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ABSTRACT 

The electronic structure, transition probabilities and corresponding quantum yields of 

fluorescence in a family of dihalogen-tetraphenyl-aza-BODIPY were calculated at the Time-

Dependent Density Functional and post-Hartree-Fock levels of theory. Excellent agreement 

between theoretical and experimental spectral-luminescent data was achieved with the HSE06 

functional and the 6-311G* basis set. Since the fluorescence can be quenched through nonradiative 

intersystem spin crossing transitions from the lowest photoactive singlet state to triplet excited 

states, spin–orbit coupling matrix elements were calculated and applied along with Marcus-

Levich-Jortner theory, leading to satisfactory agreement for the lifetimes in comparison with 

available experimental data. The anomalous dependence of the fluorescence efficiency on the 

atomic number of the halogen congeners was elucidated and shown to be due to an inversion 

between the fluorescent and the nearest triplet states in the iodinated compounds. The high rate of 

fluorescence quenching by intersystem crossings and the probability of collisions in a solvent 

between oxygen molecules and the molecules studied, shows that these molecules can provide 

efficient triplet sensitization. The most preferable sites for such interactions were predicted using 

electrostatic potential mapping at the extreme positive and negative charge points.

INTRODUCTION

The class of alkyl-derivatives of dipyrrolilmethene chromophores (dipyrromethenes, 

dipyrrines or abbreviation “dpm” when part of larger compounds), in particular complexes with a 

boron center terminated by F2 (difluoroborates) and known as 4,4-difluoro-4-bora-3a,4a-diaza-s-
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3

indacene (boron-dipyrromethene, BODIPY, BDP), was synthesized at the turn of the 21st century. 

These compounds were originally used as active laser media for liquid and solid-state lasers 

because of their high extinction coefficients with a radiation efficiency of about 40-60 %, sharp 

fluorescence bands in the visible region and their extraordinary high photo-stability, which show 

almost no dependence on the environment. The relatively simple synthesis, high redox and 

thermodynamic stability along with their unique photophysical properties allowed the complexes 

to supplant classic laser dyes such as rhodamine, coumarines, oxazinone and even oxazoline 

dyes.1–4 

During the last decade, new functional groups were proposed as substituents in these dyes in 

the development of novel compounds for other technological and biomedical applications. 

Currently, BDP and its meso-aza derivatives (aBDP) are synthesized for applications in electro-

optical devices and luminescence switches, tunable laser dyes and solid-state solar cells, sensory 

media for oxygen concentration in gas mixtures and biological fluorescent pH probes. Particular 

attention is paid to design chromophore elements for promising 1O2 photosensitizers in 

photodynamic therapy, where energy transfers between the excited triplet sensitizer and ground-

state triplet molecular oxygen (3O2) play an important role.5–7 Experimental investigations 

complemented by computational studies can lead to a deeper understanding of electronic structure, 

pathways of electronic transitions, and specific spectral-luminescence features, allowing more 

efficient fluorescent probes, phosphorescent optical sensors and triplet photosensitizers to be 

developed.

BDPs usually exhibit high fluorescence quantum yields with no significant population of 

electronic triplet states. However, the inclusion of heavy halogens such as Cl, Br or I atoms into 

the aBDP core leads to significant nonradiative intersystem spin crossing (ISC) between the lowest 
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4

excited photoactive singlet S1 and lower-lying triplet Ti states due to an increasing spin–orbit 

coupling (SOC) with increasing atomic number of the halogen.8 In particular, halogenated aBDPs 

with different halogen atoms at the edges of the pyrrole rings along the longest molecular axis 

were tested for their efficacy in destroying tumor cells.9 

Halogenated BDPs and in particular aBDPs were investigated quantitatively by spectroscopic 

measurements and by computation to analyze the fluorescence quenching by triplet sensitization.7–

16 Theoretically, a higher efficiency of S1Ti transitions should be observed in the iodinated 

molecule (I-aBDP) than in brominated aBDP (Br-aBDP) due to  stronger SOC and more efficient 

ISC for “gravity” effect of the heavier halogen congeners. However, this has not observed 

experimentally.7,13,14,16,17 Instead, the opposite trend was observed when comparing di-iodine and 

di-bromine substituted compounds, where I2-tetraphenyl-aBDP exhibits a quite high quantum 

fluorescence of about γ=0.33, whereas Br2-tetraphenyl-aBDP has almost negligible fluorescence 

with γ=0.03 and Cl2-tetraphenyl-aBDP again appears to display a smaller rate of ISC, with γ=0.28. 

These experimental results agreed well with the observed generation of photosensitized (1O2) by 

these molecules, where the most effective sensitization was not for the I2-substituted compound, 

having a triplet yield of 0.12, but rather for the Br2-substituted sensitizer (triplet yield of 0.83-

0.89).7,17 Previous computational work have not been able to explain this anomalous I/Br 

sensitization. 

Furthermore, systematic shifts in theoretical Time-Dependent Density Functional Theory (TD-

DFT)18–20 fluorescence wavelengths of up to 100 nm compared to experiment have been reported 

for the family of dihalogen-tetraphenyl-aza-BDP compounds (XPhaBDP, where X=Cl, Br, I and 

Ph=phenyl substituents).21 Satisfactory agreement with experiment for the fluorescence 

wavelength has only been possible for other BDP derivatives by combining TD-DFT calculations 
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5

with measured crystallographic structures,22 and applying the highly accurate and sophisticated 

multireference complete active space second-order perturbation theory (CASPT2) method. This 

latter approach has provided calculated results that differ compared with experiment only by about 

20 nm.23  

SOC matrix elements (ME) were calculated for the dibromine-tetramethyl-BDPs at their 

equilibrium geometry of the electronic ground states, and it was demonstrated that even second-

order coupled-cluster (CC2) gives the lowest excitation energy at 456 nm, substantially different 

from the experimental wavelength of 540 nm. In contrast, extended multi-configuration quasi-

degenerate CASSCF/XMCQDPT2 results computed with the Firefly code overestimate the 

wavelength, giving 579 nm.15 The lowest excited states and the corresponding SOC-ME of several 

slightly different halogen-derived tetraphenyl-BDPs were studied using TD-DFT combined with 

pseudopotentials12 as implemented in the DALTON code. It was found that the theoretical 

excitation wavelengths differ by 30-60 nm compared to experiment. The ISC rates of the 

ClPhaBDP and BrPhaBDP were compared assuming weak SOC for which a perturbation theory 

approach can be used, an assumption that works well for light elements11,24 but may be less suited 

for larger SOC, as can be expected for the heavier iodine atom.  

In order to estimate and compare ISC rates of XPhaBDPs, accurate energies of the fluorescent 

state S1 and the lower triplet levels Ti, as well as S1Ti SOC-ME are needed. A careful 

benchmarking of the quality of different exchange-correlation (XC) DFT functionals25–28 with 

different basis sets is required, both for the emission wavelengths and to establish methods capable 

of accurately calculating the SOC-ME. This is a necessary prerequisite in order to be able to 

calculate reliable ISC rates. 

Page 5 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

The remainder of the paper is organized as follows: The computational approach is described 

first. The conformational models of the dipyrrin compounds are discussed next before proceeding 

to a more detailed description of the electronic structure of the most important conformations. 

Calculations and analysis of SOC in different compounds, their role in determining the 

luminescence properties of the molecules and in the interactions with molecular oxygen are then 

presented. Important details of the computations and comparisons are described in the 

supplementary information. Some concluding remarks and an outlook are available at the end of 

the article.

COMPUTATIONAL DETAILS

A variety of hybrid (PBE029, B3LYP30,31, M062X32) and range-separated (HSE0633,34, 

B97XD35,36, CAM-B3LYP37) XC functionals implemented in Gaussian 09 (G09) 38 were tested 

using different basis sets (Pople split-valence diffuse 6-311G*(X)/3-21G(H)/6-31G* (6-311G(d)), 

the split-valence plus polarization basis set (SVP) of Ahlrichs with coworkers 39 and Dunning's 

correlation consistent double-zeta basis sets (cc-pVDZ) 40 to obtain the best agreement with 

measured spectral-luminescence properties. Different larger versions of the basis sets developed 

by the Karlsruhe group were also tested: def2-SVP, DZVP, TZVPall and the composite def2-

TZVPP(X)/def2-SVP(H)/def2-TZVP (dTZVPP), where the notation for the composite basis 

indicates the basis used for hydrogen (H), X = Cl, Br, I, and then the basis used for the remaining 

elements. 

Ground-state geometries were optimized with the 6-311G(d) basis sets 41 both using the HSE06 

functional and second-order Møller-Plesset perturbation theory (MP2).42 Structural optimizations 
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7

of the lowest photoactive electronic states were carried out using HSE06 combined with the 

composite DZVP/SVP(H) and 6-311G(d) basis sets. Electronic excitations were calculated using 

all the varieties of TD-DFT functionals and basis sets mentioned above, as well as both the CC2 

method with the resolution of the identity approximation (RI-CC2)43 and the second-order 

algebraic-diagrammatic construction ADC(2)44,45 with the 6-311G(d) and the dTZVPP basis sets 

as implemented in the Turbomole 7.2 package (TM7.2).46 

SOC-ME’s were calculated using TD-DFT as implemented in the ADF 47 and Dalton 48 

packages as well as the stand-alone MolSOC 49–51 code, which uses KS-DFT results obtained using 

either Turbomole or Gaussian. Several functionals and basis sets were tested in order to obtain 

reliable ISC values. SOC-ME’s are calculated correctly only using all-electron basis sets, and were 

limited to the Pople basis sets and the DZVP, TZVPall and SVP basis sets as these were the only 

all-electron basis sets available for iodine.   Dalton, which can calculate SOC-ME for ISC at the 

TD-DFT level of theory, does not provide the HSE06 functional. For this reason, the most 

extensive results for the SOC-ME were obtained using the HSE06 functional as implemented in 

ADF with the Slater-type orbital (STO) basis of TZP and TZ2P quality.

  A new release of the MolSOC 51 code was used to calculate the SOC-ME between the singlet 

and triplet states using basis sets that included up to f  basis functions, following the protocol 

described in Ref. 50. In all calculations, the one-electron spin-obit operator with effective nuclear 

charges (Zeff) 49 was used. The procedure provides the signed SOC-ME of single-determinant wave 

functions for each singlet and triplet transition. To avoid consideration of the full set of singlet- 

(Cs
il) and triplet- (CT

jm) weighted coefficients, which were obtained based on Gaussian and 

Turbomole electronic structure calculations, a selection procedure using a convergence criterion 

of 510-6 for the square of the coefficients was used. This approximation was tested by comparing 
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with the SOC-ME results obtained with a full set of coefficients, leading to an error of at most 102 

cm1.

RESULTS AND DISSCUSSION

 Spatial XRmBDP structures and symmetries. This paper focuses on the main features of 

the electronic structure and photophysical properties of a dihalogenated BDP family, abbreviated 

as XRmBDP (R=Phenyl, Methyl, H; m=c,a which are C,N at meso-position) and, particularly, 

dihalogen-tetraphenyl-aza-BDP. Atomic numbering follows a symmetric manner (Figure 1) for 

the 4,4′-dihalogen-3,3′,5,5′-tetraphenyl-2,2′-aza-BDP compounds, which differs from the 

recommended IUPAC rules, but this was chosen to simplify the discussion and presentation. The 

low-lying excited states of XRmBDPs, the nature of the electron density (ED) redistribution (EDR) 

as represented by electron density differences (EDD) as well as the rates of fluorescence and 

radiationless dissipative transitions were analyzed in order to understand photophysical properties 

of these compounds. A map of the electrostatic potentials (ESP) was produced to estimate chemo- 

and photo-stabilities against anion and/or cation attacks and the interaction with oxygen molecules 

in collision complexes. 

1
2

3 3

4

5 6
7

2 4

56

Figure 1. General sketch of XRmBDPs and numbering of their 
nuclei where mBDP is a core of such compounds; m = a, c;  X 
= H, Cl, Br, I;  R = H, Methyl (Me), Phenyl(Ph) 
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9

In order to understand the anomalous dependence of the fluorescence quantum yield  upon 

the nature of the halogen atom and the dependence of the shifts in excited-state energies on 

structural distortions, the bond lengths between atoms of the mBDP, which is the core for all 

XRmBDP compounds, in the ground and fluorescent excited states are obtained using different 

computational methods and basis sets, as summarized in Table 1, with the atom numbering given 

in Figure 1. More details are provided in Supplementary Information Tables SI1SI3. Solvent 

effects were not taken into account since the experimental 14,16 and theoretical 23 spectra show 

negligible dependence upon the nature of the solvent used. 

All ground-state structures of both halogenated and unsubstituted XPhaBDP compounds 

optimized using both DFT and MP2 with different basis sets have close to C2v symmetry of the 

core, with bond length deviations from C2v symmetry being less than 0.002Å (Table 1, Figure 1, 

Table SI1). There are no significant differences between the structures optimized at the HSE06 

and MP2 levels of theory though MP2 gives slightly longer bond lengths in the dipyrrin rings 

compared to the DFT structures. The largest structural differences are R = 0.013-0.017 Å for the 

N2C3 and C6Nm bonds, whereas R = 0.009 Å or less for C5C6. Differences in other bond 

lengths are negligible. These structural differences do not induce any significant spectral shifts 

(2-6 nm) in the lowest excited states.

The near C2v-symmetric dipyrrin core of the unhalogenated HPhaBDP compounds is 

maintained for their excited states calculated using different DFT exchange-correlation functionals 

and basis sets, though somewhat larger deviations from the symmetric structure is observed 

compared to the ground-state structures. The calculated transition wavelengths to the lowest 
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10

photoactive excited states are lower than the experimental observations by more than 60 nm, and 

even as large as 100 nm,23 see SI. It has previously been reported that CC2 provides more accurate 

excitation energies of low-lying excited states, but this approach slightly underestimates these 

excitation energies in comparison with both experiment and XMCQDPT2 calculations.15 In 

comparison with RI-CC2 (SI), RI-ADC(2)&dTZVPP significantly improves the wavelengths of 

the transitions compared to the experiment, but the differences are still large (40-50 nm) for all 

compounds (Table 1). The ADC2 method is more time-consuming and memory costly than TD-

DFT, but provides higher accuracy.

Table 1. Bond lengths in Å of the aBDP core conformers optimized at HSE0&6-311G(d) in the 

ground and lowest photoactive excited [* or  at B97XD&6-311G(d)] states, respectively. The 

singlet states calculated at 1 HSE06&6-311G(d) and 2 ADC(2)&dTZVPP. 

bonds     
groups IPha01* IPha01 IPha01 BrPha02* BrPha02 ClPha03* ClPha03 HPha04* HPha04

B1N2 1.579 1.570 1.582 1.584 1.582 1.585 1.581 1.569 1.575
B1N2 1.556 1.571 1.582 1.555 1.582 1.554 1.581 1.569 1.575
N2C3 1.362 1.361 1.365 1.366 1.366 1.367 1.366 1.392 1.372
N2C3 1.379 1.385 1.365 1.377 1.366 1.374 1.366 1.392 1.372
N2C6 1.391 1.383 1.380 1.390 1.381 1.389 1.381 1.377 1.383
N2C6 1.364 1.360 1.380 1.367 1.381 1.370 1.381 1.377 1.383
C3C4 1.394 1.427 1.429 1.392 1.428 1.391 1.427 1.409 1.421
C3C4 1.421 1.429 1.429 1.420 1.428 1.419 1.428 1.409 1.421
C4C5 1.466 1.391 1.391 1.468 1.389 1.465 1.388 1.396 1.386
C4C5 1.393 1.390 1.391 1.390 1.389 1.390 1.388 1.396 1.386
C5C6 1.387 1.439 1.442 1.389 1.442 1.392 1.441 1.459 1.442
C5C6 1.446 1.438 1.442 1.447 1.442 1.447 1.441 1.459 1.442
C6Nm 1.364 1.328 1.330 1.365 1.330 1.364 1.330 1.332 1.330
C6Nm 1.306 1.329 1.330 1.305 1.330 1.305 1.330 1.332 1.330
C4X 2.051 2.088 2.097 1.847 1.876 1.670 1.718 1.09 1.090
C4X 2.093 2.089 2.097 1.878 1.876 1.722 1.718 1.09 1.090
Max dist. 0.073 0.002 0.000 0.078 0.000 0.075 0.001 0.000 0.000
1  S1, nm
2  S1, nm

676 548 550
601

663 546
601

660 548
599

618 561
580
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Exp.16 674 647 674 643 674 644 675 646

Structural relaxation of the excited states is very sensitive to the nature of the particular state. 

Changes in the structural parameters such as bond lengths of the rings, at which the excitations are 

localized, lead to spectral shifts. Two distinct natures of the lowest excited state of XPhaBDPs are 

predicted by the different TD-DFT functionals, differing in their structural symmetry of the 

dipyrrin core as well as in their electronic properties. The excited states that maintain the near C2v 

symmetry, IPhaBDP optimized with B97XD&6-311G(d) for instance, exhibit large blue shifts 

of the fluorescence wavelengths of up to about =100 nm with large oscillator strengths (f > 0.3), 

compared to the emission spectra of the asymmetric structures ( f = 0.04-0.07 ) (Tables 1, SI2 and 

SI3). Symmetric structures were obtained for the lowest excited states of all the compounds using 

CAM-B3LYP, B97XD and M062X. For HSE06, PBE0 and B3LYP, the halogenated molecules 

have an asymmetric C1 structure in the lowest photoactive singlet states, having the correct 

wavelengths for the transitions, but with a significantly smaller f (Table 1). The presence of heavy 

elements essentially distort the symmetry between the ‘left’ (denoted with the prime symbol in 

Figure 1) and ‘right’ parts of  XPhaBDPs, leading to a difference () of 0.06 Å - 0.08 Å for bond-

lengths from meso-aza position to the  4,4′-sites of halogenation and a  of 0.03 Å - 0.05 Å for 

halogens at opposite sites (Table 1). In contrast, the unsubstituted HPhaBDP optimized in the 

ground and excited states conserves the symmetry in all cases. Heavy halide atoms thus induce 

notable symmetry distortions in the excited states.

Electronic structure of boron-dipyrromethene derivatives. Changes in the electron density 

caused by excitation into the first excited singlet state S1 of all symmetric compounds is confined 

to the dipyrrin rings as can be seen from the EDDs (S1S0), where the ED of the ground state is 
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12

subtracted from that of the excited state (Figure 2). The transition thus induces a local EDR with 

negligible charge transfer (CT). 

The heavier halogen, the more strongly it contributes to the ED of the excited state. In 

particular, at the DFT level, iodine donates notably to the excited ED whereas chlorine and 

bromine hardly contribute to the excited-state ED. The lowest photoactive state of the different 

compounds has large oscillator strengths (f=0.5 for IPhaBDP and f=0.7 for the remaining 

molecules) allowing for effective excitation in the longest wavelength band. Minor changes in 

different bond lengths aimed at improving the calculated wavelengths do not visually change the 

corresponding EDD, and are therefore not presented here. 

HPhaBDP ClPhaBDP BrPhaBDP IPhaBDP

S2

S1

Figure 2. S1 and S2 excitation EDDs at HSE06&6-311G(d) spectral calculation of the MP2&6-

311G(d) optimized XPhaBDPs. Positive EDR direction pointed by the dark lilac color for 

absorption while the light area means ED loosing.

At the HSE06 level of theory, the second absorptive S2 state of all the halides have absorption 

wavelengths of 517-523 nm, with a somewhat smaller oscillator strength (f < 0.3) than for S1. For 
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13

HPhaBDP, the approach gives 476 nm with lower photoactivity (f < 0.02). From Figure 2 it is 

clear that the EDDs of the S1 and S2 states are very similar, the main difference being that in the S2 

state the phenyl rings also act as donors of ED. Comparing the S1 and S2 states, one can see larger 

EDRs at the ends of the pyrrole rings for the S2 state compared to the S1 state, also involving CT 

from peripheral substituents to the dipyrrin core.

HPhaBDP ClPhaBDP BrPhaBDP IPhaBDP IPhaBDP

Figure 3. EDD between exited S1 and S0 of asymmetric HPhaBDP, ClPhaBDP, BrPhaBDP and 

IPhaBDP (from left to write), optimized at HSE06&6-311G(d) level of theory and symmetric 

IPhaBDP relaxed using B97XD&6-311G(d) approach where ED redistributes from dark to 

light lilac color for dissipative transition. 

Since the optimized geometries of the electronically excited states are very sensitive to the 

choice of DFT functional, a small group of computational protocols most suited for fluorescence 

spectra calculations were selected (Tables SI4-SI8) after extensive tests using six different 

exchange-correlation functionals and different basis sets (Table SI2). The B3LYP, HSE06 and 

PBE0 spectral shifts coincide well with experimental data, in contrast to CAM-B3LYP, 

B97XD and M062X which gave significant blue shifts of about 100 nm in the wavelengths of 

fluorescence compared to experiment.14,16 Despite PBE0 producing asymmetric optimized 

structures, the functional underestimates emission wavelengths by more than 30 nm compared 

to B3LYP and HSE06. In contrast to the symmetric compounds, the asymmetric ones, in 
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particularly when optimized with HSE06&6-311G(d), lead to localization of EDR on one side 

of the molecules (Figure 3) upon excitation. The EDD for the emission processes are calculated 

as for absorption, but since emission is a reverse dissipative process, the sign of the changes in 

the ED is reversed.

Figure 4. A schematic representation of the lowest excited states of the XPhaBDP fluorescent 

structures optimized at HSE06&6-311G(d), explaining the higher fluorescence efficiency  in 

IPhaBDP than in BrPhaBDP (see text). The presented values of energies in nm and oscillator 

strengths f in parenthesis. 

Calculations with the different functionals and basis sets described in the Computational 

Methods section identify a triplet state (usually T3) very close in energy and below the S1 state. 

This can give a rise to a significant SOC of these states caused by the heavy halogens and thus a 

competition between the rates of fluorescence and ISC. The fluorescence efficiency  should 

therefore decrease with increasing atomic number of the halogen atom if the electronic structures 

otherwise remain the same. As noted previously, this is however not observed experimentally. 

To explain and illustrate the origins of the breakdown of this expected trend, the most suitable 

fluorescent molecular structures were optimized and their several lowest excited states were 

calculated using, the most acceptable for this case, TD-HSE06&6-311G(d) computational level, 

which performs the best spectral-luminescence properties compared to experiment (Figures 4 and 

SI1). The calculations provide an inversion of the S1 and T3 states for IPhaBDP, whereas the energy 

gap between the S1 and T2 states is large enough to prevent a significant ISC. The fact, that T3 is 
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higher in energy than the S1 in IPhaBDP and S1-T3 energy gap is very narrow in BrPhaBDP, could 

explain the experimentally observed much more effective fluorescence of IPhaBDP (γ=0.33) 

compared BrPhaBDP (γ=0.03). The lowest triplet state T1 was not considered at all because the 

energy gap to S1 in all cases are very large that leads to a negligible ISC probability between these 

states for all molecules. Internal conversions are not discussed due to huge energy gaps between 

the S1 and ground state and thus not in competition with fluorescence and ISC processes.

Spectral-luminescence properties. The fluorescence efficiency or quantum yield  is defined as 

the emission rate divided by the total rate of dissipative transitions from the same exited state and 

is expressed as =kr/(kr+kisc) if internal conversions are neglected, as is usual for organic 

compounds due to the large energy separation of the fluorescent and ground electronic states. The 

rate constant of fluorescence is calculated as kr=  in s1, where the oscillator strength f is 2𝐸2
𝑆1𝑓

dimensionless and ES1 is the energy separation of the ground and excited states in cm1. 

In the adiabatic approximation, the movement of the atoms during fast EDRs is neglected. In 

absorption and fluorescence processes, transition rates of about 108s1 are so fast that the nuclear 

framework in general can be assumed to not change during the electronic excitation/de-excitation 

processes, being fixed at the zero-point vibrationally averaged structure of the initial state, that is, 

the ground state for absorption processes or the excited state for fluorescence processes. In the 

case when the fluorescence  is less than 100%, the ISC rate is of the same order of magnitude or 

faster than the fluorescence rates, making the adiabatic approximation a good one. In this case, the 

geometry optimized in its fluorescent state is used to calculate the ISC rates from this electronic 

state to lower unrelaxed triplet states.
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Energy gaps and magnitudes of SOC-ME between the singlet and triplet states are two factors 

which determine the ISC rates, and thus determine quenching of the fluorescence. There are 

different approaches to calculate the ISC rate kisc, from the simplest used for light elements where 

the spin and orbit parts can be separated11,24,52–55 through several more accurate approaches56–58. 

The ISC rates are expressed as , where the Frank-Condon weighted 𝑘𝑖𝑠𝑐 =
2𝜋
ℏ ⟨𝑆│𝐻𝑠𝑜│𝑇⟩2𝜌𝐹𝐶

density of states can be evaluated as  for medium-sized molecules 𝜌𝐹𝐶 =
1

4𝜋𝜆𝑀𝑘𝐵𝑇𝑒𝑥𝑝[ ―
(Δ𝐸 + 𝜆𝑀)2

4𝜆𝑀𝑘𝐵𝑇 ]
according to the Marcus-Levich-Jortner theory12,24,55,59. depends on standard thermo-𝜌𝐹𝐶 

dynamical parameters, the energy gap E and the Marcus reorganization energy M, for which 

recommended values are in the range 0.10.2 eV55. The largest recommended Marcus 

reorganization energy was used in this work to reach the best agreement with experimental 

observations. 

Excited-state structures and spectral properties were calculated using HSE06&6-311G(d). 

However, SOC-ME’s are not available at the DFT level in G09. Both ADF and Dalton can 

calculate SOC-ME at the DFT level, but the functional and basis sets identified as the best for the 

spectral properties in the previous section are not available in these codes. Supplementary 

Information contains details and comparison of SOC-ME calculations using both HSE06 and the 

widespread B3LYP functional (Table SI9), in particular, implemented in G09, TM7.2, Dalton and 

ADF to ensure that the MolSOC results are adequate to the values obtained in all the packages. 

The narrow energy gaps between fluorescent S1 and T3 states in XPhaBDPs satisfy 

requirements for an effective ISC (Table 2, Figure 4). Heavy elements increase the SOC and, 

subsequently, the ISC rates. Iodine should lead to almost total quenching of the fluorescence, but 

the energy of the S1 state is lower-lying than that of the T3 state. Various possibilities of mutual 
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positions and energy gaps between these states in IPhaBDP and BrPhaBDP (SI1, SI2 and the most 

acceptable results in SI4) using numerous settings of several DFT functionals with various basis 

sets (see Computational Details) were tested and only the one that best reflects the experimental 

data were described in the text. Moreover, there is an uncertainty between the acceptable error 

about 0.1eV and even larger [23] in theoretical energies of the excited states and the required 

narrow energy gaps between the triplet and the singlet state, particularly this is less than 0.02 eV 

for BrPhaBDP, to reach an acceptable fluorescence quantum yield.

Table 2. Wavelengths (nm) and root mean squares ( ) SOC-ME 𝑟𝑚𝑠 = ∑
𝑖 = 𝑥,𝑦,𝑧⟨𝑆│𝐻𝑠𝑜│𝑇⟩2

𝑖  
(cm1) of transitions from S1 to triplets with corresponding dimensionless fluorescence efficiency 
 (in curly brackets) for XPhaBDP calculated for the excited states with oscillator strength f (a.u.) 
for singlets are presented in parentheses. The rates of fluorescence vs ISC (s1) are under each . 

states IPhaBDP BrPhaBDP ClPhaBDP HPhaBDP

T3

S1

T3

T2

673{9.09; =0.00}
6.19106 vs 6.361010

676(f=0.04)

880{29.96; =1.00}
6.19106 vs 3.26102

663(f=0.04)

664{3.46; =0.01}
6.43106 vs 9.41108

879{4.96}

655(f=0.07)

660{1.38; =0.09}
1.15107 vs 1.19108

871{0.68}

614(f=0.65)

620{0.37; =0.93}
1.22108 vs 7.86106

633{0.23}

At the same time, the energy gap between S1 and the next lower-energy T2 state is large enough 

to prevent ISC and thus reach maximum fluorescence even if the value of the SOC-ME is 

significant. On the other hand, the S1 and T3 states are almost degenerate, allowing one to consider 

the possibility of state flipping under specific environmental conditions. Based on the available 

experimental data and the results of electronic structure calculations, it is reasonable to assume 
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that IPhaBDP can be in a mixture of fully effective and quenched fluorescent states, so that 

statistically a fluorescence efficiency of one third can be assumed at a macroscopic level. 

Alternatively, if the T2 energy is assumed to be underestimated, then this state should be at a 

wavelength of about =770 nm (frequency =13000 cm-1), that is 110 nm shorter than the 

calculated value, with the same S1T2 SOC-ME’s to provide an agreement with experimental 

fluorescence quantum yield.16 The fluorescence efficiency in BrPhaBDP is observed 

experimentally as =0.0314,16,17 which is close to the MolSOC calculation of ME=0.01 (Table 2) 

and one could assume that the energy of the T3 state is always lower than S1 for this molecule 

(Figure 4). The energy gap between the T3 and S1 states for ClPhaBDP is wider and coincide well 

with the experimental and calculated  of about 0.3 and 0.1, respectively.17 The fluorescence 

efficiency of the halogen-unsubstituted molecule is close to unity,15 independently of the ordering 

of the excited states, although the calculated results are in better agreement with experimental data 

if S1 is lower than T3, giving =0.88, but compared to assuming  S1 to be higher in energy, the 

difference is small, =0.94.

Table 3. XRmBDP optimized in the lowest photoactive state and its spectral properties calculated 
using HSE06&6-311G(d).  Dimensionless oscillator strength f of S1 and S2 (nm) are presented in 
parentheses, the rms SOC-ME (cm1) between S1 and T2 or T3 for significant ISC and 
corresponding partial  (a.u.)  are presented in curly brackets.
OptS1 & TD IRmBDP BrRmBDP ClRmBDP HRmBDP
XHaBDP 624

646(0.11)
780

596
635(0.08)
805

583
631(0.07)
813

524
571(0.02)
787

XMeaBDP 582
607(0.11)
757

568
605(0.08)
774

562
605(0.06)
786

514
563(0.02)
747

XPhaBDP 558(0.70)
673{9.09; 0.00}
676(0.04)

562(0.67)
663(0.04)
664{3.46; 0.01}

566(0.64)
655(0.07)
660{1.19; 0.09}

498(0.03)
614(0.65)
620{0.37; 0.93}
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880{29.96; 1.00} 879 871 633
XPhcBDP 514 (0.60)

535{15.32; 0.072}
558{18.44; 0.55}

511(0.68)
519{5.25; 0.15}
545{2.81; 0.94}

513(0.70)
517{0.45; 0.94}
543{0.94; 0.99}

513
515
531(0.54)

Other XRmBDP molecular structures were also optimized in the lowest photoactive singlet 

states and their emission spectra were calculated using HSE06&6-311G(d). These compounds 

were compared with XPhaBDPs to inquire whether the increase in fluorescence for IPhaBDP is 

unique for this class of molecules or it applies to all halogenated XRmBDPs (Table 3). 

The most prominent influence of 3,3′,5,5′-tetra substitutions and nitrogen in the meso-position 

are on the shifts in emission wavelengths. The T3 states in the tetra-methyl substituted and 3,3′,5,5′ 

unsubstituted aza-compounds have higher energies than the S1 states, and thus give rise to an 

effective fluorescence with slightly shorter wavelengths than XPhaBDPs. Fluorescence quenching 

cannot be expected in other XRaBDPs (R = H, Me) because the energy of the T3 state is higher-

lying than the S1 state for all cases and the gap is significantly wider than for XPhaBDP, but at the 

same time the T2 energy is low enough to prevent any notable ISC to this state.

To the best of our knowledge, there is no experimental data for the halogenated XPhcBDP 

compounds with carbon in the meso-position. The electronic structure calculations presented in 

this work predict low fluorescence efficiency because the T3 energy is slightly lower-lying than 

the S1 one, facilitating large SOCs. Quantum yields are normally decreasing with increasing weight 

of the substituents due to stronger SOC and because the energy gaps between these states is larger 

than in the XPhaBDP cases, preventing an inversion between the T3 and S1 states. In contrast with 

the aza-compounds, the S1 energy is the highest among these three states for XPhcBDPs (Table 

3), but the energy gap between the S1 and T2 states is not so large as to prevent SOC of these states. 

Both the T2 and T3 states effectively quench fluorescence, but this is counteracted by the strong f, 
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thus still supporting non-negligible fluorescence efficiencies. The balance between the rates of 

these transitions define the dependency on halogen substituents, which in turn is due to the relative 

ordering of the excited singlet and triplet states in these molecules.

Interaction between XPhaBDP and O2. The asymmetric molecules undergo significant EDR 

upon excitation into the lowest photoactive excited state, leading to charge separation in the excited 

state (Figures 3 and 5). The ESP map is used to identify the most probable sites for ion (either 

anion or cation) attack in the excited state as well as to simulate fluorescence quenching through 

energy transfer due to triplet sensitization in complexes with O2. 

The best configuration of the complex that allows for the most effective TT energy transfer 

from the donor to the oxygen acceptor is when the ED on both molecules are as close as possible 

to facilitate overlap of their EDs, and with electropositive and electronegative regions (or vice 

Figure 5. Mapping from 25.1 kcal/mol (red) to +12.6 kcal/mol (blue) ESP 

on the isodensity of 0.004 e/bohr3 to couple with O2 on long distances. 
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versa) of the two molecules facing each other. Such interactions occur in collision complexes that 

should be studied in dynamics simulations, but the best configurations for such processes can be 

predicted based on an ESP analysis. The EDR following the dissipative photo-transition from the 

lowest excited state induces four notably charged areas with negative (A and B) and positive (C 

and D) regions where O2 can attack the compounds (Figure 5). 

The ESP maps are qualitatively the same for all the halides, but the values of the extreme points 

are slightly different. Point A provides the absolute ESP minima 31.4 kcal/mol, 28.2 kcal/mol 

and 27.6 kcal/mol  for I, Br and Cl substituents on the ED isosurface of 0.004 e/bohr3, 

respectively. The minima are localized near the fluorine atoms but very close to the phenyl rings, 

which impose steric hindrance to the site and thus preventing collision complexes with O2 at this 

site. The value for D is very similar for all halides on a near equipotential surface, ranging from 

+19.5 kcal/mol to +20.7 kcal/mol. The positive potential delocalized on a large area over the 

phenyl rings can enable interactions and even collisions with O2, but these fragments can take no 

part in the dissipative transitions from the lowest photoactive state and, therefore, do play no role 

in following T-T processes. This is the smallest ‘left’ side of the asymmetric structures, whereas 

the excitation is largely localized on the ‘right’ (and “largest”) part (Table 1 and Figures 1, 3). 

The positive C and negative B sites are the most promising for interactions between the 

compounds studied here and O2, with the possibility of energy transfer to produce a triplet 

complex. The most negative point, 27.6 kcal/mol, is induced with participation of the iodine 

substituents, whereas bromine and chlorine provide weaker minima of 20.7 kcal/mol and 19.5 

kcal/mol, respectively. The maximum positive value of +28.9 kcal/mol on the opposite end is also 

induced by iodine, whereas bromine and chlorine give +18.8 kcal/mol and +12.6 kcal/mol, 
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respectively. IPhaBDP exhibits the highest reactivity on both ends whereas BrPhaBDP and 

ClPhaBDP have similar interaction strengths with O2 at the site between the halogen and the 

phenyl segment, whereas ClPhaBDP has the weakest attraction to O2 along the axis through both 

molecules. Thus, BrPhaBDP should be the most effective triplet photosensitizer taking into 

account the lower fluorescence efficiency of this compound.

CONCLUSIONS

The spectral-luminescent properties of dihalogen-tetraphenyl-aza-BDP (XPhaBDP) 

molecules optimized in their ground and fluorescent electronic states were studied using a wide 

set of quantum-mechanical methods that includes several TD-DFT methods as well as RI-ADC(2) 

and RI-CC2 with various basis sets. Theoretical results of the best samples correspond well to 

available experimental spectral data. The dependencies between the symmetries of the compounds 

and energies of the lowest excited states were established. It was found that calculations on the 

symmetric molecules gave too short long bond lengths in the dipyrrin rings, leading to significant 

spectral blue shifts in comparison with the asymmetric counterparts, which provide perfect 

agreement with experimental fluorescence spectra. The electron density redistribution in the 

excited state of the asymmetric compounds largely occurs at one end of the molecule, and has the 

correct wavelength of the lowest photoactive singlets. The best agreement between the calculated 

and measured XPhaBDP spectral-luminescent properties was achieved with a combination of the 

HSE06 functional and Pople split-valence diffuse 6-311G*(Cl, Br, I)/3-21G(H)/6-31G* basis set.

The halogen and phenyl groups provide a competition between fluorescence and intersystem 

crossing due to the small energy gaps between the lowest near-lying photoactive singlet and triplet 

states as well as significant spin-orbit coupling between the states. The balance between 
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probabilities of these dissipative transitions was established to estimate correct quantum yields. 

Significant luminescent bathochromic shifts of more than 100 nm and inversion between the 

fluorescent state and the nearest triplet state to possess a few higher energy in IPhaBDP are induced 

by aza substitution into the meso-position, explaining the abnormal “gravity” effect (fluorescence 

quantum yield should be decreasing with increasing atomic number of the halogen atom), namely 

that the energy gap between the fluorescence state and the next much lower-lying triplet state is 

large enough to prevent any significant ISC, and thus that a higher fluorescence efficiency is 

observed for the heavier halogen-substituted IPhaBDP (γ=0.33) than in BrPhaBDP (γ=0.03). 

High rate of fluorescence quenching by ISCs and probabilities of collisions between the 

compounds and oxygen molecules in a solvent should provide effective triplet sensitization. The 

most preferable sites for such interactions were predicted using ESP mapping at the extreme 

positive and negative charge points. The two most preferable sites were found to be near the 

halogen substituents for interaction between the compounds and oxygen molecules in their 

collision complexes and thus to provide an effective triplet-triplet energy transfer. 
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