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ABSTRACT: The effect of positioning an electron donor, ferrocene (Fc), and a charge transfer complex,
Fc-tetracyanobutadine (TCBD) at different locations of the BF2-chelated dipyrromethene (BODIPY) ring
in governing excited state charge separation is reported. For this, BODIPY was functionalized at the
meso, a-, or B-pyrrole positions with an acetylene spacer carrying either a Fc or a Fc-TBCD charge trans-
fer complex. Among the meso-, - or S-pyrrole derivatized BODIPY's, Eo and Stokes shift were found
to depend upon the position of BODIPY ring functionalization, independent of polarity. The Stokes shift
followed the order > meso > o- substitution for a given series of BODIPY derivatives while the Eop
followed the order meso > a- > [-substitution. Using a combination of Pd-catalyzed Sonogashira cross-
coupling reaction and [2+2] cycloaddition—retroelectrocyclization reaction involving tetracyano ethylene
to introduce TCBD between the BODIPY and Fc entities was designed and followed. From the newly
established energy level diagram using spectral, computational, and electrochemical results, formation of
BODIPY"-Fc" in the case of dyads, and (BODIPY-TCBD)"-Fc" in the case of triads from 'BODIPY * was
possible to arrive. Femtosecond transient absorption studies followed by data analysis through target anal-
ysis confirmed this to be the case. Importantly, in the case of BODIPY-Fc dyads, a-pyrrole-functionalized
derivatives performed better in terms of stabilizing the charge separated state while in the case of
BODIPY-TCBD-Fc triads, stabilization of (BODIPY-TCBD)"-Fc" for B-pyrrole functionalized derivative
was better. The present findings on spectral and photochemical properties in differently functionalized
BODIPYs are important not only for light energy harvesting but also in designing the next generation of

BODIPY based fluorescence probes and sensors.



INTRODUCTION

Establishing structure-function relations in light induced charge separation processes in synthetic
donor-acceptor conjugates is not only important to further our understanding of natural photosyn-
thesis!-2 but is also vital for solar energy harvesting and building optoelectronic devices.>?° In
this context, harvesting sunlight into chemical energy by an artificial photosynthetic approach is
considered one of the possible solutions to fulfil the ever increasing global energy needs without
significantly affecting the environment.!> For this, a wide variety of artificial photosynthetic do-
nor-acceptor conjugates have been designed and synthesized; some of these systems have shown
to be capable of both wide-band capture of solar photons and the ability to use the absorbed energy
to generate charge-separated states of appreciable energy.>!* Using elegant synthetic chemistry,
it has been possible to fine-tune the light capture and conversion efficiency to a desired value by

altering the D/A units, their relative distance, and the n-linker connecting them.?2¢

BODIPYs (see Figure 1 for structure) have gained much attention in recent years as building
blocks of artificial photosynthetic systems, sensors and probes.?’*2 BODIPYs exhibit high ab-
sorption coefficients, high fluorescence quantum yields, and tunable redox potentials.’*-3¢ Their
electronic and photonic properties can be tuned by a proper choice of electron rich/deficient ad-
29-32,33-36

dends and by performing substitution at different positions of the BODIPY macrocycle.
These features have made BODIPY an attractive

Figure 1. BODIPY skeleton and naming of ring carbons.

fluorophore as its absorption can be extended over a wide spectral range. In recent years, our
groups have explored various antenna-donor-acceptor model compounds possessing BODIPY as
one of the active components.'¥2%37-38n the majority of the studies where BODIPY formed part
of the donor-acceptor system, the functionalization was carried out at the meso-position.!8-26-2-

323336 Only a handful of studies utilized the pyrrole o and f positions.?**8 Importantly, although
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substitution effect on absorption and fluorescence properties as a function of different location of
BODIPY ring has been performed,*> no systematic study has been reported on the substitution
effects of different locations on the BODIPY ring on their electron transfer properties. In the
present study, we have undertaken a task where BODIPY has been functionalized at the meso-,
a-, and [-pyrrole positions to visualize its effects on the spectral and electrochemical properties
with acetylene (1-3 in Figure 2) and bis-acetylene (4—6) m-extenders. Further, using the Pd-cata-

lyzed Sonogashira cross-

Figure 2. Structures of the differently functionalized BODIPYs, BODIPY -ferrocene dyads, and
BODIPY-TCBD-ferrocene (BODIPY-TCBD-Fc) triads charge transfer systems.

coupling reaction, the terminal phenyl ring in 4—6 have been replaced with an electron donor,
ferrocene, to result in the BODIPY-Fc dyads, 7-9. Finally, with the help of a [2+2] cycloaddition—
retroelectrocyclization reaction,>® an electron acceptor entity, tetracyanobuta-1,3-diene (TCBD),
has been introduced between the BODIPY and ferrocene entities of dyads 7-9 to result BODIPY -
TCBD-Fc charge transfer complexes, 10-12. Earlier, TCBD has been covalently linked to elec-
troactive units such as anilines, porphyrins, corannulenes, phthalocyanines subphthalocyanine, or

BODIPY and others sensitizers.**-3* In majority of these TCBD-based charge transfer complexes,
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excited state charge transfer has been observed. As part of the investigation, the ground and ex-
cited state processes in the newly synthesized systems have been systematically studied to visual-
ize BODIPY substitution effects in governing the ground and excited state interactions in polar
benzonitrile. Effect of location of BODIPY ring functionalization in governing photoinduced
charge separation, has been demonstrated in these dyads and triads from studies involving the

pump-probe spectroscopic technique.
RESULTS AND DISCUSSION

Synthesis

The synthetic methodology developed for differently substituted BODIPY systems is shown in
Schemes 1 and S1, while the synthetic details are given in SI. The ferrocenyl substituted BODIPY's
7, 8, and 9 were synthesized by the Sonogashira cross-coupling reaction of meso (8-chloro), a-
bromo, and f-iodo BODIPYs with 1-ethynyl-4-(ethynylferrocene)benzene, respectively. The
TCBD bridged BODIPYs 10, 11, and 12 were synthesized by the [2+2] cycloaddition—retroelec-
trocyclization reaction of ferrocenyl substituted BODIPYs 7, 8, and 9 with tetracyanoethene

(TCNE), respectively (Schemes 1 and S1).

The precursors a-bromo BODIPY, 3-iodo BODIPY and 8-chloro BODIPY were synthesized
by reported procedures (Scheme S1).>°7 The a-ferrocenyl substituted BODIPY 8 was synthesized
by the Pd-catalyzed Sonogashira cross-coupling reaction of a-bromo BODIPY with 1-ethynyl-4-
(ethynylferrocene)benzene (1 equiv.) in THF solvent at 60 °C in 81% yield. Similarly the B-fer-
rocenyl substituted BODIPY 9 was synthesized by Sonogashira cross-coupling reaction of -iodo
BODIPY with 1-ethynyl-4-(ethynylferrocene) benzene (1 equiv.) in THF solvent by using base,
di-isopropylethylamine (DIPEA), at 60 °C in 86% yield.>>>” The 1,1,4,4-tetracyanobuta-1,3-diene
(TCBD) substituted BODIPYs (11 and 12) were synthesized via [2+2] cycloaddition—retroelec-
trocyclization reaction of the ferrocenyl-substituted BODIPYs 8 and 9 in 83% and 85% yields,
with TCNE at room temperature in dichloromethane.*®%* We have reported the synthesis of meso-
substituted BODIPY 7 and its TCBD derivative 10 (Scheme S2).°*%” The control compounds
meso, o, and 3 phenylacetylene substituted BODIPY 1-3 were synthesized by the palladium-cat-
alyzed Sonogashira cross-coupling reaction of (meso-chloro), a-bromo, and $-iodo BODIPY with
phenylacetylene (1 equiv.) in THF solvent at 60 °C in 80-90% yield.®®%° Similarly meso, a, and
B 1-ethynyl-4-(phenylacetylene) benzene substituted BODIPY 4-6 were synthesized by



Sonogashira cross-coupling reaction of meso-chloro, a-bromo, and -iodo BODIPY with 1-
ethynyl-4-(phenylacetylene) benzene (1 equiv) in THF solvent at 60 °C in 80-85% yield®®®
(Scheme S2). The BODIPYs 7-9 and 10—-12 were purified by repeated silica-gel column chroma-

tography and recrystallization techniques.
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Scheme 1. Syntheses of differently substituted BODIPYs dyads 8-9 and triads 11-12.

The BODIPYs 7-9 and 1012 exhibit good solubility in common organic solvents such as
dichloromethane, toluene, chloroform, and benzonitrile and were well characterized by 'H NMR,

13C NMR, and HRMS techniques (See Figures S12-S35 in ESI for spectral details).
Absorbance and fluorescence studies

The electronic absorption and emission spectral studies of the differently substituted BODIPY's
1-6, BODIPY-Fc dyads, 7-9, and BODIPY-TCBD-Fc triads, 10—12 were performed in benzo-
nitrile at room temperature as shown in Figures 3 and 4 while the data are summarized in Table
1. Pristine BODIPY is known to exhibit a strong absorption around 500 nm and fluorescence
emission around 520 nm.?3? As shown in Figure 3, BODIPY with an acetylene group directly
attached to the aryl m-system, a red-shifted absorption was observed. Interestingly, this red-shift
was found to depend on the nature of substitution that followed the trend 2 >3 > 1. Having two

acetylene linkers caused additional red-shift, and in this case the trend was 5 > 4 > 6 (Figure 3b).
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Figure 3. Normalized absorption spectra of the differently substituted BODIPY's 1-6 (a and b), BODIPY-
Fc, 7-9 (c), and BODIPY-TCBD-Fc, 10-12 (d) in benzonitrile.

That is, highest red-shift was observed for a-pyrrole substituted derivatives. In the case of
BODIPY-Fc systems, 7-9, the observed trend was also similar (8 > 7 > 9), that is, higher red-shift
was for dyad 8 having a-pyrrole functionalization, however, replacing the terminal phenyl ring
with ferrocene in the dyads did not significantly change the peak position (Figure 3c). In the case
of BODIPY-TCBD-Fc triads, 10-12, having an electron withdrawing TCBD between the
BODIPY and ferrocene entities, additional small red-shift of BODIPY with a trend in peak max-
ima following the order 11 > 10 > 12 (Figure 3d) was observed. These results illustrate substitution
dependent absorption behavior of BODIPY probes in the dyads and triads. Another noteworthy
observation was also made in the case of triads 10—12 where a weak, broad peak in the 600—-800
nm range was observed. This has been attributed to the charge transfer interactions involving fer-

rocene and TCBD entities.*0>°
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Figure 4. Normalized fluorescence spectra of differently substituted BODIPYs 1-6 (a and b),
BODIPY-Fc, 7-9 (c), and BODIPY-TCBD-Fc, 10-12 (d) in benzonitrile. The samples were ex-

cited to the visible peak maxima given in Table 1.

Fluorescence spectra of the investigated compounds are shown in Figure 3 while the peak
maxima and fluorescence lifetimes evaluated from time correlated single photon counting tech-
nique (TCSPC) are given in Table 1. For compounds 1-6 having either one or two acetylene 7t-
extenders at different positions of the macrocycle periphery, appreciable fluorescence was ob-
served. The following trends in fluorescence peak maxima were observed: 3 > 2 > 1 for the first
three compounds and 6 > 5 > 4 for the last three compounds. For compounds 7—12 having either
a terminal ferrocene or TCBD-Fc charge transfer entities, significant quenching of fluorescence

was observed (95-98% compared to the corresponding control compound). The measured



fluorescence lifetimes for compounds 1—-6 revealed lifetimes in the range of 1-6 ns. However, due

to very low fluorescence emission no lifetime for compounds 7—12 could be obtained.

Table 1. Absorption and fluorescence peak maxima, fluorescence lifetime in ns, Stokes shift in cm-
1. and energy of the singlet excited state in eV of differently substituted BODIPYs 1-6, dyads 7-9,

and triads 10-12 in benzonitrile (see Figure 1 for structures and Table S1 for data in toluene).

compound Aabs (NM) ~ Aem (NM) T, NS Av(em™)  Eop(eV)
BODIPY 506 527 2.86 787 2.40
1 565 584 3.44 576 2.16
2 555 573 3.25 556 2.20
3 544 613 0.81 2069 2.14
4 550 569 6.06 607 2.22
5 546 625 0.59 2315 2.12
6 512 566 1.63 1863 2.30
7 550 568 -- 576 2.22
8 568 580 -- 364 2.16
9 545 608 - 1901 2.15
10 559 578 - 588 2.18
1 567 575 - 245 2.17
12 546 599 -- 1621 2.17

The energy gap between the absorption and emission peak maxima (Stokes shift) was also
estimated for the investigated series of compounds having substituents at different positions of the
macrocycle periphery, as given in Table 1. For a given type of BODIPY derivative (monomers
1-6, dyads 7-9, or triads 10—12), the highest energy gap was observed for S-pyrrole substituted
derivatives (compounds 3, 6, 9, and 12) while the lowest gap was for a-pyrrole substituted deriv-
atives (2, 5, 8, and 11). Such shift for meso-substituted derivatives (1, 4, 7, and 10) was interme-
diate between the fand « substituted BODIPY derivatives. A large Stokes shift helps in lowering

inner filter effects and self-absorption in fluorescence.”®



Singlet-singlet energy gap (Eo,0), also known as spectral HOMO-LUMO energy gap, was
also evaluated from the absorption and emission data (mid-point energy), as listed in Table 1. For
a given series of compounds, the highest gap was for meso-substituted derivatives (1, 4, 7, and
10) while the lowest gap was for the f-pyrrole substituted derivatives (3, 6, 9, and 12). Compared
with pristine BODIPY, they were 0.10—0.35 eV lower as a consequence of the acetylene linker.
The large Stokes shift observed for the latter series of compounds resulted in lowering the HOMO-
LUMO gap. These findings bring out the importance of the effect of peripheral substitution in
modulating the Stokes shifts and HOMO-LUMO gaps in BODIPY derivatives; a useful finding
to develop the next generation of BODIPY based photo-probes.

Changing the solvent from polar benzonitrile to nonpolar toluene also revealed similar spec-
tral trends. Spectral results in nonpolar toluene are shown in Figure S1 while the data are summa-
rized in Table S1. In summary, position of BODIPY ring functionalization seem to retain spectral

trends irrespective of polarity of the employed solvents.

Electrochemical and spectroelectrochemical studies

In order to probe the substitution effect on oxidation and reduction potentials of differently sub-
stituted BODIPYs (1-6) and those of BODIPY-Fc, 7-9 and BODIPY-TCBD-Fc, 10-12 systems,
electrochemical studies using cyclic (CV) and differential pulse voltammetry (DPV) in benzo-
nitrile containing 0.1 M (TBA)CIO4 were performed. The reversibility of a given redox process
was established from monitoring scan rate, and anodic to cathodic peak separation from cyclic
voltammetric studies. Figure S2 shows the DPVs of the investigated compounds while the redox

data according to the site of electron transfer are given in Table 2.

It may be mentioned here that the first BODIPY oxidation process was an irreversible pro-
cess in almost all of these derivatives, hence DPV was used to secure the oxidation potentials.
The BODIPY 2 has an electron-donating methoxy group, which lowered the first oxidation and
increased the first reduction potentials which is reflective of the position of substituents (BODIPY
1 — 3) and a difference in the electron-richness of BODIPY 2. Oxidation of Fc and reduction of
TCBD were fully reversible on CV time scale in case of compounds 7 — 12. Several interesting
observations were made from the voltammograms and tabulated redox data (Table 2). For acety-
lene functionalized BODIPYs, 1-6, facile oxidation (up to 0.37 V) compared to pristine BODIPY
was observed. Such an effect on electrochemical reduction was marginal. This could be easily

attributed to the extended m-conjugation of the acetylene linker in 1-6. Introduction of a terminal
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ferrocene entity in 7-9 revealed ferrocene oxidation that was anodically shifted by 0.11-0.14 V as
compared to that of pristine ferrocene oxidation.”' Perturbations in the BODIPY oxidation process
in 7-9 was minimal. The presence of electron withdrawing TCBD group in compounds 10—12
revealed two one-electron reductions corresponding to the TCBDY~ and TCBD™'?" processes.*0->
The first reduction process of TCBD was easier by 100-250 mV compared to the traditionally
used fullerene electron acceptor.®® The BODIPY reduction in these triads was more difficult to
reduce and was cathodically shifted by ~100 mV. Due to close proximity of TCBD and ferrocene
entities and the electronic interactions between them, the oxidation of ferrocene entity in the triads
was harder by over 300 mV while for the oxidation of spatially far BODIPY entity this effect was
marginal (~ 100 mV). In agreement with the earlier discussed optical results, electrochemical

studies also revealed lower HOMO-LUMO gaps for the substituted BODIPY derivatives com-
pared to pristine BODIPY.

The absorption spectral results shown in Figure 3 revealed peripheral substitution-dependent
properties for the neutral BODIPY compounds. In an effort to visualize whether such an effect
exists for one-electron oxidized and one-electron reduced products of the BODIPY derivatives,
spectroelectrochemical studies were performed. Figure S3 for compounds 1-3 and Figure S4 for
compounds 4—6 show differential absorption spectral changes observed during first oxidation and
first reduction of the BODIPY derivatives. Subtle changes associated with one or more isosbestic

points, including new peaks in few cases depending upon the site of substitution were observed.

Spectroelectrochemical studies on BODIPY-Fc, 7-9 and BODIPY-TCBD-Fc, 10-12 were
also performed as such data would help in the interpretation of transient absorption data recorded
to seek evidence of charge transfer/separation (vide infra). Spectral changes observed during first
oxidation and first reduction of BODIPY-Fc systems is shown in Figure S5 while those of
BODIPY-TCBD-Fc systems is given in Figure S6. The oxidation in both dyads and triads occur
at the ferrocene entity, consequently, during this process spectral changes associated with
BODIPY were minimal. In the case of dyads, the first reduction occurs at the BODIPY center,
consequently, one could predict drastic spectral changes during this process. This is indeed the
case as shown in Figure S5. A new peak at 720 nm for 7 was developed, however, no new peaks
corresponding to BODIPY ™ in the case of 8 and 9 was observed. Interestingly, in the case of triads,
where the first reduction involves TCBD, one would not expect much spectral changes for the
BODIPY peaks, this entity is also associated with the reduction process. As shown in Figure S6,

decrease in BODIPY Soret peak was witnessed in all three triads with new less intense peaks in
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the visible region. These results indicate formation of (BODIPY-TCBD)~ during the first reduc-

tion process, that is, delocalization of electron density on both BODIPY and TCBD entities. In

both dyads and triads, the oxidation and reduction processes were accompanied by one or more

isosbestic points.

Table 2. Electrochemical redox potentials (V. vs. Fc/Fc*) of the investigated compounds in benzo-

nitrile containing 0.1M (TBA)CI1Oa.

compound BODIPY?- TCBD”* TCBDY*  Fc* BODIPY?"*
BODIPY  -1.17 -- - -- 1.19
1 -0.99 -- -- -- 0.98
2 -1.13 -- -- -- 0.86
3 -1.08 -- -- -- 0.93
4 -0.89 -- -- -- 1.06
5 -1.12 -- - -- 0.82
6 -1.09 -- -- -- 0.99
7 -0.97 -- -- 0.14 1.04
8 -1.16 -- -- 0.13 0.97
9 -1.09 -- -- 0.11 1.03
10 -1.11 -0.94 0.46 1.17
11 -1.21 -1.09 -0.75 0.46 1.08
12 -1.21 -1.07 -0.85 0.45 1.12

Further, the spectroelectrochemical data was used to deduce spectrum of the charge separated

products. For this, spectrum of the cation and anion were digitally averaged and subtracted from

that of the neutral compound.*’ Figure S7 shows such spectra of compounds 7 — 12. Negative

peaks indicate loss of intensity of the neutral compound while positive peaks represent absorption

of either the radical cation or radical anion species. Such spectral data helps in analyzing transient

spectral data that will be discussed later.

12



The density functional theory (DFT) calculations were performed to probe the substitution
dependent delocalization of HOMOs and LUMOs as this could affect the ground and excited state
interactions between the donor and acceptor entities of the investigated systems. Using the Gauss-
ian 09 program, B3LYP/6-31+G** for C, H, O, N, B, F and Lanl2DZ for Fe level of theory and
geometry optimization was carried out in the gas phase. The frontier molecular orbitals are dis-
played in Figure S8. The HOMO and LUMO of the ferrocenyl functionalized BODIPY 9 was
localized on ferrocene and BODIPY entities, respectively. However, in the case of dyads 7 and 8,
although majority of the HOMO was on the expected ferrocene entity, part of the orbital coeffi-
cients was spread over the spacer into BODIPY. Majority of the LUMO was on BODIPY entity,
as expected. In the case of triads 10-12, LUMO was spread over TCBD and BODIPY entities,
supporting earlier discussed (BODIPY-TCBD)~ formation upon electroreduction.

Free-energy calculations and energy level diagram

Using the spectral and electrochemical data, Gibbs free-energy change associated for charge re-
combination and charge separation for different states were estimated according Rehm-Weller
approach.”” From the data presented in Table 3, it is clear that in the case of the BODIPY-Fc, 7—
9 featuring BODIPY and ferrocene, formation of BODIPY "-Fc¢" charge separated state from
'BODIPY* was a thermodynamically feasible process. Interestingly, in the case of BODIPY -

Table 3. Free-energy change for charge recombination (AGcr) and charge separation (AGcs) from

the singlet excited state of BODIPY (=BDP in table) for the dyads and triads in benzonitrile.

Compound —AGcr —AGcs

BDP/F¢c* TCBD/F¢© BDP7/F¢" TCBD/Fc'

7 1.15 -- 1.07 --
8 1.33 -- 0.83 -
9 1.24 -- 0.91 -
10 1.72 1.56 0.48 0.62
11 1.71 1.37 0.45 0.80
12 1.71 1.46 0.46 0.71
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TCBD-Fc, 10-12, where TCBD?®"-Fc¢? charge transfer in the ground state was witnessed, for-
mation of initial (BODIPY-TCBD)%-Fc %" charge transfer complex from '"BODIPY* is feasible.
The (BODIPY-TCBD)?-Fc %" complex could subsequently generate energetically low-lying
(BODIPY-TCBD)"-Fc"' charge separated state. Involvement of BODIPY in the final charge sep-

aration is confirmed by the earlier discussed spectroelectrochemical and computational studies.

Figure 5 shows an energy level diagram depicting the different photochemical events occur-
ring in BODIPY-Fc systems (magenta colored arrows and energy states) and BODIPY-TCBD-Fc
systems (blue colored arrows and energy states). In the case of BODIPY -Fc, reductive electron

transfer from the 'BODIPY* to yield the BODIPY-Fc' charge separated state is a

eV
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Figure 5. Energy level diagram showing the different photochemical events occurring in BODIPY-Fc,
7-9 (red), and BODIPY-TCBD-Fc (blue) 10-12 in benzonitrile. Energies of different states were evaluated

from spectral and electrochemical studies. Solid arrows indicate major photo-processes, dashed arrow
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indicates minor photo-processes. ISC = intersystem crossing, CT=charge transfer, CS = charge separa-

tion, CR = charge recombination, and T = emission from triplet excited state.

plausible deactivation path, and such a process is favored more in 7 compared to the other two dyads.
Since the energy of the BODIPY™-Fc* charge separated state is lower than that of >BODIPY* (Et = 1.48
eV),”>”7 direct charge recombination to the ground state could be envisioned. In the case of BODIPY -
TCBD-Fc systems, formation of (BODIPY-TCBD)®-Fc " charge transfer from the 'BODIPY * is ther-
modynamically feasible. Since the energy of this state is higher than that of *BODIPY*,”*7¢ population
of the triplet level or charge separation to yield (BODIPY-TCBD)"-Fc¢" from the initial charge transfer
states are possible. It is also important to note that due to high conducting acetylene linker and close
proximity of the entities, faster photo-events could be envisioned. In order to verify such predictions,
femtosecond transient spectral studies were performed and the results are presented in the following sec-

tion.

Femtosecond transient absorption studies

Figure S9 show the fs-TA spectra at different delay times of BODIPY derivatives, 1 — 6 substituted
with acetylene linkers at different peripheral positions. The instantaneously formed 'BODIPY*
revealed positive peaks in the 450 —550 nm range corresponding to transitions from the singlet
excited state. In addition, a near-IR peak in the 900 —1400 nm range, (peak maxima depending
upon the type of substitution, near-IR data not shown) corresponding to singlet-singlet transition
from the 'BODIPY* state were also observed. Negative peaks corresponding to ground state
bleaching and stimulated emission were also observed whose peak minima correspond to peak
maxima of the earlier discussed absorption and emission peaks of the respective BODIPY deriv-
atives. The decay and recovery of the positive and negative peaks followed the lifetime of the
individual compounds discussed earlier (see Table 1), sometime lasting longer than the monitoring
time window of our instrumental setup of 3 ns. In summary, successful excitation of BODIPY to
generate 'BODIPY* irrespective of the position of peripheral acetylene substituents is accom-

plished.

Fs-TA spectra for selected BODIPY-Fc, and BODIPY-TCBD-Fc in benzonitrile are shown
in Figure 6a-c while spectra coving the visible region for the investigated series are shown in
Figure S10 in benzonitrile. As expected from the earlier discussed steady-state and time-resolved

emission studies, relaxation of the 'BODIPY* state was faster in both the cases of dyads and
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triads, irrespective of the nature of peripheral substitution. The weak radical cation and radical

anion signature peaks, viz., corresponding to BODIPY "-Fc¢" in the case of BODIPY-
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Figure 6. Femtosecond transient absorption spectra of (a) 7, (b) 10, and (c) 11 in Ar-saturated benzonitrile.
The samples were excited at the visible peak maxima given in Table 1 (100 fs laser pulses) at room tem-
perature. The species associated spectra (SAS) along with spectrum deduced from spectroelectrochemical

studies for the charge separated state (dashed magenta line) for (d) 7, (e) 10, and (f) 11 are also shown.

Fc, and (BODIPY-TCBD)"-Fc" in the case of BODIPY-TCBD-Fc, were buried within the strong
'BODIPY* induced signals.Target analysis’’>’® of the transient data was performed as shown in
Figure 6d-f and Figure S11. A two component fit — representing formation of singlet excited state

of BODIPY followed by charge separation in the case of BODIPY-Fc dyads, and a three
16



component fit in the case of triads, representing the formation of 'BODIPY*, (BODIPY-TCBD)? -
Fcd* charge transfer state, and (BODIPY-TCBD)"-Fc* charge separated state gave satisfactory
fitting. The spectrum generated for the charge separated species from spectroelectrochemical
studies (Figure S7) largely matched that of the species associated spectra (SAS) corresponding to
the charge separated products (see Figure 6 magenta line). This also helped in differentiating the
SAS spectrum assigned for the charge transfer and charge separation states. Negative peaks in
the SAS spectrum corresponding to charge transfer state were either 30-50 nm red-shifted (Figure
6¢) or blue-shifted (Figure 6d), depending on the type of functionalization. However, peak minima
of the spectrum corresponding to the charge separated state matched well with that spectrum de-
duced from spectroelectrochemical studies, thus supporting the charge transfer - charge separa-

tion process in these triads.

Table 4. Time constants (in ps) for charge separation and recombination for the dyads 7-9 and

triads 10-12 in benzonitrile (estimated error = +10%).

Compound ts/ter,*P ps 1cs, ps
7 1.410 114.0
8 0.330 537.0
9 0.030 270.1
10 0.690 15.2
11 1.170 17.6
12 1.170 25.5

a5 corresponds to the formation of 'BODIPY* in the case of dyads. "tct corresponds to the formation

of (BODIPY-TCBD)>-Fc 3" charge transfer state in the case of triads

Time constants from population time profiles for different photo-events are given in Table
4. In the case of triads, formation of S; state was within the time resolution of our instrumental
setup (< 500 fs), so only time constants of charge transfer and charge separation states are listed.
The magnitude of time constants revealed occurrence of ultrafast charge separation more so in the
case of triads having a stronger electron acceptor, TCBD. With respect to the location of func-
tionalization of dyads, time constants for the BODIPY "-Fc' charge separated state followed the

order 8 > 9 > 7. That is, the charge separated state lasted longer in pyrrole ring functionalized
17



BODIPY derivatives compered to that of meso-functionalized ones. A comparison of these results
with the energy of charge separated states in Figure 4 suggests that this process to belong to the
inverted Marcus region.’”® That is, charge stabilization (slow charge recombination process) with
increase in free-energy is observed. In the case of triads producing (BODIPY-TCBD)"-Fc¢" charge
separated states, the time constants of the charge separated states were short and very close (15-
25 ps) due to high exothermicity associated with the charge recombination process, nonetheless
the following order was observed: 12 > 11 > 10. That is, performance of pyrrole ring functional-

ized derivatives in terms of charge stabilization was better.
CONCLUSIONS

In summary, structure-property correlations with respect to the location of peripheral functionali-
zation of BODIPY on its optical absorbance, fluorescence, and electrochemical studies have been
accomplished. Among the meso-, a- or f-pyrrole derivatized BODIPY's, Eo o and Stokes shift were
found to depend upon the nature of substitution. The Stokes shift followed the order - > meso >
a- substitution for a given series of BODIPY derivatives while the Eoo followed the order meso >
a- > [~ substitution. The performed electrochemical studies helped in the determination of redox
potentials of the different entities of dyads and triads. Formation of BODIPY "-Fc" charge sepa-
rated state in the case of dyads, and (BODIPY-TCBD)"-Fc* charge separated states in the case of
triads was possible to envision from the free-energy calculations, and by the established energy
level diagram. Consequently, significant quenching of BODIPY fluorescence (> 95%, both
steady-state and time-resolved) in both dyads and triads irrespective of the nature of peripheral
substitution was observed. Fs-TA studies coupled with target analysis of spectral data revealed
occurrence of ultrafast charge separation from the 'BODIPY* in these donor-acceptor systems.
The measured time constants point to an important conclusion that the pyrrole ring functionalized
derivatives revealed better charge stabilization over the meso-functionalized ones. Collectively,
the reported spectral and photochemical results are important in designing a new generation of
fluorescence probes and sensors, as well as in artificial photosynthesis involving light energy har-

vesting.

ASSOCIATED CONTENT

Supporting Information.

18
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