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The fluorescence properties of the BODIPY dye and its two meso-substituted derivatives, tert-butyl- and phenyl-BODIPY, are rationalized. The non-

emissive behavior of the latter two are attributed to the energetically accessible low-lying conical intersection between the ground state and the lowest 

excited singlet state. Both intramolecular non-covalent interactions and excited state charge transfer character are identified as being crucial for 

“stabilizing” the intersection and prompting the nonradiative decay. Similar crossing was located in the bare BODIPY dye, however, being energetically 

less accessible, which correlates well with the high fluorescence quantum yields of the parent dye. 

Keywords: BODIPY • fluorescence quenching • conical intersection • minimum energy crossing point • ADC(2)

Introduction 

BODIPY derivatives have recently emerged as one of the most prominent 

classes of organic dyes, with wide applications in fields such as 

fluorescent imaging and sensing,[1][2] dye-sensitized solar cells,[3][4] lasing,[5] 

non-linear optics,[6] photocatalysis,[7][8] singlet oxygen generation and 

photodynamic therapy[9] etc. These cis-constrained cyanines[10] were first 

synthesized in 1968[11] (although the parent dye, 1 in Scheme 1, was only 

reported in 2009[12]), followed by an extensive synthetic efforts to 

functionalize the dye core and tune the chemical and photophysical 

properties.[13-15] Alternatively, the success of BODIPY derivatives inspired 

the design of various similar compounds such as aza-BODIPY,[13] 

PODIPY,[16] BODIHY,[17] BOPHY,[18] BOIMPY[19] and others.[20-22]  

Scheme 1. Studied compounds. 

 
Of all possible positions, substitution at the meso-site (C8 atom in 

Scheme 1) is the most relevant, at least in terms of the fluorescence 

properties.[23-28] As summarized in the reference 27, alkyl-, alkynyl- and 

halo-substituted BODIPYs exhibit high fluorescence quantum yields (Φf), 

whereas for alkenyl- or aryl- substituents, the Φf  values are small, often 

close to zero. The BODIPY dye itself has a relatively high Φf  value (0.93 in 

ethanol, 0.77 in THF),[12] and the intense fluorescence, which is the basis 

for vast applications, persists in most of its derivatives. In our earlier 

work,[28] we addressed the contrast between fluorescence quenching in 

meso-alkenyl-BODIPYs, versus the highly fluorescent meso-alkyl-BODIPYs. 

The divergent emissive properties can be well understood by the 

accessibility of the conical intersection upon excited state relaxation. 

Conical intersections,[29][30] i.e., the crossings between the electronic states 

of the same multiplicity are of key importance to rationalize the 

fluorescence properties of many organic molecules (see for instance 

recent applications in ref 31-35). In the illustrative vinyl-BODIPY 

compound, the crossing between the lowest excited singlet state (S1) and 

the ground state (S0) lies energetically below the initial vertical excitation, 

the so-called Franck-Condon (FC) point, thus explaining the high 

nonradiative rates. In sharp contrast, the kinetic barrier in ethyl-BODIPY 

makes the crossing less accessible, promoting the radiative decay instead 

of the internal conversion. Nevertheless, one might still wonder if the 

basic principles demonstrated for these systems (i.e., the existence of the 

low energy conical intersection and its accessibility) are broadly 

applicable to the photochemistry (fluorescence quenching in particular) 

of the other BODIPY compounds. The goal of the present work is to 

identify general underlying concepts based on three prototypical 

molecules depicted in Scheme 1: parent BODIPY (1), meso-substituted 

tert-butyl-BODIPY (2) which, in contrast to other meso-alkyl-BODIPYs, is 

very weakly fluorescent, as well as the ubiquitous meso-phenyl-BODIPY 

(3). We employ state-of-the-art quantum chemical computations to 

differentiate the excited state deactivation pathways and rationalize the 

fluorescence properties of these compounds. 

Results and Discussion 

The emissive properties of the BODIPY dyes are intimately related to the 

topology of the S1 potential energy surface. Rare examples violating 

Kasha's rule exist (for instance certain BODIHY compounds).[36] The triplet 

state population via intersystem crossing is typically negligible, except for 

the heavy atom substituted BODIPYs[37][38] and the specific fused[39][40] and 
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oligomeric compounds.[41] For this reason, our attention is placed on the 

two lowest singlet electronic states, the ground and first excited state. 

 

Figure 1. Energy profile (in eV) of compound 1. The MP2/ADC(2) level and the def2-

SVP basis set were used. 

 

The electronic profiles of S0 and S1 of 1 along the interpolated reaction 

coordinate (see Computational Section) are shown in Figure 1. For both 

states, the energy minima were optimized (detailed photophysical data 

are given in the SI). Unlike the nearly planar ground state geometry, 

BODIPY in its first excited state is symmetrically bent over the mesoC-

boron line. Our Density overlap region indicator (DORI)[42][43] analysis of 

the bonding pattern in the S0 and S1 (Figure 2) reveals that the reduction 

of the CC bond order (most evident for the bonds involving mesoC atom) 

is the main driving force for the bending. 

 

Figure 2. 2D DORI map of 1 in S0 (left) and S1 (right) geometry. White contours 

represent the bonding pattern; a quasi-aromatic behavior characterizes the ground 

state, while the bond order is reduced in the excited state. Structures are oriented as 

in Scheme 1. See the Computational Section for details. The MP2/ADC(2) level and 

the def2-SVP basis set were used. 

In addition to the minimum energy stationary points, the minimum 

energy crossing point (MECP in Figure 1) between the two states was also 

optimized. The geometry is in fact very similar to the ones of the meso-

substituted BODIPYs computed in our earlier work,[28] with the 

characteristic excessive bending of the fused core, and the out-of-plane 

distortion of the meso-bonded substituent (H atom in case of bare dye). 

This similarity implies that the puckered conical intersection is a signature 

of all BODIPY dyes, while its energetic position critically depends on the 

substituents. If we turn our attention back to the Figure 1, we notice that 

upon photoexcitation the system can relax into the excited state 

minimum with a small excess energy (~0.1 eV). Although relatively close, 

the barrier to the conical intersection is roughly twice the reorganization 

energy. Therefore, the nonradiative decay is not expected to play a major 

role. Dede et al.[44] reported another S1/S0 conical intersection, associated 

with the BN bond breaking in the nearly planar geometry (located at the 

MCSCF level). Similarity to the conical intersection of the dipyrrin 

molecule was invoked. However, this crossing is almost 3 eV above the FC 

region, which makes it irrelevant for the photophysics of BODIPY, unless it 

is excited to very high energies.  

 

Figure 3. Energy profile (in eV) of compound 2. The ADC(2)/MP2 level and the def2-

SVP basis set were used. 

While most meso-alkyl BODIPYs are qualitatively similar to the parent dye, 

exhibiting intense fluorescence, compound 2 is an exception from the 

rule. It bears very low Φf  values (0.04 in methanol, 0.045 in THF) with 

large Stokes shifts and a broad fluorescence peak (as opposed to the 

rather typical small Stokes shifts and a sharp fluorescence).[27] The unusual 

properties were explained by Jiao et al.[27] who located the conical 

intersection at the CASSCF level. The structure identified in our 

computations (MECP in Figure 3) resembles closely that of Jiao et al. 

confirming our hypothesis on common conical intersection. However, no 

shallow minimum close to the conical intersection was located at the 

present theoretical level. Nevertheless, the qualitative picture is clear: 

upon photoexcitation the system readily relaxes towards the conical 

intersection, with the subsequent transition to the ground electronic 

state. The remaining question is why does the crossing appear at such 

low energy? The DORI analysis of the ground state minimum, and of the 

structure in vicinity of the crossing (Figure 4) help gaining further 

understanding. At the S0 geometry, there is a steric clash between the 

BODIPY ring and the bulky tert-butyl group (red color; blue islands 

correspond to attractive interactions). The ground state and the excited 
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state potential energy surfaces (near the FC region) are expected to be 

destabilized. However, as the structure approaches the crossing 

geometry, the tert-butyl group is pushed away from the BODIPY core and 

the steric interactions are less significant. Therefore, the energy of the 

crossing is not lifted higher. In addition, a weakly attractive interaction 

appears between the tert-butyl group and the fluorine atom. This rather 

directional and fairly electrostatic interaction, further stabilizes the 

crossing relative to the FC region. Finally, our analysis of the density 

difference (between excited and the ground state; see SI) revealed a weak 

charge transfer from the pyrrole rings to the mesoC atom and even to the 

substituent, which can also contribute to the stabilization of the excited 

state. This charge transfer appears surprising owing to the aliphatic 

nature of the tert-butyl group, but can possibly be explained by invoking 

hyperconjugation effects. Although charge transfer may weaken the 

aforementioned electrostatic interaction, both effects are expected to 

lower the energy of the excited state. In summary, the combination of 

intramolecular non-covalent interactions and charge transfer character 

can significantly modify the shape of the excited state potential energy 

surface, leading to the unexpected fluorescence quenching. 

Figure 4. 3D DORI representation (isovalue=0.995) of compound 2 in the geometry 

of the ground state minimum (top) and near the conical intersection (bottom). DORI 

isosurfaces are color-coded ranging from blue (attractive) to red (repulsive 

interaction). For details on DORI see the Computational Section. The shortest 

hydrogen – fluorine distance [Å] is plotted in black dashed line. The MP2/ADC(2) 

level and the def2-SVP basis set were used.  

Finally, we discuss meso-aryl-BODIPYs which are among the most popular 

BODIPY derivatives.[13-15][23][24][45-48] Illustrative compound 3 is very weakly 

fluorescent in various solvents (Φf  = 0.053 in toluene,[23] 0.065 in THF[45]). 

However, if the methyl groups are attached to the BODIPY core (on atoms 

C1 and C7) or alternatively to the ortho-positions of the phenyl group,  

the Φf  values become rather high; Φf = 0.65 in the case of former (in 

methanol),[13]  Φf = 0.93 in the case of latter (in toluene).[24] Fluorescence 

intensity also strongly depends on the viscosity of the solvent, i.e., being 

larger in very viscous environments.[46] This implies that the torsions of 

the aryl group are crucial for the nonradiative decay. Time-resolved 

spectroscopy of Lindsey et al.[23] revealed a biphasic excited state decay 

(in toluene), with a major slow component of 440 ps, and a fast 

component of 17 ps. The complex excited state dynamics was explained 

based on semiempirical molecular orbital computations, which revealed 

the existence of two conformers in the S1 state, the higher energy 

metastable state (M) responsible for the slow component, and the lower 

energy relaxed state (R) responsible for the fast component in decay. In a 

more recent study,[24] time constants of ~400, 10 and 1 ps were 

determined (in toluene). Accompanying computations (at the SAC-CI 

level), however, suggest that the “barrierless or nearly barrierless” 

relaxation to the R minimum takes place directly from the FC region. In 

both studies, a nonradiative relaxation was ascribed to the (more or less) 

favorable vibrational overlap factors with the ground state at the excited 

state minimum geometries. Here, we would like to reconcile the picture 

of the excited state decay of 3 with the concept of conical intersection 

accessibility, and provide a somewhat different explanation for its 

complex excited state behavior.  

 

Figure 5. Energy profile (in eV) of compound 3. The MP2/ADC(2) level and the def2-

SVP basis set were used. 

The energy profile of the S1 state between the S0 geometry and the 

located minimal energy crossing point is shown in Figure 5. The crossing 

structure certainly resembles those of 1 and 2 (Figures 1 and 3). Both the 

M and R minima were optimized, though the torsional barrier of the 

former appears almost non-existent (<0.01 eV). Since our standard 

procedure consisting in the interpolation of internal coordinates leads to 

unphysical barriers between the M and R conformers (due to the steric 

clashes in the intermediate geometries), we performed a constrained 

optimization, which presumably follows the reaction coordinate close to 

the minimal energy path. In the ground state, the phenyl ring is almost 

orthogonal to the BODIPY core (Figure 5).  In the excited state, the 

relaxation proceeds through both the ring torsion and the core bending. 

The rotational axis of the phenyl moiety in M still lies approximately in 

the plane of the BODIPY ring. Pure rotation and excessive core bending 

are both strongly hindered by the steric interaction. However, the 

concerted motion (torsion plus bending) appears unhindered (as 

indicated by vanishingly small barrier). At the critical torsional angle 

(sharp feature in Figure 5), the phenyl ring is released from the structural 

constraints imposed by the H1 and H7 atoms and the large out-of-plane 

distortion, accompanied by a sudden drop in energy towards the R 

minimum, takes place. The excess in reorganization energy is certainly 

sufficient to reach the conical intersection (which is energetically below 

the M minimum). Lindsey et al. argue that upon photoexcitation both the 

M and R conformers are formed on the ultrafast time scale, with little 

interconversion between them. M decays via both the radiative and 
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nonradiative pathways (long lifetime), while R decays mainly 

nonradiatively (short lifetime).[23] It is clear that the fast decay 

components correspond to the immediate relaxation to the R state and 

its subsequent internal conversion. However, due to the vanishing barrier 

associated with the M conformer, it is also likely that the excited state 

population initially trapped in M will slowly leak towards R and the 

nearby conical intersection. Accordingly, we propose the following 

scenario. Depending on the initially excited vibronic mode, part of the 

population will quickly relax to the R minimum and decay to the ground 

state via conical intersection. Larger part of the population will 

presumably be trapped in a metastable state M. The trapping is also 

consistent with the small Stokes shifts observed in experiments (i.e., the 

emission from the R state would result with rather large Stokes shifts). 

Favorable pathway towards R is very narrow and implies the concerted 

ring torsion and the core bending motion. Therefore, slow relaxation to 

the conical intersection is expected to occur on a longer timescale. Hence, 

the energetically accessible conical intersection may play an essential role 

in the fluorescence quenching of the compound 3, but the high-level 

wave packet simulations would be necessary to provide an unambiguous 

picture.  

Why is the crossing stabilized relative to the FC region (when compared 

to the parent compound 1) remains to be clarified? Although the 

intramolecular interactions (i.e., steric clashes) play an important role in 

the dynamics, the primary reason is of electronic nature and can be 

rationalized by considering only the HOMO and LUMO. As noted 

earlier,[15][23][24] the HOMO has a node in the boron-mesoC vertical plane, 

and does not extend to the meso-group. On the other hand, the LUMO 

can delocalize on the meso-substituent, lowering its energy. Upon 

rotation of the phenyl ring, the S1 state of 3 will transfer charge through 

the delocalized LUMO (Figure 6). 

 

Figure 6. Dominant natural transition orbitals (NTOs; coeff=0.99) of the S1 state of 

compound 3 in the minimum geometry of R. The ADC(2)/def2-SVP level was used; 

isovalue=0.02. 

 

The portion of the potential energy surface with a charge transfer 

character is stabilized with respect to the FC region, and the conical 

intersection becomes energetically accessible. In our earlier work, we 

have found that the S1 state of non-emissive vinyl-BODIPY also achieves a 

partial charge transfer character upon torsion of the vinyl moiety. 

Therefore, the stabilization by charge transfer can be regarded as a 

general effect, which explains the weak fluorescence of the meso-BODIPY 

dyes substituted with the conjugated sp2 moieties. Some caution should 

be taken for the large electron donating groups such as triphenylamine 

and pyrene.[47][48] Here an additional excited state appears in the low 

energy spectral region, exhibiting the charge transfer between the 

electron donating meso-substituent and the BODIPY acceptor (charge 

transfer has a direction opposite to that in 3). In the polar environment, 

this state may be stabilized below the local BODIPY excitation, and the 

population transfer to the “dark” charge transfer state causes a loss of 

fluorescence. 

 

Conclusions 

Fluorescence properties of BODIPY dyes were rationalized by exploring 

the topology of the lowest excited singlet state. The parent BODIPY 

exhibits a low lying conical intersection with the ground state, 

corresponding to the substantial bending of the molecular core over the 

boron-mesoC line. Since the conical intersection is located at an energy 

higher than the Franck-Condon point, nonradiative decay is not expected 

to be significant. However, different substituents, in particular those at 

the meso position, can “stabilize” the conical intersection, which prompts 

the internal conversion to the ground electronic state. We have identified 

two distinct situations, which lead to the relative lowering of the crossing 

energy and, as a consequence, to the the quenching of fluorescence. In 

the case of tert-butyl-BODIPY, non-covalent interactions within the 

molecule play a key role, destabilizing the Franck-Condon region and 

stabilizing the crossing region. A partial charge transfer character was 

also detected. For phenyl-BODIPY, excited state achieves a significant 

charge transfer character upon torsion of the phenyl moiety, which 

lowers the energy of both the excited state global minimum and the 

nearby conical intersection. Since the intersection becomes energetically 

accessible, the excited state population is expected to decay to the 

ground state. The concept of the conical intersection accessibility was 

already successfully applied in our earlier study on meso-alkyl and meso-

alkenyl compounds, explaining their distinct emissive properties 

observed in experiments.[28] Therefore the present methodology can be 

further generalized and used for the structure-property relationships and 

the rational design of the new BODIPY fluorophores. 

Computational Section 

A variety of theoretical methods were previously employed to study 

excited states of BODIPY and its derivatives, including DFT based 

(TDDFT,[26][38][40][49-51] ∆SCF,[45][52] ROKS,[53] DFT-MRCI[54]), single reference 

wavefunction-based (ADC(2),[28][55] CC2,[56] SAC-CI[24]), mixed (SOS-

CIS(D)/TDDFT[57]), multireference (CASSCF,[27][41][44] CASPT2,[52] 

XMCQDPT2[58]), semiempirical[23] and machine learning[59] methods. The S1 

state of various BODIPY compounds is well described by a single 

excitation from the highest occupied (HOMO) to the lowest unoccupied 

molecular orbital (LUMO), having a high oscillator strength which 

manifests in the intense and sharp absorption peaks.[10] However, 

BODIPYs are considered challenging due to the importance of dynamical 
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electron correlation effects.[10][57][60] The same problem holds for linear 

cyanines as widely discussed in the literature.[61-65] The single excitation 

methods (such as TDDFT or CIS) as well as methods which lack dynamical 

correlation (CASSCF) are expected to have large errors.[60] In a benchmark 

study of Momeni and Brown,[60] the best performance was assigned to the 

CASPT2 and the local CC2 method. Here we use the ADC(2) method[66][67] 

which is closely related, and has a similar accuracy as CC2.[68] ADC(2) was 

recently applied to various organic molecules,[28][31][34][35][69-72] typically 

providing the results consistent with experiments. The method can also 

be used for optimizing conical intersections,[28][31][34][73-77] although it does 

not provide a correct dimensionality of the crossing seam (for S1/S0 

crossing).[78] The computations were performed with Turbomole 7.0.2 

package[79] and the strict ADC(2) method implemented therein. Ground 

state computations were performed with MP2 method. The def2-SVP[80] 

basis set was systematically used; BODIPY compounds exhibit a relatively 

small basis set dependence, as shown in Table S2 in SI. The resolution of 

identity (along with the universal auxiliary basis set[81]) and the frozen 

core approximations were employed. Minimal energy crossing points 

were optimized with CIOpt code[82] coupled to Turbomole. For all 

optimized geometries, tight convergence criteria were chosen. While the 

interpolated energies are generally not representative of the minimum 

energy pathway in the excited state, the energetic positions of the 

optimized critical points provide a good description of the excited state 

dynamics. The coordinate interpolation serves essentially as a visual 

guideline. When this interpolation leads to an unnaturally high barrier, 

we employed a constrained optimization. For the segment between the 

M and R minima of compound 3, the energies were computed by a 

constrained optimization in which the torsional angle φ (see SI for 

definition) was fixed and varied ranging from -49.2° corresponding to the 

M structure and -4.3° corresponding to the R structure. The relative 

distances between the points (i.e. minima and MECPs) on the reaction 

coordinate were scaled based on the root mean square deviation 

between the structures of the consecutive points. All the optimized 

structures (xyz) and the detailed photophysical data are given in the SI. 

Profiles in the Figures 1, 3 and 5 were computed in the vacuum, thus 

reflecting the intrinsic properties of the molecules. Continuum solvation 

models are challenging to apply in this case (equilibrium vs. 

nonequilibrium conditions[83] in the excited state). Nevertheless, earlier 

studies imply that the solvent effects are not very significant.[28][51] The 

state with the charge transfer character (as in molecule 3) may be further 

stabilized in the polar environment but this is still fully compatible with 

the proposed interpretation of the excited state dynamics. The qualitative 

shape of S1 potential energy surface remains the same, even if there is an 

additional stabilization of the portion of potential energy surface with the 

charge transfer character.  

Density overlap region indicator (DORI)[42][43] was used to describe 

bonding pattern and the intramolecular interactions. DORI detects 

regions where electron density stemming from different atoms overlap. 

However, while DORI provides the extent of the overlap, it is inapt at 

distinguishing whether the interaction is attractive or repulsive. This 

information is retrieved using the second eigenvalue of the Laplacian of 

the electron density (λ2): ▽2ρ = λ1 + λ2 + λ3, (λ1 ≤ λ2 ≤ λ3). λ2 is negative in 

bonding regions, and positive for repulsive interactions. The interaction 

strength is estimated using the value of the density itself: sgn(λ2)ρ(r) (see 

ref. 42 and 84 for more details). For applications of DORI in excited states 

see ref. 43. Both DORI and ▽2ρ were computed numerically on optimized 

densities, with a precision of 10points/bohr on the grid mesh. DORI was 

obtained using a local script, whereas ▽2ρ was computed using the 

NCImilano software.[85]  

Supplementary Material 

Supporting information for this article is available on the WWW under 

http://dx.doi.org/10.1002/MS-number.  
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