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ABSTRACT: We prepared a series of meso-thienyl boron-
dipyrromethene (Bodipy) derivatives to investigate the spin—
orbit charge transfer intersystem crossing (SOCT-ISC). The

photophysical properties of the compounds were studied by [Ne:WASelARNe o8
steady-state and femtosecond/nanosecond transient absorption _T1 p238ps f
spectroscopy, as well as density functional theory (DFT) “\\247 usie
computations. Different from the meso-phenyl Bodipy analogues,

the meso-thienyl Bodipy are weakly fluorescent. Based on
femtosecond transient absorption and DFT computations, we
propose that the torsion of the thienyl group and the distortion of
the Bodipy core (19.7 ps) in the S, state lead to a conical
intersection on the potential energy surface as an efficient
nonradiative decay channel (408 ps), which is responsible for the observed weak fluorescence as compared to the meso-phenyl
analogue. The increased fluorescence quantum yield (from 5.5 to 14.5%) in viscous solvents supports this hypothesis. With the
electron donor 4’-hydroxylphenyl moiety attached to the meso-thienyl unit, the fast charge separation (CS, 15.3 ps) and charge
recombination (CR, 238 ps) processes outcompete the torsion-induced nonradiative decay and induce fast ISC through the SOCT-
ISC mechanism. The triplet quantum yield of the electron donor/acceptor dyad is highly dependent on solvent polarity (@1 = 1.9—
45%), which supports the SOCT-ISC mechanism, and the triplet-state lifetime is up to 247.3 ys. Using the electron donor—acceptor
dyad showing SOCT-ISC as a triplet photosensitizer, efficient triplet—triplet annihilation (TTA) upconversion was observed with a
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quantum yield of up to 6.0%.

1. INTRODUCTION

Triplet photosensitizers (PSs) are important in fundamental
photochemistry studies as well as in photodynamic therapy
(PDT),'~® photocatalysis,’ "' photovoltaics,'”>~"* and photon
upconversion.'°~"® PSs showing strong visible light absorption,
efficient intersystem crossing (ISC), and long triplet-state
lifetime are highly desired. However, ISC is nonefhicient for
most aromatic chromophores with large planar z-conjugation
systems. The most commonly used method to enhance the
ISC is based on the heavy atom effect, obtained by introducing
precious metal atoms, such as Pt, Pd, Ir, and Ay 021
However, problems arise because of the high cost and toxicity
of these metals. Halogen atoms, such as I and Br, are also used
for similar purposes.”” >* One of the major drawbacks of this
approach is that although the triplet quantum vyield is
increased, the triplet-state lifetime is shortened since both
the S; = T, and the T; — S transitions are enhanced by the
heavy atom effect. A short triplet-state lifetime is detrimental to
the application of the triplet PSs, and in addition, the toxicity
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of heavy atoms (I, Br) limits their use in biological
applications, for instance, in PDT. To overcome these
limitations, new methods to achieve efficient ISC using
heavy atom-free molecular structures are highly desired, but
the related reports are still not abundant.

Charge recombination (CR)-induced ISC has been known
for decades,” ** but the synthesis of conventional donor—
acceptor dyads is complicated because of the large distance
necessary to make the radical pair ISC (RP-ISC) possible.
Furthermore, in most cases, the ISC and the triplet-state
properties of these systems are not studied in detail.”’
Recently, CR-induced ISC in compact, orthogonal electron
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Scheme 1. Molecular Structures of the Main Compounds Used in the Study

TP-meso-BDP

TP-2-BDP

TP-OH-meso-BDP TP-CN-meso-BDP

donor/acceptor dyads has attracted much attention. This
mechanism, termed as spin—orbit charge transfer ISC (SOCT-
ISC),**~** does not require heavy atoms in the molecular
structures.”® Several reports are available with the application
of this mechanism. For instance, Willigen reported that
acridinium—naphthaline dyads showed weak fluorescence and
enhanced ISC ability.”" Wasielewski et al. reported dyads based
on anthracene and julolidine moieties, and the geometry
factors controlling the ISC efficiency were discussed.”””> The
studies on Bodipy—anthracene dyads demonstrated the
potential application of these compact dyads in PDT.*
Recently, several SOCT-ISC-based triplet PSs have been
reported, obtained by connecting strong electron donors, such
as phenothiazine or perylene, to visible light-harvestin%
chromophores, such as Bodipy and perylenemonoimide.””~*
The excellent visible light-harvesting ability of these PSs
provides the possibility of their use in a practical sense. Until
now, the most used electron donors or acceptors have been
limited to phenothiazine, phenoxazine, or anthracene. To the
best of our knowledge, the thiophene moiety, widely used in
organic electro-optic materials, has not been considered in
applications concerning the SOCT-ISC.

The excited-state dynamics of Bodipy chromophores has
been widely investigated. Although these chromophores are
generally highly fluorescent, it has been found that some meso-
aryl-substituted Bodipy compounds lacking 1,7-dimethyl
groups have very low fluorescence quantum yields."' ~** An
empirical explanation for this finding is that the rotation of the
meso-phenyl substituent dissipates the excited state energy,
leading to the quenching of the fluorescence. However,
theoretical computations and ultrafast transient absorption
spectral studies indicated that the distortion of the Bodipy core
at the excited state creates a conical intersection among the S,
and S, states,**® which is responsible for the fast nonradiative
decay of the S; state. Some meso-thienyl Bodipy derivatives
have been recently synthesized, and their fluorescence
quantum yield has been found quite low. However, transient
absorption measurements and theoretical computations aimed
at analyzing their nonradiative decay mechanisms have not
been reported.*’ >’

To address the above challenges, herein, we prepared four
thienyl-Bodipy dyads and studied in detail the photophysical
properties (Scheme 1). Bodipy is known for its strong
absorption of visible light and high fluorescence quantum
yields.”">* The thienyl moiety was attached either at the meso-
position or at the 2-position, and for two compounds, a 4'-
hydroxylphenyl or 4'-cyanophenyl group was further linked to
the thienyl unit to tune the electron-donating/accepting ability
of the substituent. The photophysical properties of these
systems were studied with steady-state and time-resolved

transient spectroscopy and DFT computations. We found that,
different from what is observed in the case of meso-phenyl
Bodipys, the nonradiative decay is highly efficient for the meso-
thienyl Bodipy compounds, also in the case of 1,7-dimethyl
substitution on the Bodipy core. When an electron-donating
4’-hydroxylphenyl moiety is attached to the thienyl substituent,
we observed fast charge separation (CS) and CR, followed by
CR-induced ISC, which, for one dyad, produced a long-lived
triplet state.

2. EXPERIMENTAL SECTION

2.1. Materials and Equipment. All chemicals are
analytically pure. Solvents for synthesis were freshly dried
over suitable drying agents before use. 'H and C NMR
spectra were recorded on Bruker spectrometer at 400 and 100
MHz, respectively. High-resolution mass spectrometry
(HRMS) was performed by an EI-TOF-HRMS spectrometer.
UV—vis spectra were recorded on an Agilent 8453A UV—vis
spectrophotometer (Agilent Ltd.). Fluorescence spectra were
recorded on an FSS spectrophotometer (Edinburgh Instru-
ment Ltd., U.K.). Fluorescence lifetimes were recorded on an
OB920 luminescence lifetime spectrometer (Edinburgh Instru-
ments Ltd., U.K.); the excitation sources are the 445 nm (max.
pulse width is 95 ps) and 510 nm (max. pulse width is 150 ps)
EPL picosecond pulsed diode lasers. A deconvolution analysis
was used for fitting the short fluorescence lifetimes with the
instrumental response function (IRF) included. The typical
IRF of the luminescence lifetime measurement is 100 ps.

2.2. Synthesis of Compound 1.>* p-Bromobenzonitrile
(182.0 mg, 1.0 mmol), S-formyl-2-thiopheneboronic acid
(234.0 mg, 1.5 mmol), and Na,CO; (212 mg, 2.0 mmol)
were dissolved in dimethyl ether (15 mL) and water (1 mL).
After adding Pd(PPh;), (57.7 mg, 0.0S mmol) under a N,
atmosphere, the reaction mixture was refluxed for 8 h. The
crude product was dissolved in dichloromethane (DCM) and
washed with water; the organic layers were combined and
dried over anhydrous Na,SO,. The solvent was removed under
reduced pressure. The crude product was purified by column
chromatography (silica gel, PE/DCM = 2:1, v/v) to give 1 as a
light yellow solid (53.2 mg, yield: 25%). '"H NMR (400 MHz,
CDCL,): 5 = 9.95 (s, 1H), 7.80—7.73 (m, SH), 7.51 (d, 1H, J =
4.0 Hz). EI-TOF-HRMS: caled for C,,H.-NOS* m/z =
213.0248, found m/z = 213.0242.

2.3. Synthesis of TP-meso-BDP.*® Thiophene-2-carbal-
dehyde (560.0 mg, 5.0 mmol) and 2,4-dimethylpyrrole (1 mL,
10.0 mmol) were dissolved in DCM (75 mL). After being
purged with N, for 30 min, a few drops of trifluoroacetic acid
were added to the solution and then the mixture was stirred at
RT for 5 h. Then, dicyano-5,6-dichlorobenzoquinone (DDQ;
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1.0 g, 4.35 mmol) was added and the mixture was stirred. Dry
triethylamine (TEA; 2 mL) was added after 0.5 h. The mixture
was stirred for 15 min, BF;-Et,O (2 mL) was added dropwise
under an ice bath. After stirring at RT overnight, the mixture
was extracted with DCM and the organic layers were washed
with water. The organic layers were combined, dried over
anhydrous Na,SO,, and concentrated under reduced pressure.
The crude product was purified by column chromatography
(silica gel, PE/DCM = 2:1, v/v) to obtain compound TP-
meso-BDP as an orange solid (165.0 mg, yield: 10%). 'H
NMR (400 MHz, CDCL): & = 7.50 (dd, 1H, ], = 4.0 Hz, J, =
0.8 Hz), 7.14—7.12 (m, 1H), 6.99 (dd, 1H, J, = 4.0 Hz, J, = 0.8
Hz), 6.00 (s, 1H), 2.55 (s, 6H), 1.58 (s, 6H). EL-TOE-HRMS:
caled for C,;H;;BF,N,S* m/z = 330.1174, found m/z =
330.1182.

2.4. Synthesis of TP-CN-meso-BDP. TP-CN-meso-BDP
was prepared by a method similar to that used for TP-meso-
BDP. TP-CN-meso-BDP was obtained as an orange solid
(38.9 mg, yield: 8%). Mp: >250 °C. '"H NMR (400 MHz,
CDCL): & = 7.74—7.68 (m, 4H), 7.47 (d, 1H, ] = 4.0 Hz),
7.03 (d, 1H, J = 4.0 Hz), 6.03 (s, 2H), 2.56 (s, 6H), 1.70 (s,
6H). '*C NMR (100 MHz, CDCL,): § = 156.6, 144.1, 143.3,
137.7, 1363, 132.9, 132.5, 1322, 129.4, 126.1, 125.3, 121.8,
1186, 111.3, 29.7, 14.7, 13.9. ELTOF-HRMS: caled for
C,,H,oBE,N,S* m/z = 431.1439, found m/z = 431.1440.

2.5. Nanosecond Transient Absorption Spectroscopy.
The nanosecond transient absorption spectra were measured
on an LP980 laser flash photolysis spectrometer (Edinburgh
Instruments, U.K.). The samples were excited with a
nanosecond pulsed laser (Opolette; the wavelength is tunable
in the range of 210—2400 nm; OPOTEK). The typical laser
energy was ca. S mJ per pulse. The signal was digitized with a
Tektronix TDS 3012B oscilloscope. All samples were
deaerated with N, for ca. 15 min before measurement. The
data (kinetic decay trace and spectrum) were processed with
L900 software. The intrinsic triplet-state lifetime was obtained
by fitting the experimental decay traces measured at different
concentrations (preferably one with triplet—triplet annihilation
(TTA), another with negligible TTA), using a kinetic model
with the TTA effect considered.”

The triplet-state quantum vyield was determined by the
ground-state blenching (GSB) method, according to eq 1. In
the equation, “sam” and “std” represent the sample and
standard, respectively. ® is the triplet-state quantum yield, ¢ is
the molar absorption coefficient of the ground state
determined by UV—vis absorption spectra, AA is the optical
intensity of the ground-state bleaching band determined by
nanosecond transient absorption spectra.

o) [ Estd ][ AAsam ]

sam — std A
Esam AIﬁstcl (1)
2.6. Femtosecond Transient Absorption Spectrosco-
py. Femtosecond transient absorption spectra were measured
on a system based on a Ti:sapphire regenerative amplifier
(Amplitude Pulsar) producing 80 fs pulses centered at 810 nm
with a repetition rate of 1 kHz and an average power of 450—
500 mW. The regenerative amplifier was pumped by a
homemade Ti:sapphire oscillator. The excitation pulses at
500 nm were produced by pumping an Optical Parametric
Amplifier (TOPAS-Light Conversion) by a portion of the
fundamental laser output. The white light continuum probe
was obtained by focusing a small portion of the fundamental

laser beam on a 3 mm thick CaF, window, which was kept
rotating to avoid damage. All of the samples were contained in
a quartz cell with a 2 mm optical path length. The samples
were placed on a mobile stage to avoid photodegradation. The
probe and the pump beam were set at magic angle polarization
by rotating a A/2 plate. Global fitting was performed with the
GLOTARAN package using a linear sequential model.>

2.7. Fluorescence Quantum Yield (®g). The fluores-
cence quantum yield was determined by BDP-2 in toluene
solution (P = 4.4%) as the standard following eq 2 (since
most of the compounds give weak fluorescence, a standard also
showing weak fluorescence was used to improve the
determination accuracy). In the equation, sam and std
represent the sample and standard, respectively. @ is the
fluorescence quantum yield, A is the absorbance of the
excitation wavelength, F is the integral area of fluorescence,
and 7 is the refractive index of used solvents.

2
q)sam = (I)std[ AStd ]{Q][mﬂ]
Asam ‘F;td ﬂstd (2)

2.8. Computation Details. Density functional theory
(DFT) and time-dependent DFT (TDDFT) computations
were carried out using the Gaussian 09 code.*® The structures
of all of the target compounds were fully optimized by the
B3LYP*”*® hybrid functional and the standard 6-31G(d) basis
set. All of the structures were confirmed to be real minima by
harmonic vibrational frequency calculations at the same level
of theory. Triplet-state structures were obtained within the
unrestricted DFT level. Solvent effects were considered by the
nonequilibrium implementation of the polarizable continuum
model in its linear response formalism®”®® in a dichloro-
methane environment (¢ = 8.93) since it evidenced the major
differences between the chromophores. To provide an idea of
the magnitude of the charge transferred within the
chromophores, the index of the spatial extent method®" is
calculated using the Gaussian 16 code.”” The value of
transferred charges qcr and the corresponding effective
distance Dcr were thus used to confirm the existence of
charge-separated state (CSS).

Further insights into the excited-state dynamics of all of the
target compounds were obtained by performing geometry
optimizations in vacuum at the TD CAM-B3LYP/6-31G(d)
level of theory,” suggested as one of the best exchanges and
correlation functionals for describing charge-transfer sys-
tems.*”*® Semirelaxed potential energy surface (PES) scans
for the rotation around the C—C thienyl linkers of the first
excited state S; and the corresponding ground state were
furthermore performed.

Spin—orbit matrix elements were calculated by the atomic-
mean field approximation® as implemented in the DALTON
code.”® Since DALTON offers a limited choice of hybrid XC
functionals, B3LYP was selected in conjunction with the cc-
pVDZ basis set for all of the atoms. The spin—orbit couplings
(SOCs) were defined according to the following formula

$0C,, = \/ 3 S AsolyS )P i=x,y, 2
,- 3)

the H is the spin—orbit Hamiltonian.

2.9. Singlet Oxygen Quantum Yield (®,). The singlet
oxygen quantum yield was determined by eq 4. In the
equation, sam and std represent the sample and standard,
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Scheme 2. Synthesis of the Compounds”
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“Notes: (a) S-formyl-2-thiopheneboronic acid, 4-bromocyanobenzene, Pd(PPh,),, Na,CO;, dimethoxyethane (DME)/water, N,, 4 h, yield: 25%.
(b) 2,4-Dimethylpyrrole, trifluoroacetyl (TFA), RT for S h; DDQ, RT for 0.5 h; TEA, RT for 15 min; BF;-Et,0, DCM, RT for overnight; N,, yield:
89%. (c) 2,4-dimethylpyrrole, similar as step (b), yield: 10%. Compounds 1, BDP-1, BDP-2, TP-meso-BDP, TP-2-BDP and TP-OH-meso-BDP are

reported, TP-CN-meso-BDP is a new compound.

respectively. ® is the singlet oxygen quantum yield, A is the
absorbance at the excitation wavelength, k is the slope of the
absorbance change of DPBF over time under photoexcitation,
and 7 is the refractive index of used solvents.

2
A k
(I)sam = q)std[ e ](ﬂ] ’/]Sﬂ
Asam kstd Nya (4)

3. RESULTS AND DISCUSSION

3.1. Molecular Structure Design and Synthesis.
Thienyl moieties have been used as electron donors or
electron-transfer bridges in organic materials used in photo-
voltaics and organic light-emitting diodes (OLEDs).**%%
Bodipy derivatives with fused thiophene units have been
reported, which show large spin—orbit coupling (SOC) matrix
elements and efficient I1SC.°** Bodipy derivatives with a
thiophene moiety attached were also reported, but for these
compounds, no efficient ISC was found.*”7%"" Herein, we
synthesized two dyads with the thiophene moiety linked at two
different positions on the Bodipy core, TP-meso-BDP and TP-
2-BDP (Scheme 2).*”~*7? The interesting points are that the
fluorescence of TP-meso-BDP is quenched by torsion at S,
state (which is different from the meso-phenyl Bodipy
analogue), whereas this torsion is inhibited by fast charge
separation and SOCT-ISC in TP-2-BDP. Furthermore, we
linked either a 4’-hydroxylphenyl group (TP-OH-meso-
BDP)”* or a 4'-cyanophenyl moiety (strong electron-with-
drawing group) to the thienyl unit to tune the electron-
donating ability (TP-CN-meso-BDP). These two compounds
were used as reference compounds (TP-2-BDP and TP-CN-
meso-BDP) in the photophysical studies.

Thiophene was connected to the 4’-hydroxylphenyl group
and 4'-cyanophenyl moiety by Suzuki—Miyaura crossing
coupling reactions (Scheme 2). The typical Bodipy synthesis
process was used to prepare the molecules TP-meso-BDP, TP-
OH-meso-BDP, and TP-CN-meso-BDP.”” TP-2-BDP was
prepared by Suzuki—Miyaura crossing coupling reactions.”*
All molecular structures were confirmed by NMR and HRMS
(Supporting Information). TP-meso-BDP was reported
recently,””° but the photophysical properties were not
studied in detail.

3.2. UV—Vis Absorption Spectra. The UV—vis absorp-
tion spectra of the compounds are reported in Figure 1. The
UV—vis absorption spectrum of TP-meso-BDP shows a
slightly red-shifted band as compared with the reference
BDP-1, indicating a small electronic interaction between the
Bodipy and thienly moieties at the ground state. For TP-2-
BDP, the absorption is red-shifted and broad, which can be

1.0 T T T 1.0— T T
—— TP-meso-BDP a —— TP-OH-meso-BDP b
08l " TP-2-BDP . 0.8 TP-CN-meso-BDR
[0 [0]
% 0.6 1 2086
g g
8 0.4 1 8 0.4
< <
0.2 1 0.2

ietiie s : 0.0L.
300 400 500 600 300
Wavelength / nm

400 500 600
Wavelength / nm

Figure 1. UV—vis absorption spectra of (a) BDP-1, TP-meso-BDP,
and TP-2-BDP and (b) BDP-1, TP-OH-meso-BDP, and TP-CN-
meso-BDP. ¢ =1.0 X 10> M in DCM, 20 °C.
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attributed to an extended #-conjugation and an increased
electron coupling between the Bodipy and its thienyl
substituent. Indeed, based on DFT computations, we found
that the dihedral angle between the meso-thienyl and the
Bodipy unit is ca. 89.9° for TP-meso-BDP, whereas for TP-
OH-meso-BDP, with the thienyl moiety at 2-position of
Bodipy, the dihedral angle is 53.7° (vide infra). For TP-OH-
meso-BDP , the absorption bands are narrow as compared to
those for TP-meso-BDP and the reference compound BDP-1
(Figure 1b), indicating that electronic interactions are very
weak at the ground state.

3.3. Fluorescence Emission Spectra. The fluorescence
emission spectra of the compounds were studied (Figure 2).

2.0 ; ; ; 8 T . .
a b
1.5 n-Hexane | 61 n-Hexane |
—o— Toluene © —0— Toluene
° 1 —=—DCM =4 —=—DCM
©i0l 1 - - -ACN - 4] - - -ACN
Ny 1.0 1 2 4
e 1 S AN\
O 0.5 . 2 . x
00 T tgnns QU T
500 550 600 650 700 500 600 700 800

Wavelength / nm Wavelength / nm

1.2 8 . . .
c d
@ n-Hexane 64 n-Hexane
o 0.81 —o— Toluene < k —o— Toluene
o ) —=—DCM =) ' —=—DCM
= -~ -ACN 4 - - - ACN
& e 1
o 04 IS ;
271,
0.0+ -x--- - T 0 : -

500 550 600 650 700
Wavelength / nm

500 550 600 650 700
Wavelength / nm

Figure 2. Fluorescence emission spectra of the compounds in

different solvents. (a) TP-meso-BDP, (b) TP-2-BDP, (c) TP-OH-

meso-BDP, and (d) TP-CN-meso-BDP. Optically matched solutions

were used for comparison of the emission; 4., = 490 nm, A = 0.151,
20 °C.

For TP-meso-BDP, the emission band is centered at 524 nm
(in DCM, Figure 2a) and the fluorescence quantum yield (®y)
is 6.7% in DCM, which is significantly lower than that for
BDP-1 (@ = 72% in DCM). The quenching is independent of
the solvent polarity (Table 1),** suggesting that it might be
attributed to an intramolecular rotation (IMR) process rather
than to charge separation.”” The fluorescence is also quenched
significantly compared to the simple Bodipy without
substituent groups, BDP-3 and BDP-4 (Scheme S1), whose
fluorescence quantum yields were reported as 92 and 89% in
DCM, respectively.”””> For TP-2-BDP, a weak emission band
at around 510 nm is observed in both polar and nonpolar
solvents, which can be tentatively assigned as the localized
excited state (LE) emission, and which is due to incomplete
charge transfer. Meanwhile, a much stronger emission band is
observed at longer wavelengths as compared with the LE
emission. The intensity of this band and the overall
fluorescence quantum yield decrease in polar solvents. For
instance, the @ was determined as 50.1% in n-hexane and
decreased to 9.1% in acetonitrile (Table 1). The maximum of
the long-wavelength band also shows a bathochromic shift as

the solvent polarity is increased, which leads to its assignment
as charge-separated state (CSS) emission (Figure 2b).

For TP-OH-meso-BDP, the emission is weak in nonpolar
solvents such as n-hexane (®p = 2.8%) and toluene (®p =
3.9%) and it is further quenched in polar solvents, such as
dichloromethane and acetonitrile (®; = 1.9 and 0.01%,
respectively) (Table 1 and Figure 2c). Solvent dependency
of the fluorescence indicates that charge separation is an
efficient process. The fluorescence is also quenched signifi-
cantly for TP-CN-meso-BDP as compared with that for the
reference BDP-1 (Figure 2d and Table 1) (®p = 71.2% for
BDP-1)."° For instance, the fluorescence quantum yield is only
3.7% in DCM. In this case, similar to what is observed for TP-
meso-BDP, the fluorescence quantum yield is independent of
solvent polarity, suggesting that also for this compound an
IMR effect could be responsible for emission quenching.

The fluorescence decay kinetics in different solvents for all
compounds were analyzed (Figure S16 and Table 1). For TP-
meso-BDP, the fluorescence lifetime (0.39 ns in DCM) is
shorter compared to that for BDP-1 (3.7 ns) and it is
independent of solvent polarity. The fluorescence lifetime of
TP-meso-BDP is also much shorter as compared to those for
the unsubstituted Bodipy compounds BDP-3 and BDP-4 (5.7
and 6.4 ns, respectively).””” Similar results were observed for
TP-CN-meso-BDP.

Different results were observed for TP-2-BDP. In this case,
the LE emission lifetime is not sensitive to solvent polarity, but
the CSS emission lifetime decreased along with increasing
solvent polarity, from 4.7 ns in n-hexane to 1.6 ns in
acetonitrile (Table 1). The reason is that the energy of the
CSS becomes lower in polar solvents, and nonradiative
transitions become more efficient (energy gap law). For TP-
OH-meso-BDP, the emission lifetime was determined as 0.29
ns in toluene and decreased significantly in polar solvents (7 =
0.17 ns in acetonitrile), indicating that charge separation is
efficient also for this compound.

Fluorescence quenching of TP-meso-BDP was previously
associated with the greater rotation freedom of the thienyl
group, as compared with the bulkier phenyl substituent.*”*” It
is known that the torsion of Bodipy substituents in the singlet
excited state may enhance nonradiative decay.*"***® To
further prove this hypothesis, we studied the effect of viscosity
on fluorescence emission (Figure 3). For TP-meso-BDP, the
fluorescence quantum yield (®p) increased from $.5% in
methanol (0.55 centipoise, cP) to 14.5% in glycol (17.3 cP)
(Table S1). Meanwhile, the fluorescence lifetime increased
from 0.73 to 1.3 ns (Table S1).

Similar results were obtained for TP-CN-meso-BDP: in this
case, @ is 17.6% in glycol (E1(30) = 56.3 kcal/mol), whereas
@ is 1.5% in methanol (E;(30) = 55.4 kcal/mol). In case
charge separation is dominant for fluorescence quenching, the
fluorescence intensity should be further quenched in the
higher-polarity solvent glycol, while it is enhanced in the latter
solvent, showing that the dominant effect is associated with
solvent viscosity and not polarity.”® The fluorescence intensity
changed only slightly in highly viscous solvents for the
reference compound BDP-1 (Figure S18a). These results
strongly indicate that the torsion of the thienyl substituent in
the singlet excited state contributes to the fluorescence
quenching of TP-meso-BDP and TP-CN-meso-BDP. As for
the effect of viscosity, for TP-2-BDP, the LE emission is
independent of solvent viscosity; however, the CT emission
decreases in glycol, which is due to the polarity of this solvent
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Table 1. Photophysical Properties of Compounds
solvent A (%) A€ 0¥ T @, (%) DL (%) "
TP-meso-BDP HEX 513 (9.32) 524 53 0.74 k k 128.0'
TOL 516 (9.03) 528 6.2 0.70 k k 270.4'
DCM 513 (8.73) 524 6.7 0.39 k k 210.5
ACN 509 (8.16) 520 4.8 0.65 k k 96.6'
TP-2-BDP HEX 510 (6.20) 508'/580/ 0.6'/50.V 3.0'/47 7.4 6.2 130.1
TOL 513 (6.12) 5127/595 2.0'/32.3 3.2//3.3 8.7 5.5 1722
DCM 511 (6.17) 509'/604/ 2.1/19.7 3.4'/3.V 7.3 7.2 139.1
ACN 507 (4.89) 505'/613 1.9°/9.V 3.4'/1.6 5.8 47 180.9
TP-OH-meso-BDP HEX 514 (8.87) 524 2.8 0.27 0.7 1.9 2289
TOL 517 (8.95) 529 3.9 0.29 4.6 8.1 700.4™"
DCM 514 (8.47) 524 1.9 0.24 44.1 453 247.3™
ACN 510 (7.83) 524 0.01 0.17 17.5 156 338.3™
TP-CN-meso-BDP HEX 516 (7.83) 527 23 0.24 < 1.8 236.5
TOL 518 (7.44) 532 2.8 0.27 2.6 32 304.2
DCM 515 (7.29) 526 3.1 0.29 1.2 4.6 482.5
ACN 511 (6.95) 523 2.0 021 2.6 2.1 237.7

¢ = 1.0 X 10~° M, in nanometer. *Molar absorption coefficient. £ = 10* M~' cm™. “In nanometer. “Fluorescence quantum yield, BDP-2 in toluene
(®p = 4.4%) as the reference, A, = 480 nm. “Fluorescence lifetime (4., = 510 nm for TP-meso-BDP, TP-OH-meso-BDP, and TP-CN-meso-BDP;
Jex = 445 nm for TP-2-BDP), in nanoseconds, ¢ = 1.0 X 1075 M. Singlet oxygen quantum yield, 2,6-diiodoBodipy as the standard (@, = 85% in
toluene). $Triplet quantum yield, 2,6-diiodoBodipy as the standard (®; = 88% in toluene). The discrepancy between the triplet-state quantum
yields and the singlet oxygen quantum yields is due to experimental errors. b Triplet-state lifetime. “The transition of 'LE — S,. The transition of
1CSS — Sy. “Not observed. ‘Determined by the triplet—triplet energy transfer (TTET) method using PtOEP as a photosensitizer, in microseconds.
"Intrinsic triplet-state lifetime, obtained by fitting experimental curves by the kinetic model with the TTA self-quenching effect considered,”* in

microseconds.
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Figure 3. Change of fluorescence emission intensity in mixtures of
methanol (E(30) = 55.4 keal/mol) and glycol (E(30) = 56.3 kcal/
mol) for (a) TP-meso-BDP, (b) TP-2-BDP, (c) TP-OH-meso-BDP,
and (d) TP-CN-meso-BDP with increasing solvent viscosity.
Optically matched solutions were used for comparison of the
emission intensity; 4., = 490 nm, A = 0.179, 20 °C.

(Figure 3b). The fluorescence intensity and lifetime of TP-
OH-meso-BDP show no obvious trend toward solvent
viscosity (Figure 3c and Table S1).

We also analyzed the fluorescence behavior in nonpolar but
highly viscous solvents. We used the low-polarity solvent
poly(dimethylsiloxane) (PDMS; = 489.9 cP) (E1(30) = 32.5
kcal/mol), whose polarity is similar to that of toluene (E(30)

= 33.9 kcal/mol; # = 0.59 cP). All of the four compounds
showed intensified emission in PDMS, while the fluorescence
intensity and lifetime of the reference compound BDP-1 did
not show any change (Figures S17 and S18b and Table S2). A
longer fluorescence lifetime was observed for TP-meso-BDP
and TP-CN-meso-BDP in PDMS, similar to what was
observed in methanol/glycol, further supporting the idea of
IMR quenching. For TP-2-BDP and TP-OH-meso-BDP,
charge separation is thermodynamically allowed in toluene
(vide infra). Since the polarity of PDMS is slightly lower than
that of toluene, charge separation could be less efficient in this
solvent.

As a preliminary evaluation of the ISC efficiency, we
measured the singlet oxygen quantum yields of the compounds
(®,, Table 1). @, values are generally low for all of the
compounds, but interestingly, for TP-OH-meso-BDP, the ®,
in DCM is as high as 44%. Since for this compound, charge
separation is possible, we envision that charge recombination-
induced ISC can be efficient.””

3.4. Electrochemical Characterization. To study the
thermodynamics of charge separation, cyclic voltammetry was
used to obtain the redox potentials (Figure 4). For TP-meso-
BDP, an oxidation wave at +0.82 V and a reduction wave at
—1.54 V were observed, respectively, which are attributed to
the Bodipy moiety. For TP-2-BDP, we assume the irreversible
oxidation wave at +0.44 V is due to the thiophene unit, and the
reversible reduction wave at —1.64 V is due to the Bodipy
moiety. For TP-OH-meso-BDP, an irreversible oxidation wave
at +0.48 V was observed, as well as a reversible reduction wave
at —1.57 V, indicating that the TP-OH moiety is the electron
donor and the Bodipy is the electron acceptor. On the
contrary, for TP-CN-meso-BDP, both the first oxidation wave
at +0.79 V and the first reduction wave at —1.53 V can be
attributed to the Bodipy, while the second oxidation wave at
+1.37 V can be attributed to the TP-CN moiety.
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Figure 4. Cyclic voltammogram of the compounds: (a) TP, BDP-1,
and TP-meso-BDP; (b) TP, BDP-1, and TP-2-BDP; (c) TP-OH,
BDP-1, and TP-OH-meso-BDP; and (d) TP-CN, BDP-1, and TP-
CN-meso-BDP. Ferrocene (Fc) was used as the internal reference.
Condition: in deaerated DCM containing 0.10 M Bu,NPFy as the
supporting electrode, Ag/AgNO; as the reference electrode. Scan
rates: 50 mV/s. ¢ = 1.0 X 107> M, 20 °C.

The Weller equation was employed to calculate the Gibbs
free energy changes for electron transfer and to estimate the
energy of the charge-separated state (CSS) (Tables 2 and S3).
Based on the Weller equation (eqs S1—S4), the Gibbs free
energy changes for charge separation (AGcg) can be obtained.

For TP-meso-BDP, using the reported oxidation potential of
thiophene (+1.70 V), the calculated AGgg values are all
positive in nonpolar and polar solvents, indicating that charge
separation is thermodynamically inhibited. The same con-
clusion is obtained for TP-CN-meso-BDP (Table 2). Opposite
results are obtained for TP-OH-meso-BDP, for which the
AGcg values are negative in both nonpolar and polar solvents
except in n-hexane, and for TP-2-BDP, indicating that charge
separation is thermodynamically allowed. The calculated CSS
energies are reported in Table 2.

3.5. Femtosecond Transient Absorption Spectrosco-
py. To unravel the excited state photophysics of all the studied
compounds, femtosecond transient absorption (fs-TA) spectra
were acquired (Figures S and 6). Previous studies of the
reference compound BDP-2 indicated a short-lived excited

0.1 T T T 0.1

T state BDP™

—— 153 ps

—— 96 ps
238 ps

—>1.5ns

400 500 600 700 400 500 600 700
Wavelength / nm Wavelength / nm

Figure 6. Femtosecond transient absorption spectra of TP-OH-meso-
BDP. (a) Transient absorption spectra at different delay times and
(b) evolution-associated difference spectra (EADS). EADS were
obtained by singular value decomposition (SVD) and global fitting.
Ao = 500 nm, ¢ = 1.0 X 107> M in DCM, 20 °C.

state, whose rapid deactivation was assigned to solvent
relaxation, vibrational relaxation, and geometry changes.*>*>”*

For TP-meso-BDP, an intense negative band centered at
about 515 nm was observed upon photoexcitation, which is
assigned to the convolution of ground-state blenching (GSB)
and stimulated emission (SE) bands (Figure Sa). A positive
band centered at 430 nm was also observed, assigned to
excited-state absorption (ESA). The ESA band shows a slight
blue shift on the short timescale (ca. 1 ps), indicating solvent-
induced relaxation of the Frank—Condon S, state. No Bodipy
radical anion absorption band (should be at 585 nm) was
observed in the fs-TA spectra, indicating that charge separation

Table 2. Electrochemical Redox Potentials, Driving Forces of Charge Separation (AGgg), Charge Recombination (AGcg), and
the Energy of the Charge-Separated State (CSS) of the Compounds in Different Solvents®

AGg (ev) Ecgs (eV)

E(ox)b/V E(red)b/V HEX TOL DCM ACN HEX TOL DCM ACN

TP-meso-BDP +0.82 —1.54 +0.75 +0.66 +0.40 +0.33 3.19 3.10 2.84 2.77

TP-2-BDP +0.44 —1.64 —0.01 —0.17 —0.64 -0.77 2.43 228 1.81 1.68
+0.70

TP-OH-meso-BDP +0.48 —1.57 +0.04 —0.12 —0.58 -0.71 2.48 231 1.84 1.73
+0.79

TP-CN-meso-BDP +0.79 —1.53 +0.73 +0.60 +0.25 +0.16 3.17 3.04 2.69 2.60
+1.37

“Cyclic voltammetry in N,-saturated DCM containing a 0.10 M Bu,NPF supporting electrolyte; the counter electrode is the Pt electrode; the
working electrode is the glassy carbon electrode; the Ag/AgNOj; couple as the reference electrode. Ey, is the energy approximated with the crossing
point of UV—vis absorption and fluorescence emission after normalization at the singlet excited state, Eyy = 2.44 V. “The value is obtained by
setting the oxidation wave of Fc*/Fc as 0.
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unlikely contributes to the excited-state dynamics. The
transient signal completely recovers within 1 ns due to the
fast relaxation of the excited state. The results are different
from what is observed for the reference compound BDP-1,
showing an extended excited state lifetime (Figure S20a). The
decay kinetics of TP-meso-BDP are instead similar to those
measured for the reference compound BDP-2 (Figure S20c).

To extract the time constants associated with the excited
state evolution, a global fitting of the kinetic traces has been
performed using a sequential linear decay scheme. The
evolution-associated difference spectra (EADS) obtained
from global analysis for TP-meso-BDP and BDP-2 are
reported in Figures Sb and S20d. For the reference compound
BDP-2, two spectral components were obtained, with lifetimes
of 15 and 291 ps, respectively. The process associated with the
1S ps component can be attributed to the solvent and
vibrational relaxation, together with torsion of the phenyl
moiety at the meso-position, in agreement with previous
reports.*”*> The 291 ps component is attributed to relaxation
of the S, excited state, with a distorted, nonplanar geometry for
the dipyrrin core, toward the ground state (Figure S20d).

In the case of TP-meso-BDP, global analysis retrieves three
time constants with associated spectral components. The initial
ultrafast 0.6 ps lifetime can be attributed to a fast solvent-
induced relaxation process, bringing the system out of the
initially reached Frank—Condon region. The following EADS,
living for 19.7 ps can be associated with a geometry relaxation
of the S, state, which might involve the rotation of the
thiophene moiety and the distortion of the dipyrrin core.
However, this relaxation is not reflected in any substantial
variation of the band shape of the transient signal, which only
shows a slight decrease in intensity during the evolution
toward the last EADS. The lack of spectral evolution can be
accounted for when considering that the structural relaxation
involved in the excited state does not induce significant
variation of the electronic distribution, as previously observed
also in the case of BDP-2.** The lifetime of the final spectral
component, 408 ps, is in good agreement with the fluorescence
lifetime (0.39 ns, Table 1). Based on these results, we assume
that the reason for the fluorescence quenching and short
fluorescence lifetime of TP-meso-BDP is the same as that for
BDP-2, ie., rapid deactivation of the singlet excited state
caused by the rotation of the thiophene moiety and distortion
of the Bodipy core. Very similar deactivation kinetics of the
singlet excited state were obtained for TP-CN-meso-BDP
(Figure S23).

In the case of TP-OH-meso-BDP, charge separation is
supposed to be responsible for the weak fluorescence,
especially in polar solvents. The fs-TA spectra of TP-OH-
meso-BDP indeed present several differences compared with
TP-meso-BDP and TP-CN-meso-BDP (Figure 6). In this case,
an intense negative band peaked at about 515 nm was also
observed upon excitation, assigned to the convolution of GSB
and SE, together with an ESA band peaked at about 420 nm.
The initial spectral component extracted from global analysis
(Figure 6b) can be attributed to the S, state reached upon
excitation. Upon 15.3 ps (evolution from black to red EADS in
Figure 6b), an intensity decrease of the negative band is
observed, particularly on its red side. At the same time, the
ESA band centered at 420 nm red-shifts to 440 nm, becoming
more intense, and in the red part of the spectrum, a new band
centered at 585 nm appears with low intensity. These spectral
changes can be attributed to the formation of the radical anion

of the Bodipy moiety, based on the previous literature.””* In

96 ps, a decrease in intensity of the transient signal was
observed (evolution from the red to the green trace in Figure
6b) assigned to structural relaxation of the molecule in the
CSS. After 238 ps, the spectrum evolves toward the final
spectral component (blue trace): here, a further decrease of the
negative band and a variation of the ESA band initially peaked
at 440 nm is observed, whose intensity substantially decays on
its red side, determining the shift of its peak to 420 nm. The
small positive band on the red part of the spectrum also
changes in shape: its intensity vanishes at wavelengths longer
than 630 nm, while it increases in the 520—670 nm spectral
interval. These spectral changes indicate that a new species is
formed on the 238 ps timescale: the comparison with the
spectra acquired on a longer timescale (see infra, Figure 7a)
allows the assignment of the final spectral component to the
triplet state of TP-OH-meso-BDP. Therefore, based on the fit
of the kinetic traces, we can determine the time constant (k =
1/7) of charge separation and charge recombination as 15.3
and 238 ps™, respectively. Since the species formed upon 238
ps is the triplet state of TP-OH-meso-BDP, we conclude that
its formation occurs through the SOCT-ISC mechanism.
These results agree with the large ®, values of TP-OH-meso-
BDP in DCM (Table 1). The fs-TA spectra of TP-OH-meso-
BDP were also measured in n-hexane (Figure $22). No
absorption band of radical anions or radical cations was
observed, confirming that charge separation is inhibited in this
nonpolar solvent.

The fs-TA spectra of TP-2-BDP show that the charge
separation occurs in DCM for this system (Figure S21). Two
negative bands centered at 510 and 650 nm were observed,
which can be assigned to the GSB and SE band, respectively.
The radical anion signal of the Bodipy moiety located at
around 570 nm was observed to rise within 1.2 ps. This band
shows a small shift as compared with that reported for a
Bodipy radical anion (585 nm) due to the overlap with the SE
band. The time constant (k = 1/7) of charge separation was
determined as 1.2 ps™' based on the fit results (Figure S21b).
The signals of the CSS state did not recover within the
timescale of the measurement, indicating that the kinetic of
charge recombination is slow.

3.6. Nanosecond Transient Absorption Spectroscopy:
Triplet-State Properties. The triplet-state properties of the
photosensitizers were analyzed by nanosecond transient
absorption (ns-TA) spectroscopy (Figures 7 and S24—526).
As already mentioned, only TP-OH-meso-BDP showed a
significant triplet quantum yield. For this compound, a ground-
state blenching band (GSB) centered at S15 nm was observed
upon pulsed laser excitation, together with two ESA bands,
respectively, peaked at 420 nm and in the range from 520 to
650 nm: these spectral features are typical for the Bodipy
triplet state.” The triplet-state quantum yield (®1) was
determined as 45% by the ground-state blenching method
(refer to Section 2.5) and the apparent triplet-state lifetime
(zr) as 1043 ps in DCM. Due to the triplet—triplet
annihilation (TTA) effect, the triplet-state lifetime will be
shortened under the used experimental conditions. To
determine the intrinsic triplet-state lifetime, the decay traces
were fitted with a kinetic model with the TTA quenching effect
considered and based on measurements of triplet lifetime at
various concentrations.’® With this method, the intrinsic
triplet-state lifetime of TP-OH-meso-BDP was determined as
2473 ps in DCM, which is shorter as compared with
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previously reported Bodipy triplet photosensitizers exploiting
the SOCT-ISC mechanism.®*®® For instance, the intrinsic
triplet-state lifetimes of carbazole—Bodipy and phenoxazine—
Bodipy are ca. 600 and 534 us, respectively.””*’ In other
solvents, the @ values of TP-OH-meso-BDP are lower than
that in DCM, which is typical for photosensitizers based on the
SOCT-ISC mechanism.

Q
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<
-0.4 b
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©
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Figure 7. Nanosecond transient absorption spectra of TP-OH-meso-
BDP in DCM. (a) transient absorption spectra and (b) decay trace at
515 nm. 4, = 510 nm, ¢ = 1.0 X 107> M, 20 °C. The 7y is the intrinsic
lifetime obtained by fitting the data with a TTA-based kinetic model.

The sulfur atom of the thiophene may also contribute to the
ISC of TP-OH-meso-BDP. To verify this possibility, we also
measured the ns-TA spectra of TP-meso-BDP. No triplet-state
signal was observed in all solvents for this compound (Table
1), except when iodoethane was added (Figure S27). These
results demonstrate that the heavy atom effect of the thiophene
moiety is negligible. Furthermore, if a phenol group is linked at
8-position (BDP-OH, Scheme S1), the ISC is also nonefficient
(Table S4 and Figure S28) because charge separation is not
occurring: this further supports the conclusion that the
efficient ISC observed for TP-OH-meso-BDP in DCM is
based on SOCT-ISC.

TP-CN-meso-BDP with the cyano group (electron with-
drawing) was also studied (Table 1 and Figure S26). The
highest @ value is 4.6% in DCM (no obvious solvent polarity
dependence was observed), which is much lower than the
value observed for TP-OH-meso-BDP (®1 = 45% in DCM).
All of the measurements for TP-CN-meso-BDP indicated that
the electron-transfer process is inhibited because the electron-
withdrawing —CN group weakens the electron-donating ability
of the thiophene moiety, thus excluding the occurrence of
SOCT-ISC. The triplet state of TP-CN-meso-BDP was
observed to be long-lived (7 = 482.5 us in DCM, Table 1)

as well as that of TP-meso-BDP produced by the TTET
method (7 = 210.5 ps in DCM, Table 1 and Figure S29).

3.7. DFT Computations. Further insights into the
photophysics of the compounds came from the theoretical
analysis. The ground-state geometries of the compounds were
optimized with DFT computations (Figure 8). If the electron
donor and acceptor adopt orthogonal orientations, the electron
spin angular momentum changes will be compensated by the
change of the molecular orbit angular momentum. Therefore,
the orthogonal orientation between the electron donor and
acceptor is normally favorable for enhancing the ISC in the
case of SOCT-ISC.”*> For TP-meso-BDP, TP-OH-meso-BDP,
and TP-CN-meso-BDP, the dihedral angles between Bodipy
and thiophene moieties are almost 90° due to the steric
hindrance of the methyl groups on the Bodipy. For TP-2-BDP,
since the methyl groups at 1,3-position exert less steric
hindrance toward the thiophene group as compared to that at
1,7-position, the conformation is more coplanar (dihedral
angle 53.7°). The UV—vis absorption spectra of TP-2-BDP are
red-shifted and broader than BDP-1, indicating an increased
electronic coupling, which agrees with a more coplanar
geometry and extended 7-conjugation.

The frontier molecular orbitals of the compounds are
presented in Figure 9. For TP-meso-BDP and TP-CN-meso-
BDP, the lowest singlet excited state (S, state) corresponds to
a HOMO — LUMO transition. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) orbitals are both confined on the Bodipy
moiety. For TP-2-BDP, the LUMO orbital is localized on the
Bodipy moiety; however, delocalization from the Bodipy to the
thienyl group is observed for the HOMO orbital due to the
stronger electronic coupling between the two moieties. The
effect of thienyl group on the LUMO energy is negligible,
which is different from the thienyl-attached rhodamine dyes.**
The large corresponding effective distance of charge transfer
(Dcr) (220 A) computed for the S state confirms such a state
as a CSS (Table SS).

For TP-OH-meso-BDP, the S, state is generated from the
HOMO-1 — LUMO transition. The HOMO-1 and LUMO
orbitals are localized on the Bodipy and TP-OH moieties,
respectively, indicating that nonadiabatic charge separation is
possible for TP-OH-meso-BDP, in agreement with the
previously presented experimental findings (solvent polarity-
dependent fluorescence and fs-TA spectra). The CSS character
of the S, state is confirmed by the large D¢y value (5.491 A)
(Table SS). A large Dy computed value is also observed in the
T, state, while the T state exhibits a very small value of D¢r.
Therefore, the ISC should occur between S; (CSS) and T, (LE

53.7°

TP-meso-BDP TP-2-BDP

‘_(\ _
<=4

-,
TP-OH-meso-BDP

TP-CN-meso-BDP

Figure 8. Optimized conformations and the dihedral angles of selected atoms of compounds calculated by DFT at the B3LYP/6-31G(d) level with

Gaussian 09W based on the optimized ground state.
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Figure 9. Selected frontier molecular orbitals and the energy (eV) of the dyads calculated by TDDFT at the B3LYP/6-31G(d) level with Gaussian

09W based on the optimized ground-state geometry. Isovalue = 0.02.

triplet state) states, as suggested also from the computed SOC
values (Table S6).

The spin density surfaces of the triplet state were calculated
(Figure S30). For TP-2-BDP, TP-OH-meso-BDP, and TP-
CN-meso-BDP, the spin densities are localized on the Bodipy
moiety, in agreement with the ns-TA spectra.

We also calculated the unrelaxed potential energy surface
(PES) for the rotation of the C—C linker between the thienyl
moiety and the Bodipy chromophore in the ground state
(Figure 10). Different behaviors were observed: while for both
TP-OH-meso-BDP and TP-CN-meso-BDP, the thermally
accessible conformations are mainly in the region of 70—
110°, which is beneficial to achieve an orthogonal orientation,
and for TP-2-BDP, two minima were observed at around 60
and 120° indicating that the preferential orientation is more
planar (Figure 10a).

To attain more information about the anomalous
fluorescence quenching of TP-meso-BDP, TDDFT calcula-
tions were used to perform the semirelaxed scan of the torsion
angle of the S, state of TP-meso-BDP (Figure 11). By scanning
the geometrical parameter accounting for thienyl orientation
with respect to the Bodipy plane, the energy changes in the S,
and ground states were monitored. As shown in Figure 11c, the
semirelaxed ground-state potential energy surface scan
evidences only one minimum structure, in which the meso-
thienyl ring is almost orthogonal to the Bodipy core plane. The
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Figure 10. Unrelaxed potential energy surface scans of the ground
states established by the rotation about the C—C linkers in (a) TP-
meso-BDP and TP-2-BDP and (b) TP-OH-meso-BDP and TP-CN-
meso-BDP.

PES of S, state (Figure 11c), instead, is smoother, indicating
that a structural relaxation involving the thienyl rotation is
easier.

It was previously found that in the case of a meso-vinyl-
Bodipy, the fast nonradiative decay is due to the existence of a
conical intersection (CI) between the S; and the S, potential
energy surfaces and that a small energy barrier separates the
Frank—Condon S, state and the minimum energy crossing
point.** Furthermore, based on TDDFT/CASSCF computa-
tions, the distortion of the Bodipy core in the singlet excited
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Figure 11. Optimized structures of the S; state with dihedral angles
(between the thienyl moiety and the dipyrrin core) of (a) 40° and (b)
140° and (c) semirelaxed potential energy surface scans of the S, state
and the corresponding ground-state energies established by the
rotation around the C—C thienyl linkers in TP-meso-BDP. Conical
intersections with GS are indicated by dashed blue ellipses. At these
two conical intersections (Cls), the dipyrrin core takes a butterfly
geometry, see (a) and (b).

state was proposed to be a butterfly-like motion, involving the
bending over the boron-meso-C line.*

According to the PES of the S, state for TP-meso-BDP,
changes of the dihedral angle from 130 to 140° and from 30 to
40° entail large structural changes in the core geometry (Figure
11c), leading the Bodipy core to assume a butterfly-like
arrangement (Figure 11a,b). These structural changes are also
accompanied by an abrupt decrease in oscillator strength for
the electronic transition (e.g., from f = 0.4479, at 130°, to f =
0.0005, at 140°). Indeed, the bending of the boron atom with
respect to the dipyrrin unit passes from 179.3° in the GS
minimum structure, to 138.3 and —161.6° in the S, structures
obtained keeping fixed the scanned torsion angle to 40 and
140°, respectively (Figure 1lab). Similar torsion was not
observed for BDP-1, which is attributed to the bulky meso-
phenyl substituent in BDP-1.

The proximity of the Sy and S, state energies at the two
molecular structures with the dihedral angles of 140 and 40°
results in the formation of a CI for TP-meso-BDP. This
suggests that a surface crossing can occur near these structural
arrangements, similar to the other cases reported in the
literature,* leading to fast inactivation of the S, state for TP-
meso-BDP and weak fluorescence. Indeed, as determined by fs-
TA spectroscopy, we propose the S, state decays in 408 ps,
which is the timescale necessary to reach the CI (Figure 5).

Very similar behavior was found for TP-CN-meso-BDP
(Figure S31), where the CI was found in correspondence of
the same dihedral angles as for TP-meso-BDP. In conclusion,
all our experimental and theoretical findings indicate that the
IMR effect and the distortion of the Bodipy core in the excited
determine the fluorescence quenching of TP-meso-BDP and
TP-CN-meso-BDP, while efficient charge separation is the
reason for quenching in the case of TP-2-BDP and TP-OH-
meso-BDP.

3.8. Application of the Dyad in TTA Upconversion.
TTA upconversion (TTA-UC) is one of the important
applications of triplet photosensitizers,'” and recently, the
heavy atom-free triplet photosensitizers have attracted much
attention.*” Due to the high ISC efficiency (®r = 45% in
DCM), long-lived triplet state (247.3 ys in DCM), and strong
absorption of visible light (¢ = 8.5 X 10* M™" cm™" at 514 nm),
TP-OH-meso-BDP was used as triplet PSs (energy donor) for
TTA-UC with perylene used as an energy acceptor
(annihilator, Figure 12). Without perylene, only the green

300 0.9
a TP-OH-meso-BDP TP-OH-meso-BDP b
—— 3 eq. Perylene (0.27,0.69)
5200
z
‘@
s x
€ 100
0
400 700

500 600
Wavelength / nm
TP-OH- TP-OH-meso-

meso-BDP BDP + Py TP-OH- TP-OH-meso-

meso-BDP  BDP +Py

lex = 510.0m

Figure 12. TTA upconversion with TP-OH-meso-BDP as the triplet
photosensitizer and perylene (Py) as the acceptor, 4., = S10 nm (cw-
laser). (a) Upconversion emission spectra. (b) Commission
Internationale de I'Elcairage (CIE) diagram of the upconversion
with TP-OH-meso-BDP. (c) Photographs of the emission of triplet
photosensitizer alone and of upconversion. (d) Photographs of
upconversion; the scattered laser and fluorescence are filtered by blue
band pass filter (380—520 nm). Upconversion was performed upon
excitation of the solution with a 510 nm continuous wave laser
(power density, 53.2 mW/cm?). The asterisks indicate the scattered
laser. ¢ (photosensitizer) = 1.0 X 1075 M, ¢ (acceptor) = 3.0 X 1075
M, in DCM, 20 °C.

emission of TP-OH-meso-BDP (500—600 nm) was observed
upon excitation with a 510 nm cw-laser. However, upconverted
blue light (420—480 nm) of perylene was observed in the
presence of 3.0 equiv of annihilator (Figure 12c). More
significant color change was observed with a band pass filter
(380—520 nm, Figure 12d). The upconversion quantum yield
(®yc) was determined as 6.0% in DCM.

The power-dependent upconversion spectra were also
measured (Figure S33). From the logarithmic plot, a function
of nearly slope 2 was obtained under low excitation power
intensity, indicating a quadratic dependence between the
intensities of excitation and upconverted emission. Upon
increasing the excitation laser power, the relationship between
the upconversion intensity and the excitation power density
becomes linear. The threshold power density Iy, reached 57.5
mW/cm?,

Delayed fluorescence and triplet-state lifetime-based Stern—
Volmer quenching were studied to characterize the TTA and
TTET process using nanosecond transient absorption spec-
troscopy (Figure $32 and Table S7). In the presence of both
TP-OH-meso-BDP and perylene, the TTA delayed fluores-
cence of perylene was observed (Figure $32). The rise kinetics
(6.5 ps) can be mainly attributed to the TTET process, which
leads to the generation and accumulation of the T, state of
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perylene, while the decreasing component (66.1 ps) originates
from the TTA process (Figure S32b). Both are diffusion-
controlled processes. The TTET process was analyzed with a
Stern—Volmer quenching plot (Figure S32c), allowing us to
obtain both the quenching constant (Kgy) (Table S7) and the
TTET quantum yield and indicating that the TTET process is
efficient.

The photophysical processes of TP-OH-meso-BDP are
summarized in Scheme 3. Upon excitation of the Bodipy

Scheme 3. Photophysical Processes of TP-OH-meso-BDP*
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“The energy of the singlet state was determined by the UV-—vis
spectrum. The energy of CSS was determined by electrochemical
calculations. The energy of the T state of Bodipy was determined by
the reported result.*> The energy of the T, state was determined by
the optimized T, geometry; the calculation was performed at the cam-
B3LYP/6-31G(d) level with Gaussian 09W.

moiety, the S, state localized on this unit is initially populated.
Subsequently, charge separation occurs (15.3 ps), leading to
the population of a charge-separated state (CSS). Based on the
weak coupling of the thienyl and Bodipy moieties, and the
small overlap integral between the molecular orbitals of the
two moieties, which is detrimental for radiative transition, the
CSS should be a dark state (nonfluorescent). This conclusion
explains the observed low fluorescence quantum yield of TP-
OH-meso-BDP. Moreover, since the CSS energy is dependent
on solvent polarity, also, the energy matching of the CSS state
and the °LE state will change using solvents with different
polarities. The distance between the electron donor and
acceptor is short as compared to that of typical D-A systems
used for radical pair ISC (RP-ISC; the ISC occurs from 'CSS
to *CSS). Thus, we expect the RP-ISC mechanism to be
inhibited, and we conclude that ISC occurs between the !CSS
and T, (LE triplet state) states. Since the T, state is a CSS, the
ISC should occur between 'CSS and T, (LE triplet state)
states. In acetonitrile, the faster CR process will enhance the
relaxation of the 'CSS toward the ground state (Marcus-
inverted region effect). Therefore, the triplet-state quantum
yield in ACN (@ = 15.6%) is lower than the value in DCM
(®r = 45.3%).

For TP-meso-BDP, the photophysical processes are differ-
ent. Charge separation is unlikely due to the positive AGcg
values. Combining the observed fluorescence yield increase in
viscous solvents (Figure 3a) and the results obtained by
femtosecond transient absorption spectroscopy and DFT/

TDDFT, we propose that the geometrical changes occurring at
the S, state (19.7 ps) involving both a thienyl rotation and
Bodipy core distortion and leading to a distorted geometry
(lifetime, 408 ps; a dark state) are responsible for weak
fluorescence (Table 1).

4. CONCLUSIONS

In summary, we prepared a series of thiophene—Bodipy dyads
with electron donor or acceptor groups linked to the thienyl
unit to study the excited-state dynamics and spin—orbit charge-
transfer intersystem crossing (SOCT-ISC). The photophysical
properties of the compounds were studied with steady-state
and femtosecond/nanosecond transient absorption spectros-
copy, as well as theoretical computations. For the compound
with the thienyl moiety attached at the meso-position of
Bodipy (TP-meso-BDP), anomalous weak fluorescence was
observed in both nonpolar and polar solvents (quantum yield
<6%). DFT computations indicate that the thienyl rotation
and the Bodipy core distortion in the S; state open up a fast
nonradiative drain decay channel, which is drastically different
from what is observed for the meso-phenyl analogue.
Femtosecond transient absorption spectral studies indicate
that the geometrical changes occur within 19.7 ps and the
distorted S, state decays within 408 ps. The same behavior was
observed for TP-CN-meso-BDP, with an electron-withdrawing
4’-cyanophenyl group attached on the thienyl moiety. The
behavior of TP-OH-meso-BDP, with an electron-donating 4'-
hydroxylphenyl group on the thienyl unit, is completely
different. In this case, the dyad shows fast charge separation
(15.3 ps) and charge recombination and a high triplet yield in
DCM, which supports the occurrence of a SOCT-ISC process
(238 ps). In other words, the nonradiative decay channel of the
meso-thienyl Bodipy is inhibited by the fast CS/CR-induced
ISC, and the triplet-state quantum yield is up to 45% in DCM,
with a triplet-state lifetime of up to 247.3 us. The triplet-state
quantum yield shows strong solvent polarity dependence
(1.9—45%), as expected in the case of SOCT-ISC. Finally, the
TP-2-BDP compound, where the thienyl group is linked at the
2-position, also undergoes efficient charge separation, but the
ISC is not efficient. The dyad showing efficient SOCT-ISC
(TP-OH-meso-BDP) was used as a heavy atom-free triplet
photosensitizer for triplet—triplet annihilation upconversion.
An upconversion quantum yield of up to 6% was observed. All
of the results are useful for studying the excited-state dynamics
of Bodipy chromophores, charge separation, and charge
recombination in compact electron donor/acceptor dyads, as
well as for the design of novel heavy atom-free triplet
photosensitizers.
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