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ABSTRACT: Accurate theoretical description of the electronic structure of boron .- N
dipyrromethene (BODIPY) molecules has been a challenge, let alone the prediction of
fluorescence quantum efficiency. In this Letter, we show that the electronic structures
of BODIPYs can be accurately evaluated via the spin-flip time-dependent density
functional theory with the B3LYP functional. With the resulting electronic structures,
the experimental spectral line shapes of representative BODIPYs are successfully
reproduced by our previously developed thermal vibration correlation function
method. Most importantly, a two-channel scheme is proposed to describe the internal
conversion of S; to S, in BODIPYs: channel I via direct vibrational relaxation within
the harmonic region and channel II via a distorted Sy/S; minimum energy crossing
point well away from the harmonic region. The fluorescence quantum yields are
accurately predicted within this two-channel scheme, which can therefore serve as a “
generalized method for predicting the photophysical parameters of organic fluorescent
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compounds.

ecently, boron dipyrromethene derivatives (BODIPYs)

have become a cutting-edge topic in the field of dye
chemistry due to their distinguished photophysical properties,
including intense fluorescence with narrow peaks and high
quantum yields, high extinction coeflicients, and tunable
emission wavelength via extensive substitution variations.'””
Given the remarkable experimental significance of BODIPYs, a
number of theoretical and computational efforts have been
devoted to unraveling their extraordinary photophysical
properties.*”'* Nevertheless, the conventional time-dependent
density functional theory (TDDFT), which serves as the
method of choice for most organic compounds, always severely
overestimates the energy of the light-emitting state (S;) of
BODIPYs because of its presumable double-excitation and/or
multireference nature.'”'*'*7'7 In addition, a reliable
description of the decay process of S; is desired to enable
better exploration of the photophysical property and
quantitative prediction of the fluorescence quantum efficiency
via the equation @y = k,/(k, + k,,), where k, and k,, correspond
to the radiative and nonradiative decay rate constants,
respectively. This has been a long-standing challenge for
theoretical chemistry because the radiative decay is usually on
the order of 10 ns, which is 3 orders of magnitude longer than
the typical time span of the best currently available excited
state dynamics simulation."*™*° The nonradiative decay rate
constant k. of most organic fluorophores spans a much wider
scale: for a strongly fluorescent compound, k. can be orders of
magnitude smaller, while it can be much larger for weakly
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luminescent compounds. Therefore, a rate formalism such as
the thermal vibration correlation function (TVCF) has become
the practical approach for quantitatively predicting ®g, by
which the nonradiative decay is modeled as a vibrational
relaxation-induced nonadiabatic transition (channel I in Figure
1).*! Coupled with quantum chemistry calculations, TVCF has
found great success in improving our quantitative under-
standing of photo%)hysical phenomena such as aggregation-
induced emission.”” Recently, Lin et al. proposed a data-driven,
semiempirical scheme for assessing the nonradiative decay rate
of BODIPY molecules via the access of a Sy/S; minimum
energy crossing point (MECP) (channel II in Figure 1), by
which @y can be efliciently predicted according to a
combination of inexpensive quantum chemical calculations
and experimental spectroscopic data.'" However, the predicted
results based on such an algorithm depend on the choice of the
“training set”, and channel I is completely ignored within this
algorithm.

From the perspective of electronic structure theory, to tackle
the problem encountered by conventional TDDFT in
BODIPYs, on one hand, highly accurate correlated wave
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Figure 1. Schematic graph of two internal conversion channels of S;.
FC is the Franck—Condon point. S; Opt is the S, optimized structure.
TS is the transition state. Solid arrows indicate radiative transitions
with a photon being absorbed or emitted. Dashed—dotted lines
indicate nonradiative processes. Channel I corresponds to the decay
channel via direct harmonic vibrational relaxation; channel II
corresponds to the decay channel via a distorted S,/S;, MECP
structure.

function methods such as coupled-cluster theory'”'*'>** and

multireference approaches'***~* have been applied to gain a
more reliable description, sacrificing computational efficiency
as compared with TDDFT. On the other hand, data-driven
models based on a linear fitting between experimental
excitation energies and TDDFT-predicted results have been
proposed to efficiently correct the original overestima-
tion.""'**'7** While such a linear regression approach has
found success in predicting the excitation energies,'"”' ™ its
accuracy depends on the choice of the “training set” within the
fitting model. Therefore, an efficient yet robust ab initio
approach is still desired for BODIPYs, with the availability of
the corresponding electronic structure quantities (i.e.,
analytical gradient, nonadiabatic coupling, etc.) required by
further evaluation of photophysical properties.

Bearing the aforementioned obstacles in mind, we
demonstrate in this Letter that the spin-flip version of
TDDFT (SF-TDDFT), which is able to capture double-
excitation and multireference character with nearly the same
computational cost as conventional TDDFT,34 can serve as a
golden method for describing the electronic structures of
BODIPY families. Among all previous theoretical studies of
BODIPY systems, to the best of our knowledge, SF-TDDFT
has been applied by Lin et al. only to locate the Sy/S; MECP,
while they returned to conventional TDDFT to calculate the
excitation energies and transition dipole moments according to
ref 11. Most importantly, we propose a general computational
protocol for describing the nonradiative decay of S; through
combination of the two channels (in Figure 1), with the TVCF
formalism applied to channel I and transition state theory
(TST) applied to channel II. On the basis of this two-channel
scheme, the fluorescence quantum efficiency of BODIPY
molecules can be accurately predicted without any fitting
parameter, and this computational protocol can be easily
generalized to other organic fluorophores with complex
structures.

The investigated BODIPY molecules are listed in Scheme 1.
The Sy and S, states are optimized via SE-TDDFT using the
B3LYP functional and cc-pVDZ basis set in quantum
chemistry package Q-Chem $.2,”> with solvent effects
addressed via linear-response polarized continuum model
LR-PCM.**"** While the BHHLYP functional is considered

7791

Scheme 1. Chemical Structures of the Investigated
BODIPYs
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as a successful functional for SF-TDDFT as previously
reported,” we have found that this functional does not offer
reliable predictions for BODIPY excitation energies, accom-
panied with a serious spin contamination issue (see the
computed vertical excitation energies and the (S) values for
BODIPY 1A in Table S1). Therefore, the B3LYP functional is
applied throughout this study, which can be justified by the
following computational results.

The computational vertical excitation energies at Sy and S,
geometries, namely, the theoretical absorption and emission
energies, respectively, are plotted in Figure 2 with a
comparison of the corresponding experimental values. Explicit
numbers as well as the type of solvents for each investigated
BODIPY are listed in Tables S2 and S3. Even though a
contradictory argument has arisen with re§ard to the rationality
of such a comparison for BODIPYs,'»* it serves as a
reasonable protocol and even as the rule of thumb for judging
the accuracy of the a%plied electronic structure theory in most
theoretical works,"” " and we find BODIPYs are not the
exception. For the sake of rigorousness, a well-grounded
comparison of the computed 0—0 energies versus the
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Figure 2. Comparison between theoretical (SE-TDDFT/B3LYP/cc-

pVDZ with LR-PCM) vertical excitation energies and experimental
absorption (top) and fluorescence (bottom) maxima.

experimental absorption/fluorescence crossing point (AFCP)
will be carried out next.

Figure 2 shows that vertical excitation energies predicted by
SE-TDDFT/B3LYP/cc-pVDZ with LR-PCM are in remark-
ably good agreement with experimental results. Contrary to a
severe overestimation of the conventional TDDFT method,
the mean absolute errors (MAEs) for absorption and emission
energies predicted by SF-TDDFT are 0.060 and 0.101 eV,
respectively, with linear fitting coefficients R* of >0.91. Such
accurate and precise computational results over a wide range of
BODIPY molecules rely on the fact that SE-TDDFT treats
both S, and S, states as a linear combination of configurations
generated via applying a spin-flip (Mg = —1) operator on top of
the high-spin (Mg = 1) triplet reference state, in which the
double-excitation configuration is effectively involved.”* There-
fore, the double-excitation and/or multiconfiguration character
of BODIPY molecules, which has been previously revealed by
multireference methods,'*** can be appropriately addressed
within the SF-TDDFT framework. The computed transition
dipole moment for BODIPY 1A given by SE-TDDFT is also
closer to the value given by correlated wave function method
ADC(2) than the one given by conventional TDDFT (see
Table S4). Furthermore, the well-known spin contamination
issue associated with SE-TDDFT/B3LYP is not severe for all
tested BODIPY systems according to the (S®) values of states
So and S, as listed in Tables S2 and S3.

The optimized ground state structure of BODIPYs is
checked by comparing the computational results with the
experimentally available structure obtained via X-ray diffraction
(XRD). For BODIPY 1A, the SF-TDDFT/B3LYP/cc-pVDZ-
optimized structure is compared with the previously reported
XRD experimental structure and CASPT2/6-31G* results (ref
25) in Table 1. Despite the modest influence of different basis
sets, the SF-TDDFT-optimized structure generates results as
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Table 1. Key Geometrical Parameters of BODIPY 1A
Obtained from This Work, the CASPT2 Method, and XRD
Experiments”

this work”  CASPT2 6-31G*°  XRD experiments®
Bonds (A)
B-F 1.408 1.388 1.405
B-N 1.557 1.561 1.545
N-C3 1.342 1.352 1.339
C3-C2 1.414 1.406 1.400
C2—-C1 1.395 1.390 1.370
C1-C’ 1.417 1.425 1.410
C'-C8 1.395 1.385 1.383
C'-N 1.403 1.389 1.391
Angles (deg)

F-B-F 109.6 111.8 108.6
N-B—-N 106.5 104.9 106.6
c'—C8-C” 121.6 121.7 123.3
N-C'-C8 120.4 121.3 118.9
B-N-C'-C8 6.6 0 4.3

“Corresponding atoms indices are labeled in the chemical structure of
1A in Scheme 1. “Ground state structure listed in Table 1 obtained
via single-molecule optimization with no PCM applied. “Data
obtained from ref 25.

good as those of CASPT2 and perfectly reproduces the key
geometrical parameters of 14, including a small B-N—-C’'—C8
dihedral angle that is missing in the CASPT2 calculation.
Additionally, the visualized computational and experimental
structures of BODIPYs 1G, 11, 2C, 2D, and 2K are compared
in Figure S1, and only trivial deviations are observed between
the computational and experimental structures for all tested
cases.

As opposed to vertical excitation energies, 0—0 energies are
well-defined via the energy gap between zeroth vibrational
states and are directly comparable with experimental AFCP
energies.44_46 For BODIPY families, 0—0 energies (as well as
spectral line shapes) have been theoretically explored by
Chibani et al. via conventional TDDFT methods.'> According
to their results, the overestimation problem of TDDFT for
BODIPY systems still exists for 0—0 energies: the MAE of
predicted 0—0 energies compared to experimental AFCP
values is as large as 0.374 eV.'” Here we revisit this problem via
the SE-TDDFT method for representative BODIPYs. Note
that a vibrational analysis is required to obtain the zero-point
vibrational energy (ZPVE), which is extremely time-consum-
ing without the implementation of an analytical Hessian.
Therefore, BODIPYs with 40 or fewer atoms listed in Scheme
1 are chosen as representatives. The same choice applies to the
computation of fluorescence quantum efficiency.

The 0—0 energies of 13 representative BODIPYs predicted
by SE-TDDFT are plotted in Figure 3 with respect to the
corresponding experimental AFCP values. Explicit numbers
and molecules can be found in Table S5. One can see from
Figure 3 and Table S5 that the MAEs of predicted 0—0
energies are further decreased compared to the MAEs of
vertical excitation energies. The high precision remains as
indicated by an R* of 0.9490. The rationality of our applied
electronic structure method is thus highlighted to a greater
extent.

With the predicted 0—0 energies and vibrational analysis, the
absorption/emission spectra of the 13 representative BODIPYs
can be determined via the TVCF method in our self-developed

https://dx.doi.org/10.1021/acs.jpclett.0c02054
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molecular material property prediction package MOMAP

2019B.*>*”*® The absorption and emission spectra are given
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where P;,(T) is the Boltzmann distribution function for the
initial vibronic manifold, ®;, and ©j, are vibrational wave

functions, E; (Ey) is the adiabatic energy gap between the final
(initial) and initial (final) electronic states, and E,, and E, are

vibrational energies in the corresponding electronic states.
Computational spectra of selected molecules (1A, 2C, and
2D) are shown in Figure 4, and results for other molecules are
shown in Figure S2. We list the absorption and fluorescence
maxima of both theoretical and experimental results in Table
S6 for an easier comparison. One can see in Figure 4a and
Table S6 that for BODIPY 1A, the main peaks as well as the
characteristic shoulders on both absorption and emission
spectra are accurately captured, with an extremely small Stokes
shift and a narrow full width at half-maximum (fwhm), in good
agreement with experimental results in ref 50. Similar line
shapes for 1A have been obtained by Chibani et al. using a
convoluting Gaussian function method with the electronic
structure information obtained from conventional TDDFT,
though the locations of the main peaks are severely blue-
shifted due to the overestimation of the 0—0 energy by
TDDFT."”

For BODIPYs 2C and 2D, multiple main peaks shown in
absorption spectra are correctly reproduced as shown in panels

b and ¢ of Figure 4, with rational relative intensities compared
to the experimental results from ref SI. Again, similar
absorption spectral line shapes have been reported in ref 12,
though with blue-shifted main peaks. For fluorescence spectra
of BODIPYs 2C and 2D, the locations of each main peak are
also correctly captured, while the relative intensities slightly
deviate from those from the experiments: the theoretically
predicted 0—0 transition is more intense than the 0-—1
transition for these two molecules, which is contrary to the
experimental fluorescence spectra. Such a mismatch of the
relative intensities possibly resulted from practically rather
complex molecular vibrational motions, which cannot be
intuitively addressed within the current theoretical framework.
Nevertheless, both absorption and fluorescence spectral line
shapes of most investigated molecules are in perfect agreement
with the experimental results (see Figure S2 and Table S6),
and therefore, the adaptability of the SF-TDDFT method
combining the TVCF approach soundly holds for predicting
the spectra of BODIPY systems.

The computation of fluorescence quantum efliciency @ for
BODIPY systems is undoubtedly crucial for practical
application and rational molecular design. While the work of
Lin et al.'" is of great significance for qualitatively determining
the @y of medium and large BODIPYs based on a combination
of inexpensive quantum chemical calculations and experimen-
tal spectroscopic data, we evaluate @y from a non-empirical
perspective that does not rely on any experimental results,
which aims to unravel more physical insights but with a much
higher computational cost compared to that of Lin et al.

To compute @y values for 13 representative BODIPYs, we
first evaluate the k, and k, of the S; state via the TVCF
method based on the electronic structure information obtained
via SE-TDDFT. The radiative rate of S; can be evaluated via
TVCF formalism as*’

TVCF __ *©
kr - A Uem(w) dw (3)

The normal nonradiative decay process of S, consists of two
components, i.e., internal conversion (IC) to S, and
intersystem crossing (ISC) to T,. For 13 representative
BODIPY molecules, no significant S;—T ISC processes have
been reported experimentally to the best of our knowledge,
and according to the El-Sayed rule, the S;—T; spin—orbit
coupling (SOC) is expected to be negligible due to the almost
identical transition character of S, and T, predicted by SF-
TDDFT for all 13 molecules (Table S7). The large adiabatic
energy gap between S; and T, (Table S7) will also limit ISC.
Therefore, we neglect ISC of S, and approximate nonradiative
rate constant k, of S; as IC rate constant k,. The TVCF

S 1] S 1] 3 1]

s a s b 8 c

20.87 2087 20.87

[%2] [%2] (72}

c c C

20.67 20.67 20.67

E E E

EOA- EOA- EOA-

0.2 Eo.2] o021

2 2 2
0 T T T T o T T T O T T T T
300 400 500 600 300 400 500 600 300 400 500 600

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 4. Theoretical absorption (black) and fluorescence (red) spectra of BODIPYs (a) 1A, (b) 2C, and (c) 2D.
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Table 2. Computational Rate Constants k] “F and kL'“F and Fluorescence Quantum Efficiencies @5 of 13 Representative

BODIPYs”
molecule kIVEE (x108 s71) KIVCE (x10% s71) D! OF® error % solvent ref
1A 1.90 0.32 0.86 0.92 6.5 ethanol S0
1C 2.67 4.44 0.38 0.31 22.6 methanol 54
1D 2.20 0.11 0.95 0.92 3.0 methanol SS
1F 2.18 0.36 0.86 1.00 14.0 methanol 26
1G 1.17 3.73 0.24 0.04 500.0 methanol 26
1H 1.12 3.09 0.27 0.05 440.0 THF 56
11 1.65 3.29 0.33 0.29 13.8 dichloromethane 57
2A 1.87 0.52 0.78 0.62 25.8 dichloromethane 58
2C 2.32 2.12 0.52 0.49 6.1 dichloromethane S1
2D 2.59 1.60 0.62 0.47 31.9 dichloromethane S1
21 2.52 0.56 0.82 0.96 14.6 chloroform 59
2K 2.07 4.35 0.32 0.34 5.8 chloroform 60
3A 2.30 2.17 0.51 0.57 10.5 dichloromethane 61
“Experimental fluorescence quantum efficiencies ®§® and solvents are also listed for comparison.
method is first employed, and the nonradiative decay rate 400 Mode 1
constant of S; is evaluated as™ 3501 [ .- 33§§.é1cm-1
HR fact. 12.00
TVCF 1 « —1_iwgt 3001
ky, = = ? z Rﬁ’kl[m dtZ,” e pﬁ,kl(t' T) &~ 250 o g
Kkl (4) E/ 200 1 o wgsg.emm*‘
With < 150 ) . HR fact. 2.32
) ) 100 [~
Py kl(t’ T) = Tr(ﬁﬁce_inHffhe_iT‘H‘) (s) 50 J I
b ol J".l Ll | '. __ Total A=1318.35cm-
Corresponding to the IC TVCF and 0 500 1000 1500 2000 2500 3000 3500
. . o (em™)
R = (©IB10,)(B,RO;) (6) 400 - Model g
where P is the nuclear momentum operator and Z; is the 3507 Modet M
partition function for the initial state parabola. The TVCE- 3007 HR fact 4.87
evaluated k, and k,, values and the resulting @y values are listed < 2501 Mode 2 Mode2 ¢
in Table 2, together with the experimental ®g values for E 2004 |- wege10em!
reference. One can see in Table 2 that the TVCF-predicted @y < 1501 ’ Mode 5
values for most molecules are in good agreement with the O[O N | x21d$95,229m-1 .
experimental values. Nevertheless, two large percentage errors 50 HR fact, 1.03
found in two BODIPYs (1G and 1H) with extremely low 0 R Ul | | Total 17126 67 e
are y

efficiency compared to those of other molecules. The low
efficiencies of these two molecules have been experimentally
and theoretically investigated.'”**>* On the basis of previous
studies, this weakly fluorescent character can be attributed to a
significant rotation of the 8 position substituent of the
BODIPY ring (see the labeling of molecule 1A in Scheme 1)
and a resulting low-lying Sy/S; MECP, which opens an
extremely efficient nonradiative decay channel.

To reinvestigate this problem within our current framework
and quantitatively predict ®4 for 1G and 1H, we first plot the
mode-specific reorganization energies of 1G and 1H in Figure
S (while the same plots for other representative BODIPYs are
shown in Figure S3). Clearly, in Figure S and Figure S3, most
investigated BODIPY molecules show insignificant reorganiza-
tion energy contributions from low-frequency vibrational
modes except for 1G and 1H. The major contributing low-
frequency modes (with Huang-Rhy’s factor being >1.0) of 1G
and 1H are visualized in Figure S. For both molecules, large
Huang-Rhy’s factors arise from the rotation of the 8 position
substituent as well as the wiggling of two pyrrole rings.
Compared to the ground state geometry, the S,-optimized
geometries of 1G and 1H show salient distortion from
planarity, accompanied by a pronounced rotation of the 8
position substituent [tert-butyl for 1G and propenyl for 1H
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Figure 5. Decomposition of the reorganization energies of BODIPYs
1G (top) and 1H (bottom). For both molecules, low-frequency
vibrational modes with Huang-Rhy’s (HR) factors of >1.00 are
visualized in the insets.

(shown in Figure S4)]. The significant deviation of the S,
structure from the ground state geometry leads to a large total
reorganization energy (with a major contribution from the low-
frequency modes) and a broadened spectral line shape
compared to other BODIPY molecules (Figure S2). Moreover,
low-lying So/S; MECPs have been located via the penalty
function method proposed by Levine et al.®> in Q-Chem for
both molecules (with the structure and relative energies shown
in Figure S4), which are crucial to the fast radiationless decay
processes. The MECP structure of 1G located in this work is
almost identical to the MECP structure predicted by CASPT2
in ref 26, which again emphasizes the equally good
performance of SE-TDDFT compared to CASPT2.

Within our proposed two-channel IC scheme, the total k,
for these two molecules should be computed as k,, = ki’ ¥ +
KMECP swhere kLYCF and KMECP correspond to the nonradiative
decay rate constants of two deactivation channels. To
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Figure 6. Schematic graph of the two nonradiative decay channels for BODIPYs (a) 1A, (b) 1G, and (c) 1H. The Gibbs free energy of activation,
the nonradiative decay rate constants via two channels, and the corrected quantum efficiency (@) for each molecule are listed for reference.

investigate the influence of channel II in different systems, we
also perform the same calculation of kMECP for 1A. KMECP js
evaluated via TST (Eyring equation) as®

5]

where AG? is the Gibbs free energy of activation between the
Franck—Condon (FC) structure and the MECP structure
because no high-lying transition state (higher in energy than
MECP) has been located for these three molecules along the
reaction path. Explicit evaluation of AG¥ and KME” can be
found in the Supporting Information (see Computational
details and Table S8). We schematically plot the two-channel
processes of these three molecules with the corresponding rate
constants in Figure 6.

As shown in Table S8 and panels b and ¢ of Figure 6,
is larger than kL'F for 1G and 1H, resulting a significant
increase in the total k.. and a decrease in quantum efliciency
O™ = 0.07 for both 1G and 1H, which is now closer to
experimental results, though still slightly larger. The remaining
deviation in @™ for 1G and 1H is presumably due to the fact
that the Duschinsky rotation effect plays a non-negligible role
in these two molecules, which has not been taken into account
in this study. For 1A (Figure 6a), K" is negligible due to an
extremely high AG¥. Given the fact that the radiative decay
rate for most BODIPY molecules at room temperature is 10”—
10° 57!, channel II can be safely neglected if AG* is >10 kcal/
mol (with a corresponding kMFCP of <10° s7!), while it plays a
dominant role in nonradiative decay processes if AG is <6
kcal/mol (with a corresponding KM"“" of >10® s7'). In the
latter case, only by adding KM to the total k, can one
recover a reasonable ®; compared to the experiment.

To conclude, we have investigated the electronic structure
and photophysical properties of a wide range of BODIPY
molecules. The electronic structure results predicted by SE-
TDDFT/B3LYP/cc-pVDZ with LR-PCM are in good agree-
ment with experimental values for both vertical excitation
energies and 0—0 energies (with the MAE being <0.1 €V).
With the electronic structure information provided by SEF-
TDDFT, we have successfully recovered the experimental
spectra for 13 representative BODIPYs via TVCF. To
accurately predict the fluorescence quantum efficiency, we
have proposed a two-channel picture to describe the IC
process of the S; state. While channel I deactivates the
molecule via direct harmonic vibrational relaxation (i.e., within
the TVCF framework), the second deactivation channel
(channel II) takes place via a distorted S,/S; MECP structure

_AGH

J MECP _ kgT
nr RT

h

MECP
knr
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away from the harmonic region. We have demonstrated that
taking channel II into account is essential in predicting the
fluorescence quantum yield for low-efficiency BODIPYs, while
it is negligible for high-efficiency BODIPYs that usually have
an energetically inaccessible So/S; MECP. Given the large time
scale (nanoseconds) of the deactivation processes in most
organic fluorescence materials, which is quite challenging to
describe with nonadiabatic quantum dynamics, this two-
channel scheme and the corresponding computational method
we have presented in this work can serve as a practical
alternative to quantum dynamics methods and a rational
guideline for quantitatively predicting the @y for ubiquitous
organic fluorescent molecules.
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