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and emission bands, vibronic couplings have to be determined.

However, the calculation of these couplings generally requires

the computation of the Hessian of the excited-state, a demanding

task that can, in practice, only be tackled with Time-Dependent

Density Functional Theory (TD-DFT)13–15 for the compounds in-

vestigated in this work. As a reward of this computational ef-

fort, the difference between the zero point vibrational energies

of the ground and excited states can be calculated, which, in

turn gives a direct access to the absorption-fluorescence cross-

ing points (AFCP).16,17 Like the band shapes, the AFCP energies

can be directly compared to the experiment on a solid physical

basis. Secondly, solvent effects have to be accounted for, and we

have recently showed that only refined environmental models are

suitable for BODIPY structures.18 In other words simple “linear-

response” solvation schemes are inadequate because they strongly

overshoot solvatochromic effects. Thirdly, the treated systems be-

long to the cyanine class of dyes. It is well-documented that the

transition energies of such derivatives are particularly difficult to

reproduce due to large differential electron correlation effects be-

tween the ground and the excited states.19–23 For this reason,

(the common adiabatic formulation of) TD-DFT is not appropri-

ate to determine absorption and emission wavelengths and, in

practice, it is mandatory to select a method explicitly including

contributions from double excitations to reach accurate results.

However, such methods imply a strong increase of the computa-

tional cost compared to TD-DFT, especially if the vibrational sig-

natures of the excited states are to be computed. For this reason,

we apply here a mixed protocol: the geometries and vibrational

levels are computed with TD-DFT, the solvent effects are mod-

eled with the cLR approach, whereas the transition energies are

determined with an approach accounting for double excitations

(see next Section). This approach was successfully used to re-

produce the band positions and shapes in several BODIPY deriva-

tives.24–26

This paper is divided as follows. In the next Section, we sum-

marize the selected theoretical approach. In Section 3 we discuss

our results starting by an in-depth characterization of the com-

pounds displayed in Figure 1, followed by a screening of a large

set of compounds. This second step aims to provide insights into

the (statistical) differences between fluoroborates and their phos-

phorus counterparts. We conclude in Section 4.

2 Computational Details

As stated above, while the structures of cyanine-like dyes can

be obtained with TD-DFT, approaches accounting for contribu-

tions from double excitations have to be applied to reach reli-

able total and transition energies.23,27 This is why we designed a

specific hybrid protocol for cyanine-like dyes that uses the M06-

2X hybrid functional28 for computing the geometries and vibra-

tional signatures of both the ground and the excited-states while

the SOS-CIS(D) (Scaled-Opposite-Spin Configuration Interaction

Singles with a perturbative Double correction) approach29,30 is

applied to determine the absorption, emission and adiabatic en-

ergies of all investigated compounds.23 Once coupled to an ad-

vanced variation of the Polarizable Continuum Model (PCM),31

e.g., the corrected linear-response approach (cLR),32 this proto-

col delivers accurate AFCP energies for various classes of BODIPY

derivatives.24–26 As this protocol was detailed previously, we only

summarize it below.

DFT and TD-DFT (M06-2X) calculations were carried out with

the latest version of the Gaussian09 program package,33 apply-

ing both a tightened self-consistent field convergence criterion

(10
−9 −10

−10 au) and an improved optimization threshold (10
−5

au on average residual forces). For each compound, we have

optimized the geometry of both the ground and the first excited

states, as well as computed the (harmonic) vibrational spectra of

both states, using the default procedure implemented in Gaus-

sian09. The same DFT integration grid, namely the so-called

ultrafine pruned (99,590) grid, was used for both the ground

and excited states. Except in Section 3.1 where solvent-phase

structures are used, these structural and vibrational parameters

have been determined in gas-phase using the 6-31G(d) atomic

basis that was previously showed to be sufficient for BODIPY

derivatives.34 In Section 3.1, we used the equilibrium solva-

tion limit for the optimizations. The total and transition ener-

gies were determined with a much larger basis set, namely 6-

311+G(2d,p), a choice justified by previous benchmarks.34,35

These energies have been first determined with DFT and TD-DFT

both in gas-phase and in condensed phase (dicholoromethane,

as in the experiments).11 For rationalization purposes, the same

solvent was used to screen the optical properties of our series

of new PODIPYs. For the TD-DFT step, the cLR-PCM approach

was used to model the solvent.32 In Section 3.2, the solvation

energies have been computed at the SMD level implemented in

Gaussian09.36,37 In the same Section, the complexation ener-

gies with water molecules have been obtained by taking into ac-

count the Basis Set Superposition Error (BSSE), in gas phase, at

the M062X/6-311+G(2d,p) level of theory. The SOS-MP2 and

SOS-CIS(D) energies were determined with the Q-Chem pack-

age using the Resolution of the Identity (RI) scheme and the 6-

311+G(2d,p) atomic basis set.38 Theoretical best estimates of the

AFCP energies can be obtained by correcting the condensed phase

TD-DFT results by the difference between the TD-DFT and SOS-

CIS(D) adiabatic energies computed in gas-phase. We redirect the

reader to Ref. 23 and references therein for more details.

Vibrationally resolved spectra within the harmonic approxima-

tion were computed using the FCclasses program (FC)39–42 on

the basis of TD-DFT harmonic vibrational signatures determined

in solution (optimization and vibrations computed taking into ac-

count PCM in the equilibrium limit). The reported spectra were

simulated using a convoluting Gaussian function presenting a half

width at half maximum (HWHM) that was adjusted to allow di-

rect comparisons with experiments (typical value: 0.04 eV). A

maximal number of 25 overtones for each mode and 20 combina-

tion bands on each pair of modes were included in the calculation.

The maximum number of integrals to be computed for each class

was first set to 10
6. In the cases where convergence of the FC fac-

tor [≥ 0.9] could not be achieved with this number of integrals, a

larger value (10
12) was used so to go over the 0.9 limit.
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Table 3 AFCP energies (TD-DFT with and without SOS-CIS(D) corrections) determined for the compounds of Figures 1 and 6 (eV). Ground-state

dipole moments (D) for all compounds. All values determined using dichloromethane as solvent. At the right-hand-side of the Table the differences are

reported to quantify the impact of the substitution of BF2 by PO2.

(aza-)PODIPY, PO2 (aza-)BODIPY, BF2 Difference

Compound E
AFCP

TD−DFT
E

AFCP

SOS−CIS(D)
µGS

E
AFCP

TD−DFT
E

AFCP

SOS−CIS(D)
µGS

E
AFCP

TD−DFT
E

AFCP

SOS−CIS(D)
µGS

1 2.79 2.24 4.38 2.72 2.24 0.52 0.07 -0.00 3.86

2 2.10 1.70 5.93 2.10 1.71 2.22 -0.00 -0.01 3.71

3 2.07 1.68 9.92 2.07 1.68 6.17 -0.00 -0.00 3.75

4 1.98 1.57 6.00 2.00 1.60 3.58 -0.02 -0.03 2.42

5 1.81 1.51 4.03 1.87 1.57 5.97 -0.06 -0.06 -1.94

6 1.94 1.53 4.41 1.94 1.58 0.55 -0.00 -0.05 3.86

7 1.86 1.47 5.57 1.85 1.52 1.52 0.01 -0.05 4.05

8 1.78 1.36 2.42 1.80 1.41 1.15 -0.02 -0.05 1.27

9 1.96 1.57 6.25 1.99 1.60 2.85 -0.03 -0.03 3.40

10 1.88 1.43 4.87 1.92 1.51 1.08 -0.04 -0.08 3.79

11 1.87 1.41 2.90 1.91 1.45 4.24 -0.04 -0.04 -1.34

12 3.15 2.76 8.21 3.17 2.77 4.92 -0.02 -0.01 3.29

13 2.53 2.11 10.21 2.67 2.25 6.77 -0.14 -0.14 3.44

14 2.53 2.11 8.63 2.62 2.22 5.61 -0.09 -0.11 3.02

15 2.33 1.81 6.93 2.37 1.89 3.25 -0.04 -0.08 3.68

16 1.90 1.47 4.77 2.00 1.64 3.34 -0.10 -0.17 1.43

17 2.15 1.67 6.47 2.25 1.83 3.94 -0.10 -0.16 2.53
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Fig. 6 Compounds used in the screening step. Only the PO2 forms are

shown.

The molecular orbitals involved in the excited state and the

electronic density difference are given in Figure 7 for a symmet-

ric aza-BODIPY (8) and an asymmetric BODIPY (17) compound.

The HOMO and LUMO of the latter are principally localised one

the arm bearing the NH2 group, but are not visibly impacted when

going from the PO2 to the BF2 derivatives, an outcome holding for

8 as well as for the ∆ρ plots. For all compounds, a closer inves-

tigation of the computed properties reveals that the emission en-

ergy is systematically more impacted by the incorporation of the

PO2 group than the absorption energy, which parallels what has

been found for the model chromophores. For instance, 17, that

presents the largest redshift, has its emission energy decreased

by 0.17 eV whereas its absorption is modified by 0.13 eV. This

suggests that the Stokes shift is almost systematically larger in

PODIPYs. From the comparison of the AFCP values of 16 and 17,

one can also note that symmetric and asymmetric BODIPYs can

both undergo large redshifts. Interestingly, substituting a chelat-

ing nitrogen atom by an oxygen atom in the six-member ring (12)

does not change the preceding trends, though the charge reparti-

tion in the PO2 to the BF2 groups is different.

Secondly, and regardless of the presence of BF2 or PO2, it is

clear that increasing the π-conjugation length, induces smaller

AFCP energies. This is why dyes with fused aromatic rings pro-

vide the most redshifted spectra in the series. Ultimately the in-

corporation of two thiophene rings in 8, in addition to the fused

benzopyrrole rings, yields the smallest AFCP energy of all systems

investigated here: 1.36 eV and 1.41 eV for 8-PO2 and 8-BF2, re-

spectively, corresponding to a 33 nm redshift due to the phos-

phorous center. For these fluorophores the HOMO and LUMO are

indeed delocalized on the whole π-system (see Figure 7).

Thirdly, while the dipole moment is, as expected, highly de-

pendent on the structure of the fluorophore, the introduction

of the PO2 moiety clearly tends to increase its magnitude, typi-

cally doubling it. This hints to a superior solubility in polar sol-
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