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Abstract: The photophysical properties, especially the intersystem crossing (ISC) of two 

heavy atom-free BODIPY derivatives with twisted -conjugated frameworks (benzo[b]-fused 

BODIPY, BDP-B; and [a]phenanthrene-fused BODIPY, BDP-P) are studied with steady state 

and time-resolved optical and electron paramagnetic resonance (TREPR) spectroscopic 

methods as well as with ADC(2) theoretical investigations. Both derivatives show intense 

absorption of red light ( = 9.8  104 M1 cm1 at 640 nm for BDP-P). Interestingly, BDP-B is 

with planar -conjugation framework, but it displays weak fluorescence (F < 0.1%), short-

lived singlet excited state (fluorescence lifetime, F = 0.2 ns) but long-lived triplet state (T = 

132.3 s). In contrast, the more twisted BDP-P shows stronger fluorescence (F = 70%), 

longer singlet excited state lifetime (F = 6.4 ns), but shorter triplet state lifetime (T = 18.9 

s). In contrast to helicenes (T = ca. 90%), the ISC of BDP-P and BDP-B is non-efficient 

(T < 23%). The electron spin selectivity of the ISC of the derivatives is different, manifested 

by the phase pattern of the TREPR spectra as AAEAEE and EEEAAA for BDP-B and BDP-

P, respectively. The spatially confined T1 state wave function of the twisted molecule doesn’t 

reduce the T1 state energy (1.441.61 eV), although the chromophore shows red-shifted 

absorption as compared to the native BODIPY (ca. 1.60 eV). This work demonstrated the 

twisted -conjugated framework does not necessarily induce efficient ISC and we found a dark 

singlet state for Bodipy, which is rare. 
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Triplet photosensitizers (PSs) have attracted much attention in fundamental photochemistry 

studies,13 as well as in applications in photocatalysis,46 photodynamic therapy (PDT),710 

photovoltaics,11,12 photon upconversion,1317 etc. For these applications, it is crucial to design 

organic triplet PSs showing strong visible light absorption, efficient intersystem crossing (ISC) 

and long-lived triplet states.1,2 ISC is an electron spin-forbidden electronic transition, whose 

efficiency relies on the magnitude of the spin-orbit coupling (SOC) effects in organic 

compounds.18 The El Sayed’s rule (n-*  -* transitions) and the heavy atom effect 

(compounds containing Pt, Ir, Ru, Br, I atoms, etc) both allow enhancing the ISC.1924 However, 

in the framework of designing triplet PSs, these two strategies suffer from some drawbacks. 

On the one hand, compounds relying on n-*  -* transition-enhanced ISC present a weak 

visible light absorption.18,24 On the other hand, compounds with the heavy atom-effect present 

dark toxicity for their use in biological studies (e.g. PDT) and high cost of synthesis.8,9 

Moreover, the heavy atom effect is not always efficient to induce ISC, especially in bulky 

chromophores,25,26 and it may actually reduce the triplet state lifetime, because both the S1  

T1 and T1  S0 transition are simultaneously enhanced.2729 A short T1 lifetime is detrimental 

for the applications of triplet PSs, as the efficiency of the subsequent photophysical processes, 

e.g., intermolecular electron transfer and energy transfers, increases along the triplet state 

lifetimes of the PSs.30 It has indeed been demonstrated that longer triplet state lifetimes are 

beneficial for PDT,31,32 photocatalysis,33,34 and photon upconversion.17,30,35 
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Some strategies have been developed to achieve ISC in organic chromophores without 

invoking of heavy atom effect, such as those based on exciton coupling effect,36,37 electron spin 

converter,28,38,39 spin-orbit charge transfer,4043 singlet fission,4446 energy matching of the 

S1/Tn states,4749 and electron spin interaction between a chromophore and a radical.50,51 

However, the molecular structures based on these ISC mechanisms are usually synthetically 

challenging. Therefore, it is highly desirable to develop simple and general strategies to design 

heavy atom-free organic triplet PSs. Clearly, it remains a major challenge in photochemistry to 

design heavy atom-free triplet photosensitizers. 

Helicene compounds are known to present efficient ISC with quantum yields reaching up to 

90%.52,53 It was proposed that the twisted structure of helicenes enhances the mixing between 

the singlet and triplet states, subsequently improving the ISC efficiency.52 Recent theoretical 

studies have indeed demonstrated that the SOC is increased by the non-coplanarity in helicenes 

molecules.53 However, helicenes are not an ideal molecular platform for designing triplet PSs 

because of their weak absorption of visible light and the complexity of further derivatization.54 

Perylene-3,4,9,10-bis(dicarboximide) (PBI), a well-known fluorophore, shows high 

fluorescence quantum yields but poor ISC. However, and very interestingly, PBI derivatives 

with twisted -conjugated framework were reported to show efficient ISC (singlet oxygen 

quantum yield  is up to 67%).45,54,55 Likewise, sizeable ISC yields were also reported in 

expanded porphyrin derivatives with twisted structure.56 However, to the best of our knowledge, 

very few chromophores have been studied for this twisted -conjugated framework-induced 
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ISC. It therefore remains an open question whether a twisted molecule will always show more 

efficient ISC than the corresponding planar structures or not, and this work investigates this 

question.  

Scheme 1. Reported Twisted BODIPY Derivatives Showing Efficient ISC: 

Benzo[a]phenanthrene-Fused BODIPY (P-BDP), Benzo[a]anthracene-Fused BODIPY 

(A-BDP), Naphtha[b]-Fused BODIPY (BDP-N) and Dihydronaphtho[a]-Fused BODIPY 

(BDP-D)5759 

 

 

 

 

 

 

 

 

 

In this aspect, Boron dipyrromethene (BODIPY) dyes are of particular interest, as they show 

strong absorption of the visible light and readily derivatizable molecular structures.6062 Several 

BODIPY-derived triplet PSs have been reported, based on the conventional heavy atom 

effect,63 exciton coupling,36,37 electron spin converter,64 as well as SOCT-ISC.40,41,43,6567 
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BODIPY derivatives with twisted -conjugated framework showing ISC ability are also known 

(Scheme 1).59,68,69 The more twisted BODIPY derivative, i.e., P-BDP, possesses the highest 

ISC efficiency among them (singlet oxygen quantum yield,  = 63%). In comparison, the 

slightly twisted BODIPY (A-BDP) possesses a  value of 23%.59 Recently, some of us also 

reported ISC in other twisted BODIPY derivatives. For instance, a slightly twisted BODIPY 

derivative (BDP-N), shows an efficient ISC (T = 52%),58 which is similar to the one of a 

BODIPY derivative (BDP-D) displaying a more distorted structure ( = 55%).57 Therefore, 

it is clear that additional examples should be studied to further elucidate the relationship 

between the degree of twisting and the ISC efficiency.  

Herein, we selected two BODIPY derivatives, i.e., Benzo[b]-fused BODIPY (BDP-B) and 

[a]Phenanthrene-fused BODIPY (BDP-P, Scheme 2), both adopting a twisted geometry for the 

-conjugated framework. Their photophysical properties, specially the ISC capability, are 

studied with various steady state, time-resolved optical/magnetic spectroscopies,68,69 as well as 

with theoretical approaches. Compared to the native BODIPY chromophore (Scheme 1),7072 

the -conjugated system of these compounds is more extended, thus the absorption wavelength 

is red-shifted, a desired property for triplet PSs. Single crystal X-ray diffraction reveals that 

BDP-B is less twisted (0.9 deviation from coplanarity), whereas BDP-P is more twisted (12.9 

deviation from coplanarity).69 Interestingly, the two derivatives show different photophysical 

properties, for planar BDP-B, the fluorescence is very weak (F < 0.1%), and the singlet 

excited state is short-lived (fluorescence lifetime, F = 0.2 ns), but triplet state is long-lived (T 
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= 132.3 s). On the contrary, the more twisted BDP-P shows stronger fluorescence (F = 70%), 

longer singlet excited state lifetime (F = 6.4 ns), but shorter triplet state lifetime (T = 18.9 s). 

Meanwhile, a dark S1 state was identified for BDP-B, which is unusual for BDP chromophore, 

and only moderate ISC was observed for the two compounds (T = 23% for BDP-B,  < 5.5% 

for BDP-P). 

2.1. Materials and Equipment. All of the chemicals used in synthesis are analytically pure 

and were used as received. The compounds BDP-B and BDP-P were prepared according to 

the previously reported methods.68,69,73 The molecular structure characterization data were 

supplied in the Supporting Information. The UVVis absorption spectra of compounds were 

recorded on a UV2550 spectrometer (Shimadzu Ltd., Japan). The fluorescence emission 

spectra were performed on a FS5 fluorescence spectrometer (Edinburgh Instruments Ltd., 

U.K.). The fluorescence lifetimes of the compounds were measured on an OB920 luminescence 

lifetime spectrometer (Edinburgh Instruments Ltd., U.K.). For other experimental procedures, 

refer to the Supporting Information.  

2.2. Nanosecond Transient Absorption Spectroscopy. The nanosecond transient 

absorption spectra were measured on a LP980-K Laser Flash Photolysis Spectrometer (Kinetic 

mode, Edinburgh Instruments Ltd., UK). All samples were purged with N2 for 20 min for the 

collinear mode measurements, or 15 min in normal mode measurements before the 

measurements. The samples were excited with a nanosecond pulsed laser (OpoletteTM, the 
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wavelength is tunable in the range of 210–2400 nm. OPOTEK, USA). The typical laser power 

is ca. 5 mJ per pulse. The lifetimes (the decay traces of the transients were monitored) were 

obtained with the L900 software. The intrinsic triplet state lifetimes were obtained by fitting 

the decay traces with a special kinetics model.74 

2.3. Femtosecond Transient Absorption Spectroscopy. A Ti-Sapphire amplified laser 

system with 100 fs pulse duration and 1 kHz repetition rate (Spitfire Ace, Spectra-Physics) and 

a homemade pump-probe experimental setup,75 with a white light continuum probe (WLC), 

were used for the experiments. Wavelength of the pump beam was chosen according to the 

steady state absorption spectra of the studied compounds. The polarization direction between 

the probe and the pump beam was set as magic angle (54.7) to avoid the effect of the molecular 

rotational diffusion. Experimental data were analyzed by using LabView software (National 

Instruments). 

2.4. Single Crystal X-Ray Diffraction. A single crystal of BDP-B was obtained by slow 

diffusion between n-hexane and dichloromethane. The suitable single crystal of the compound 

BDP-B was determined and collected on a Bruker AXS SMART APEX II CCD diffractometer 

with graphite monochromatized Mo Kα radiation (λ = 0.71073 Å) at 298 K. Semi-empirical 

absorption correction was applied using the program SADABS. The program SHELXTL-2018 

was solved for space-group determination (XPREP), direct method structure solution (XS), and 

least-squares refinement (XL).7678 CCDC 2036728 (BDP-B) contain the supplementary 
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crystallographic data for this paper and the data can be obtained freely from the Cambridge 

Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/. 

2.5. Computational Details. Our post-Hartree-Fock calculations were performed using the 

TURBOMOLE package:79 the geometries of the ground and excited states were optimized at 

the MP2/cc-pVDZ and ADC(2)/cc-pVDZ levels, respectively, whereas the vertical transition 

energies were next determined at the ADC(2)/aug-cc-pVDZ level on these geometries. The 

lowest triplet geometry was also obtained at ADC(2) level (i.e., we did not use unrestricted 

MP2). All these calculations use the RI approximation, with the corresponding RI basis sets, 

using tight convergence criteria for the SCF procedure (so-called scfconv = 9) and for the one-

electron density matrix (so-called denconv = 7). Gaussian 16.A.03 was used to perform the 

DFT calculations of the spin densities. Finally, SOCs were computed with quadratic-response 

TD-DFT calculations80,81 (i.e., QR-TD-DFT) as implemented in the Dalton program.82 The 

latter calculations were performed at the S1 optimized geometries using the B3LYP functional 

in combination with the 6-31G* (d) atomic basis set. 

2.6. TREPR Spectroscopy. For the TREPR spectra, BDP-B was dissolved in toluene/ 

methyltetrahydrofuran (TOL/MeTHF) mixed solvent (1/2, v/v) at 0.5 mM, BDP-P was 

dissolved in TOL/MeTHF (1/2, v/v) at c = 0.5 mM, with addition of 20% (by volume) 

iodoethane. The time-resolved continuous-wave (TR CW) EPR measurements were performed 

on a X-band EPR Elexsys E-580 spectrometer (Bruker) at 84 K. The samples of BDP-B and 

BDP-P were photoexcited by pulsed laser at 570 nm and 590 nm, respectively. The TREPR 
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spectra of the triplet state were simulated using the EasySpin package based on Matlab (function 

pepper).83 The experiment structure field 'Exp.Ordering' of function pepper has been used to 

determine of TDM orientation in according to previously result.84 Fitting has been done using 

MATLAB’s routine fmincon. Optical excitation was carried out with an optical parametric 

oscillator (OPO) system (LP603 SolarLS) pumped by an Nd:YAG laser (BriliantB Quantel) 

with a pulse energy of 1 mJ. The repetition rate of the laser was set to 10 Hz. Polarization for 

the magnetophotoselection experiments was obtained by using a Glan laser polarizer (SolarLS) 

in combination with a half-wave plate. 

Native, or unsubstituted, BODIPY 

shows strong fluorescence negligible ISC capability (triplet state quantum yield < 2%).60,62,85 

Knowing that BODIPY derivatives BDP-B and BDP-P (Scheme 2), which present a twisted  

Scheme 2. Benzo[b]-Fused BODIPY Derivative (BDP-B) with Minor Twisted -

Conjugated Framework and Phenanthrene[a]-Fused BODIPY Derivative (BDP-P) with 

Significantly Twisted -Conjugated Framework Used Herein. The Torsion Angles of the 

Dipyrrin Cores Determined by Single Crystal X-ray Diffraction are Presented 69 
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-conjugated framework, are weakly fluorescent (fluorescence quantum yields are  0% for 

BDP-B and 37% for BDP-P, respectively),68,69 we envisage that ISC might be possible for 

these two compounds. 

 The molecular structure of BDP-P is more 

twisted: previous single crystal X-ray diffraction shows that the deviation of central C3N2B 

ring from the coplanarity is 12.9,69 whereas the deviation is much smaller in BDP-B (see 

below). The twisted structure of BDP-B was proposed by DFT calculations previously, but the 

degree of distortions of the molecular structure has not been discussed in detail.68 We obtained 

a single crystal of the compound BDP-B, and the crystallographic data are listed in Table S1 

whereas its molecular structure is displayed in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1. ORTEP view of the molecular structures of BDP-B determined by single-crystal X-

ray diffraction (50% probability thermal ellipsoids).  
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The single-crystal structure of BDP-B is slightly twisted (Figure 1). The benzene rings of 

C(14)C(15)C(16)C(17) and C(2)C(3)C(5)C(6) form dihedral angles of 2.5° and 4.2° 

with the plane of the central C3N2B ring, respectively. This torsion of the main -conjugated 

framework is similar, yet smaller, than that in the recently reported BDP-N (12.7 and 

2.0).58,86 The central C3N2B ring is only twisted by 0.9° out of coplanarity. The dihedral angle 

of the phenyl substituent at the meso- position and the main plane of the BODIPY molecule is 

67.6, and the dihedral angles between the peripheral phenyl rings on both sides and the main 

BODIPY body are 62.7° and 62.9°, respectively. The planes of the three phenyl rings are 

approximately parallel (Figure 1). 

We also used second-order Møller-Plesset (MP2) to study the ground state geometry (Figure 

S16). Indeed, as the molecular geometry determined by the single crystal X-ray diffraction is 

affected by the molecular packing effect, it does not necessarily represent the molecular 

geometry in other media, and MP2 is known to be a very robust approach for ground-state 

geometries. The specific angle comparisons between the single crystal structure and the ground 

state geometry calculated by MP2 of BDP-B and BDP-P are listed in the Supporting 

Information (Figure S16). For BDP-B, the central C3N2B is more twisted in the optimized MP2 

geometries than in the single crystal X-Ray diffraction studies, the C3N2B showing a 21.8° 

deformation from planarity in the calculation. This is a rather typical trend as packing effects 

do favor more planar structures. For BDP-P, the MP2 optimized results are similar to those 

reported in literature,69 based on the single crystal structure analysis. 

Page 12 of 57

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



13 

 

3.3. UVVis Absorption and Fluorescence Emission Spectra. The UVVis absorption 

spectra of the compounds were studied (Figure 2). BDP-B gives an absorption band centered 

at 570 nm (the full width at half maximum, FWHM, is 2790 cm1).68 Notably the absorption 

band is broad and weaker ( = 3.8  104 M1 cm1) than the native BODIPY ( = 7.9  104 M1 

cm1. FWHM: 774 cm1). The absorption band of the BDP-P is centered at 640 nm (molar 

absorption coefficient,  = 9.8  104 M1 cm1) twice as intense as in BDP-B (Table 1), but it 

is also much sharper (FWHM: 993 cm1), which are typical feature for BODIPY dyes. 

Interestingly, the most deformed BDP-P has a more standard absorption spectrum than the 

least twisted BDP-B. As expected, both dyes are characterized by large red-shifts in both the 

absorption (65−144 nm) and emission (161−238 nm) as compared to the native BODIPY  

 

 

 

 

 

 

 

Figure 2. Normalized UVVis absorption spectra and fluorescence emission spectra of (a) 

BDP-B in toluene (TOL, ex = 600 nm) and (b) BDP-P in acetonitrile (ACN, ex = 600 nm), c 

= 1.0 × 10–5 M, 20 °C.  
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(Figure S21), due to the extension of the π-conjugated systems. For BDP-B, the luminescence 

and the absorption bands are obviously not mirror-shape. Together with the large Stokes shift 

(3884 cm1), a non-standard behavior for BODIPYs, this indicates a more significant geometry 

relaxation at the excited state, or that different excited states are responsible for the main 

absorption band and fluorescence emission. These postulates are rationalized below by the 

theoretical calculations. 

Interestingly, the two compounds show drastically different fluorescence quantum yields. 

BDP-B is almost non-emissive (F < 0.1%, Table 1).68 Previously it was reported that meso-

phenyl substituted BODIPYs show weak fluorescence due to the rotation of the phenyl moiety, 

or more precisely the torsion of the dipyrrin core at excited state,87,88 and that the fluorescence 

can be enhanced in viscous solvents.89 However, the fluorescence of BDP-B in a viscous 

solvent, polydimethylsiloxane (PDMS, 483cP), was also measured and the emission intensity 

does not increase significantly, indicating that the viscosity of solvents has no significant effect 

on the fluorescence of the compound (Supporting Information, Figure S17b). In other words, 

the fluorescence of BDP-B is not quenched by the rotation of the three phenyl rings in the 

molecule, or severe torsion of the S1 state geometry.8789 The underlying reason of this specific 

behavior is actually a dark state quenching mechanism (see theory below).90 According to the 

quantum chemical-investigation of BDP-B, the absorption band (centered at 570 nm) and the 

emission band (centered at 750 nm) can be attributed to S0  S3 and S1  S0 transitions, 

respectively. Therefore, the stokes shift of BDP-B (3884 cm1) is much larger than native 
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BODIPY (467 cm1, Figure S21). Interestingly, the fluorescence quantum yield of BDP-P is 

much higher (F = 64%, Table 1),69 although the molecular skeleton is severely distorted.  

The fluorescence lifetime of both compounds was not reported.68,69 Therefore, we measured 

these fluorescence lifetimes using the time-correlated single photon counting (TCSPC) 

technique. The fluorescence lifetime of BDP-B is very short, the biexponential fitting gives 

0.15 ns (population ratio: 98%)/2.84 ns (2%) (Instrument Response Function, IRF, 30 ps). This 

suggests that there is a fast decay channel for the emissive state of BDP-B. The lifetime of 

BDP-B at 77 K is slightly longer as compared to the lifetime at room temperature (0.91 ns vs 

0.15 ns) (Figure S19). The fluorescence lifetime of BDP-B is much shorter than the one of 

fluorescent BODIPY derivatives with co-planar molecular structures  

 

 

 

 

 

 

 

 

Figure 3. Decay traces of the fluorescence lifetime (a) BDP-B (em = 750 nm) in TOL and (b) 

BDP-P (em = 673 nm) in ACN. Excited with EPL picosecond pulsed lasers (400 nm and 635 

nm). c = 1.0 × 10−5 M. 20 °C.  
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(ca. 5 ns),9,62,85 or the recently reported twisted BODIPY showing efficient ISC (ca. 3 ns).57,58 

In contrast, the fluorescence of BDP-P decays with mono-exponential feature, the lifetime is 

longer (6.4 ns in acetonitrile, ACN), and shows no obvious solvent polarity dependence (Figure 

S18). Note the torsion of the molecular structure in BDP-P is more significant than BDP-B. 

Table 1. Photophysical Data of the Benzo[b]- and Phenanthrene[a]-Fused BODIPY 

 
Solventa abs

b em
c d  % T % T

g/ s F
  % F/ ns 

BDP-B HEX 569/384 735 3.8/0.8 2.6e 29.2f 108.5 0.10h 0.69i 

 TOL 579/388 747 3.5/0.7 5.8e 23.2f 132.3 0.09h 0.20j 

 DCM 575/386 746 3.7/0.8 2.8e 12.6f 89.3 0.02h 0.47i 

 ACN 562/384 750 3.6/0.8 2.3e 4.3f 84.7 k 0.68i 

BDP-P HEX 642 675 9.8 k k 8.8 69.6h 6.69i 

 TOL 645 681 9.6 k k 12.9 74.0h 6.14i 

 DCM 641 680 9.1 k k 11.0 72.3h 6.49i 

 ACN 635 670 8.7 5.5e k 8.7 64.4h 6.40i 

aET(30) values of the solvents are n-HEX (31.0), TOL (33.9), DCM (40.7) and ACN (45.6), 

respectively, in kcal mol1. bc = 1.0  105 M, in nm. cFluorescence emission wavelength, in 

nm. dMolar absorption coefficient (104 M−1 cm−1). eSinglet oxygen quantum yield. For BDP-B, 

Methylene Blue was used as standard ( = 0.57 in DCM). For BDP-P, 2,6-diiodo-bisstyryl 

BODIPY was used as standard ( = 0.624 in DCM). fTriplet quantum yield determined with 

ground state bleaching, using nanosecond transient absorption spectra. Excitation at 551 nm. 

2,6-DiiodoBodipy was used as standard (T = 0.88 in TOL). gTriplet excited state lifetimes. 

Measured by nanosecond transient absorption in deaerated solutions. hFluorescence quantum 

yields. For BDP-B, Methylene Blue was used as standard (F = 0.03 in Methanol). For BDP-

P, absolute fluorescence quantum yields were observed. iFluorescence lifetimes (Instrument 

Response Function, IRF, 100 ps). jFluorescence lifetimes (Instrument Response Function, IRF, 

30 ps). kNot observed.  
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The photophysical properties of the compounds are summarized in Table 1. As a preliminary 

evaluation of the ISC ability, the photosensitized singlet oxygen (1O2) formation quantum yield 

() was studied, using with 1,3-diphenylbenzoisofuran (DPBF) as an 1O2 scavenger.  of 

5.8% for BDP-B (in TOL), and  = 5.5% for BDP-P were observed (in ACN), respectively. 

The T1 state energy of the two compounds was estimated with the ADC(2) method, as 1.03 eV 

and 1.45 eV for BDP-B and BDP-P at their T1 geometries, respectively (vide infra), in 

comparison the energy of 1O2 is 0.98 eV.91 The rather low  of BDP-B may therefore be due 

to the low T1 state energy rather than a poor ISC. Consequently, the triplet quantum yields were 

determined with the ground state depletion method using nanosecond transient absorption 

spectra.92 The T of BDP-B is 23.2% in toluene (see Table 1). Negligible  was observed for 

BDP-P. 

3.4. Femtosecond Transient Absorption Spectroscopy. In order to investigate the excited 

state kinetics and especially the ISC processes, femtosecond transient absorption spectroscopy was 

performed for both dyes (Figure 4). The excitation wavelength was selected at 650 nm. In order to 

extract the kinetic information on the excited states evolution, the transient absorption data were 

analyzed with global fitting.93 

For BDP-B (Figure 4a, in toluene), a ground state bleaching (GSB) band centered at 560 nm 

was observed upon photoexcitation, as well as a positive excited state absorption (ESA) band 

centered at 460 nm, which is attributed to S1  S3 absorption (see computation section). These 

two bands do not decay to the baseline within the available time window, indicating the 
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existence of long-lived species. The evolution associated spectra (EAS) obtained for BDP-B 

are shown in Figure 4b. The first spectrum decays within 16.1 ps. The ESA band of the second 

spectrum is centered at 459 nm, blue shifted by 6 nm as compared to the first spectrum. Thus, 

we propose that the vibrational relaxation and the internal conversion (IC) from S3 to S1 state 

takes place in ca. 16.1 ps.88 The second spectrum with a lifetime of 180.4 ps is assigned to the  

  

 

 

 

 

 

 

 

 

 

Figure 4. Femtosecond transient absorption spectra of (a) BDP-B in TOL and (d) BDP-P in 

ACN at different delay times. Evolution associated spectra (EAS) of (b) BDP-B in TOL and 

(e) BDP-P in ACN obtained from global analysis. Kinetic traces of (c) BDP-B in TOL and (f) 

BDP-P in ACN at selected wavelengths with fitting lines. λex = 650 nm, 20 C. The scattered 

laser is at 650 nm (grey line).  
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S1 state. Two competitive processes of S1  T1 and S1  S0 exist. The third species possesses 

a long lifetime, which is beyond the detection time window of the spectrometer, thus it is 

assigned to the triplet state (T1) of BDP-B. This result is consistent with the nanosecond 

transient absorption spectra (Figure 5a). Hence, the ISC process from the singlet state to the 

triplet state takes place within 180.4 ps. This is close to the fast-decaying component of the 

fluorescence lifetime of BDP-B (150 ps). The ISC of BDP-B is faster than that of 2,6-diiodo-

8-thioBODIPY (500 ps),94 but it is slightly slower than that of 2,6-diiodoBODIPY (127 ps).95 

For BDP-P (Figure 4d, in ACN), the GSB band is centered at 650 nm and a positive ESA 

band in the range of 360600 nm was observed. The stimulated emission (SE) signal is in the 

700–730 nm range. The EAS obtained for BDP-P in ACN are presented in Figure 5e. Only 

one species was observed. The lifetime is determined as 7.3 ns, which is in good agreement 

with the fluorescence lifetime of 6.4 ns (Figure 4). Thus, the transient species is attributed to 

the S1 state of BDP-P, indicating that there is no generation of triplet state. The ultrafast spectra 

were also measured in ACN with 15% iodoethane (v/v) for BDP-P (Supporting Information, 

Figure S24). Only one species is observed in the EAS indicating that the external heavy atom 

effect-induced ISC rate constant is slow and that it does not affect in picosecond scale, although 

triplet state was observed with nanosecond transient absorption spectra due to the external 

heavy atom effect. 

3.5. Nanosecond Transient Absorption Spectroscopy: the Triplet Excited State of the 

Compounds. We studied the triplet state of the compounds by using nanosecond transient 
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absorption (ns TA) spectroscopy (Figure 5). For BDP-B, an ESA band in the range of 400510 

nm was observed, and the GSB band is centered at 560 nm, which agrees well with the UVVis 

absorption spectra (both in wavelength and width. Figure 2a). The triplet state lifetime was 

determined as T = 132.3 s, by monitoring the decay trace at 560 nm (Figure 5b). With fitting 

of the decay trace based on the kinetics model where triplet-triplet-annihilation (TTA) effect 

was taken into account,74 the intrinsic triplet state of BDP-B was determined as 149 s 

(Supporting Information, Figure S37) which is similar to the apparent lifetime (132.3 s). This 

 

 

 

 

 

 

 

 

 

Figure 5. Nanosecond transient absorption spectra of (a) BDP-B in deaerated TOL and (c) 

BDP-P in deaerated ACN (with 15% iodoethane added, v/v) at different delay time. (b) Decay 

traces of BDP-B at 560 nm. λex = 572 nm. In deaerated TOL. Decay traces of (d) BDP-P at 

640 nm. ex = 625 nm. In deaerated ACN (with 15% iodoethane added, v/v). c = 1.0 × 10–5 M, 

20 °C.  
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triplet state lifetime is shorter than that observed in 2,6-diiodoBODIPY (276 s),74 or in some 

BODIPY-derived electron donor/acceptor dyads (up to 345 s),43 twisted BDP-N (492 s),58 

but it is similar to the recently reported twisting BDP-D (197.5 s).57 

Interestingly, the ESA band of BDP-P can only be observed in the presence of iodoethane, 

indicating weaker ISC for this compound, although it is more twisted than BDP-B. ESA bands 

in the range of 360570 nm and 680800 nm were observed, this last band seem to have the 

same dynamics as the other one, but on the base of the TREPR data (see later section) it might 

belong to a different triplet state. The GSB band is centered at 640 nm, which is in agreement 

with the steady-state UVVis absorption band (Figure 2b). The triplet state lifetime was 

measured in the presence of different amounts of iodoethane in ACN (Figure S26). We 

observed that the proportion of iodoethane has little impact on the triplet state lifetime (ca. 9 

s) of BDP-P. For BDP-B, however, the higher the proportion of iodoethane, the shorter the 

triplet state lifetime (14.9 s  30.0 s. Figure S26). 

Intermolecular triplet-triplet energy transfer (TTET) was used to determine the energy of 

the T1 state of BDP-B and BDP-P (Supporting Information, Figure S27, S29 and S30). For 

BDP-B, Zinc phthalocyanine (ZnPc) (ET1 = 1.13 eV)96 was used as the sensitizer (Supporting 

Information, Figure S27). TTET was observed, and the triplet state lifetime of ZnPc was 

reduced from 217 s to 80 s. The GSB band of BDP-B at 590 nm firstly grows (18.8 s) then 

decays (117.2 s), indicating that the ET1 of BDP-B is lower than 1.13 eV. On the other hand, 

since the BDP-B can sensitize singlet oxygen, the triplet state energy level of BDP-B should 

Page 21 of 57

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



22 

 

be higher than 0.98 eV. The localization of T1 between 0.98 and 1.13 eV is perfectly consistent 

with the theoretically calculated value of 1.03 eV (vide infra). For BDP-P, methylene blue 

(MB) (ET1 = 1.44 eV) and 2,6-diiodo BODIPY (diiodo-BDP) (ET1 = 1.61 eV) was used as the 

sensitizer (Figure S29 and S30).9698 With similar TTET studies, we determined that the triplet 

state energy of BDP-P is in the range of 1.441.61 eV. This estimate is again fully consistent 

with the theoretical value of 1.45 eV (vide infra). The EAS obtained from TTET process in ACN 

is shown in Figure S31.  

The triplet state lifetime of BDP-P was determined as 18.9 s by TTET. The triplet state 

lifetime of BDP-P (T = 8.7 s in presence of iodoethane, or 18.9 s by TTET) is much shorter 

than that of BDP-B (T = 132.3 s). This is unlikely due to the energy gap law, since the T1 of 

BDP-B (0.98 eV1.13 eV) is significantly lower than BDP-P (1.44 eV1.61 eV) counterpart. 

Interestingly, although the S1 state of BDP-B is short-lived, its T1 state is long-lived. This is 

another example that the deactivation of the S1 and T1 states do not follow the same rules.74,99 

For the occurring of an electronic transition, the molecular vibrational coupling, the molecular 

orbital integral, the electron spin integral, and the Franck-Condon factor all contribute to the 

transition probability, making the final effect hard to be intuited.18 

We underline that BDP-P bears a strong absorption in the red spectral region ( = 8.7  104 

M1 cm1 at 635 nm), yet the T1 state energy is high (1.441.61 eV), similar to the native 

BODIPY chromophore (1.7 eV), which has an absorption band centered at ca. 500 nm.97,98,100 

The reason for these trend is attributed to the different spatial confinement of the singlet excited 
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state wave function and the triplet excited state wave function. For the former, it is likely more 

delocalized, consistent with the red-shifted absorption, whereas the latter is more confined 

(supported by the later TREPR analysis) and the spin density surface of the T1 state, consistent 

with a relatively high T1 energy. This aspect is also discussed with the help of our calculations 

below. This may be a key aspect in the molecular design method of PSs.101 

The triplet state properties of the compounds doped in the Clear Flex 50 film102 were 

studied (Figure S31), because it is known that the matrix may exert substantial impact on the 

triplet state property.97 For BDP-B, the ESA bands centered at 440 nm were observed, which 

are same as the characteristic signals in fluid solutions. Slightly increased T (172 s) of BDP-

B in the film was observed, as compared to the T (132 s) obtained in solution (TOL). It is 

worth mentioning that the characteristic ESA band of BDP-P was observed in the film, and the 

triplet lifetime (87 s) is much longer than the triplet lifetime (8.7 s) in solution (ACN with 

adding 15% iodoethane). 

3.6. Time-Resolved Electron Paramagnetic Resonance (TREPR) Spectroscopy: 

Confinement of the Triplet State Wave Function and the Electron Spin Selectivity of the 

ISC. To unravel the ISC mechanism in twisted BODIPY derivatives, we studied the electron 

spin selectivity of the ISC, i.e., the selective population of the three non-degenerate sublevels 

of the T1 triplet state (Tx, Ty and Tz), and the spatial confinement of the triplet state wave 

function, the TREPR spectra of the two compounds in frozen solution at 84 K have been 

recorded (Figure 6).103105 Magnetophotoselection (MPS) experiments were performed by 
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excitation of the samples with laser light polarized perpendicular or parallel to the magnetic 

field (Figure 6). In a collection of randomly oriented molecules, a polarized light beam selects 

particular orientations,106 and this affects the shape of the EPR spectrum. 

 

 

 

 

 

 

  

  

 

 

Figure 6. TREPR spectra of (a) BDP-B (ex = 570 nm, c = 5.0  104 M) in frozen mixed 

solution of TOL/MeTHF (1/2, v/v,) for laser polarized perpendicular or parallel to the magnetic 

field, T = 84 K, DAF (delay after flash) = 600 ns; (b) BDP-B of different DAF for light 

polarized perpendicular and (c) parallel to the magnetic field. TREPR spectra of (d) BDP-P 

(ex = 590 nm, c = 5.0  104 M. in TOL/MeTHF (1:2, v/v) frozen mixed solution (with 20% 

iodoethane added) for light polarized perpendicular or parallel to the magnetic field for DAF = 

400 ns, 84 K. of (e) BDP-P for different DAF for light polarized perpendicular and (f) parallel 

to the magnetic field. The fitting parameters are presented in Table 2. The red curves are 

simulations of the experimental TREPR spectra (black curves and blue curves). In this work 

we assumed Z > 0 and X < Y < Z (see text). 

d 
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Previously, a method for the simulation of the TR-EPR spectra obtained with polarized light 

excitation was developed, based on the assumption that the transition dipole moment (TDM) 

of the S0  S1 is oriented along one of the principal axes of the zero-field splitting.84 Recently 

this method was presented for arbitrary orientations of the TDM with respect to the principal 

axes of the zero-field splitting.107 The fitting of the TR-EPR spectra in this method required the 

use of a population distribution function for the photoexcited triplets which included explicitly 

the orientation of the optical TDM given by ,  angles in the molecular frame determined by 

the ZFS tensor (Supporting Information, Figure S35). Therefore, the use of linearly polarized 

laser light for excitation makes it possible to determine the mutual orientation of TDM and the 

principal axes of ZFS tensor from the fitting of experimental spectra. The analysis of the 

TREPR spectra of BDP-B and BDP-P by excitation of the samples with laser light polarized 

perpendicular or parallel to the magnetic field was carried out using this technique. The 

simulated best-fit spectra are shown in Figure 6a and 6d by red lines. For BDP-B, the overall 

polarization in the electron spin polarization (ESP) patterns is (AAEAEE) (Figure 6a), where 

A denotes enhanced absorption and E denotes emission. This phase polarization pattern is 

different from the 2,6-diiodoBODIPY and the 2-iodoBodipy, for which the triplet states are 

formed via ISC in the presence of an heavy atom effect (spin-orbit coupling), the ESP patterns 

of the triplet state TREPR spectrum being (EEEAAA).43,107 The ESP of the triplet state TREPR 

spectrum of BDP-B differs also from a recently reported twisted BODIPY derivative, which 

showed a (AEAEAE) ESP pattern.58 The ZFS |D| parameter of the triplet state of BDP-B was 
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determined as 1350 MHz by simulation, and the |E| value was determined as 260 MHz (Table 

2). In comparison, 2-iodoBodipy gives D and E parameters as 2595 MHz and 575 MHz,107 

respectively. For 2,6-diiodoBODIPY, the D and E parameters are 2962 MHz and 655 

MHz,43,108 respectively. These results indicate that the triplet state wave function of BDP-B is 

located on a larger -conjugated system than that of native BODIPY derivatives. For the 

recently reported BDP-N (Scheme 1),58,86 the D and E values are interestingly smaller in 

magnitude, 1667 MHz and 308 MHz, respectively.58 Obviously, the -conjugated framework 

of BDP-B is smaller than the -conjugated framework of BDP-N, so one would expect in 

principle a larger ZFS D for BDP-B, but the reverse is observed. These results indicate that the 

magnitude of the D values does not simply manifest the extent of confinement of the T1 state 

wave function. In other words, the triplet state wave function is not systematically delocalized 

over the whole -conjugated framework of the molecule.103 

The analysis of the TREPR data does not allow determining the sign of D. Depending on the 

sign of D, the spectra are described by different population rates of PX,Y,Z. Regardless of the 

sign of D, the spectrum shape of BDP-B demonstrates a significant difference from 2-

iodoBodipy and 2,6-diiodoBodipy. We consider a variant D < 0 by analogy with 2-

iodoBodipy107 (D = 2595 MHz) and 2,6-diiodoBodipy for which D = 2962 MHz.43,108 Since 

the ESP of BDP-B is different from that of 2,6-diiodoBODIPY, the selective population of the 

sublevels of the T1 state is different. For BDP-B, the Tx sublevel is overpopulated (Px : Py : Pz 

= 1.00 : 0 : 0). This is drastically different from 2,6-diiodoBODIPY (Px : Py : Pz = 0 : 0.15 : 
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1.00).43 This difference is probably due to the lower symmetry of the molecule, as was observed 

for twisted Bodipy derivatives BDP-N.58 It should be pointed out that for normal -conjugated 

organic compounds with oblate T1 wave function distribution, the triplet state is characterized 

by a ZFS parameter D > 0 (for molecules with prolate T1 state wave function distribution, D < 

0).103,109111 We found BODIPY chromophore is an exception to this general trend.107 

For pristine BDP-P, no TREPR signal was detected in frozen solution. When 20% 

iodoethane (v/v) was added, the obtained TREPR spectra shows a (EEEAAA) ESP pattern 

(Figure 6d, black line). The observed pattern of BDP-P is similar with the ESP pattern in 2,6-

diiodoBodipy while differing from that of BDP-B (AAEAEE), or of twisted BODIPY 

derivatives showing ISC, e.g., BDP-N (AEAEAE),58 and BDP-D (AAEAEE). The influence 

of iodoethane on the signal of BDP-B was checked (Figure S34), and we found that the impact 

of the external heavy atom effect on the polarization pattern is negligible. On the other hand, 

the presence of a triplet produced by charge recombination (CT)112 in the spectrum was 

identified (about 2/3 the intensity of that produced by ISC). A remarkable simulation has been 

obtained at first from the simulation of the TREPR with isotropic light irradiation (Figure S36), 

which do not depend on the direction of the TDM’s.113 The ESP of the CT triplet (Figure S36b) 

derives from the polarization of the high-field Zeeman states; charge transfer state have been 

already reported for molecules with similar structures.114 Possibly, the CT-formed triplet state 

is responsible for the transient absorption band at about 700 nm (see Figure 5 and Figure S30). 

The ZFS parameters account for a not very different electron distribution with respect to the 

Page 27 of 57

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



28 

 

ISC-populated one, having a decrease of the D-value by less than 10%. In this work we are 

mostly interested on the ISC-formed triplet state. 

Table 2. Zero-Field Splitting Parameters (D and E)a and Relative Populations Px,y,z
 a

 of 

the Spin States at Zero Magnetic Field of the Compounds.  

 D (MHz) E (MHz) Px Py Pz TDM(, )b 

BDP-B 1350 260 1.00 0 0 (10, 90) 

BDP-P 1820 

1647 

467 

420 

0.23 

P+=1c 

0.00 

P0=0c 

0.77 

P-=1c 

(30, 45) 

(30, 45) 

aObtained from simulations of the triplet-state TREPR spectra of the indicated molecules at 

84 K. Pi is the relative population of the i-th ZFS state, labeled as indicated in Figure 8. An 

isotropic g-value of 2.002 was chosen for the spectral simulations of two molecules. bThe 

values were calculated according to the method described in literature.97 The orientation of the 

transition dipole moment in ZFS frame are shown in Supporting Information, Figure S35. 
cThese population values are relative to polarization of high-field Zeeman states. 

The ZFS |D| and |E| parameters of BDP-P were determined as 1820 MHz and 467 MHz, 

respectively (Table 2). This is an interesting result because the |D| value is larger than in BDP-

B (1350 MHz), although BDP-P has apparently a larger -conjugated scaffold. The computed 

spin density surface of the T1 state (vide infra) consistently indicates that the triplet state wave 

function in BDP-P is actually more confined than in BDP-B. For the recently reported BDP-

N, the D is 1667 MHz.58 For BDP-D,114 which is with smaller -conjugated framework than 

BDP-P, the D and E value of the triplet state was determined as 1820 MHz and 420 MHz, 

respectively. 
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Figure 7. Molecular structures of BDP-B and BDP-P with the principal molecular directions 

determined by the ZFS tensor. The principal molecular directions also conveniently define the 

molecular frame. The S0  Sx (x = 1, 3) transition dipole moment  
→ is drawn in red.  

Simulations show that the triplet states in BDP-P have the Tz state overpopulated (Px : Py : 

Pz = 0.23 : 0.00: 0.77, with D  0, Table 2). This selectivity is drastically different from the 

ones of BDP-B (vide supra), and BDP-D (Px : Py : Pz = 0 : 1.0 : 0.21).114 

The strong intensity of the Z-components when excitation is parallel for these two molecules 

leads us to infer that the TDM is almost parallel to the Z-principal direction of the triplet state 

(Figure 6 and Table 2: tilt angles of ca. 10 and 30 ).107,115 The orientation of the ZFS principal 

axes with respect to the TDM were determined as 10 and 30 for BDP-B and BDP-P, 

respectively, with a previously reported method.107 We note that with proper orientation of the 

phenyl groups, the BDP-B and BDP-P molecules have C2v symmetry, therefore we expect the 

ZFS principal axes and the TDM to be oriented along the symmetry axes. Instead, both 

molecules have a mismatch between the Z-spin dipolar axis and the TDM; this can be 
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interpreted as a clear distortion of the molecule from this symmetry, and the distortion relative 

to BDP-P is larger, at least in terms of electron density.  

3.7. Theoretical Computations: Rationalization of the Photophysical Properties of the 

Compounds. Due to the cyanine character of BODIPY chromophore, TD-DFT methods are 

known to lead to especially large errors116 (above the usual ca. 0.3 eV error bar of TD-DFT) 

for study of BODIPY compounds.117 We have therefore chosen to use a post-HF computational 

method for these compounds, namely the second-order Algebraic Diagrammatic Construction,  

Table 3 Electronic Excitation Energies (eV) and Corresponding Oscillator Strengths (f) 

for BDP-P.a 

  ADC(2)/cc-pVDZ  ADC(2)/aug-cc-pVDZ   

Transition  ∆Eth
a fc λth

d  ∆Eth
b fc λth

d  λexp 

S0  S1  2.021 0.78 614  1.966 0.74 630  635e 

S0  S2  2.594 0.16 478  2.531 0.15 490   

S0  S3  2.655 0.06 467  2.594 0.06 478   

S0  S4  3.064 0.01 405  2.978 0.01 416   

S0  S5  3.215 0.01 386  3.129 0.01 396   

S1  S0  1.378 0.36 899  1.323g 0.33g 937g  670f 

aGS geometry optimized at the MP2/cc-pVDZ level in gas phase, S1 geometry optimized at the 

ADC(2)/cc-pVDZ level in gas phase. bStands for the calculated energy of the transition in eV. 
cOscillator strength associated to the corresponding transition. dStands for the calculated energy 

of the transition in nm. eλexp
abs, max recorded in acetonitrile. In nm. fλexp

em, max recorded in 

acetonitrile in nm. gTheses values were computed using the cc-pVDZ basis-set for hydrogens 

and aug-cc-pVDZ for all heavy atoms, i.e., except hydrogens. This choice was made because 

the addition of diffuse on the H prevents the calculation to properly converge. 
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Figure 8. Jablonski diagram of BDP-P including EDD plots for the corresponding vertical 

transition. Energies were calculated at the ADC(2)/aug-cc-pVDZ level on MP2 or ADC(2)/cc-

pVDZ optimized geometries. SOCs (x; y; z) components are given in cm-1 and obtained with 

QR-TD-B3LYP/6-31G. EDD isovalues = 0.0015 au. The red and blue lobes of the EDD 

indicate increase and decrease of the electron density upon absorption, respectively. Theses 

energies are computed using the cc-pVDZ basis-set on hydrogens and aug-cc-pVDZ for all 

heavy atoms ie. except hydrogens. 
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ADC(2), approach.118 On the other hand, as the studied compounds do not exhibit large 

solvatochromism neither for absorption nor for emission, our simulations were made in gas 

phase, for the sake of saving computational time. Our results are displayed in Tables 3 and 4, 

as well as Figures 8 and 9. 

The experimental absorptions values are very well reproduced (0.01 eV < |∆Eexp-th| < 0.07 

eV) for BDP-P, which exhibits a classical BODIPY behavior, with a strongly dipole-allowed 

S0  S1 transition (f = 0.74) (see Table 3), for which the electron density difference (EDD) 

plots (Figure 8) shows a loss of electronic density on the non-meso carbons of the six membered 

cycle of the BODIPY core along with a gain of density on the meso carbon atom and the 

nitrogen atoms bonded to the boron, a very usual excited state topology for a BODIPY 

derivative.119 Following relaxation of the geometry of the S1, there can be of course 

fluorescence for which the theory predicts a low value, which is a usual error sign for ADC(2) 

in that spectra region. More importantly, only one triplet state is accessible from the S1 

minimum, and ISC can only take place to that state (see also the computed SOCs in Figure 8). 

The computed T1 is located at 1.58 eV (S1 geometry) or 1.45 eV (T1 geometry), a value 

consistent with the 1.441.61 eV window provided by experiments. In short, BDP-P behaves 

in a rather “classical” BODIPY way with respect to the photophysical property. The magnitude 

of the calculated spin orbital coupling matrix elements (SOCME) between the S1 and T1
 states 

is 1.81 cm1. However, negligible ISC was observed for BDP-P, which may be attributed to 

the symmetry forbidden feature of the S1  T1 ISC. 
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Figure 9. Jablonski diagram of BDP-B including EDD plots for the corresponding vertical 

transition. S0 geometry optimized at MP2/cc-pVDZ, S1, S3 and T1 geometries optimized at 

ADC(2)/cc-pVDZ, energies in eV computed at the ADC(2)/aug-cc-pVDZ level, SOCs (x; y; z) 

components are given in cm-1 and obtained with QR-TD-B3LYP/6-31G*, all computations 

were performed in gas phase. EDD isovalues = 0.0015 au. The red and blue lobes of the EDD 

indicate increase and decrease of the electron density upon absorption, respectively. On the 

left-hand part is the less probable process regarding the low experimental fluorescence 

quantum yield. 
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In contrast, BDP-B does not exhibit a traditional BODIPY behavior as the S0  S1 transition 

is forbidden, it presents a very small oscillator strength with aug-cc-pVDZ (f = 0.10, see Table 

4), whereas the S1  S3 transition seems to contribute to the main absorption band centered at 

569 nm (561 nm by computation) with a large oscillator strength (f = 0.89). We note that the 

topology of the experimental absorption band indeed departs from the usual narrow and sharp 

peak with a vibronic shoulder of most BODIPYs, consistent with the theoretical result. At the 

optimized S1 geometry, that is for the putative “emissive” structure, one obtains a ridiculously 

low ∆E(ES0ES1) at 0.943 eV with a negligible oscillator strength (f = 0.04). Therefore, one 

clearly expects the S1 state relaxes to the ground-state non-adiabatically, owing to strong 

vibronic coupling that should be dominant for such low-lying dark state. When looking at the 

EDD plots for the three first transitions in BDP-B at the GS geometry (Figure 9), it is clear that 

both the S0  S1 and S0  S2 transitions present the same characteristics with a strong loss of 

density at the nitrogen atoms upon absorption, whereas the topology of the S0  S3 transitions 

is highly similar to the S0  S1 transition of BDP-P. The (very weak) residual fluorescence 

observed experimentally in BDP-B can be attributed to an emission from a relaxed S1 to the S0 

(Figure 9).120 These theoretical predictions are corroborated by the short fluorescence lifetime 

of BDP-B (biexponential, a fast decay component probably due to the fast IC from the S1 state 

to S0 state and a slow decay component due to the residual fluorescence, see Figure 3). In what 

concerns ISC, ADC(2) predicts only one triplet below S1, so that the process is clear (see also 

the computed SOCs in Figure 9). Interestingly, this triplet is located at 1.13 eV (S1 geometry) 
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or 1.03 eV (T1 geometry), significantly below the BDP-P, and again, in remarkable agreement 

with the experimentally determined window (vide supra). 

Table 4. Electronic Excitation Energies (eV) and Corresponding Oscillator Strengths (f) 

for BDP-B a 

  ADC(2)/cc-pVDZ  ADC(2)/aug-cc-pVDZ   

Transition  ∆Eth
b fc λth

d  ∆Eth
b fc λth

d  λexp 

S0  S1  1.852 0.11 669  1.807 0.10 686  579e 

S0  S2  1.993 0.02 622  1.950 0.02 636   

S0  S3  2.655 0.92 550  2.212 0.89 561   

S1  S0  0.943 0.04 1315  0.914 0.03 1356  747f 

S3  S0  2.077 0.82 597  2.034 0.78 610   

aGS geometry optimized at the MP2/cc-pVDZ level in gas phase, S1 and S3 geometries 

optimized at the ADC(2)/cc-pVDZ level in gas phase. bStands for the calculated energy of the 

transition in eV. cOscillator strength associated to the corresponding transition. dStands for the 

calculated energy of the transition in nm. eλexp
abs, max recorded in toluene in nm. fλexp

em, max 

recorded in toluene in nm. 

The magnitude of the computed SOCME of the S1/T1
 state is 1.14 cm1, which is significant. 

This value is even larger than a recently reported twisting BODIPY showing efficient ISC ( 

= 52%), with SOCME of 0.1689 cm1.58 The symmetry of the S1/T1
 state satisfy the selection 

rule for ISC. Thus, the moderate ISC ability of BDP-B is rationalized. 

To gain more insights into the nature of the triplet states, spin density surfaces of the T1 state 

of the compounds have been studied (Figure 10). Normally, as discussed above, the larger the 

-conjugated framework of the compound, the smaller the D value (manifesting the dipole- 
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Figure 10. Isosurface of spin density difference (α - β) of the T1 states of (a) BDP-B and (b) 

BDP-P. Calculated at UB3LYP/aug-cc-pVDZ level on the ADC(2) geometries. Positives 

differences are in green, negative in purple, isovalue = 0.0025 au. The atomic Mulliken spin 

density population is given for the most spin polarized centers (threshold at 0.1 au). 

dipole interaction magnitude, reciprocal to r3, according to point dipole approximation), 

however, for BDP-P, the -conjugated framework is larger than that of BDP-B, but the value 

of the D of BDP-P is larger, indicating that the triplet state is more confined in BDP-P. Indeed, 

the triplet state wave function of BDP-B is delocalized on both the BODIPY chromophore and 

the peripheral fused phenyl rings (Figure 10), whereas in BDP-P, the triplet state wave function 

is clearly more confined within the dipyrrin core, the distribution of the spin density on the 

fused phenanthrene being very limited. Thus, the anomalous larger ZFS D parameter and the 

high T1 state energy of BDP-P are rationalized. 

4. CONCLUSION 
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We studied the intersystem crossing (ISC) of two BODIPY derivatives (Benzo[b]-fused 

BODIPY, BDP-B and [a]Phenanthrene-fused BODIPY, BDP-P), both showing twisted -

conjugated frameworks, but to different extent. Our aim was to investigate the relationships 

between the twisting of the -conjugation framework of a chromophore and the ISC efficiency. 

Interestingly, in contrast with the known principles for the ISC of helicene compounds (in 

which the ISC efficiency depends on the twisting magnitude of the conjugation), the current 

BODIPY derivatives show counter-intuitive trends: the more twisted structure does not induce 

higher ISC yield. In addition, BDP-B, the least twisted molecular structure, shows much shorter 

fluorescence lifetime (ca. 150 ps) and much weaker fluorescence (F < 0.1%) than the most 

twisted molecule (BDP-P, F = 6.4 ns, F = 70%). ADC(2) calculations show that BDP-B 

presents a low-lying dark state (f = 0.04 for S1  S0 transition), which is very unusual for 

BODIPY chromophore, whereas BDP-P behaves more like a classical BODIPY dye (f = 0.33 

for S1  S0 transition). Interestingly, the triplet state lifetime of BDP-B (T = 132.3 s) is 

longer than that of BDP-P (T = 18.9 s, measured by photosensitizing method; with addition 

of iodoethane, the lifetime was determined as 8.7 s), and this difference cannot be rationalized 

by the energy gap law, as the T1 state of BDP-B (0.981.13 eV) is lower than BDP-P 

(1.441.61 eV). These results indicate that the fast non-radiative decay channel of BDP-B 

singlet is not working for relaxation of its T1 state. Interestingly, the twisted BDP-P shows the 

desired photophysical property of red-shifted absorption, yet un-decreased T1 state energy 

(1.441.61 eV) as compared to the native BODIPY (ca. 1.60 eV). Time-resolved electron 
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paramagnetic resonance (TREPR) spectra show that the confinement of the triplet state wave 

function of the two compounds are counter-intuitive: BDP-B, with apparently smaller -

conjugated framework, gives smaller zero-field splitting (ZFS) D parameter (1350 MHz), 

whereas the BDP-P, with larger -conjugated framework, gives larger D parameter (1820 

MHz), normally the opposite holds. These anomalous D parameters of the analogues could be 

rationalized by the spin density surface of the triplet state of the two compounds: the triplet 

state wave function of BDP-P is spatially more confined. The phase pattern of the triplet state 

TREPR spectra of the two compounds are AAEAEE and EEEAAA, both are different from a 

recently reported twisted BODIPY derivative. These information are useful for in-depth 

understanding the ISC efficiency of molecules with twisted -conjugated framework, and for 

design of heavy atom-free triplet photosensitizers, as well as for study of the photochemistry 

of BODIPY chromophores. 
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