interaction energies between compounds 1 - 4 and fullerenes. The formation of a new 

weak charge-transfer band in the NIR region was observed in solution only for 

subphthalocyanine 4 when titrated with C60 and C70 fullerenes. Molecular structures of 

the subphthalocyanines 2 and 4 as well as co-crystallite of 4 with C60 fullerene (4@C60) 

were studied using X-ray crystallography. One of the C60 fullerenes in the crystal 

structure of 4@C60 was found in the concave region between two subphthalocyanine 

cores, while the other three fullerenes are aligned above individual isoindole fragmets of 

the aromatic subphthalocyanine. The excited state dynamics in non-covalent assemblies 

were studied by transient absorption spectroscopy. The time-resolved photophysics data 

suggest that only electron-rich subphthalocyanine 4 can facilitate an electron-transfer to 

C60 or C70 fullerenes, while no electron-transfer from the photoexcited receptors 1 - 3 to 

fullerenes was observed in UV-vis and transient spectroscopy experiments. DFT 

calculations using the CAM-B3LYP exchange-correlation functional and the 6-31+G(d) 
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basis set allowed an estimation of interaction energies for the non-covalent 1:1 and 1 : 2 

(fullerene : subphthalocyanine) complexes. Theoretical data suggest that the weak (~3.5 - 

10.5 kcal/mol) van der Waals-type interaction energies tend to increase with an increase 

of the electron density at the subphthalocyanine core with compound 4 being the best 

platform for non-covalent interactions with fullerenes. DFT calculations are also indicate 

that 1 : 2 (fullerene : subphthalocyanine) non-covalent complexes are more stable than 

corresponding 1 : 1 assemblies. 

INTRODUCTION: 

 Covalent and non-covalent donor-acceptor (D-A) assemblies were intensively 

studied during the last several decades due to their potential use in solar energy to 

electricity conversion.1-5 The electronic structure, type of the linking group (if any), and 

geometric orientation of the light-harvesting donor and electron acceptor are the key for 

formation and stability of the long-living charge-separation (CS) state, which is required 

for efficient in solar energy to electricity conversion.2 In the case of the D-A assemblies 

with covalent bonds coupling a donor and an acceptor fragments, a D-A distance and 

degree of the electronic coupling between them can be controlled by the nature of the 

linking group.5-8 Preparation of covalently linked D-A assemblies, however, often 

requires several additional synthetic steps, which make such structures less attractive for 

industrial applications. An alternative approach is formation of well-organized non-

covalent assemblies, which can be controlled by, for instance, specific dispersion p-p 

interactions. Because of their specific photophysical properties useful for light harvesting, 

aromatic macrocycles, such as porphyrins and their analogues were extensively studied as 
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electron donors in D-A structures, while fullerenes and carbon nanotubes were proposed 

as electron acceptors in non-covalently linked assemblies.9-11 For non-covalent D-A 

assemblies, which are based on dispersion p-p interactions, both topology and electron 

density of the p-systems of the donor and acceptor plays an important role. For instance, 

electron-rich and planar b-octaalkylporphyins can easily form non-covalent assemblies 

with fullerenes, while planar but less electron-rich neutral unsubstituted or alkyl-

substituted phthalocyanines or tetraazaporphyrins do not form such supramolecular 

systems.7 The addition of eight electron-donating substituents to the planar 

tetraazaporhyrin core, however, can increase the p-electron density at the 

tetraazaporphyrin core and enhance non-covalent p-p coordination with fullerenes.12  

 The bowl-shaped geometry of subphthalocyanine, probably, provides the best 

topology for non-covalent p- p complex formation with the curved surfaces of C60 and 

C70 fullerenes.9,13 Not surprisingly, subphthalocyanine-fullerene heterolayers, along with 

subphthalocyanine-subphthalocyanine and subphthalocyanine-subnaphthalocyanine 

systems, have been proposed as prospective non-covalent donor-acceptor components for 

organic heterojunction photovoltaic platforms.14 The energetics and spectroscopy of such 

non-covalent p-p interaction between subphthalocyanine derivatives and fullerenes 

remains, however, largely unexplored. Covalently linked subphthalocyanine-fullerene 

assemblies, on the other hand, were explored in great detail by Torres and co-workers, 

who clearly demonstrated the importance of the subphthalocyanine-to-fullerene distance 

for effective electron-transfer or energy-transfer processes.5b In addition, Torres and co-

workers studied non-covalent interactions between fullerenes and pre-formed 
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bis(subphthalocyanine)-containing spherical cages, which was proven to accommodate a 

single fullerene molecule.5h,i Ziessel and co-workers briefly discussed non-covalent 

coordination between C60 fullerene and unsubstituted subphthalocyanine with an axial 

ethynylphenyl group and found 1:1 complex formation with a binding constant of 3,975 

M-1.15 Although no data were provided to support such a claim, the authors observed 

subphthalocyanine fluorescence quenching in toluene, which they assigned to the 

electron transfer from subphthalocyanine to fullerene. In 2011, Kobayashi and co-

workers published an impressive X-ray crystal structure of fullerene : pyrene-fused 

subphthalocyanine assembly, which exploited high affinity of the pyrene fragment to 

form a 1:2 (fullerene : subphthalocyanine) complex with fullerene in the solid state, 

although these authors did not see any significant interaction between two components in 

solution.9c In 2013, Torres and co-workers observed non-covalent p-p interactions 

between unsubstituted and b,b'-hexaalkylsulfonyl substituted subphthalocyanines and 

concluded that both 1:1 and 1:2 (fullerene : subphthalocyanine) complexes can be formed 

in solution. Energy transfer, rather than electron-transfer was assigned as the major 

deactivation pathway upon photoexcitation of the subphthalocyanine core.16 However, 

unlike in their previous work on subphthalocyanine cages,5h,i the authors did not present 

ESI MS or UV-vis titration data, and their analysis shown in the supporting information 

is inconclusive. Very recently, on the basis of DFT calculations, Denis predicted the 19.9 

- 33.8 kcal/mol and the 38.8 - 68.5 kcal/mol interaction energies for 1:1 and 1:2 (fullerene 

: subphthalocyanine) non-covalent complexes.17 These calculations, however, raise the 

question why, despite such a strong interaction energies and fairly negative Gibbs 
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energies predicted by DFT for non-covalent complex formation between fullerenes and 

subphthalocyanines, their spectroscopic signatures in solution remain unobserved. 

Indeed, Torres and co-workers in 201418 and Konarev and co-workers in 201519 

presented solid state X-ray crystal structures of non-covalent bis(subphthalocyanine) : C60 

and axially linked bis(subphthalocyanine) : C60 complexes, respectively. In addition, 

Konarev and co-workers observed a new low intensity broad band between 650 and 750 

nm in UV-vis spectrum of their system in the solid state.19 Nevertheless, interactions 

between subphthalocyanine receptors and C60 fullerene in solution remains unexplored to 

a large extent.   

 In this paper, we explore the tunability of the subphthalocyanine core toward 

finding a stronger binding fullerene receptor both in a solid state and in a solution, which 

could potentially improve photovoltaic characteristics of subphthalocyanine : fullerene 

heterojunctions by facilitating the electron-transfer from subphthalocyanine to fullerene. 

In order to do so, we compared four basic aromatic platforms (Figure 1): (i) chloroboron 

subphthalocyanine as a reference compound; (ii) chloroboron 2,3-subnaphthalocyanine as 

a system with an expanded aromatic p-system; (iii) chloroboron 1,4,8,11,15,18-

(hexathiophenyl)substituted subphthalocyanine as a system with an increased electron 

density because similar to phthalocyanine analogues,20 the electronic structure of 

subphthalocyanine21 indicates that substitution at the a,a'-positions of the 

subphthalocyanine core with electron-donating groups should increase cores' electron 

density to a higher extent compared to the b,b'-substitution pattern used by Torres and co-

workers; (iv) 4-tert-butylphenoxyboron subphthalocyanine in order to investigate if axial, 
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electron-rich, phenoxy substituent would facilitate interaction with fullerenes. We used 

both C60 and C70 fullerenes due to their slightly different topology of their p-system and 

thus potentially different energies of interactions with subphthalocyanine analogues. 

 

Figure 1. Structure of subphthalocyanine and its derivatives used in this paper. 

 

EXPERIMENTAL SECTION: 

 Reagents and materials: When necessary, reactions were performed under an 

argon atmosphere using standard Schlenk techniques. Solvents were purified using 

standard approaches: toluene was dried over sodium metal, THF was dried over sodium-

potassium alloy, hexane and DCM were dried over calcium hydride. Chloroboron 

subphthalocyanine, SubPcBCl (1), 4-tert-butylphenol, thiophenol, 2,3-dicyano-1,4-
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dihydroxybenzene, 2,3-dicyanonaphthalene, C60, and C70 were purchased from Aldrich 

and used without further purification. SubPcB(OC6H4-tert-Bu) (2),22 2,3-SubNcBCl (3),23 

SubPc(SPh)6BCl (4),24 and 3,6-diphenylthio-2,3-dicyanobenzene24 were prepared as 

described earlier and have similar to the reported UV-vis, 1H NMR, and ESI or APCI 

mass spectra.  

 

 DFT and TDDFT Calculations: All DFT calculations were conducted 

using the Gaussian 09 software.25 The complexes were optimized in a gas phase at the 

DFT level using the CAM-B3LYP exchange-correlation functional.26 In a separate set of 

test calculations on the smallest 1 : C60 system, wB97XD,27 TPSSh,28 M06,29 M06L,30 

and CAM-B3LYP26 exchange-correlation functionals were used to investigate exchange-

correlation functional dependence on the calculated interaction energies for non-covalent 

complexes of interest. The 6-31+G(d) basis set31 was used for all atoms in these 

calculations. The 6-31+G(d) basis set was found to be a good compromise for a quality 

(double-zeta level) and has both polarization and diffuse functions, which are critical for 

accurate description of the weak,long distance, non-covalent interactions in donor-

acceptor assemblies. The integral value was set to "ultrafine" and the "acc2e=12" 

command was used in these calculations to set the 2-electron integral accuracy 

parameters to 10-12. Equilibrium geometries were confirmed by frequency calculations 

and specifically by the absence of imaginary frequencies. QMForge program was used 

for molecular orbital analysis.32 
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 X-ray crystallography: Single crystals of 4 and 4@C60 useful for the X-ray 

crystallographic experiments were prepared by the slow evaporation of saturated 

DCM/hexane (4) or toluene/hexane (4@C60) solutions. The X-ray quality crystals of 

subphthalocyanine 2 were obtained by slow evaporation of its toluene solution. Single 

crystals of C60@o-DCB were grown from the mixture of subphthalocyanine 1 and C60 in 

o-DCB during our attempt to crystallize 1@C60 assembly. A Rigaku RAPID-II 

diffractometer with a graphite monochromator and Mo Ka (λ=0.71073 Å) or Cu Ka (λ= 

1.54178 Å) radiation. All experiments were conducted at -150 oC temperature. Multi-scan 

absorption correction33 was applied to the data in all cases. The crystal structures were 

solved by the direct method (SIR-92)34 or Superflip approach35 and refined by a full-

matrix least-squares method based on F2 using the Crystals for Windows,36 SHELXL-

2013, and SHELXLE programs.37 In the case of the X-ray structure of 4, a disordered 

solvent molecule was observed on the Fourier density map, which was eliminated using 

standard SQUEEZE protocol implemented into PLATON software.38  All non-hydrogen 

atoms were refined anisotropicaly, while hydrogen atoms were refined using "riding 

mode" with displacement parameters bonded to a parent atom: Uiso(H) = 1.2Ueq(C) (Ueq = 

1/3(U11+U22+U33)).  

 A crystal structure of the non-covalent 4@C60 was successfully solved using 

SHELXT: the solution showed a subphthalocyanine molecule 4 and one of C60 fullerene 

units. Another C60 was located on a mirror plane. It was possible to refine these three 

moieties in isotropic approximation. Still, around half of the space remained unoccupied, 

including a cavity between two subphthalocyanine units. Several areas with high electron 
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density were visible; however, obvious disorder prevented us from locating atoms of C60. 

Fullerene fragments were placed in three areas located at three-fold rotational axes 

intersecting the mirror plane using FRAG command in SHELXL-2013. Occupancies of 

each of them were multiplied by 1/6. Attempts to refine occupancies confirmed that the 

model with one C60 entity in each position is the best fit to the experimental data. Poor 

resolution prevented us from attempting to resolve disorder after fitting the fullerene 

group. In addition, a phenyl ring of solvent toluene molecule was visible on residual 

Fourier density map. Crystal data for systems 2, 4, and 4@C60 are summarized in Table 

1, while selected bond distances and angles are presented in Table 2. CCDC 1411398, 

1411397, 1411396, and 1411407 contain the supplementary crystallographic data for 2, 

4, 4@C60, and C60@o-DCB, respectively. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033 or 

deposit@ccdc.cam.ac.uk). 

 

 

Table 1. Summary of crystallographic data for compounds 2 , 4, and 4@C60. 
 
 

 2 4 4@C60 

Empirical formula C34H25B1N6O1 C60H36B1Cl1N6S6 C120H12B1Cl1N6S6 

Formula weight 544.42 1079.65 1775.98 

Crystal system Triclinic Trigonal Hexagonal 

Space group, Z P-1, 2 R-3, 6 P 63/m, 12 
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a (Å) 8.5172(9) 21.6424(7) 25.560(7) 

b (Å) 12.7393(14) 21.6424(7) 25.560(7) 

c (Å) 13.2237(15) 19.4859(13) 39.513(5) 

α (°) 79.896(6) 90 90 

β (°) 78.303(6) 90 90 

γ (°) 70.711(5) 120 120 

Volume (Å3) 1317.0(3) 7904.3(6) 22357(12) 

ρcalc(g/cm3) 1.373 1.361 1.583 

µ(Kα)(mm-1) 0.086 3.230 0.289 

θmax(°) 23.247 68.127 18.923 

GoF(F2) 1.0084 0.9016 2.132 

R1 (F2>2σ(F2)) 0.0881 0.0695 0.2001 

wR2
b (all data) 0.2405 0.1690 0.2655 

 

 Spectroscopy Measurements: A Jasco-720 spectrophotometer was used to 

collect UV-vis data. An OLIS DCM 17 CD spectropolarimeter with a 1.4 T DeSa magnet 

was used to collect all MCD data. Complete spectra were recorded at room temperature 

in parallel and anti-parallel directions with respect to the magnetic field. Steady-state 

fluorescence data were collected using a Cary Eclipse fluorimeter at room temperature. 

Bruker micrOTOF II and micrOTOF III systems were used in atmospheric pressure 

chemical ionization (APCI), electro-spray ionization (ESI), and cryo-spray ionization 

(CSI) experiments. Bruker Daltonics facility in Yokohama, Japan, equipped with a 

Bruker micrOTOF II CryoSpray Ion Source was used to collect all CSI and some ESI 
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data. Samples were studied in THF or toluene solutions and washed with a continuous 

flow of THF or i-PrOH during experiment.  

Fluorescence lifetimes were measured using time correlated single photon 

counting.  Samples in a 1 cm quartz cuvette were excited with a 472 nm, 40 MHz diode 

laser (Driver: Picoquant PDL 800-B; Head: Picoquant LDH-P-470).  Emission was 

directed through a double monochromator (Jobin-Yvon DH-10) and detected using an 

avalanche photodiode (Picoquant MPD PDM).  The instrument response of the system is 

approximately 500 ps FWHM.   

Pump-probe spectroscopy allowed for the time resolved measurement of non-

emissive samples.  A home-built laser system consisting of a Ti:sapphire oscillator 

(powered by a Spectra Physics Millenia Pro) and regenerative amplifier (powered by a 

Spectra Physics Empower 15) generated ~60 fs (FWHM), 0.8 mJ, 805 nm pulses at a 

repetition rate of 1 kHz. A portion of this light was directed into a home-built 

noncollinear optical parametric amplifier (NOPA) to create excitation pulses at 560 nm. 

Continuum probe pulses (420-750 nm) were created by focusing a small fraction of the 

805 nm light (~20 mW) into a 2 mm sapphire window. The excitation light was polarized 

at 54.7 degrees relative to the probe polarization (the magic angle) to isolate the isotropic 

dynamics of the excited state.  Time delay between the excitation and probe pulses was 

controlled by a mechanical delay stage (Newport UTM150PP.1).  After the pulses were 

focused in the sample, the probe beam was collimated, directed through a 

monochromator (Princeton Instruments SP2150i, gratings were 150 lines/mm and were 

blazed at 500 nm for the visible probe experiments and 1.2 µm for the near-IR probe 
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experiments). The dispersed signals were detected using either a 256 pixel silicon diode 

array for the visible portion of the spectrum (Hamamatsu S3902-256Q) or a 256 linear 

pixel InGaAs diode array for the near-IR portion of the spectrum (Hamamatsu G9213-

256S).  The pump beam was modulated at half the laser repetition rate while the probe 

beam was measured for every laser pulse allowing for the change in optical density, 

ΔOD, induced by the pump to be calculated for each pulse pair.   The dependence of the 

ΔOD signal for pulse energies between 10-40 nJ was found to be linear.  Data shown was 

collected with pulse energies of 25-35 nJ.  Samples had an optical density of 0.25 at the 

excitation wavelength and were continuously pumped through a 1 mm flow cell during 

data collection to ensure a fresh sample for each laser pulse.39 Absorption spectra taken 

before and after the pump probe experiments were indistinguishable, indicating no 

evidence of sample degradation. 

 

RESULTS AND DISCUSSION 

X-Ray Crystal Structures. Two key structures of the subphthalocyanine 

receptors 2 and 4 were confirmed by X-ray crystallography in addition to the earlier 

reported structure of subphthalocyanine 1. Experimental refinement data for 

subphthalocyanines 2 and 4 are listed in Table 1. In addition, key bonds lengths and bond 

angles are reported in Table 2. CAMERON plots of receptors 2 and 4 are shown in 

Figure 2. As the other known subphthalocyanines, subphthalocyanine macrocycle in 2 

and 4 has a non-planar bowl-shaped conformation with the boron atom located above the 

3N plane formed by the nitrogen atoms in isoindole fragments.9,40 Trigonal pyramidal 
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(3N+X) coordination in both compounds 2 and 4 is complimented by the axial oxygen 

(2) or chlorine (4) atom. Lengths of the axial B-O and B-Cl bonds in 2 and 4, 

respectively, agree well with previously reported subphthalocyanines.9,40 Equatorial B-N 

bond distances are also in the normal range for this type of compounds.9,15,18,40 The axial 

substituted phenol ligand in subphthalocyanine 2 is significantly tilted from the axial 

plane toward the subphthalocyanine p-system. The equatorial thiophenol fragments in 

subphthalocyanine 4 are closer to the perpendicular arrangement from the isoindole 

plane. The packing diagram for subphthalocyanines 2 and 4 is shown in Supporting 

Information Figure S1. In the case of  compound 2, there are several close (3.35 - 3.39 Å) 

p-p interactions observed between neighboring subphthalocyanine molecules. In the case 

of the thiophenol system 4, a zigzag motif formed by the close C---H contacts is 

dominated in the packing diagram.  

 

Figure 2. Labeled CAMERON diagrams for X-ray structures of 2 (left) and 4 (right). 
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Hydrogen atoms are omitted for clarity. The thermal ellipsoid probability level is 50%. 

 

Table 2. Selected bond lengths (Å) and angles (°) for compounds 2 and 4. 
Compound 2 

N(1)-B(1) 1.494(13) N(5)-B(1)-O(1) 117.3(8) 

N(3)-B(1) 1.468(12) N(1)-B(1)-O(1) 114.2(8) 

N(5)-B(1) 1.485(12) N(3)-B(1)-O(1) 110.3(8) 

O(1)-B(1) 1.474(12) N(3)-B(1)-N(5) 105.5(7) 

O(1)-C(25) 1.348(10) N(1)-B(1)-N(3) 104.5(7) 
  N(1)-B(1)-N(5) 103.9(8) 

Compound 4 

N(1)-B(1) 1.468(6) N(1)-B(1)-Cl(1) 113.6(5) 

Cl(1)-B(1) 1.834(12) N(1)-B(1)-N(1A) 105.0(5) 

S(1)-C(9) 1.779(6) S(1)-C(3)-C(4) 124.8(4) 

C(3)-S(1) 1.766(5) S(1)-C(9)-C(10) 121.5(4) 

S(2)-C(15) 1.791(7) C(5)-C(6)-S(2) 124.5(4) 

C(6)-S(2) 1.758(5) S(2)-C(15)-C(20) 123.5(6) 
 

 As the main goal of this report was to obtain a reasonable proof of 

subphthalocyanine-to-fullerene interaction, we tried to crystallize such non-covalent 

complexes using subphthalocyanines 1 - 4 and fullerenes C60 and C70. In all cases, 

toluene, o-dichlorobenzene (o-DCB), and their mixtures with hexanes, CH2Cl2, or 

chloroform were explored for crystallization, while subphthalocyanine : fullerene ratio 

was varied between 1 : 1 up to 1 : 10. In case of the parent subphthalocyanine 1, the only 

X-ray quality crystals we obtained were well ordered C60@o-DCB non-covalent 
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assemblies (Supporting Information Figures S2 and S3). Similarly, all our attempts to 

obtain suitable for X-ray analysis crystals of receptors 2 and 3 with fullerenes C60 and C70 

resulted is fullerene single crystals formation. These results are in agreement with the 

current state of the literature as there was no X-ray structure of a "standard" monomeric 

subphthalocyanine or naphthalocyanine to fullerene non-covalent complexes were 

reported despite of a large interest for such systems. In the case of electron-rich 

thiophenol-containing subphthalocyanine 4, we were able to crystallize its non-covalent 

complex with C60 fullerene (Figure 3). We are aware of only three similar systems 

reported in the literature. The first structure was published by Kobayashi and co-workers 

for pyrene-containing subphthalocyanine system in which pyrene fragment facilitates p-p 

interaction between subphthalocyanine macrocycle and C60 fullerene in a solid state.9c In 

the second reported structure, Torres and co-workers were able to crystallize a fully 

conjugated anti-bis(subphthalocyanine) with C60 fullerene.18 In this case, the authors 

exploited the expanded bis(subphthalocyanine) p-system to promote non-covalent 

interactions with C60 fullerene. In the third case, Konarev and co-workers used axially 

linked conformationally rigid bis(subphthalocyanine) receptors to form a non-covalent 

complex with C60 fullerene.19 The 4@C60 complex reported here, to the best of our 

knowledge, is the first example of a monomeric subphthalocyanine, that was able to co-

crystallize non-covalently with C60 fullerene. Moreover, this is the only reported system 

in which three clear subphthalocyanine : fullerene interaction motifs are simultaneously 

present in the solid state (Figure 3). The first structural motif represents a 2 : 1 (4 : C60) 

non-covalent complex formation in which a single fullerene molecule is located between 
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two concave surfaces of the electron-rich p-system of 4 (Figure 3B). The observed 

concave-to-fullerene coordination motif is similar to that observed by Kobayashi and co-

workers, Torres and co-workers,18 as well as Konarev and co-workers.19 The close 

fullerene - subphthalocyanine contacts are ranging between 3.1 - 3.4 Å, while the 

distances between the boron atom in 4 and C60 were found around 3.7-3.8 Å. The 

fullerene : subphthalocyanine contacts in 4@C60 assembly are slightly shorter compared 

to the similar distances reported by Konarev and co-workers in their subphthalocyanine : 

fullerene assembly (3.3 - 3.8 Å).19 It also correlates well with our DFT calculations, 

which suggest closer receptor : fullerene distances for the more electron-rich 

subphthalocyanine 4. In addition, the X-ray structure of 4@C60 reveals three C60 

molecules aligned above each of the individual isoindole fragments of subphthalocyanine 

4 (Figure 3C). According to the earlier reported41 and our DFT calculations, such "sitting 

atop" interaction should be less energetically favorable compared to the "concave" type 

of non-covalent interaction. Not surprisingly, close contacts between these "sitting atop" 

fullerenes and subphthalocyanine 4 (3.3 - 3.6 Å) are slightly longer compared to those 

observed in subphthalocyanine concave : fullerene motif. Finally, two thiophenol 

substituents on the same isoindole fragment can also form close contacts (3.3 - 3.7 Å) 

with the C60 fullerene (Figure 3D). Overall, out of three areas with close contacts between 

compound 4 and the fullerene, two were found to involve the subphthalocyanine core and 

one involves electron-rich thiophenyl substituents. All three fullerenes that interact with 

subphthalocyanine 4 can be clearly seen on the experimental electron density map at 0.83 

e/Å3 level (Supporting Information Figure S4). 
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Figure 3. ORTEP and MERCURY diagrams for X-ray structure of 4@C60. Hydrogen 

atoms are omitted for clarity. (A) prospective view of the unit cell; (B) "concave" 1 : 2 

motif; (C) one out of three "sitting atop" motifs; (D) one out of three fullerene : 2 

thiophenol non-covalent interactions motif. 

 

Spectroscopy. Although X-ray crystallography is clearly suggestive of the possible non-

covalent interactions between prepared by Kobayashi's,9c Torres's,18 Konarev's,19 and our 

group's subphthalocyanines and C60 fullerenes in a solid state, it is unclear if such 
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interactions remain strong enough in solution to affect spectroscopic properties of the 

targeted non-covalent donor-acceptor assemblies. Indeed, Kobayashi and co-workers 

mentioned that they were not able to recognize any specific spectroscopic signatures for 

pyrene-containing subphthalocyanine : fullerene assemblies in solution.9c In addition, 

Torres and co-workers stated that at the first glance no evidence for similar interaction 

between octaalkylthio-substituted subphthalocyanines and fullerenes were observed in 

solution and careful analysis was needed to recognize such spectroscopic signatures.16  
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Figure 4. Partial ESI (positive mode) spectra of subphthalocyanine 1 in the presence of 

C60 fullerene. 

 

 In order to fully characterize spectroscopic signatures for non-covalent complex 
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formation between subphthalocyanines 1 - 4 and C60 and C70 fullerenes in solution, we 

conducted an extensive set of mass spectrometry, UV-vis and steady-state fluorescence 

spectroscopy, as well as, transient absorption spectroscopy experiments. First, we 

collected APCI, ESI, and CSI mass spectrometry data on subphthalocyanine-based 

receptors 1, 3, and 4. The choice of these three mass spectroscopy methods was dictated 

by two key assumptions. First, all three methods are known for gentle ionization of 

weakly interacting non-covalent assemblies42 with two of them (ESI and CSI) using the 

close electrospray approach and the remaining one (APCI) using similar ionization 

technique. The second assumption was that the typical temperature range used in these 

three methods (450oC for APCI, 200oC for ESI, and -40oC for CSI) would provide a 

crude estimation of the subphthalocyanine : fullerene complex stability. In the case of 

positive or negative polarity APCI experiments, the only peaks observed in the mass 

spectra corresponded to the compounds 1, 3, and 4 and C60 or C70 fullerenes. Lowering 

electrospray capillary temperature to 250oC (regular temperature for ESI experiments) 

allows us to detect low intensity peaks for 1 : 1 complex formation between 

subphthalocyanine-type receptors 1, 3, and 4 and C60 fullerenes with individual 

subphthalocyanine and fullerene peaks dominating mass spectra (Figure 4 and Supporting 

Information Figure S5). Finally, low temperature CSI experiments reveal the presence of 

both 1 : 1 and 2 : 1 (macrocyclic receptor : fullerene) non-covalent complexes (Figure 5 

and Supporting Information Figures S6 - S8). Due to the differences in ionization cross-

section between 1, 3, and 4, one cannot easily draw quantitative conclusions about the 

effectiveness or the energetics of non-covalent complex formation between 
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subphthalocyanines 1, 3, and 4 and C60 and C70 fullerenes. ESI and CSI experiments, 

however, clearly show that non-covalent complexes exist in solution. Observation of such 

assemblies under ESI, but not APCI conditions can allow crude estimation of non-

covalent complex stabilities in terms of thermal energy.42 It is clear that the APCI probe 

is too hot for non-covalent complexes to survive. The observation of 2 : 1 complexes in 

CSI experiments but not in ESI experiments suggest that the ESI probe is too hot for 2 : 1 

complexes to survive. Of course, in order to quantify the subphthalocyanine : fullerene 

complexes dissociation energy, one would need to conduct a set of calibrated collision-

induced dissociation experiments, which would require a special mass spectrometry 

setup. It was estimated, however, that in order to observe signals of non-covalent 

complexes in ESI experiments the stability of these systems should be at least 12 - 14 

kcal/mol at 250oC.42 In agreement with this assumption, a 17 - 18 kcal/mol dissociation 

energy for the non-covalent metal-free tetraphenylporphyrin : C60 complex was suggested 

on the basis of ESI experiments.43 In this case, only a very weak molecular ion signal was 

observed in ESI experiments. Stronger ESI signal for protonated porphyrin : C60 

complexes was observed in ESI experiments by the same authors that calculated 28 - 34 

kcal/mol binding energies for these systems.44   
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Figure 5. Partial CSI (positive mode) spectra of subphthalocyanine 1 in the presence of 

C60 and C70 fullerenes. 
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Figure 6. UV-vis (green, top) and MCD (brown, bottom) spectra of compounds 1 (A), 2 

(B), 3 (C), and 4 (D).  

 

 

 

 

 

 

 

Table 3. UV-vis spectra and time constants data for compounds 1 - 4. 
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 UV-vis  

Compound λ, nm (ε/104) 

1 564 (7.01), 546sh, 510sh, 303 (3.83) 

2 563(4.97), 546sh, 515sh, 305(4.62) 

3 656(4.47), 594sh,328(4.5), 293(4.72) 

4 644(4.87), 576sh, 294(4.72) 

 

UV-vis and MCD spectra of macrocycles 1 – 4 are shown in Figure 6 and their 

quanitative properties are presented in Table 3. In agreement with the previous reports on 

subphthalocyanines,9,13,40,45 substitution of the axial chlorine atom by a p-tertBu-C6H4-O 

group in 2 has a negligible effect on their UV-vis and MCD spectra because they are 

dominated by the intense SubPc centered π→π* transitions. Benzoannulation of the p-

system of the subphthalocyanine core results in a large shift to lower energy of the Q-

band indicative of reduction of the HOMO-LUMO energy gap in 3 compared to parent 

macrocycles 1 and 2. A similar effect is well-known for benzannulated phthalocyanine 

derivatives.46 Introduction of six electron-donating thiophenol groups at a-positions of the 

subphthalocyanine core results in an expected,20,21 large, low-energy shift of the Q-band 

in the UV-vis spectrum of 4 compared to the parent systems 1 and 2. MCD spectra of 

receptors 1 - 4 are clearly suggestive of the degeneracy of their first excited state as 

indicated by the presence of a strong MCD Faraday A-term in the Q-band region. Since 

TDDFT calculations on subphthalocyanines clearly indicate that the Q-band is dominated 
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by the HOMO → LUMO, LUMO+1 single electron excitations, the low-energy shift in 

subphthalocyanine 4 reflects significant reduction in the HOMO - LUMO energy gap in 

this compound compared to subphthalocyanines 1 and 2. 

A

B

C

D

 

Figure 7. UV-vis (A, C) and difference (B, D) spectra of titration of subphthalocyanine 4 

with C60 (A, B) and C70 (C, D) fullerenes. 

 

Data on UV-vis titrations of the receptors 1 - 4 with C60 and C70 fullerenes in 

toluene are presented in Figure 7 and Supporting Information Figure S9 - S11. Each of 

these titrations was repeated several times for different concentrations of receptors 1 - 4 

in order to assure the reproducibility of the experiments. The difference UV-vis spectra of 
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subphthalocyanine receptors 1 and 2 with C60 and C70 fullerenes are very similar to each 

other and are indicative of a growth of the corresponding fullerene spectra and very 

minor decrease in Q-band intensity (Supporting Information Figures S9 and S10). 

Similarly, difference UV-vis spectra of subnaphthalocyanine 3 with C60 and C70 

fullerenes indicative of the growth of corresponding fullerene spectra and minor decrease 

of the Q-band intensity of a receptor (Supporting Information Figure S11). The difference 

UV-vis spectra of hexathiophenol-containing receptor 4 with C60 and C70 fullerenes, 

however, are quite different (Figure 7). In addition to the expected growth of the UV-vis 

spectra of C60 and C70 fullerenes, the intensity of the Q-band in receptor 4 significantly 

decreases, while a new band at 678 (C60 titrations) or 676 (C70 titrations) nm appears in 

the UV-vis spectra (Figure 7). Clear isosbestic points at 660 and 603 nm (C60 titrations) 

or 664 and 599 nm (C70 titrations) were observed for these transformations and UV-vis 

data are reproducible for several concentrations and different samples of the 

subphthalocyanine 4. Formation of the new low-energy band between 676 and 678 nm 

was not observed for the compounds 1 - 3 and thus one might speculate that electron-rich 

subphthalocyanine 4 has the largest interaction energy with C60 and C70 fullerenes. 

Moreover, the position of this band (which can be tentatively assigned to a charge-

transfer transition from receptor 4 to the C60 or C70 fullerene) is close to the broad band 

observed by Konarev and co-workers between 650 and 750 nm in a solid state UV-vis 

spectrum of their axially linked bis(subphthalocyanine) : C60 non-covalent adduct.19  

Support for this hypothesis came from the steady-state fluorescence quenching 

and transient absorption spectroscopy experiments. In the case of steady-state 
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fluorescence spectroscopy experiments (Figure 8), titration of the electron-rich 

subphthalocyanine 4 with with C60 and C70 fullerenes leads to clear fluorescence 

quenching. Although quenching is incomplete even at large excess of fullerenes, partial 

fluorescence quenching is indicative of an energy or electron-transfer process in non-

covalent subphthalocyanine 4 : fullerene assemblies. 

 

Figure 8. Steady-state fluorescence titration of subphthalocynaine 4 with C60 and C70 

fullerenes. 

 

Pump-probe spectroscopy in the visible and near-IR regions of the spectrum 

following excitation at the Q-band wavelength (560 nm for 1 - 2 and 622 nm for 3 - 4)  

was performed on compounds 1 - 4 in toluene at concentrations of ~2 x 10-5 M. In the 

visible, the difference spectra for all compounds were the combination of a ground state 

bleach of the Q-band (negative DOD) and a broad excited state absorption across the 

visible leading to positive DOD changes on both sides of the bleach. Compounds 1 - 3 

demonstrated very little change in the transient spectra as a function of probe delay on the 

time scale accessible to the experiments, < 1 ns, and only compound 3 had measureable 
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transient absorption in the near-IR that was weak, broad and featureless (see Supporting 

Information). There was no discernable difference in the transient spectra of compounds 

1 - 3 with the addition of C60 or C70 up to a ratio of 1:10. Compound 4 showed small, but 

measureable changes in the visible portion of the spectrum, Figure 9(a), with decreases in 

the signal amplitude at all wavelengths with delay time.  

 The transient absorption of compound 4 in the near-IR portion of the spectrum 

was different than 1 - 3. There was an isosbestic point at 1050 nm and a new broad 

absorption grows in centered around 1150 nm, Figure 9(b). The time dependence of the 

new absorption at 1150 nm is shown in Figure 10. Although the time scale was 

comparable to the maximum delay accessible in the experiments, we were able to fit the 

rise to a single exponential with a time constant of 1.4+/-0.8 ns. We assigned this new 

feature to the excited triplet state of 4. Enhancement of the intersystem crossing rate 

relative to 1 - 3 was consistent with the expected influence of the heavier sulfur atoms. 

When the solution of 4 is titrated with C60, a subtle, but discernable difference in the 

shape of the near-IR transient absorption appeared, Figure 9(c) and Supporting 

Information. In the presence of C60, there was a consistent enhancement in the transient 

absorption in the region 1020 - 1120 nm relative to shorter wavelengths. This spectral 

region is consistent with the region previously assigned to absorption of the C60 anion,47 

providing additional support for the presence of 4@C60 complexes in solution. There 

were no measureable pump-probe signals when C60 or C70 was examined in the absence 

of compounds 1 - 4. 
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Figure 9. Transient absorption spectra of subphthalocyanine 4 in toluene. (a) The visible 

potion of the spectrum. (b) The near-IR portion of the spectrum. (c) A comparison of 4 
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with the addition of C60 at a ratio of 1:10 demonstrating enhancement of the transient 

absorption around 1060 nm. The pump-probe delay is 200 ps. The inset shows the ratio 

of integrated difference signal in the regions 1060-1100 nm to 920-980 nm as a function 

of pump-probe delay.  

 

Figure 10. Transient absorption of 4 probed at 1160 nm. The fit consists of the sum of a 

Heaviside function and an exponential rise with a time constant of  1.4 +/- 0.8 ns 

(confidence interval reported at 68.2%). 
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1@C60		(“si%ng	atop”)	

1@C60		(“concave”)	

(1)2@C60		(“concave”)	

2@C60		(“concave”)	 3@C60		(“concave”)	 4@C60		(“concave”)	

(2)2@C60		(“concave”)	 (3)2@C60		(“concave”)	 (4)2@C60		(“concave”)	  

Figure 11. DFT-predicted geometries for compounds 1 - 4 and their adducts with C60 

fullerene.  
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Figure 12. DFT-predicted energy diagram for individual compounds 1 - 4 and C60 

fullerene.  

 

DFT calculations. Further insights into the interaction energies of receptors 1 - 4 

and C60 and C70 fullerenes were gained on a basis of the DFT calculations. First, we 

conducted several test calculations on the smallest size 1 : C60 system using several 

exchange-correlation functionals and suitable for the long-range weak interactions 6-

31+(G) basis set (Supporting Information Table 1). From our test data, it is clear that the 

choice of exchange-correlation functional for interaction energy calculations is critical 

since calculated interaction energies varying between 1.54 and 28.49 kcal/mol. Although 

earlier,17 based on the DFT calculations using M06-2X, Denis suggested ~20 and ~40 

kcal/mol interaction energy for 2 : C60 and (2)2 : C60 complexes, our experimental data 

suggest weaker interaction energies for these non-covalent complexes. Based on 
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comparison with experimental data, only the TPSSh and CAM-B3LYP exchange-

correlation functionals provide interaction energies that are physically consistent out of 

all tested exchange-correlation functionals. Good performance of CAM-B3LYP 

exchange-correlation functional is not surprising as it was specifically developed for 

accurate description of long-range weakly interacting systems. Using CAM-B3LYP as 

the functional of choice, we also tested the interaction energies of "sitting atop" and 

standard "concave" geometries for 1 : C60 non-covalent complex (Figure 11). In 

agreement with very recent DFT calculations on similar system,41 the interaction energy 

for the "sitting atop" geometry is smaller than that for the "concave" geometry (Table 4). 

Next, we calculated the electronic structures of individual compounds 1 - 4 and C60 

fullerene. DFT energy diagrams for all macrocyclic receptors and individual C60 fullerene 

are shown in Figure 12. DFT results clearly indicate that: (i) the HOMO - LUMO energy 

gap decreases as 1 ~ 2 > 4 > 3; (ii) the energy of the donor HOMO increases as 1 < 2 < 3 

< 4 and reflects electron-donating properties of subphthalocyanine 4; (iii) energy of the 

HOMO and the LUMO in receptors 1 - 4 is always higher than the HOMO and LUMO 

energies in C60 fullerene. 

Having a good choice of exchange-correlation functional and preferred "concave" 

geometry, we also optimized geometries for all 1 : 1 and 1 : 2 (fullerene : 

subphthalocyanine) non-covalent complexes between receptors 1 - 4 and C60 fullerene 

(Table 4, Figures 11 and 13). Since C70 fullerene is a non-spherical, larger system, and 

both "tip" and "flat" p-sufaces of this fullerene should be used for geometry optimization 

(which requires much longer computational times), additional results on interactions 
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between receptors 1 - 4 and C70 fullerene will be reported elsewhere. In the case of 

(1)2@C60, (2)2@C60, and (4)2@C60 complexes, DFT predicted distances for close non-

covalent contacts between subphthalocyanine macrocycle and C60 are in a reasonable 

agreement between theory and experiment. The calculated interaction energies for non-

covalent 1 : 1 and 1: 2 complexes are listed in Table 4 and follow the general trend of 1 : 

fullerene < 2 : fullerene < 3 : fullerene < 4 : fullerene, which agrees very well with 

experimental observations. Indeed, according to DFT calculations, the most electron-rich 

receptor 4 has the highest interaction energy. DFT predicted interaction energies for 

compounds 1 - 3 that are within the values typical for van der Waals type interactions. 

The DFT-predicted interaction energies in the non-covalent 1 : 1 and 2 : 1 complexes 

suggest that: (i) replacing an axial chlorine ligand with a more electron-donating phenoxy 

group results in only minor stabilization of the receptor : C60 interactions; (ii) receptor 3 

with an extended p-system slightly (~0.5 - 1 kcal/mol) improves the interaction energy 

with C60 fullerene; (iii) increase of the electron density on the subphthalocyanine core of 

4 is the best way to improve subphthalocyanine : fullerene interactions; (iv) interaction 

energies in the 2 : 1 complexes are almost additive when compared to the interaction 

energies in 1 : 1 complexes. Overall, the DFT-predicted interaction energies for 1 : 1 and 

2 : 1 complex formations between receptors 1 - 4 and C60 fullerenes range between ~3.5 

and ~10.5 kcal/mol (Table 4). These values are slightly lower than the generally accepted 

threshold of ~12 - 14 kcal/mol for ESI mass spectrometry of non-covalent complexes.42 

Similar underestimation of interaction energies was observed in the case of non-covalent 

porphyrin : fullerene complexes, where the experimentally determined range of 
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interaction energies is between 17 and 34 kcal/mol.43,44 

 

A B

C D
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C D

 

 Figure 13. DFT-calculated charge density isosurfaces for 1 : 1 (top) and 2 : 1 non-

covalent complexes between 1 (A), 2 (B), 3 (C), and 4 (D) and C60 fullerene. 

 

 The interaction between the subphtalocyanine molecules and C60 can be demonstrated 

by a charge density isosurface. The difference in charge density (excess and depletion 

electrons) has been estimated by:48 

Δρ = ρ(C60+subphtal) – (ρ(C60) +∑
=

2

1

)(
k

k subphtalρ ),                      (1) 

where ρ(C60+subphtal) is a total electron density of complex,  ρ(C60) and ρk(subphtal) are 

the total electron densities of  fullerene and subphtalocyanine molecule, respectively,  and  

k is number subphtalocyanine molecules in the complex. The results for the non-covalent 
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1 : 1 complexes are shown in Figure 13. In all cases, the charge density isosurface shows 

only charge redistribution in individual subphtalocyanine and C60 molecules, indicating 

only van der Waals type interaction between them. The main motif of the van der Waals 

complex formation between receptors 1 - 4 and C60 fullerene is the redistribution of 

electron density at the C60 fullerene from its periphery to the center point and 

accumulation of the electron density at the center of benzene rings in receptors 1 - 4. 

Since three additional benzene fragments are present in subnaphthalocyanine 3, it is not 

surprising that all of them contribute to van der Waals interactions between this receptor 

and C60 thus increasing the total interaction energy by ~1 kcal/mol compared to the 1 : 

C60 complex. In the case of subphthalocyanine 4, additional van der Waals interactions 

come from the thiophenol fragments (depletion of electron density) and periphery of the 

C60 fullerene (increase of electron density). Such type of electron density redistribution is 

not present in any other tested systems and is, most likely, responsible for the highest 

interaction energy predicted for 4 : C60 system. The excess of electron density is 

accumulated on the part of the molecules located closest to subphptalocyanine. Overall, 

charge density isosurface plots indicate that the van der Waals interaction between 

receptors 1 - 4 and C60 fullerene should follow 1 < 2 < 3 < 4 trend, which is in a good 

agreement with the interaction energy DFT calculations and experimental data. 
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Figure 14. DFT-predicted frontier orbitals of compounds 1 - 4, C60 fullerene and their 

non-covalent complexes. 

 

Table 4. DFT-predicted interaction energies (kcal/mol) for non-covalent 1 : 1 and 1 : 2 

complexes with and without ZPE correction. 

Complex Energy 

without ZPE 

Energy 

with ZPE 

1@C60 a -2.42 -3.51 

2@C60 -2.80 -3.64 

3@C60 -3.25 -4.12 

4@C60 -4.92 -5.71 
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(1)2@C60 -5.11 -5.71 

(2)2@C60 -5.35 -5.93 

(3)2@C60 -6.26 -6.88 

(4)2@C60 -9.68 -10.09 

1@C60 b -1.71 -2.56 

a "concave" geometry; b "sitting atop" geometry. 

 

Analysis of the HOMO and LUMO in all non-covalent assemblies is provided in 

Figures 14 and 15. In all cases, the HOMO is localized at the macrocyclic receptor, while 

the LUMO localized on the C60 fullerene. In general, the energies of the frontier MOs in 

all non-covalent assemblies are close to those in the individual components with the 

largest deviation (~0.2 eV) observed for 4@C60 and (4)2@C60 non-covalent assemblies. 

Such small deviations are in better agreement with a van der Waals description of the 

interaction rather than any strong charge-transfer character. The energies of the 

macrocycle-centered receptor's HOMO in non-covalent assemblies increase in the order 

of 1 < 2 < 3 < 4, which is also consistent with their affinity toward fullerenes (Figure 14). 

DFT calculations of the non-covalent assemblies also suggest that the energy of 

subphthalocyanine-to-fullerene charge-transfer band should be lower than the energy of 

Q-band of corresponding compounds 1 - 4, which agrees well with the experimentally 

observed low-energy band between 650 and 750 nm.19 
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Figure 15. DFT-predicted energy diagram for non-covalent 1 : 1 (left) and 1 : 2 (right) 

complexes. 

 

CONCLUSIONS: 

Four subphthalocyanine-based compounds 1 - 4 were tested as potential receptors for C60 

and C70 fullerenes in a solid state and solution. X-ray crystal structures of the electron-

rich hexathiophenol subphthalocyanine 4 and its 4@C60 fullerene adduct were discussed. 

The 4@C60 fullerene adduct structure reveals two major types of non-covalent 

interactions: (i) "concave" accommodation of a single fullerene molecule between two 

subphthalocyanine molecules and (ii) weak interaction between isoindole fragments of 

subphthalocyanine and "sitting atop" fullerene molecules. Solution non-covalent 

interactions between receptors 1 - 4 and C60 or C70 fullerenes were probed by UV-vis, 
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APCI, ESI and CSI spectroscopy and their photophysical properties were investigated 

using steady-state fluorescence and transient absorption spectroscopy. ESI and CSI 

experiments suggest the presence of 1 : 1 (ESI and CSI) and 1 : 2 (CSI, fullerene : 

receptor) non-covalent complexes between fullerenes and receptors. UV-vis and steady-

state fluorescence experiments indicate that the electron-rich receptor 4 has the highest 

interaction energy with C60 and C70 fullerenes. Transient absorption spectra reveal partial 

formation of the charge-separated state between the electron-rich receptor 4 and C60 and 

C70 fullerenes. DFT calculations using the CAM-B3LYP exchange-correlation functional 

and the 6-31+d(G) basis set are in agreement with experimental data and indicate the 

following trend in interaction energies between receptor and fullerene: 1 < 2 < 3 < 4. 

DFT calculations are suggestive of weak (~3.5 - 10.5 kcal/mol) van der Waals 

interactions between subphthalocyanine and fullerene. Based on experimental and 

theoretical data in this report one can propose a rational design of a subphthalocyanine-

based receptor for fullerene. 
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