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structural, electronic and optical properties of recently-proposed PODIPY dyes. Being more solu-
ble in water than the well-known BODIPYs, these new chromogens are particularly appealing, but

their characterization remains very limited. It turns out that the selected theoretical protocol could
reproduce the experimentally reported differences between PODIPY and BODIPY dyes. On this
basis, we have investigated a large number of new PODIPY dyes and determined their theoretical

0-0 energies.

1 Introduction

Among the existing near-infrared dyes, boron-dipyrromethene
(BODIPY) and their aza-derivatives (aza-BODIPY) certainly oc-
cupy privileged spots (see Figure 1). Indeed, these fluoroborate
compounds display remarkable properties: extremely large molar
absorption coefficients, large fluorescence quantum yields (up to
0.99), easily tunable absorption and emission wavelengths and
interesting photostabilities in both solution and solid state. '™
The exceptional optical properties of (aza-)BODIPY can be traced
back to their electronic structure: these compounds can indeed
be viewed as cis-constrained cyanines. However, most BODIPY
are very poorly soluble in water, which impedes straightforward
bio-applications. This is why several strategies have been applied
to make BODIPY more soluble, e.g., through the addition of sul-
fonate groups.>'° Very recently, Jiang and coworkers have pro-
posed an alternative strategy to improve the water solubility: they
replaced the BF, unit of the dyes by a PO, group (see Figure 1).1!
Indeed, by treating the (aza-)dipyrromethene with POCl; in pres-
ence of ET3N, they could obtain, after hydrolysis, one PODIPY (1-
PO2) and one aza-PODIPY (2-P0O2). 1-PO2 shows a good solubil-
ity in water (13 mg.L*I), and can remain in solution for at least
two weeks.!! These two phosphorous-containg molecules con-
stitute the first members of a new sub-family of cyanine deriva-
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Fig. 1 Top: Representation of the chromogens for the family of
compounds investigated here. To designate these specific structures,
bold names are used in the text to distinguish them from the generic
family names. Bottom: synthesized PODIPY (1-PO2) and aza-PODIPY
(2-P0O2) ' a s well as the corresponding fluoroborate structures,
BODIPY (1-BF2) and aza-BODIPY (2-BF2).

tives. These new dyes present an absorption band that is slightly
redshifted compared to the corresponding fluroborate (e.g., -15
nm when going from 2-BF2 to 2-P0O2) and also develop slightly
larger Stokes shifts (e.g., 871 cm™! for 2-PO2 versus 496 cm™~! for
2-BF2). Apart from the HOMO-LUMO plots presented in the orig-
inal work (B3LYP level), ! there is, to the best of our knowledge,
no attempt to rationalize and predict the properties of PODIPY
with theoretical tools, and the present contribution aims to fill
this gap.

The simulation of the excited-state properties of dyes with the-
oretical tools remains an important challenge.!? In the present
investigation, three difficulties have to be overcome. Firstly, as we
wish to model the positions and topologies of both the absorption
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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. !® 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. 1923 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. 2327 This is why we designed a
specific hybrid protocol for cyanine-like dyes that uses the MO06-
2X hybrid functional?® 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) approach?%:30 is
applied to determine the absorption, emission and adiabatic en-
ergies of all investigated compounds.%® Once coupled to an ad-
vanced variation of the Polarizable Continuum Model (PCM), 3!
e.g., the corrected linear-response approach (cLR),32 this proto-
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col delivers accurate AFCP energies for various classes of BODIPY
derivatives. 2426 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
(1072 —107'° au) and an improved optimization threshold (10>
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.3%3>
These energies have been first determined with DFT and TD-DFT
both in gas-phase and in condensed phase (dicholoromethane,
as in the experiments). 1! 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
Gaussian09.3637 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)3°*2 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 €V). 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°. 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'%) was used so to go over the 0.9 limit.

This journal is © The Royal Society of Chemistry [year]
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3 Results and discussion

3.1 Comparison of BODIPY and PODIPY chromogens

We first focus on the description of the impact of the replace-
ment of the BF, group by the PO, moiety considering the chro-
mophores represented at the top of Figure 1. A first obvious ge-
ometrical difference can be found. Indeed, due to its size, the
phosphorous atom lies more strongly out of the plane formed
by the z-conjugated skeleton than the boron atom (see also the
ESD). In Table 1 we list the AFCP energies determined by the
above-described protocol, together with the ground-state dipole
moments for these four model structures. As stated previously,
our protocol has been successfully validated for a large variety of
BODIPY dyes and both the standard deviation and mean absolute
error were found smaller than 0.1 eV,%* and the EATCP presented
in Table 1 can therefore be trusted.

Table 1 AFCP energies (in eV) and ground-state dipole moments (in D)
determined for the model compounds.

EAFCP (ev) “GS (D)
BODIPY 2.36 5.56
PODIPY 2.34 9.75
aza-BODIPY 2.11 2.67
aza-PODIPY 2.08 7.04

For BODIPY and PODIPY, the AFCP energies are 2.36 and 2.34
€V, respectively, indicating that the presence of the PO, group in-
duces a slight redshift of 0.02 eV (5 nm). For the corresponding
aza-fluorophores, a similar shift of 0.03 eV (7 nm) can be calcu-
lated. These variations, in line with the experimental trends, !
remain significantly smaller than the typical spectral differences
between dipyrromethenes and aza-dipyrromethenes,! that our
approach reproduces as well.® By investigating the TD-DFT verti-
cal absorption and emission energies, it appears that the change
of EAFCP induced by the PO, group can be mostly ascribed to a
variation of the fluorescence energy (-0.09 €V between BODIPY
and PODIPY), the absorption being significantly less affected (-
0.01 eV). The same holds for the aza-dyes.

For all four fluorophores of Table 1 the electronic transition of
interest corresponds, as expected, to a # — 7 HOMO—LUMO
transition not significantly involving the BF, or PO, groups (see
Figure 2). The small variations of AFCP energies discussed above
is therefore not related to a significant variation of the topology of
the molecular orbitals, but more to a change of their relative en-
ergies, e.g., going from BODIPY to PODIPY induces a downshift
of the HOMO and LUMO by -0.44 eV and -0.41 eV, respectively.
This effect can be ascribed to stronger electron-withdrawing char-
acter of the PO, group, that is to the different charge distribution
(see next Section). From the theoretical viewpoint, we therefore
note that the DFT gap determined in PODIPY (4.93 €V) is there-
fore smaller than in BODIPY (4.90 eV), which, in a first crude ap-
proximation, indicates a qualitatively incorrect spectral shift com-
pared to experiment.'! In contrast, as seen above, TD-DFT that
accounts for relaxation effects does reproduce the correct trend.

As stated in the Introduction, BODIPY derivatives are often
characterized by hallmark band shapes (for both absorption and

This journal is © The Royal Society of Chemistry [year]
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PODIPY BODIPY aza-PODIPY aza-BODIPY

Fig. 2 Frontier molecular orbitals for the model chromogens (cut-off =
0.03 a.u.).

emission spectra): a sharp peak is accompanied by a shoul-
der. %43 For this reason, we have determined vibronic couplings
and subsequently obtained vibrationally-resolved spectra for the
four model chromophores. The results are displayed in Figure 3
and the presence of a shoulder is nicely reproduced, though its
relative height compared to experiment is overestimated (but, to
a lesser extend for aza-BODIPY), a trend consistent with previous
TD-DFT simulations of fluoroborates.33* We underline that Fig-
ure 3 clearly shows that the Stokes shifts are larger for the (aza)-
PODIPY dyes than for their fluoroborates counterparts, e.g., the
Stokes shift attains 0.07 €V for PODIPY but 0.02 eV for BODIPY,
a trend, well in the line of experimental measurements.'! We
also notice that while the spectra of BODIPY and aza-BODIPY
are noticeably different, PODIPY and aza-PODIPY present sim-
ilar spectra except for the expected redshift. -** We have inves-
tigated the nature of the vibrational modes principally responsi-
ble for the observed band shape. It turned out that, in all com-
pounds, a low-energy vibration, presenting a similar nature in
both the ground and excited states, explains the broadening of
the main (0-0) band. This mode corresponds to out-of-plane de-
formations with the movement of the BF,/PO, moiety being in
opposite phase from the rest of the molecule. It is is sketched
in Figure ESI-1 in the ESI. The presence of a shoulder is ex-
plained by vibronic couplings involving several vibrational modes,
that are depicted in Figure ESI-2 in the ESI. For the absorption,
one dominant mode, corresponding to a breathing of the cen-
tral six-member cycle, explains the shoulder for both PODIPY
(729 em~1) and aza-PODIPY (762 cm™1). In contrast additional
modes are involved in BODIPY and aza-BODIPY (see the ESI). In-
terestingly, a significant difference of nature was found between
(aza-)BODIPY and (aza-)PODIPY. Indeed, in the latter dyes the
vibronic contributions implying these high-energy vibration also
contain a strong coupling with the low-energy vibration men-
tioned above, that is, they are combinations of two vibrations,
which contrasts with the former compounds, that present signifi-
cant single-mode contributions even for high-energy modes. This
can explain the broader bands in PODIPY compared to BODIPY:
it is clear that the systematic combination with the first mode for
the PO, chromogens, more than the proper nature of the vibration
themselves is the origin of the different band shapes. In addition,
this combination washes out the difference between the nitrogen-
and carbon-based structures, i.e., the band shapes of BODIPY and
aza-BODIPY differ more strongly from one another 1:44 than their
PODIPY and aza-PODIPY counterparts.

Journal Name, [year], [vol.], 1-10 |3
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Fig. 3 Theoretical vibrationally-resolved specira for the four model
chromogens: blue: absorption, red: emission. In both cases, both the
individual vibronic contributions and the convoluted specira are
reported.

3.2 Synthesized compounds
3.2.1 Solubility with water

As stated in the Introduction, fluorphores 1-PO, and 2-PO,, de-
picted in Figure 1 have been recently designed with the primary
goal of improving the solubility in water, 11
served experimentally for both compounds.
finding, we have considered three aspects: i) the relative dipole

and it was indeed ob-
To rationalize this

moments in the two series of compounds, ii) their solvation en-
ergies as obtained from SMD calculations; and iii) the strengths
of the H-bonds in dye-water complexes. First, we note that for
both 2-BF, and 2-PO,, two thermodynamically stable conform-
ers differing by the relative orientations of the phenyl rings can be
designed. They are represented in Figure 4. Although the a con-
formation is systematically favored, the Gibbs energy differences
computed for the two conformers are trifling: 0.08 kcal.mol~! for
2-PO, and 0.62 kcal.mol ™! for 2-BF,. As the two conformers dis-
play very similar spectral properties, we continue in the following
with the most stable a conformer only.

Table 2 lists the (MK) partial atomic charges of selected atoms
as well as the total dipole moments for 1-PO,, 1-BF,, 2-PO, and
2-BF,. Overall, the negative charge borne by the oxygen atoms
is ca. 0.2 |e| larger (in absolute terms) than the corresponding
value for fluorine atoms. As the phosphorous atoms are also more
positively charged than the boron atoms, the charge separation
is obviously increased in PODIPY. As underlined in Ref. 11, this
improved separation can be intuited by an analysis of the Lewis
structure, considering the p orbital of the phosphorous atom to-
gether with the lone pairs of the nitrogen atoms. As in the model
chromophores, the global electric dipole moment (see Figure 4)
is strongly affected by the nature of the heteroatom binding the
dipyrromethene core: it increases by ca. 3-4 D when replacing
boron by phosphorous. As a consequence, the magnitude of u©S
is multiplied by a factor of 8.4 (2.7) when going from 1-BF, to
1-PO, (2-BF, to 2-P0O,), a trend clearly consistent with an im-

proved solubility in polar solvents. This is confirmed by a cal-
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Fig. 4 Top (a): two conformers for 2-PO,. Bottom (b): orientation and
(relative) magnitude of the ground-state dipole moment for the
experimentally available compounds sketched in Figure 1. For 1-BF,,
the total dipole has been scaled by a factor of three to allow its
representation.

culation of the free solvation energies determined by comparing
SMD(water) and gas phase energies (see Table 2) that also indi-
cates a much larger stabilization of the PODIPY compared to the
BODIPY.

Of course, the above approaches account for non-specific in-
teractions only, and explicit solute-solvent interactions, notably
H-bonds, are important for solubility in protic media. For this
reason, we have also determined the complexes formed between
one and two water molecules and the different fluorophores. The
computed complexation energies are given in Table 2, while the
structures are represented in Figure ESI-4 in the ESI. As expected,
in all cases the most stable structures are obtained when the
hydrogen atoms of the water molecules point toward the flu-
orine/oxygen atoms of the BF,/PO, group to form H-bonds.*®
E°™ i3 almost perfectly doubled when going from one to two
water molecules, and systematically more negative for the PO,
derivatives than for the BF, counterparts. This systematic in-
crease, that one can directly relate to the more negative par-
tial charges borne by oxygen atoms than fluorine atoms (see Ta-
ble 2), is far from negligible, e.g., £°°™P increased from -15.93
keal.mol ™! to -23.12 keal.mol~! when going from 2-BF, — 2 H,0
to 2-PO, — 2 H,0. For the records, we note that there is no sys-
tematic relationship between E“°™ and the H-bond lengths, e.g.,
the shortest H-bond length is 2.07 (2.13) Ain 1-BF, - H,O (1-
PO, — H,0), but 2.23 (2.12) A in 2-BF, - H,O (2-PO, — H,0).
We also found that when going from one to two water molecules,
the H-bond distances tend to decrease for all compounds.

In short, all theoretical results, i.e., charge-separation ampli-
tude, dipolar nature, solvation energy and complexation energies,
indicate that replacing BF, by PO, is favorable for solvation in
water, a trend perfectly in the line of measurements.

This journal is © The Royal Society of Chemistry [year]
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Table 2 Merz-Kollman partial atomic charges (in |e|) for the key atoms in the dipyrromethene structure of the synthesized compounds, magnitude of
the ground-state dipole moment (in D, determined in dichloromethane), water solvation energy obtained with the SMD model (in kcal.mol~!) and
complexation energies with one and two water molecules (in kcal.mol~!).

Partial atomic charges

Complexation energies

Compound B/Patoms F/O atoms N atoms uGS GoV  geomp (1 H,0) E®™P(2 H,0)
1-PO, 0.94 -0.67/-0.67 -0.26/-0.26 4.38 -18.81 -10.80 -21.61
1-BF, 0.87 -0.45/-0.45 -0.34/-0.31 0.52 -7.01 -7.01 -14.78
2-PO, 1.00 -0.66/-0.70 -0.22/-0.26 5.93 -19.49 -12.32 -23.12
2-BF, 0.72 -0.46/-0.38 -0.27/-0.31 2.22 -9.48 -8.23 -15.93

3.2.2 Spectroscopic properties

Let us now turn to the optical properties of these compounds.
As for the chromogens of Section 3.1, both the absorption and
emission are solely involving transitions between the two frontier
orbitals. They are displayed in Figure 5. First, we note that the
HOMO and LUMO are spread symmetrically on both sides of the
molecule, as expected for almost perfectly symmetric molecules.
In other words, we do not retrieve the surprising B3LYP results
of Jiang et al. that found the LUMO of the 2-PO, compound
more localized on one side.!! Globally, the shape of the frontier
orbitals is the same for the BODIPY and PODIPY compounds, but
for a small contribution of the p-nitro-phenyl group in the LUMO
of 1-PO,. As can be seen in the density difference (Ap) plots
(see Figure 5), the major impact of an electronic transition is a
reorganization of the electron density on the chromophore and
no significant charge-transfer takes place in these systems.

LUMO

1-PO

2

Fig. 5 Top and center: frontier molecular orbitals of (from left ro right)
1-PO;, 1-BF,, 2-P0O, and 2-BF,. Bottom: difference of total density
between the two states, Ap for the same compounds. The cutoffs are
0.03 au for the MO and 0.0004 au for the density difference.

The computed spectroscopic data for 1 and 2 are listed in Table
3. Experimentally, the recorded absorption and emission wave-
lengths are respectively 510 nm and 524 nm for 1-PO,, and 625
nm and 661 nm for 2-PO,, in dichloromethane. 1! The measured
corresponding AFCP energies are 2.40 eV and 1.93 €eV. As can
be seen in Table 3, TD-DFT AFCP energies are significantly too
large, especially for 1-PO,. The SOS-CIS(D) corrected values are
clearly more accurate but tends to undershoot the experimental

This journal is © The Royal Society of Chemistry [year]

values with errors of -0.16 and -0.23 €V for 1-PO, and 2-PO,, re-
spectively. The variations with respect to the BF, derivatives are
negligible with the SOS-CIS(D) scheme. Experimentally, a small
bathochromic displacement of 15 nm (-0.05 €V) is found when
going from 2-BF, to 2-PO,, and theory undershoots the magni-
tude of this change (-0.01 &V).

3.3 Screening of new derivatives

Given the potential importance of PODIPY and, because the ex-
perimental values are only available for two derivatives, we have
decided to use theoretical chemistry as a screening tool for a
larger number of PODIPY and aza-PODIPY derivatives (see Fig-
ure 6). Our goal was to determine if some compounds present
particularly enhanced dipole moments compared to the fluorob-
orates (which would indicate enhanced solubility) or AFCP en-
ergies strongly evolving (ca. larger than 0.10 eV in absolute
terms) when replacing BF, by PO,.
dichloromethane are given in Table 3

The results obtained in

As can be seen in Figure 6, we have considered a vast panel
of derivatives representative of various strategies (e.g., exten-
sion of the m-conjugation, stiffening of the lateral arms, addition
of strongly active groups to induce charge-transfer, asymmetric
N-O compounds...) used in the field. While the PODIPY and
aza-PODIPY shown in Figure 6 are synthetically unknown com-
pounds, they indeed all correspond to synthesized and character-
ized (aza-)BODIPY to ensure experimental access of the new com-
pounds. For experimental characterizations of the fluoroborates,
we redirect the interested reader to the original works: 3-BF2, 46
4-BF2,%® 5-BF2,%7 6-BF2,*® 7-BF2,%® 8-BF2,° 9-BF2,°° 10-
BF2,°° 11-BF2,%’ 12-BF2,°! 13-BF2,°? 14-BF2,°? 15-BF2,>*
16-BF254 and 17-BF2.>> For the dyes possessing side aromatic
rings that can rotate (i. e, 3, 4, 6, 7, 8 and 11), we considered
the conformation a only (see Figure 4).

From Table 3, general tendencies regarding the impact of the
substitution of the fluroborate center with a phosporous group
can be drawn. First, it is clear that this substitution globally in-
duces relatively limited variations of the AFCP energies for most
compounds (smaller than 0.10 €V), regardless of the substitution
pattern considered. As expected from the observations on the
chromogens, we observe small redshifts for the majority of com-
pounds, and in particular for all aza-BODIPYs considered in the
present work. The situation seems slightly different for the BOD-
IPYs treated here. Indeed, for 13, 14, 15, 16 and 17 rather signif-
icant redshifts are obtained (-0.14, -0.11, -0.08, -0.17 and -0.16
eV, respectively), by both TD-DFT and SOS-CIS(D) methods.

Journal Name, [year], [vol.], 1-10 |5
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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 BF, by PO,.

(aza-)PODIPY, PO, (aza-)BODIPY, BF, Difference
Compound  Enf“hpr ESA(I):S?ECIS(D) 1S | ERS Dt E?SSCECIS(D) u | Epher  E&SSTais (D) ues
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

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 NH, group, but are not visibly impacted when
going from the PO, to the BF, derivatives, an outcome holding for
8 as well as for the Ap 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
PO, 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 PO, to the BF, groups is different.

Secondly, and regardless of the presence of BF, or PO,, it is
clear that increasing the z-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 €V and 1.41 €V for 8-PO, and 8-BF,, re-
spectively, corresponding to a 33 nm redshift due to the phos-
Fig. 6 Compounds used in the screening step. Only the PO, forms are phorous center. For these fluorophores the HOMO and LUMO are
shown. indeed delocalized on the whole 7-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 PO, moiety clearly tends to increase its magnitude, typi-
cally doubling it. This hints to a superior solubility in polar sol-
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Fig. 7 Frontier molecular orbitals and electronic density difference for 8
and 17. See caption of Figure 5 for more details.

vents of PODIPYs. In turn, this means that the benefits of using
PODIPY instead of BODIPY for applications in water can probably
be generalized to most of dipyrromethenes besides the two exper-
imentally available. Exceptions were nevertheless found for two
specific cases where strongly donating substituents are present,
e.g., for 11 possessing OMe groups and 5 presenting NH, groups.
This effect can be easily intuited as a counterbalance effect: the
presence of the electroactive groups on this side of the molecule
yielding an opposite effect to the PO, group. The corresponding
dipole moments are displayed in the ESI for 5 and 11. Neverthe-
less, the nature of the carbon-based conjugated skeleton (phenyls,
fused rings) plays also a role in the charge distribution as other
compounds also possessing methoxy groups, e.g., both 4 and 10
follow the general trend. In the considered series, the greatest
dipole moment was obtained for 13-PO;.

4 Conclusions and outlook

Using state-of-the-art spectroscopic ab initio tools, we have in-
vestigated a brand-new class (only two synthesized compounds)
of dipyrromethene derivatives, PODIPY, incorporating a phospho-
rous center and showing improved solubility in water. This par-
ticularity of PODIPYs, compared to the well-known BODIPYs, was
rationalized using a series of complementary criteria.
found that PODIPYs tend to present larger dipoles, larger sol-
vation energies and increased complexation energies with water
molecules. For the raw chromogens, the absorption and emission
band shapes have been resolved by determining vibronic factors
and it turns out that a low frequency deformation strongly cou-
ples with more energetic vibrations in PODIPY, but not in BODIPY,
explaining the slightly broader spectra of the former. By contrast,
the inspection of the frontier molecular orbitals and density dif-
ference plots revealed that PO,, like BF,, plays no direct role in
the chromogenic region.

It was

The optical properties of a series of 15 new PODIPYs, substi-
tuted in various fashions, and the corresponding BODIPYs have
been determined. An increase of the ground-state dipole moment
was obtained in 13 out of 15 cases, hinting that the increased sol-
ubility of the PODIPYs is not limited to the two available deriva-
tives. According to our theoretical calculations, the presence of

This journal is © The Royal Society of Chemistry [year]
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the PO, group instead of the well-known fluoroborate moiety
generally grants a small redshift of the AFCP energies, mainly
due to the variation of the emission. The consideration of all the
substitution patterns allowed us to pinpoint that the magnitude
of this shift is different in aza-BODIPYs (small redshifts) and in
BODIPYs (larger redshift) when replacing the fluoroborate moi-
ety by a phosphorous group. It was also found that aza-PODIPY
compounds bearing fused aromatic rings rings and/or side thio-
phene rings are characterized by AFCP in the near IR and are
potentially interesting derivatives for in vivo applications, as they
combine higher solubility in water and red-shifted AFCP optical
signatures. This work thus provides useful insights for the fu-
ture experimental developments of this promising class of fluo-
rophores, and we are planning to extend this study to more spe-
cific asymmetric compounds similar to 17-PO,, but presenting a
more pronounced charge-transfer character.
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