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ABSTRACT 

Ten newly synthesized non-symmetric benzo[b]-fused BODIPYs are compared with an extended 

series of nine related families (23 compounds) to gain insights into their structure–property 

relationship. The insertion of a fused indole moiety in the dipyrromethene core and variation of 

various substituents on the proximal aryl, including fused aromatic groups, lead to pronounced 

changes in the properties of compounds 1 – 10. By taking advantage of this versatile synthetic 

platform that allows facile substituent modifications and extension of the π-conjugated system, 

significant bathochromic shifts in the absorption (λmax = 511 – 597 nm) and emission (601 – 757 

nm) bands are achieved. Although the oxidation potentials of the compounds varies considerably 

through the series (+1.28 – +1.65 V) due to the significant contribution of the aryl function to the 

HOMO, the reduction remains much more consistent (-0.61 to -0.79 V) as the LUMO resides 

primarily on the dipyrromethene core with little aryl contribution as calculated by DFT. For 

example, installation of a dimethylamine substituent in the para position of the aryl group leads to 

dramatic modification of the optoelectronic properties of the absorption (597 nm) and emission 

(757 nm) maxima. The full electrochemical, photophysical and computational analyses of the 

compounds and the structural characterization of compounds 1, 5, 8, and 9 are further used to 

rationalize the potential of this powerful platform. 

 
KEYWORDS 

benzo[b]-fused BODIPYs; Panchromatic dyes; NIR emission; Non-symmetric synthesis; π-

conjugated materials; Structure-property relationships; Photophysic; Electrochemistry; 

Computational modelization; DFT; TD-DFT; X-Ray structures. 
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INTRODUCTION 

 BODIPYs have proved to be highly versatile fluorescent dyes owing to their remarkable 

photophysical properties including intense absorption in the red, bright fluorescence, 

photochemical and thermal stabilities along with inertness towards pH and fluctuations in 

polarity.1, 2 The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene skeleton on which it is based has been 

the focus of intense research in the last decades in order to modulate the optoelectronic properties 

so as to extend its range of action towards the deep-red and near-infrared (NIR) (refer to Figure 1 

for nomenclature).3-5 Great benefits come with harnessing the lower energy part of the visible / 

NIR spectrum, such as more efficient photovoltaic materials and improved sensibility in 

biological applications where the body absorbs most of the high-energy visible photons.6-9 

BODIPYs were hence integrated in an abundance of useful applications such as fluorescence 

imaging,8-12 cancer photodynamic therapy,13-15 metal-free photocatalysis,16-19 

electrochemiluminescence,20 OLEDs and laser dyes;21 transistors,22 artificial light-harvesting 

antenna,23-25 hydrogen production,26, 27 organic photovoltaic (OPV) and dye-sensitized solar cells 

(DSSC);3, 28-31 all of which require the ability to fine-tune their properties. Multiple structural 

modifications at the periphery and at the boron atom were studied, thanks to the rich chemistry 

accessible on all the positions of the core.1, 3, 5, 32 Besides, replacing the meso carbon atom on the 

skeleton by a nitrogen atom affords the closely related family of aza-BODIPYs with red-shifted 

optical properties. The BF2 chelate itself can also be replaced to use the dipyrromethene (DPM) 

and aza-dipyrromethene (ADPM) cores as ligands for various metals.3, 33-35 The design of non-

symmetric derivatives is another efficient way to significantly alter the optoelectronic properties, 

notably by generating a push-pull effect that reduces the HOMO-LUMO gap (∆E).36-41 Recently, 

much attention was devoted to extending the π-conjugated system of BODIPYs through ring-

fusing strategies, with a selection of relevant examples illustrated in Figure 1. Among them, the 
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benzannulation of one pyrrole at the [b] bound proved to be an interesting avenue to obtain a 

narrower ∆E as compared to the same type of fusing at the [a] bound. In fact, Wakamiya et al. 

showed that the non-symmetric benzo[b]-fused skeleton can be regarded as a combination of the 

electron-donating (EDG) pyrrole and the electron-withdrawing (EWG) azafulvene moieties that 

generates a push-pull effect within the BODIPY core.42 The enhanced azafulvene character in 

this type of fused system decreases the LUMO while maintaining a moderate increase of the 

HOMO, a combination of effects that is highly suitable for the design of air-stable NIR dyes. In 

our ongoing efforts to harvest the NIR photons for energy conversion applications,43-47 we were 

attracted by the obvious advantages of the benzo[b]-fused BODIPY (BbF) platform and made the 

hypothesis that combining the push-pull effect obtained through non-symmetry of the core with 

various electron-rich proximal aryl groups directly connected on the EDG pyrrole moiety would 

allow significant modulation of the optoelectronic properties. Non-symmetric BbF 1 – 10 were 

prepared based on a versatile synthetic methodology allowing easy substituent modifications and 

extension of the π-conjugated system (Scheme 1). A critical analysis was undertaken to ascertain 

the effect of the fusion mode within the BbF series and across an extensive series of 23 

derivatives from 9 different BODIPY families (Figure 1). The structure-property relationship was 

established through electrochemistry, spectroscopy, computational modelization and the X-ray 

structural characterization of key BbF derivatives 1, 5, 8 and 9.  
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Scheme 1 – Synthesis of non-symmetric benzo[b]-fused BODIPYs (BbF) 1 – 10. 

 

Yields over two steps; refer to ESI for specific conditions of BbF 8. Fragmentation colour code 
for analysis: Blue = benzo[b]-fused DPM core, Green = meso-phenyl, Red = BF2 chelate, Black 
= proximal aryl substituent. 

 

Figure 1 – Related BODIPYs of interest discussed herein. Refer to Table S.1 of ESI for a 

compilation of the optoelectronic properties previously reported in literature.† 

 

  

Page 5 of 46 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



6 

RESULTS AND DISCUSSION 

Taking advantage of a versatile synthetic platform 

 Inspired by two recent studies looking at the impact of the fusion mode in benzene-fused 

BODIPYs,42, 48 we undertook to synthetize the series of ten non-symmetric benzo[b]-fused 

BODIPYs 1 – 10 where the proximal aryl substituent is systematically altered with electron-rich 

substituents (Scheme 1 and Synthetic Methods of ESI†). The main objective is to gain insights 

into the range of optoelectronic tuning achievable through proximal aryl substitution in order to 

reach the NIR spectral region and suitable energy levels in both photovoltaic and life sciences 

applications.3, 5, 8, 49 Therefore, our two-steps synthetic methodology was based on the initial 

reaction of the corresponding aryl-pyrrole 11 – 20 with (1H-indol-2-yl)(phenyl)methanone 21 in 

presence of 2.1 equivalents of phosphoryl chloride in CH2Cl2 at room temperature. The benzo[b]-

fused dipyrromethene intermediates thus formed were isolated as crude products, followed by the 

coordination of the BF2 chelate upon reaction with a large excess of boron trifluoride diethyl 

etherate and triethylamine (TEA). The yields over two-steps obtained varied from a modest 18% 

in the case of 6-methoxynaphthalen-2-yl substituted BbF 9 up to 67% for BbF 3 bearing a p-
i-Pr-

phenyl. In the specific case of BbF 8, it was observed that the first step of the methodology 

should also include 1.1 equivalent of TEA in order to keep the dimethylamine group 

deprotonated during the synthesis and was followed by air exposure to insure complete oxidation 

to the dipyrromethene intermediate (refer to ESI†). In this manner, the overall yield reached 72%. 

Crystals suitable for X-ray diffraction analysis were obtained for BbF derivatives 1, 5, 8 and 9, 

which displayed extended conjugation throughout the benzo[b]-fused DPM core, partial 

conjugation with the proximal aryl substituents and almost no conjugation at all with the meso 

phenyl in the solid state (Figure 7 and corresponding X-ray section). Of note, both pyrrolic and 

indolic fragments on which the synthetic platform is based provide a rich chemistry where all the 
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positions, including the meso- one, can easily be modified either separately or all at once to fit 

specific application requirements.3, 32, 50-54 Overall, this synthetic approach is tolerant to 

substitution of the proximal aryl with different alkyl chains (1 – 4), electron-donating groups in 

para (5 and 8) or electron-withdrawing groups in meta (6 and 7) along with implementation of 

extended π-conjugated systems (9 and 10).55 

 

Electrochemical Properties 

 Insights from electrochemistry are essential to establish if ground state energy levels and 

overall stability of BODIPYs 1 – 10 are suitable for use in the previously mentioned applications. 

For example, efficient electron transfer upon photoexcitation in OPV and DSSC require a proper 

match between the LUMO levels of both the donor (D) and acceptor (A).6, 56 Equally, the HOMO 

level must imperatively lie below the air oxidation threshold in order to avoid accelerated 

degradation of fluorescent sensors and photovoltaic devices.57, 58 The electrochemical properties 

of the benzo-[b]-fused BODIPY series 1 – 10 were investigated by differential-pulsed 

voltammetry (DPV) and cyclic voltammetry (CV) techniques in CH2Cl2 (Table 1 and ESI†; DPV 

redox potentials are given in the text unless otherwise noted) and were compared to previously 

reported electrochemical data found for some related derivatives (Figure 1 and Table S.1†). 

Combined with the computational modelization studies made by DFT (Table 2; Figures 2 and 4), 

these two techniques provide critical information regarding the HOMO / LUMO energy levels 

and the stability of electronic processes. 
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Table 1 – Electrochemical data for BbF 1 – 10. 

 EOx
 [a] ERed

 [a] 

1 1.55, 1.45, 1.33 -0.67 (-0.68 [126])[b], -1.57, -1.78 

2 1.65, 1.55, 1.36 -0.64 (-0.66 [163])[b], -1.54, -1.62 

3 1.61, 1.52, 1.33 -0.68 (-0.67 [145])[b], -1.53, -1.60 

4 1.48, 1.44, 1.27 -0.61 (-0.64 [150])[b], -1.49, -1.53 

5 1.54, 1.46, 1.31 -0.64 (-0.70 [164])[b], -1.49, -1.52 

6 1.54, 1.39, 1.28 -0.67 (-0.62 [160])[b], -1.58, -1.67 

7 1.39 -0.65 (-0.61 [155])[b], -1.54, -1.58 

8 1.68, 1.50, 1.40, 0.88 -0.79 (-0.78 [179])[b], -1.57, -1.64 

9 1.50, 1.40, 1.26 -0.65 (-0.64 [109])[b], -1.51, -1.55 

10 1.65, 1.58, 1.40 -0.64 (-0.64 [141])[b], -1.52, -1.58 

[a] Determined by DPV. Potentials are in volts vs. SCE for CH2Cl2 deaerated solutions, 0.1 M of 
TBAP, recorded at 25 ± 1 °C at a sweep rate of 50 mV/s. Irreversible process unless otherwise 
stated. [b] Pseudo-reversible process. Half-wave potential determined by CV given in parentheses 
with the difference between cathodic and anodic peak potentials (mV) in brackets. 

 

 The electrochemical data in Table 1 and associated cyclic voltammograms presented in 

the ESI (Figures S.42 – S.61†) show that the BbF series present irreversible oxidation processes 

along with a first reversible reduction followed by two closely separated irreversible processes. In 

the case of reference adduct 1 bearing an unsubstituted proximal phenyl, three irreversible 

oxidations are found at 1.33, 1.45 and 1.55 V vs. SCE. DFT calculations suggest that the first 

oxidation is more likely to happen on the delocalized π-system including the benzo[b]-fused 

DPM core and the proximal phenyl, with almost no contribution from either the meso-phenyl or 

the BF2 fragments (Figure 4). On the reduction side, the first reversible process at -0.67 V (see 

Table 2) is followed by two distinct irreversible processes at -1.57 and -1.78 V. The calculated 

LUMO, a first approximation of the most likely fragments to receive an electron, suggests that it 

involves mainly the DPM core and its meso-phenyl with a decreased contribution from the 
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proximal aryl group. These observations are in line with the calculations of Wakamiya et al. 

where the HOMO was associated with the electron-rich pyrrole fragment while the LUMO 

mainly involved the electron-poor indole with an increased azafulvene character.42 

 Interestingly, the fully unsubstituted BODIPY 22 presents only two irreversible processes, 

at 1.61 V for its oxidation and -0.73 V for its reduction, while the meso-phenyl substituted 23 

irreversibly oxidizes at slightly higher potential (1.65 V) and has a first reversible reduction also 

at -0.73 V followed by an irreversible one at -1.71 V (Table S.1†).59, 60 Thus, the meso-phenyl 

moiety found both in benzo[b]-fused BODIPY 1 and unfused derivative 23 contributes to the 

reversibility of the first reduction process, and an additional irreversible reduction each at -1.78 

and -1.71 V, respectively. This finding is also in accordance with the DFT calculations (vide 

supra). On the other hand, the presence of blocking groups on the 1,3,5,7 positions of the 

BODIPY core, such as the methyl in adduct 24, allow for a reversible first oxidation process 

(1.51 V).48 The absence of such blocking groups on the distal side of the BbF 1 – 10 series, 

therefore, appears to be in part responsible for the irreversible first oxidation that is observed. 

Another important element to consider is how the replacement of the pyrrole by an indole moiety 

in fused systems affects the overall stability towards oxidation. The electrochemical data of 

closely related derivatives indicates that the [b]-fused indole moiety itself might give rise to the 

instability since fully capped derivatives 30 (non-symmetric; 1.57 V) and 32 (symmetric; 1.66 V) 

both have an irreversible first oxidation, just as uncapped derivative 31 (1.51 V) does.42, 48 In 

contrast, fully substituted symmetric benzo[a]-fused 34 and 35 present reversible first oxidations 

at much less positive oxidation potentials (0.83 and 0.78V, respectively).61 Of note, a fully-fused 

BODIPY, dimerized through the [b] bound based on the structure of 31, was found to offer 

reversibility of the first oxidation process even though it was uncapped on the pyrrole 

fragments,42 thus paving the way towards stable benzo[b]-fused system. 
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 An interesting difference on the redox properties is observed upon substitution with 

various alkyl chains at the para position of the proximal aryl. With respect to reference BbF 1, 

introduction of a methyl group in adduct 2 changes the first oxidation potentials by +30 mV 

(1.36V) and the second and third by +100 mV (1.55 and 1.65 V). All three reductions are easier 

to access by the same ~30 mV amount (-0.64, -1.54 and -1.62 V). Isopropyl substituted BbF 3 

oxidizes at the same potential as compound 1 (1.33 V) and is complemented with stabilized 

second and third oxidation processes (1.52 and 1.61 V). Similarly, the first reduction is almost 

identical at -0.68 V to that of 1 with slightly less negative second and third processes (-1.53 and 

1.60 V, respectively). In contrast, all three oxidation processes of t-Bu derivative 4 are 

destabilized (1.27, 1.44 and 1.48 V) due to stronger electron donation, while the reduction ones 

are significantly less negative (-0.61, -1.49 and -1.53 V) relative to BbF 1. The increase in the 

oxidation potentials within the BbF 2 – 4 series is not in full agreement with the Hammett 

parameter trend expected (Me: σp = -0.17; i-Pr: σp = -0.15; t-Bu: σp = -0.20),62 as 3 displays a 

more difficult oxidation than 2. However, the bulky and electron-rich t-Bu derivative 4 is 

markedly affected as compared to the smaller alkyl groups of 2 and 3. The reduction potentials of 

BbF 2 and 3 are similar to the reference 1, pointing towards little influence of proximal aryl 

groups in the energy of the LUMO. There also exists a mismatch of the redox potentials of the 

BbF 2 – 4 series relative to 1 that might find its source in a poor electronic delocalization 

between the proximal phenyl and the benzo[b]-fused DPM core of the later compound. DFT 

calculations with PCM of CH2Cl2 support this assumption by the presence of two partial nodes 

on the meta carbons of the proximal phenyl in the HOMO of 1 and a higher dihedral angle 

between the two fragments (φ = 34.74° for 1 vs. 33.03° for 2, 33.46° for 3 and 33.07° for 4). 

Another important point to consider is that extended conjugation in BbF 2 – 4 causes a notable 

decrease and alteration of the dipole moments vs. 1 (refer to Figure 4) that hamper redox 
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processes due to reduced polarizability within the molecules. Thus, it appears the choice of alkyl 

chains on the proximal aryl isn’t as innocent as one would a priori expect from an 

electrochemical perspective since the para substitution seems to favour better delocalization 

within the π-conjugated system. 

 Incorporation of a stronger electron-donating group like p-methoxy (σp = -0.27) leads to 

BbF 5 being only slightly easier to oxidize (1.31, 1.46 and 1.54 V) compared with reference 1, 

but less than in the case of t-Bu substituted 4. In a similar fashion to compounds 2 – 4, reduction 

processes of 5 are also easier to access by DPV (-0.64, -1.49 and -1.52 V) compared to 1 even 

though cyclic voltammetry seems to indicate a more difficult first reduction (-0.70 V [164 mV]). 

These results are rather surprising since significantly better π-electron delocalization throughout 

the whole system in BbF 5 was found both by X-ray structural data and theoretical calculations. 

In fact, the dihedral angle between the proximal aryl and the pyrrole was smaller [φC12-C13-C14-C15 

of -18.9(4) / +11.6(3)° vs. -34.6(2)° for 1 by X-ray; 30.95° vs. 34.74° for 1 and 33.03 for 4 by 

DFT] in addition to the smaller tilt angle between the planes of the pyrrole and the benzo[b]-

fused pyrrole [10.3(1) vs. 15.3(1)° for 1 by X-ray]. Furthermore, a higher dipole moment was 

calculated (7.26 D vs. 5.96 D for 4 and 6.39 D for 1) that should affect the redox potentials as 

well. A possible explanation lies in the strong H-bonding regime observed in BbF 5 that may 

alter the reorganizational energy needed to stabilize charges during redox processes. In the case 

of BbF 8 bearing the strongest electron-donating group of the series, the dimethylamine 

substituent (σp = -0.83), the first oxidation is much easier to access at 0.88 V. A comparison with 

its closest analogue, N,N-dimethylaniline (0.80 V), suggests that the facile oxidation is due to the 

substituent itself.63 The facile oxidation of the dimethylaminophenyl group also has implications 

in the emission spectroscopy as discussed later. The first reduction of 8 is more difficult (-0.79 V) 

vs. BbF 1, as can be expected. This result combines effects of the strong electron donation of 
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dimethylamine with the most planar π-conjugated system of the series (tilt angle between pyrrole 

and benzo [b]-fused pyrrole planes of 4.2(1)° by X-ray and 7.5° by DFT; φC12-C13-C14-C15 = -

27.7(2)° by X-ray and 24.75° calculated). A much stronger and quasi-perpendicular dipole 

moment (7.68 D) relative to 1 is also found. The presence of such an electron-rich group and 

improved conjugation allow the system to tolerate a total of four oxidized states within the 

CH2Cl2 potential window (0.88, 1.40, 1.50 and 1.68 V) related to both the dimethylamine itself 

and the dipyrromethene core. In addition to the first reduction, BbF 8 has two other processes at -

1.57 and -1.64 V. 

 Introducing a methoxy substituent at the meta position of the aryl is expected to make it 

an electron-withdrawing group by induction (σm = +0.12) and should result in more positive 

oxidations and less negative reductions if the proximal aryl and the benzo[b]-fused DPM core are 

fully conjugated. Less positive oxidation processes are instead observed for BbF 6 (1.28, 1.39 

and 1.54 V) bearing one meta-methoxy group as compared to 1. Actually, the ease of oxidation 

provided by the meta-methoxy is even greater than for the para-methoxy substituted BbF 5 

regarding the first and second oxidations. The first two reductions (-0.67 and -1.58 V) are nearly 

equivalent to what was observed for 1, whilst the third one at -1.67 V is less negative by 0.11 V. 

All three reductive processes are, however, more negative than in the case of 5, against what 

would be expected. Adding a second methoxy substituent in meta position leads BbF 7 to exhibit 

a significantly stabilized oxidative process at 1.39 V, as expected from computational studies, 

and is a 0.11 V positive shift compared to BbF 6 and 0.06 V from 1. The origin of the oxidative 

processes might be altered as described previously for 8 since 7 only has a single oxidation 

compared to three for 5 and 6 and the value at 1.39 V match the second oxidative process of 6. 

The reduction processes for BbF 7 (-0.65, -1.54 and -1.58 V) are easier to access than for 1 and 6. 

Therefore, it appears the peculiar behaviour of BbF 6 and 7 relative to the reference 1 and closely 
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related 5 cannot be described by the sole electron donating / withdrawing propensity of the 

substituent. The logic behind rather resides in a combined effect with three other factors 

previously exposed, i.e. a weaker communication through the π-conjugated system (φ = 35.24° 

with one node on meta carbon for 6; φ = 36.10° with two nodes for 7) allied with the alteration of 

dipole moments (5.42 and 4.91 D, respectively) and potentially weaker H-bonding relative to 

BbF 5 as described in the X-ray section. 

 Extension of the π-electron conjugation path by fusion of cycles on the proximal aryl 

promises interesting effects since a complex system is at play, with inter-correlated factors 

dictating the experimental properties. BbF 9 combines both a 2-naphtyl unit and an electron-rich 

6-methoxy substituent equivalent to the para-substitution of a single phenyl through 

mesomerism. In principle, this should provide redox processes that are easier to access as 

compared to reference 1. Indeed, the results are as expected, with easier oxidations (1.26, 1.40 

and 1.50 V) and reductions (-0.65, -1.51 and -1.55 V). Full expression of the substituent effect 

occurs due to the small calculated dihedral angle of 31.72° that promotes delocalization of the π-

electrons combined with the largest dipolar moment of the series (7.73 D). However, this is not 

the case with BbF 10 for which the large calculated dihedral angle of 55.46° caused by steric 

hindrance almost completely inhibits the communication between the 9-phenanthrene moiety and 

the benzo[b]-fused DPM core. A slight orbital overlap between the two fragments still persists in 

the HOMO that maintains a minimal electronic connection as can be appreciated in Figure 5. The 

dipole vector is mainly translated compared to 1, with a slightly shorter modulus (6.16 vs. 6.39 D, 

respectively). Altogether, oxidations processes are found at more positive potentials (1.40, 1.58 

and 1.65 V) compared to 1, whereas reductions become even easier (-0.64, -1.52, -1.58 V). 

 Conversion of the first oxidation and reduction potentials obtained by electrochemistry 

into eV is relevant in order to establish the energy level of the HOMO and LUMO frontier 
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molecular orbitals and to evaluate if the benzo[b]-fused BODIPYs reported herein meet the 

specific requirements for multiple applications (vide supra; Table 2 and Figure 2). A common 

requirement in all types of applications is to present a HOMO below the oxidation threshold 

established at -5.27 eV,58 which is the case for the whole BbF series. Results indicate that the 

HOMO is in the range of -6.34 for 7 and 10 up to -5.82 eV for 8, therefore, they are air stable. 

For photovoltaic applications, exact positions of the LUMO and the excited state oxidation 

potentials (EOx*) are required to ensure proper electronic transfers between the acceptor and the 

donor components of the studied system.64 It was found that LUMO levels are in the range of -

4.34 eV for 4 up to -4.15 eV for 8, with EOx* between -4.30 eV for 7 and 10 up to -4.05 eV for 8. 

These values suggest that all derivatives in the BbF series present the possibility to be integrated 

into photovoltaic devices since both their LUMOs and EOx*, or at least the latter, are lying 

slightly above the LUMO of the main acceptor used in OPV [fullerene-based PC60BM (between -

3.91 and -4.3 eV)]65 or of the TiO2 conduction band (-4.2 eV)66 used in DSSC. Interestingly, 

further fine-tuning can be achieved in OPV through careful selection of alternative acceptor 

materials that would provide the optimal driving force of about 0.3 eV suitable for good exciton 

dissociation into a pair of charges at the D – A interface.67-75 Of all derivatives, BbF 8 bearing the 

NMe2 group appears to be the best candidate for photovoltaic based on the highest lying LUMO / 

EOx* and the smallest ∆EOx (1.67 eV) / ∆EOpt (1.77 eV) that allow for harvesting of low energy 

photons.3 
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Table 2 – HOMO / LUMO levels (in eV) as determined by electrochemistry and theoretical 
calculations along with corresponding ∆E and estimated excited state oxidation potential (Eox*) 

for BbF 1 – 10.[a] 

 
HOMO 

redox 

LUMO 

redox 

∆EOx EOx* HOMO 

theo 

LUMO 

theo 

∆ETheo 

1 -6.27 -4.28 1.99 -4.20 -6.13 -3.23 2.90 

2 -6.31 -4.31 2.00 -4.26 -6.07 -3.20 2.87 

3 -6.28 -4.27 2.01 -4.23 -6.07 -3.20 2.87 

4 -6.22 -4.34 1.88 -4.16 -6.07 -3.20 2.87 

5 -6.25 -4.31 1.95 -4.22 -5.94 -3.14 2.80 

6 -6.22 -4.28 1.94 -4.16 -6.13 -3.22 2.91 

7 -6.34 -4.30 2.04 -4.30 -6.12 -3.21 2.91 

8 -5.82 -4.15 1.67 -4.05 -5.51 -3.00 2.51 

9 -6.20 -4.29 1.91 -4.23 -5.86 -3.19 2.67 

10 -6.34 -4.31 2.03 -4.30 -6.07 -3.22 2.85 

[a] Energy difference (∆E, in eV) between the HOMO and the LUMO using corresponding 
method. Theoretical calculations using r-PBE0/6-311g(2d,p) DFT method with PCM = CH2Cl2. 
Estimated excited state oxidation potential calculated using: Eox* = EOx + ∆EOpt. 
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Figure 2 – Energy levels of BbF 1 – 10 (electrochemistry in black, DFT calculations in red and 

corresponding ∆E at the bottom ; estimated excited Eox* in blue). 
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Red absorption and NIR emission properties 

 Spectroscopic data for the series are summarized in Table 3 and Figure 3, while individual 

spectra can be found in the ESI (Figures S.25 – S.41†). Overview of the photophysical properties 

of the BbF series in CH2Cl2 solution reveals a strong absorption of red light (λred = 547 – 626 nm; 

extinction coefficients (ε) = 36 – 57 x 103 M-1 cm-1) complemented mainly by four other 

absorption bands of lower intensity, along with a relatively weak fluorescence (Φ F = <0.01 – 

0.11) spanning the deep-red to NIR parts of the electromagnetic spectrum (λEm = 606 – 757 nm; 

broad emissions from ca. 560 up to 875 nm). Such tuneable properties are highly desirable for 

various applications (vide supra) and the series will be further analyzed by TD-DFT in the 

computational modelization section and herein relative to previously reported BODIPYs (refer to 

Figure 1 and Table S.1†; in CH2Cl2 unless otherwise stated) in order to gain a better 

understanding of the impact of fusion modes and substitution on the rings. 

 Looking first at absorption spectroscopy, reference BbF 1 presents its lowest energy band 

at 553 nm (ε = 52 x 103 M-1 cm-1) in dichloromethane that is bathochromically shifted by +49 nm 

vs. both the basic BODIPY core 22 (λred = 504 nm; ε = 14 x 103 M-1 cm-1) and meso-phenyl 

substituted 23 (λred = 504 nm; ε = 58 x 103 M-1 cm-1) measured in chloroform.59 The 

solvatochromic effect on the λred between CH2Cl2 and CHCl3 appears to be relatively negligible 

since 23 in DCM is at 500 nm (ε = 33 x 103 M-1 cm-1), but the decrease in solvent polarity tends 

to diminish the extinction coefficient.76 Therefore, the benzo[b]-fused chromophore 1 with a 

rigidified structure presents significantly improved photophysical properties compared to related 

BODIPYs 22 and 23. This +49 nm bathochromic shift is also of the same magnitude to what can 

be observe by altering the meso carbon with a nitrogen atom in azadipyrromethene (ADPM) and 

Aza-BODIPY.35, 39 When methyl groups are installed at the proximal and distal positions of the 
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BODIPY core in 24 (λred =501 nm; ε = 87 x 103 M-1 cm-1), only a +1 nm shift is observed vs. 

23.77 

Figure 3 – UV/vis absorption spectra of BbF 1 – 4 (top) and 5 – 10 (middle) and their 

normalized emission profiles (bottom) in CH2Cl2 solution. 
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Table 3 – Photophysical properties of BbF 1 – 10.[a] 

 Absorption [a]  Emission [b] 

 λλλλ UV λλλλ near UV λλλλ violet λλλλ sh orange λλλλ red 
∆EOpt 

(eV) 
λλλλ red theo 

[c]  λλλλ Em FWHM 
∆Stoke  

(cm-1) 
Φ F τ (ns) 

kr / knr 

(109 s-1) 

1 277 (9.3) 287 (9.2) 374 (15) 517 (28) 553 (52) 2.07 479 (0.939)  701 205 3818 < 0.01 0.48 0.02 / 2.1 
[d] 274 (7.6) 282 (7.6) 373 (12) 513 (24) 545 (39) 2.10 ---  734 256 4725 < 0.01 0.17 0.06 / 5.8 

2 275 (8.6) 302 (8.6) 377 (12) 521 (25) 557 (45) 2.05 484 (0.987)  684 207 3333 0.02 0.59 0.03 / 1.7 

3 276 (9.0) 303 (9.3) 378 (15) 523 (31) 558 (57) 2.05 484 (1.01)  679 207 3193 0.02 0.58 0.03 / 1.7 

4 277 (9.1) 303 (9.5) 378 (15) 525 (32) 559 (56) 2.06 485 (1.01)  677 204 3118 0.01 0.56 0.02 / 1.8 

5 278 (9.4) 314 (9.1) 401 (13) 537 (33) 567 (53) 2.03 495 (1.05)  606 88 1135 0.05 0.78 0.06 / 1.2 
[d] 276 (10) 311 (9.7) 397 (14) 531 (37) 559 (54) 2.06 ---  601 115 1250 < 0.01 0.22 0.05 / 4.5 

6 281 (9.8) 303 (6.9) 373 (13) 520 (27) 556 (49) 2.06 479 (0.946)  691 222 3514 0.01 0.50 0.02 / 2.0 

7 277 (10) 307 (6.5) 377 (13) 522 (29) 557 (52) 2.04 477 (0.942)  689 216 3439 0.01 0.50 0.02 / 2.0 

8 301 (11) 336 (17) 446 (16) 597 (46) 626 (52) 1.77 542 (1.18)  757 149 2764 < 0.01 < 0.1 --- 
[d] 311 (13) 336 (20) 444 (16) 595 (53) 615 (57) 1.78 ---  --- --- --- ---- --- --- 
[e] --- 283 (16) 379 (15) 522 (29) 555 (54) 2.07 ---  --- --- --- --- --- --- 
[f] --- 282 (17) 400 (16) 518 (36) 550 (60) 2.03 ---  --- --- --- --- --- --- 

9 272 (10) 321 (7.9)[g] 431 (6.7) 548 (28) 578 (42) 1.97 511 (1.20)  628 87 1377 0.11 0.85 0.13 / 1.0 
[d] 268 (11) 319 (7.5)[h] 426 (6.4) 536 (25) 569 (37) 2.03 ---  632 116 1752 0.01 0.22 0.05 / 4.5 

10 273 (16) 298 (9.5)[g] 431 (5.8) 511 (20) 547 (36) 2.04 491 (0.901)  619 196 2127 < 0.01 0.39 0.03 / 2.5 
[d] 284 (10) 296 (11)[h] 426 (6.4) 502 (23) 536 (40) 2.10 ---  592 230 1765 < 0.01 < 0.1 --- 

[a] Acquired at 25 ± 1 °C in CH2Cl2, otherwise stated. λ in nm. Extinction coefficients are given in parentheses (ε, 
x103 M-1cm-1). Shoulder = sh. ∆EOpt qualitatively obtained from the red end of the Gaussian peak of λred (in nm) and 
converted into eV using E = hc / λ. [b] Emission maximum (λEm) obtained by excitation at corresponding λred. Full 
width at half-maximum (FWHM) in nm. Fluorescence quantum yields (ΦF) obtained on a calibrated integration 
sphere. Fluorescence lifetime (τ) upon excitation by a pulsed laser at 405 nm (Standard deviation ≤ 0.02 ns). 
Radiative (kr) and non-radiative (knr) rate constants were calculated using: kr = ΦF / τ and knr = (1-ΦF) / τ. [c] TD-
BMK/6-311+G(2d,p); PCM = CH2Cl2. Oscillator strength given in parenthesis. Full assignation of the absorption 
bands available in the ESI. [d] In acetonitrile. [e] In CH2Cl2 with an excess of HClO4.

 [f] In acetonitrile with an excess 
of HClO4.

 [g] Another absorption band observed at 375 nm (ε = 8.3x103 M-1cm-1) for 9 and at 365 nm (ε = 9.6x103 
M-1cm-1) for 10. [h] Another absorption band observed at 373 nm (ε = 8.3x103 M-1cm-1) for 9 and at 364 nm (ε = 
11x103 M-1cm-1) for 10. 
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The closest family of non-symmetric dyes without the benzo[b]-fused moiety is the series 25 – 29 

that was studied by the groups of Boens and Dehaen in acetonitrile (ACN).78, 79 It will be 

discussed later in this section compared to their corresponding BbF in ACN, but it can already be 

noted that implementation of the benzo[b]-fused moiety provide an intrinsic red-shift of +22 nm 

(545 nm for 1 vs. 523 nm for 25). Relative to closely related non-symmetric benzo[b]-fused 

derivatives 30 (λred = 512 nm; ε = 42 x 103 M-1 cm-1) and 31 (λred = 539 nm in THF; ε = 54 x 103 

M-1 cm-1),42, 48 it can be outlined that the presence of the unhindered proximal phenyl in BbF 1 

contributes more significantly to reduce the HOMO-LUMO gap than does a methyl or a sterically 

crowded mesityl, both of which diminish the conjugation. Similarly, aryls installed on their 

indole moiety appear to have less effect on the resulting λred than the proximal phenyl does in 1. 

These two last observations further support our initial hypothesis that the proximal aryl can 

provide significant leverage for modulation of the optoelectronic properties. Adding a second 

benzo[b]-fused moiety and two phenyls on the free indolic positions in symmetric derivative 32 

further extends the π-conjugated system and allows the λred to be shifted by +15 nm, up to 568 

nm, but at the price of a decreased extinction coefficient (42 x 103 M-1 cm-1).48 Fusing the 

benzene at the [a] bound in non-symmetric derivative 33 provide a λred at 570 nm, but present the 

major drawback of a free pyrrole in proximal position prone to unwanted side-reactions or 

degradation, especially in biological environment.80 More stable symmetric benzo[a]-fused 

derivative 34 present interesting photophysical properties (λred = 631 nm; ε = 102 x 103 M-1 cm-1) 

while 35 substituted with two proximal ortho-methoxy phenyls shows an hypsochromic shift of -

14 nm due to the steric hindrance with the fused aromatic groups (λred = 617 nm; ε = 108 x 103 

M-1 cm-1).61 Nevertheless, non-symmetric BbF 1 is more red-shifted than other [b]-fused moieties 

such as furan-based Keio Fluor 36 (542 nm in CHCl3; ε = 140 x 103 M-1 cm-1) and coumarin-
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based 44 (516 nm; ε = 36 x 103 M-1 cm-1).81, 82 Pyridone-[b]-fused 45 reaches out to 578 nm (ε = 

105 x 103 M-1 cm-1),83 but a push-pull motif between the electron-rich pyridone moiety on one 

side and the electron-poor ester on the other makes it difficult to assess clearly if the higher 

bathochromic shift observed vs. 1 is solely due to the fusion mode. Adding a zig-zag fusion to the 

benzo[b]-fused moiety in 42 leads to a -35 nm hypsochromic shift of the maxima of absorption 

(518 nm; ε = 56 x 103 M-1 cm-1) vs. the BbF of reference combined with a broad tailing towards 

the NIR centered at ca. 770 nm.48 Interestingly, a combination of benzo[a]-fused and imbricated 

carbazole moiety in BODIPY derivative 43 (482 nm; ε = ~55 x 103 M-1 cm-1) absorbs at shorter 

wavelength in the red than the reference BbF 1.84 This is unexpected as each of the underlying 

modes of ring fusion taken separately point towards an increased bathochromic shift, i.e. 

symmetric benzo[a]-fused 34 absorbs further than its benzo[b]-fused counterpart 32 and zig-zag-

fused 42 gives a tailing in the NIR. Overall, it appears not all the modes of ring fusion are 

equivalent and their interplay might provide counterintuitive effects on the photophysical 

properties. 

 As it was previously exposed with electrochemistry, the various substituents used in the 

BbF series provide a mean to considerably modulate their properties. The effect of the various 

alkyl chains in para position of the proximal aryl allows a tuning by +4 – 6 nm of the λred 

compared to BbF 1; with 2 at 557 nm (Me; ε = 45 x 103 M-1 cm-1), 3 at 558 nm (i-Pr; ε = 57 x 103 

M-1 cm-1) and 4 at 559 nm (t-Bu; ε = 56 x 103 M-1 cm-1). This bathochromic trend is in line with 

the sequence of electron-donating alkyl groups and extended conjugation discussed earlier, albeit 

within experimental error. BbF 5 bearing the proximal p-OMe-Ph exhibits red shift of +14 nm vs. 

reference 1, with λred at 567 nm (ε = 53 x 103 M-1 cm-1). Interestingly, substitution in meta 

position with one methoxy group in 6 (λred = 556 nm; ε = 49 x 103 M-1 cm-1) or two in 7 (λred = 
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557 nm; ε = 52 x 103 M-1 cm-1) doesn’t provide the expected hypsochromic shift, rather moving 

the maxima of absorption respectively to +3 and +4 nm vs. 1. The bathochromic shift observed 

for these EWG by induction is still much smaller than in the case of BbF 5 with electron-

donation of the methoxy directly in the π-conjugated system. Again in the case of the 

photophysical properties, it appears the peculiar behaviour of BbF 6 and 7 relative to the 

reference 1 and closely related 5 cannot be described by the sole electron donating / withdrawing 

propensity of the substituent and must take into account the three other factors previously 

exposed in the electrochemistry section (extend of communication through the π-conjugated 

system; alteration of the dipole moment; strength of the H-bonding). As can be expected by 

structural characterization of BbF 8, the presence of the strongly coupled EDG dimethylamine in 

para position leads to a significant +73 nm red-shift (λred = 626 nm; ε = 52 x 103 M-1 cm-1) which 

suggests a charge-transfer transition from the dimethylamine to the dipyrromethene core. Such a 

shift in the optical properties makes this BbF derivative highly suitable for photovoltaic 

applications.3 Addition of an excess of HClO4 in the UV cuvette instantly protonated the 

substituent (NHMe2
+), leading to a drastic -71 nm hypsochromic shift of the λred (555 nm; ε = 54 

x 103 M-1 cm-1) (Figure S.36) leaving the intrinsic absorption profile of the dipyrromethene core, 

supporting the assignment of this charge-transfer transition. The overall absorption profile also 

closely matches that of reference BbF 1, proving retained structural integrity of the dye and its 

potential use as pH-sensitive probe. Extension of the π-conjugated system in 6-

methoxynaphthalen-2-yl substituted BbF 9 (λred = 578 nm; ε = 42 x 103 M-1 cm-1) provides a +25 

nm red-shift vs. 1, which is an intermediate effect between the p-OMe-Ph BbF 5 and the p-NMe2-

Ph BbF 8. Further extension of π-conjugated system with the 9-phenanthrene moiety leads to the 

only hypsochromic shift of the series, by 6 nm, clearly attributable to the poor communication 
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between this sterically crowded substituent and the BODIPY core (vide supra). Finally, a 

comparative overview of variously substituted Keio Fluors (KFL) 36 – 41 studied in CHCl3 

provide interesting information that can be extended to the BbF series.81, 85 Going from the non-

symmetric KFL 36 (λred = 542 nm) to the symmetric 37 (λred = 579 nm) gives a +37 nm 

bathochromic shift, which is as important as increasing the conjugation with additional phenyls in 

the symmetric KFL 38 (λred = 652 nm; +73 nm red-shift / ca. 36.5 nm per Ph). This trend is in 

accordance with the +11 nm shift obtained for BbF 9 vs. 5 (+25 nm vs. 1), which disfavours the 

idea of replacing the proximal aryl in the series by alkyl chains for efficient absorption of deep-

red light. Within the symmetric KFL derivatives, it is interesting to note that para-i-Pr-phenyls in 

41 (λred = 662 nm) provide a bathochromic shift of +10 nm compared to 38 while ortho-OMe-

phenyls give +19 nm in 40 (λred = 671 nm) and para-OMe-phenyls +21 nm in 39 (λred = 673 nm). 

When comparing the bathochromic effect per aryl obtained in KFL vs. their BbF counterparts, it 

is exactly the same for i-Pr-Ph (+5 nm) and slightly less important for ortho / para substituted 

KFL’s (+9.5 / 10.5 nm) than in BbF 5 (+14 nm). This suggests that rational fine-tuning can be 

achieved when designing new BODIPYs, given that the substituents used will affect the 

conjugation pathways in a similar fashion.  

 As mentioned previously, a few derivatives of the BbF series were further studied in ACN 

solvent (Figures S.25, S.27, S.32, S.37, S.39 and S.41) in order to establish a better correlation 

with the unfused non-symmetric derivatives 25 – 29.78, 79 The direct comparison in ACN of BbF 

1 and derivative 25 that are both equipped with a phenyl at the meso position shows that a red-

shift of +22 nm is obtained by benzo[b]-fusion (λred = 545 and 523 nm, respectively). This shift 

also needs to be related to the +9 nm shift of 1 vs. BODIPY 26 bearing a sterically hindered and 

electron-poor meso-2,6-dichlorophen-1-yl moiety (λred = 536 nm). Since derivatives 27 – 29 also 
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have this last moiety, the reduction of 13 nm in the bathochromic shift of 26 vs. 25 needs to be 

kept in mind. From there, it can be seen that BbF 5 (λred = 559 nm) has only a shift of +5 nm vs. 

the unfused derivative 27 (λred = 552 nm) (+14 nm vs. 1). For BbF 8 (λred = 615 nm), a shift of +7 

nm vs. 28 (λred = 608 nm) is obtained (+70 nm vs. 1). Hence, it can be noted from these 

comparisons implying BbFs 1, 5 and 8 that substitution at the para position of the proximal aryl 

has less effect on the benzo[b]-fused system relative to the same substitution on the unfused 

pyrrole of compounds 27 – 29. Interestingly, the authors behind the study of unfused systems 

also tested the addition of HClO4 in excess to a methanolic solution of 28 and observed a similar 

blue-shift behaviour (-73 nm) from 608 nm back to 535 nm.78 As it is insoluble in methanol, BbF 

8 was further tested in ACN and protonation of the dimethylamine group provided a smaller 

hypsochromic shift of -65 nm, from 615 nm back to 550 nm. Non-symmetric derivative 29 (λred = 

547 nm) allows a better evaluation of the sole effect of extending the π-conjugated system with a 

2-naphthalen moiety. A red-shift of +11 nm is found compared to its proximal phenyl counterpart 

26, while BbF 9 (λred = 569 nm) reaches +24 nm vs. BbF 1. Thus, addition of the methoxy group 

in 9 should provide a red-shift of about +13 nm compared to a related BbF bearing a simple 

naphthalene, which is consistent with the +14 nm shift obtained for BbF 5 vs. 1. Even though the 

exact unfused counterpart was not available, we looked at BbF 10 (λred = 569 nm) to further 

probe if the more polar ACN medium would promote a better communication between the 

sterically hindering phenanthrene moiety and the adjacent pyrrole. A blue-shift of -9 nm 

compared to 1 is found in ACN, which is higher than the -6 nm obtained in DCM and indicate an 

overall destabilization. This investigation of the five BbF in ACN also ascertained that a 

moderate solvatochromic effect occurs when switching from the less polar DCM, with blue-

shifted values between -8 nm for derivatives 1 and 5 up to -11 nm for 8 and 10. BbF 9 presented 
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an intermediate shift at -9 nm. As a gauge, these values are about two-to-three times more 

appreciable than the -4 nm blue-shift encountered in the simpler BODIPY 24.86 

 Emission properties of the non-symmetric benzo[b]-fused platform reported herein are 

highly promising due to the broad fluorescence in the NIR region (vide supra; Figure 3 bottom; 

Table 3) and large Stoke shifts (up to 3818 cm-1 in CH2Cl2 / 4725 cm-1 in  ACN for BbF 1). As it 

is expected from the free rotating meso-phenyl offering a major deactivation pathway of the 

excited state,87 the quantum yields (ΦF) obtained are rather low (BbF 1, 8 and 10 below 0.01 and 

highest values reaching 0.05 for 5 and 0.11 for 9 in CH2Cl2 solution). For BbF 8, this nearly non-

fluorescent behaviour is expected due to low energy of the emission and potential quenching of 

the excited state by the dimethylamino group, as shown for compound 28.78 Indeed, apart from 

complex 8, all of the complexes display both higher and lower energy emission bands assigned to 

the typical fluorescence of BODIPYs and to charge-transfer bands, respectively (Figure 4). The 

latter assignment is suggested by the broad nature of the emission bands between 684-757 nm 

and their strong dependence on solvent polarity. The emission is almost fully quenched in polar 

ACN solvent for the five BbF studied. The lifetimes are also very short in both solvents (τ < 1 ns 

throughout the series) and leads to high non-radiative rate constants (knr = 1.0 - 2.5 x 109 s-1 in 

DCM). However, this low ΦF can easily be overcome by incorporating stoppers to the phenyl 

rotation either on the BODIPY core, e.g. 23 (ΦF = 0.03) vs. 1,3,5,7-tetramethyl substituted 24 (ΦF 

= 0.67) in DCM,76, 77 or directly on the meso substituent, e.g. unfused derivative 25 (ΦF = 0.02) 

enlightens by substitution with the meso-2,6-dichlorophen-1-yl of 26 (ΦF = 0.88) in ACN.78, 79 

This assumption is even further supported by other unfused derivatives 27 (ΦF = 0.85) and 29 (ΦF 

= 0.77) bearing similar proximal substituents encountered in the BbF series and the versatile 

synthetic platform on which the latter is based (vide supra). Along this line, non-symmetric 
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benzo[b]-fused 30 equipped with both a phenyl and a methyl as blocking groups increased ΦF up 

to 0.10 even though no proximal aryl group was installed.48 

 

Computational Modelization Insights 

 Multiple parameters need to be considered when choosing a computational modelization 

method in order to find a good equilibrium between highly accurate results and the computational 

cost.88-91 In the specific field of BODIPYs dyes and their related Aza-BODIPYs, significant 

efforts have been made recently by Jacquemin and coworkers to reach a good compromise.92-95 

Still, many different DFT protocols can be found within the field in order to predict or rationalize 

their optoelectronic properties.42, 48, 84, 96-98 Based on our previous work with ADPM derivatives 

using a method developed by Jacquemin et al. for Aza-BODIPYs, we decided to use the TD-DFT 

// DFT protocol PCM-TD-BMK/6-311+G(2d,p) // PCM-PBE0/6-311G(2d,p) with the 

Polarization Continuum Model (PCM) of CH2Cl2 in order to gain insights on the molecular 

orbitals and structural properties of the BbF series by DFT along with the optical transitions 

involved by TD-DFT (refer to Computational Methods of ESI†).39, 95 While this protocol presents 

inherent limitations due to the vertical approximation, it already proved to rapidly reach semi-

quantitative estimates of the λmax and to be flexible towards important structural changes (Aza-

BODIPY vs. ADPM; various type of aryls in proximal and distal positions). The opportunity to 

further test this protocol by expanding it to BODIPYs, comparing the DFT structural 

optimization with crystallographic data and assessing the ability of TD-DFT to predict the 

relative order of λmax within the BbF series thus became appealing. 

 As mentioned in the electrochemical section, structural information is essential to 

rationalize experimental results. The first step to ascertain the validity of the PCM-PBE0/6-
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311G(2d,p) DFT method was to start the calculations from the crystallographic data obtained for 

the reference BbF 1 and to optimize it. The second step was to construct from these data other 

BbF of the series and compared their optimized structures with available crystallographic data for 

BbF 5, 8 and 9 (Tables S.23 and S.24†). The result was a good matching of bond lengths vs. the 

X-ray data in atoms not directly implied in a structural modification, supporting that an 

appropriate DFT method was used. Planarization of the DPM core was calculated in all cases, 

which is generally offset from X-ray results. However, the method was still able to distinguish 

the better delocalization encountered in BbF 8. Obviously, one also needs to consider the single 

molecule environment of theoretical calculations as opposed to the intermolecular forces taking 

place in the crystal packing in order to explain up to a certain extent the structural differences 

found. The main drawback of this method appears to be its inability to properly estimate the 

relative order in the strength of intramolecular H-bonding between the hydrogen on the ortho 

carbon of the proximal aryl and one of the fluoride atoms on the nearby BF2 chelate (Tables S.25 

and S.28†). Actually, the computation established that this H-bonding should theoretically be the 

strongest in BbF 8 where the p-NMe2 is expected to provide the best conjugation with the pyrrole 

moiety to which it is attached. X-Ray crystal structure showed that this H-bonding is in fact less 

important than for p-OMe substituted BbF 5, since two different H-bonds were possible in this 

specific derivative. As optimization explores the energy continuum around the starting geometry 

in order to find a well of stability, such a special case found in 5 couldn’t be predicted by any 

computational methods. Therefore, the benchmarking of the DFT method used appears 

satisfactory for the BbF series investigated herein. 

 The frontier molecular orbitals are depicted in Figure 4 and the electronic distribution on 

the different fragments is given in Table S.2 and Figure S.62 of ESI†. Results show the HOMO is 

mainly located on the benzo[b]-fused DPM core and the proximal aryl, with almost no electronic 
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density on the meso-phenyl or the BF2 chelate. The contribution of the para substituents on the 

proximal aryl increases with the strength of the EDG; 10% for reference 1, 15% for alkyl 

substituted 2 – 4, 28% for methoxy substituted 5 and 58% for 8 bearing the dimethylamine group. 

Introducing one or two methoxy groups in meta-positions leads to 13% in 6 and 12% in 7, 

respectively, as anticipated from the EWG by an induction effect. Extending the π-conjugated 

system in 9 leads to 50% of electronic density being found on the 6-methoxynaphthalen-2-yl 

moiety. Only 34% of density is observed in 10 as expected from the bulky phenanthren-9-yl 

moiety which decreases communication with the adjacent pyrrole (vide supra). The empty 

LUMO presents an electronic redistribution mainly from the DPM core and proximal aryl 

towards the meso-phenyl and BF2 chelate according to the same trend described in detail for the 

HOMO upon variation of the substituent. Therefore, calculations suggest that the indole moiety 

keeps its EWG character throughout the series as the electron-richness of the pyrrole is tuned by 

the proximal phenyl, reinforcing the idea of a push-pull effect within the BODIPY core. 
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Figure 4 – HOMO / LUMO (isovalue = 0.02), dipole moment vector (blue; modulus given in 

Debye) and dihedral angle (red; φ) between the proximal aryl and the DPM core of BbF 1 – 10 as 

obtained by DFT. 
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 The dipole moment was found to be of great importance in the factors governing the 

electrochemical properties (vide supra). Calculations indicate that three key parameters are 

interplaying to modify the overall polarity of the molecule: i) the nature of the proximal 

substituent; ii) the degree of communication between the proximal aryl and the adjacent pyrrole; 

iii) the degree of communication within the benzo[b]-fused BODIPY core. Such information is 

thus critical to bear in mind when designing new dyes with specific electronic properties. 

 When comparing the energy levels obtained by computation vs. experimental ones 

(Figure 2 and Table 3), a few discrepancies are found. First, the DFT method tends to 

underestimate the variation in alkyl substituents on the HOMO and LUMO. Second, theoretical 

results for BbF 5 are offset since computation alone cannot account for the strong H-bonding 

regime providing two different molecular configurations and overriding the para-substitution 

trend effect. Third, the induction effect of the meta-methoxy substituted BbF 6 and 7 is poorly 

accounted for as compared to reference 1. Still, a significant difference is correctly predicted for 

the HOMO between 7 and para substituted Bbf 5. Fourth, DFT predicts a similar planarization of 

the benzo[b]-fused BODIPY core throughout the series with a tilt angle between planes of the 

pyrrole and the benzo[b]-fused pyrrole in the range of 8.6 – 8.9°, an exception being that of BbF 

8 at 7.5° (Tables S.23 and S.24†). This planarization was found to be much more variable in the 

available X-ray data (Table S.27†), ranging from 4.2° in 5 up to 15.3° in 1. This difference 

suggests that in some cases computational analyses overestimate the overall communication of π-

electrons between the different molecule’s components and, therefore, the impact of the proximal 

aryl. Fortunately, the method was able to properly identify the more pronounced planarization 

effect of the p-NMe2-Ph on the benzo[b]-fused BODIPY core in BbF 8. It also provided a very 

good match with empirical results in the BbF 8 – 10 series, showing its reliability when strong 

EDG are used or when the conjugation between the proximal aryl and adjacent pyrrole is 
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sterically hindered. Altogether, care must be taken in the analysis of computational results when 

so many parameters are interplaying. This is especially important if the method is to be used a 

priori of the synthesis. 

 A complete analysis by TD-DFT of optical transitions for the BbF series in CH2Cl2 is 

provided in Figure 5, Table 3 and in the ESI† (Figures S.63 – S.72; Tables S.3 – S.22). The trend 

in λred theo calculated is generally in excellent agreement with the empirical order. The method 

accounts for a red-shift of +5 – 6 nm in alkyls substituted derivatives 2 – 4 compared to reference 

BbF 1, which was found to be of +4 – 6 nm for λred. Similarly, the calculated shift of +16 nm for 

BbF 5 is close to the empiric +14 nm. Inductive effect of the meta-methoxy groups is taken into 

account by the TD-DFT with a -2 nm hypsochromic shift for 7 and no shift for 6, but empiric 

values were slightly red-shifted by +4 and +3 nm, respectively, compared to BbF 1. Remarkably, 

the biggest calculated shift in the series was for BbF 8 (+63 nm), in accordance with the biggest 

one measured (+73 nm). The relative order of p-methoxyphenyl substituted 5 (+16 nm vs. 1), 6-

methoxynaphthalen-2-yl 9 (+32 nm; +25 nm observed) and p-dimethylaminephenyl 8 (+63 nm) 

was also properly modeled. The only major difference obtained was the predicted bathochromic 

shift of +12 nm for BbF 10 that was in fact found to be an hypsochromic one (-6 nm). Therefore, 

the PCM-TD-BMK/6-311+G(2d,p) protocol used provides reliable semi-quantitative trend with 

para-substitution and extended π-conjugated system where the steric hindrance is not too 

important. 

 The calculated transitions obtained by TD-DFT and Natural Transition Orbitals (NTO) 

analysis can help assign the observed absorption band in the BbF series.99 The reference BbF 1 

has a strong T1 transition (osc. strength = 0.939) corresponding to the λred at 553 nm which 

involves the HOMO -> LUMO orbitals at 99% (Figure 5 and Table S.3). This T1 transition is 
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constant throughout the whole BbF series 1 – 10, with almost no orbital mixing encountered. 

Therefore, their λred can be illustrated by looking at the variation of electronic density between 

the HOMO and the LUMO in Figure 4. The shoulder in the orange part of the spectrum for 1 (λsh 

orange = 517 nm) corresponds to the weak T2 transition (osc. strength = 0.015) where the 

electronic density upon excitation is mainly taken from the indole moiety towards the whole 

benzo[b]-fused BODIPY core and the proximal phenyl (HOMO-1 -> LUMO at 98%). At higher 

energy, λviolet at 374 nm is attributable to a combination of T3 – T6 with mixed orbitals 

contributions from the proximal phenyl, the adjacent pyrrole and the meso-phenyl that are all 

heading to the LUMO upon photoexcitation. The absorption band λnear UV at 287 nm is another 

combination of transitions leading to the LUMO. In this case, T7 transfers density mainly from 

the proximal phenyl, the adjacent pyrrole and the meso-phenyl while T8 does it from the indole 

moiety. Beyond that point, highly energetic transitions in the UV region start to reach higher 

unoccupied orbitals such as in T9 (HOMO -> LUMO+1 at 84%) and T10 (HOMO -> LUMO+2 

at 84%). These two last calculated transitions account for the λUV at 277 nm. An almost identical 

assignation as the reference 1 can be made for alkyl substituted BbF 2 – 4, which is in accordance 

with the observed absorption spectrum at the top of Figure 3. The only significant difference 

regards the better definition of λnear UV at ca. 300 nm, which is due to the electron-donating 

properties of the alkyls providing a slight red-shift. Para-methoxyphenyl substituted BbF 5 has 

an apparent splitting of the λviolet at 401 nm and ca. 380 nm. This is simply due to the increased 

oscillator strength of T4 (0.031 vs. 0.025 in 1). Except this feature, the general absorption profile 

is very similar to previously discussed BbF 1 – 4. Spectra of BbF 6 and 7 are alike, with a higher 

λUV absorption band vs. λnear UV that arises from the increased contribution of the meta-

substituents in T9 and T10 associate with λUV. BbF 8 is of interest since λnear UV drastically 
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increases compared to reference 1 in addition to the expected red-shift of absorption maxima due 

to the strong EDG. This last band involves calculated transitions T4 – T6 where the proximal 

aryl, the adjacent pyrrole and the meso-phenyl all transfer their electronic density towards the 

LUMO. The general effect of extending the π-conjugated system of the proximal aryl in BbF 9 

and 10 is a broadening of the absorption bands in the visible part of the spectrum (ca. 280 to 450 

nm). For BbF 9, the most significant impact of the extension is seen in T3, corresponding to 

λviolet, and T4 associated with the new band at 375 nm. In BbF 10, the impact is on transitions T3 

– T5, with T3 corresponding to λviolet plus T4 and T5 associated with the new band observed at 

365 nm. 

 Overall, the semi-quantitative TD-DFT // DFT protocol used to rationalize the empirical 

results of electrochemistry and spectroscopy provided essential insights. Still, a critical analysis 

of the calculations compared to experimental measurements showed that the complex interplay of 

structural factors in the BbF series is hardly accounted in silico and precautions should be taken if 

modelization is to be made ahead of the synthesis. 
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Figure 5 – NTO analysis for absorption transitions T1 – T10 of reference BbF 1 (red = 

calculated; green = corrected; grey = oscillator strength). Refer to ESI for a complete analysis of 

the series.† 

 

Page 35 of 46 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



36 

X-Ray Diffraction 

 Crystals suitable for X-ray diffraction studies were obtained for a good variety of 

substituents on the proximal aryl including the reference BbF 1 and para-substituted derivatives 

5 equipped with a methoxy, 8 with a dimethylamine and 9 with the extended π-conjugated system 

of 6-methoxynaphthalen-2-yl (Figure 6 and Tables S.26 – S.28†). Compounds 1, 8 and 9 

crystallized in the orthorhombic crystal system (Pbca, P212121 and Pna21 space groups, 

respectively) while 5 crystallized in the P21/c space group (Table S.26†). The latter structure 

required additional refinement operations in order to model the disordered p-OMe-Ph moiety due 

to intramolecular hydrogen-bonding with both fluoride atoms acting as acceptors for a C-H donor 

in ortho-position of the proximal aryl group. Thus, two positions coexist for this substituent in a 

53 : 47 ratio. While H-bonds were observed in all four complexes, only one hydrogen bond to a 

single fluoride atom was observed for 1, 8 and 9 leading to no such disorder (Figure 6 and Table 

S.28†). According to the requirements of donor-acceptor distance and donor-H-acceptor angles 

for strong H-bonding (D···A = 2.5 – 3.2 Å / D-H···A = 130 – 180°),100 it was found that all four 

compounds fall within this regime. However, only BbF 5 is within the expected range for strong 

H-bonds regarding H-acceptor distances (H···A = 1.5 – 2.2 Å), with values of 2.080(1) and 

1.933(1) Å for the two disordered positions. BbF 8 is slightly longer [2.227(1) Å] to be 

considered in the strong regime, while a larger deviation is observed for reference 1 and 9 

[2.352(1) and 2.351(1) Å, respectively]. Investigation of the core structure shows that the 

introduction of the benzo[b]-fused pyrrole favours the resonance form with the benzene being 

aromatic and nonaromatic azafulvene substructures (as depicted in Scheme 1) over a quinoidal 

structure of the indole moiety, at least in the solid-state. Supporting this, C1-N1 is longer than 

C13-N2 [1.372(2) – 1.378(2) vs. 1.347(2) – 1.359(2) Å] and C8-C9 is longer than C9-C10 

[1.425(2) – 1.432(2) vs. 1.381(2) – 1.384(3) Å] in all four compounds (Table S.27†). A similar 
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observation was reported by Wakamiya et al. for the non-symmetric benzo[b]-fused BODIPY 31 

(Figure 1) and further calculations suggested the quinoid form also contributes to some extent to 

the resonance equilibrium.42 The tilt angle between the pyrrole ring and its benzo[b]-fused 

pyrrole counterpart also helps understand the extent of conjugation within the DPM core itself. 

The bottom of Figure 6 shows that this angle is much smaller in the case of BbF 8 [4.2(1)°] than 

for 9 [9.9(1)°], 5 [10.3(1)°] or the reference 1 [15.3(1)°]. Thus, the electron delocalization 

efficiency follows the same trend with 8 having the most conjugated core and 1 the least. 

 No other significant variation (within 3σ) on bond lengths or angles was found except in 

the case of BbF 8 for which the C13-C14 bond connecting the proximal aryl substituent to the 

pyrrole ring is shorter than in other BbF derivatives [1.452(2) vs. 1.466(2) – 1.470(2) Å], 

indicating some double-bond character and an increased communication between the π-electrons 

of the two fragments. This was also supported by the shorter C17-N3 distance [1.358(2) Å] as 

compared to N,N-dimethylaniline [1.385(4) Å].101 The dihedral angle between the proximal aryl 

and the pyrrole ring (C12-C13-C14-C15) in 5 exhibits the smallest angles [-18.4(4) and +11.6(3)° 

for the two disordered positions] as compared to 8 [-27.7(2)°], 1 [-34.6(2)] and 9 [+39.5(3)°] in 

increasing order. This trend is consistent with the short intramolecular H-bonding distance in the 

solid-state, i.e., compound 5 displays the shortest H-to-F distance consistent with a strong C-H to 

F hydrogen bond, and therefore, the lowest tilt angle of the solid-state structures. The tilt angles 

between the meso-phenyl and the DPM moiety display less deviation, with absolute values 

between 47.4(1)° for 9 and 52.2(1)° for 8. Interestingly, BbF 9 crystallized with both the 

proximal aryl and meso-phenyl in opposite directions as compared to related derivatives. 

 Together, these structural results revealed a significant interplay in the degree of 

communication between the proximal aryl, the pyrrole to which it is attached and the adjacent 
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indole moiety which is in agreement with electrochemical, photophysical and theoretical data 

previously discussed. 
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Figure 6 – Solid-state structures of BbF 1 (R1 = 4.88 %), 5 (5.04 %), 8 (2.77 %) and 9 (3.04 %). [Ellipsoids shown at 50 % probability 

level; intramolecular H-bonds represented in dot grey; dihedral angles defined in red, angle between pyrrole and indole planes 

(bottom)]. 
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CONCLUSION 

 In summary, a novel family of ten non-symmetric benzo[b]-fused BODIPYs bearing 

various proximal aryls was prepared according to a versatile synthetic method. A critical analysis 

compared the optoelectronic properties obtained within the BbF series and across an extensive 

series of 23 derivatives from 9 different BODIPY families. Such an exercise provides a better 

overview of the impact of various fusion modes and π-system modifications available for 

BODIPYs and may provide guidelines for the design of new fluorophores specifically tailored for 

the plethora of applications where these compounds are now applied. Along this line, the non-

symmetric BbF platform reported herein was discussed regarding the requirements for 

photovoltaic component and molecular probes. Adduct 8 was shown to be especially interesting 

for both type of applications. X-Ray structural characterization and computational modelization 

were further used to gain insights on the properties observed by electrochemistry and 

spectroscopy. In order to assess the validity of the computational protocol used and to evaluate its 

potential as a reference, it was compared to the structural data obtained by crystallography and 

other experimental measurements. Overall, the BbF platform proves to be a powerful one as it 

offers considerable leverage for efficient fine-tuning of optoelectronic properties and applications 

as efficient deep-red absorbers and NIR fluorophores. 
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