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ABSTRACT

Two covalently linked boron dipyrromethene (BODIPY) dyads containing meso-phenyl BODIPY and meso-
furyl BODIPY units connected via meso-meso and meso-a. positions were synthesized by a Pd(0) coupling
reaction. The dyads are freely soluble in common organic solvents and their structures were confirmed
by HR-MS, 1D and 2D NMR techniques. Absorption studies indicate that the meso-aryl BODIPY and the
meso-furyl BODIPY absorb in two different regions and that the meso-furyl BODIPY absorbs at lower
energy compared to the meso-aryl BODIPY. The steady state fluorescence studies carried out by exciting
the meso-aryl BODIPY unit clearly indicated an efficient singlet—singlet energy transfer from the meso-
aryl BODIPY unit to meso-furyl BODIPY unit in both dyads. Furthermore the meso-a linked BODIPY dyad
(¢r=0.41) is more fluorescent than its corresponding BODIPY monomers whereas the meso-meso linked
BODIPY dyad (¢s= 0.017) is weakly fluorescent. This unexpected observation was tentatively attributed
to the restricted rotation of the BODIPY units in the meso-o linked dyad resulting in enhancement of
radiative transitions. The time-resolved fluorescence study also indicated that meso-a linked BODIPY
dyad is more fluorescent with singlet state lifetime of 3.7 ns. The DFT studies carried out on dyads are in

agreement with the experimental observations.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of photosynthesis has driven many researchers
to look for ways to duplicate the fundamental features of photo-
synthesis, i.e. energy transfer and electron transfer in simplified
systems. The light-harvesting system, which absorbs light and
funnels energy to the reaction center by a series of energy transfer
steps, plays a very important role in photosynthesis [1]. An ideal
light-harvesting system that mimics photosynthesis process should
have the ability to absorb light efficiently in a relatively broad
region and to achieve this, the combination of multiple chromo-
phores is necessary. The development of highly efficient light-
harvesting systems remains a challenging task as many aspects
require improvement, such as the choice of the chromophores with
appropriate spectral overlap and matched energy levels, linking
units, connection sites, and synthesis strategy.

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) chromo-
phores have received significant interest due to their outstanding
optical properties such as high absorption coefficients and
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relatively sharp emission bands, high fluorescence quantum yields,
excellent chemical and photochemical stability, high solubility, and
ease of functionalization [2—4]. BODIPY dyes connected to other
chromophores such as porphyrin [5—8], pyrene [9,10], anthracene
[11], BODIPY [12] and Zn(II)/Ru(Il) terpyridine [13—15] have been
synthesized and their singlet—singlet energy transfer properties
explored. Depending on the other chromophore to which the
BODIPY unit is connected, the BODIPY unit in BODIPY—chromo-
phore conjugates can act as either the energy donor or energy
acceptor. Since the properties of the BODIPY unit can be fine tuned
at will by suitable substitution, there have been some recent
reports concerning BODIPY arrays containing two or more BODIPY
units which demonstrate the possibility of energy transfer from one
BODIPY unit to another BODIPY unit (Chart 1). For example, Akkaya
and co-workers synthesized BODIPY tetrad 1 in which two BODIPY
units are covalently linked at the 3,5-positions of another BODIPY
via styryl linker which in turn linked to the fourth BODIPY through
the meso-phenyl [16]. Zhang and co-workers synthesized a BODIPY
triad 2 composed of three kinds of BODIPY units [17]. Recently,
Ziessel and co-workers synthesized a panchromatic BODIPY array 3
in which five BODIPY units are covalently linked in an iterative
fashion [18]. The same group also reported a star-shaped supra-
molecular system containing three different BODIPY dyes 4


mailto:ravikanth@chem.iitb.ac.in
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2011.12.002
http://dx.doi.org/10.1016/j.dyepig.2011.12.002
http://dx.doi.org/10.1016/j.dyepig.2011.12.002

TK. Khan et al. / Dyes and Pigments 94 (2012) 66—73 67

arranged around a truxene core [19]. In all these cases, the singlet
state energy levels of BODIPY units are arranged in a cascade
manner for efficient intramolecular energy flow from a BODIPY unit
which is at high energy to the BODIPY unit which is at lower in
energy. Thus, to create an energy gradient between the BODIPY
units in a BODIPY array, one has to use appropriate BODIPY units
whose energy levels are arranged in a favorable manner. Recently,
Churchill and co-workers showed that introduction of furyl group
at the meso-position in a BODIPY unit alters the electronic prop-
erties significantly and meso-furyl BODIPY absorb at lower energy
compared to meso-phenyl BODIPY [20]. Furthermore, the meso-
furyl BODIPY possesses a large Stokes shift compared to meso-
phenyl BODIPY [20,21]. Since meso-phenyl BODIPY and meso-furyl
BODIPY possess interesting and complementary photophysical
properties, an assembly like dyad containing these two units would
be helpful to study the singlet—singlet energy transfer properties.
Here, we report the synthesis of two covalently linked BODIPY
dyads 5 and 6 containing meso-aryl BODIPY and meso-furyl BODIPY
units using readily available appropriate building blocks and
demonstrate the possibility of efficient singlet—singlet energy
transfer from meso-aryl BODIPY unit to meso-furyl BODIPY unit in
both these dyads.

2. Experimental section
2.1. General

Compound 9 was prepared by following the literature method
[11]. THF and toluene were dried over sodium benzophenone ketyl
and chloroform, ethyl acetate, methanol, acetonitrile dried over
calcium hydride distilled prior to use. BFs;-OEt, and 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) obtained from Spectrochem
(India) were used as obtained. All other chemicals used for the
synthesis were reagent grade unless otherwise specified. Column
chromatography was performed on silica (60—120 mesh).

2.2. Instrumentation

TH NMR spectra (6 in ppm) were recorded using Varian VXR 300
and 400 MHz and Bruker 400 MHz NMR spectrometer. 3C NMR
spectra were recorded on Varian and Bruker spectrometer oper-
ating at 100.6 MHz. '°F NMR spectra were recorded on Varian and
spectrometer operating at 282.2 MHz. "B NMR spectra were
recorded on Varian spectrometer operating at 96.3 MHz. TMS was
used as an internal reference for recording 'H (of residual proton;

Chart 1. Structures of previously reported multi BODIPY systems 1, 2, 3 and 4.
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6 7.26) and 3C (6 77.0 signal) in CDCls, Absorption and steady state
fluorescence spectra were obtained with Perkin—Elmer Lambda-35
and PC1 Photon Counting Spectrofluorometer manufactured by ISS,
USA instruments respectively. Fluorescence spectra were recorded
at 25°C in a 1 cm quartz fluorescence cuvette. The fluorescence
quantum yields (&r) were estimated from the emission and
absorption spectra by comparative methods at the excitation
wavelength of 488 nm using Rhodamine 6G (®¢=0.88) [29] as
standard. Cyclic voltammetric (CV) and differential pulse voltam-
metric (DPV) studies were carried out with an electrochemical
system utilizing the three electrode configuration consisting of
a glassy carbon (working electrode), platinum wire (auxiliary
electrode) and saturated calomel (reference electrode) electrodes.
The experiments were performed in dry dichloromethane using
0.1 M tetrabutylammonium perchlorate as supporting electrolyte.
Half wave potentials were measured using DPV and also calculated
manually by taking the average of the cathodic and anodic peak
potentials. High-resolution mass spectra were obtained from Q-TOF
instrument by electron spray ionization (ESI) technique.

2.3. Computational studies

The computational studies were performed with the Jaguar [30]
application available in Schrddinger suit installed in Linux based
operating system on a computer cluster equipped with Rocks cluster
[31] tool. The structures of the dyads (compounds 5 and 6) were
generated in silico by attaching meso-phenyl and meso-2-furyl
BODIPY moieties. The structures of the two parent compounds
were extracted from the X-ray diffraction output files generated by
Wagner [32] and Kim et al. [20], respectively. The structures were

H

energy optimized using quantum mechanics with density func-
tional theory (DFT) [23] and B3LYP [33] gradient corrected corre-
lation functional method in conjugation with standard 6—31 G (p,d)
basis set [34] and parameters. For the optimized structures full
population analyses studies were done. In order to understand the
process of energy transfer in the dyad system, their optimized
structures were split into two molecules such that each fragment is
attached with the linker acetylene group. The fragmented systems
were also subjected to energy optimization with aforementioned
protocols and population analysis. The excited state calculations
were also performed for the singlet state of all the molecules and
fragments with CIS method of Time-Dependent Density Functional
Theory (TDDFT) [26] in Jaguar.

2.4. General procedure for the synthesis of BODIPY dyads 5—6

The appropriate bromo BODIPY (7 or 8) and meso-(4-ethynyl
phenyl) BODIPY 9 were dissolved in dry toluene/EtsN (6 mL, 5:1)
in 25 mL, two-necked, round-bottomed flask fitted with a reflux
condenser, gas inlet and gas outlet tubes for nitrogen purging. The
reaction flask was placed in an oil bath preheated to 35 °C. After
purging the flask with nitrogen for 15 min, AsPhs (3.5 equiv.) and
Pdy(dba)s (0.44 equiv.) were added, and the reaction mixture was
stirred at 35 °C for 2 h. TLC analysis of the reaction mixture indi-
cated the appearance of an intense new spot apart from the two
minor spots corresponding to starting precursors. The solvent was
removed under reduced pressure, and the crude compound was
purified by column chromatography. The excess AsPhs and the
small amounts of unreacted starting precursors were removed with

Scheme 1. Synthesis of BODIPY dyads 5 and 6.
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petroleum ether and the required pure BODIPY—BODIPY dyads
were then collected with petroleum ether/CH,Cl,.

2.4.1. BODIPY dyad 5

BODIPY dyad 5 was synthesized from BODIPYs 7 and 9 after
elution from an alumina column (petroleum ether/dichloro-
methane 75:25) 40% yield, '"H NMR (400 MHz, CDCls): 6.57 (d,
J=3.0Hz, 2H, B-Py), 6.61 (dd, J=4.08 Hz, 2H, B-Py), 6.93 (d,
J=4.2Hz, 2H, B-Py), 6.99 (d, J=3.7 Hz, 1H, furan), 7.26 (m, 1H,
furan), 7.52 (d, J = 4.2 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H, Ar), 7.74 (d,
J=82Hz, 2H, Ar), 7.92 (s, 2H, B-Py), 7.95 (s, 2H, B-Py). >C NMR
(100 MHz, CDCl3, 6 in ppm): 81.29, 96.42, 118.78, 119.08, 121.62,
124.16,125.60, 128.57,128.82, 129.15, 130.69, 130.86, 131.50, 131.84,
132.49,133.89, 134.97,134.85, 139.80, 141.58, 143.51, 143.64, 144.85,
145.96, 149.62. 'F NMR (282.2 MHz, CDCls, 6 in ppm): —144.9 (q,
Jp—r=57.6 Hz), —145.6 (q, Js_r=56.5Hz). "B NMR (96.3 MHz,
CDCl3, 6 in ppm): 0.56 (dt, Jg_f = 29.5 Hz). HR-MS mass calcd. for
(C30H18B2F4N40): 529.1619 [M — 19]" found: 529.1629 [M — 19]".

2.4.2. BODIPY dyad 6
BODIPY dyad 6 was synthesized from BODIPYs 8 and 9 after
elution from silica gel column (petroleum ether/dichloromethane

90:10) 37% yield; 'H NMR (400 MHz, CDCl3): 6.57 (s, 2H, B-Py), 6.64
(m, 1H, B-Py), 6.74 (m, 1H, furan), 6.81 (d, ] = 4.0 Hz, 1H, B-Py), 6.94
(d, J=3.6Hz, 2H, B-Py), 719 (d, J=3.2Hz, 1 H, furan), 7.48 (d,
J=3.6Hz, 2 H, B-Py), 7.59 (d, J=8.0 Hz, 2 H, Ar), 7.81 (d, ] = 8.0 Hz,
2H, Ar), 7.86 (s, 1H, furan), 7.96 (s, 3H, B-Py). 13C NMR (100 MHz,
CDCls, ¢ in ppm): 85.56, 100.32, 113.67, 119.00, 119.32, 120.67,
123.51,125.26, 130.02, 130.77, 131.07, 131.40, 131.60, 132.26, 132.72,
133.28,133.80,134.72,134.91, 135.63, 144.63, 146.40, 147.93, 148.83.
F NMR (2822MHz, CDCl;, 6 in ppm): -1459 (q,
Js_F=572Hz), —146.2 (q, Jp_r=56.2Hz). "B NMR (96.3 MHz,
CDCl3, ¢ in ppm): 0.68 (dt, Jg_r=26.9 Hz). HR-MS mass calcd. for
(C30H1gB2F4N40): 529.1619 [M — 19]" found: 529.1642 [M — 19]*.

3. Results and discussion

The desired boron dipyrromethene building blocks such as 4,4-
difluoro-8-(5-bromo-2-furyl)-4-bora-3a,4a-diaza-s-indacene 7, 3-
bromo-8-(2-furyl)-4-bora-3a,4a-diaza-s-indacene 8 and meso-(4-
ethynyl phenyl) BODIPY 9 were synthesized by following the
literature methods [11,22]. Compounds 7 and 8 were used to
synthesize two BODIPY dyads 5 and 6 as shown in Scheme 1. The
dyads 5 and 6 were synthesized by coupling 9 with 7 and 8,
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Fig. 1. (a) '"H—"H COSY NMR spectrum for dyad 5 recorded in CDCls. (b) ''B and '*F NMR spectra for dyad 5 recorded in CDCls.
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Fig. 2. Normalized absorption (—) and emission (...) spectra of (a) 5 and (b) 6 recorded
in toluene.

respectively, in toluene/triethylamine in the presence of AsPhs/
Pdy(dba); at 35°C for 2 h. The crude mixtures were purified by
column chromatography and afforded pure dyads 5 and 6 in 40%
and 37% yields, respectively. The compounds 5 and 6 were
confirmed by HR-MS and characterized in detail by 'H, '°F and "B
along with 'H—'H COSY NMR spectroscopy. The protons of two
different BODIPY units in dyads 5 and 6 were easily identified by
close inspection of their 'H—'H COSY NMR spectra presented for
compound 5 in Fig. 1. Churchill et al. [20] have shown that meso-
furyl BODIPY exhibit the pyrrole proton signals at slightly lower
field compared to meso-aryl BODIPYs. This is due to enhanced
conjugation in meso-furyl BODIPY due to more in-plane orientation
of meso-furyl group with BODIPY core unlike meso-aryl BODIPYs in
which the meso-aryl group is inclined more toward orthogonal to
BODIPY core. In compound 5, the pyrrole protons Ha, Hb and Hc of
meso-furyl BODIPY unit appeared as three sets of signals at lower

Table 1

field compared to the pyrrole protons Ha’, Hb’ and Hc' of meso-aryl
BODIPY unit (Fig. 1a). These protons were identified with the help
of cross peaks observed in 'H—'H COSY NMR spectrum. Similarly,
the furyl protons fa and fb also identified at 6.99 and 7.26 ppm,
respectively, by "H—'H COSY NMR spectrum (Fig. 1a). Compound 6
showed slightly different NMR features compared to 5 because of
the difference of linking of meso-aryl and meso-furyl BODIPYs. Due
to unsymmetrical linking, five sets of pyrrole signals were observed
for meso-furyl BODIPY unit and three sets of pyrrole signals for
meso-aryl BODIPY unit in compound 6 (Supporting information).
Furthermore, the pyrrole protons in compound 6 were observed at
slightly lower field compared to compound 5. In the '°F NMR
spectra of compounds 5 and 6, due to the presence of two different
types of meso-substituted BODIPY units, two sets of quartets at
approximately —145 ppm with almost no shift in their chemical
shifts compared to their monomers were observed. Similarly, two
overlapping triplets at ~0.5ppm in "B NMR spectra were
observed due to the presence of meso-aryl and meso-furyl BODIPYs
in compounds 5 and 6.

The properties of dyads 5 and 6 were studied by absorption,
fluorescence and electrochemical techniques. The normalized
absorption spectra for compounds 5 and 6 are shown in Fig. 2 and
the relevant data along with meso-phenyl and meso-furyl BODIPY
monomers 9 and 7, respectively, are presented in Table 1. The
inspection of absorption spectra of dyads 5 and 6 showed strong
So — Sj transition at lower energy and a weak So — S transition at
higher energy like their corresponding BODIPY monomers. The
absorption spectrum of dyad 5 showed a strong absorption band at
508 nm with an ill-defined shoulder at 537 nm. The strong band at
508 nm was exclusively due to the meso-aryl BODIPY unit and the
weak ill-defined band was due to the meso-furyl BODIPY unit.
However, in dyad 6, because of the difference in linking of two
BODIPY units, two well separated absorption bands were observed
at 508 and 587 nm corresponding to the meso-aryl BODIPY unit and
the meso-furyl BODIPY unit, respectively. Thus, in dyad 6, the two
BODIPY units clearly absorb at two different regions which helps in
selective excitation of one of the BODIPY unit to study energy
transfer from one BODIPY unit to the other BODIPY unit.

The electrochemical studies of dyads 5 and 6 were undertaken
in CH,Cl, using TBAP as supporting electrolyte at different scan
speeds. The dyads 5 and 6 showed two reductions but oxidations
were not observed under our experimental conditions. For
example, the dyad 5 showed three reductions at —0.30 and —0.45
(Fig. 3). In this, the reduction at —0.30 V was mainly due to the
meso-furyl BODIPY unit since meso-furyl BODIPYs are easier to
reduce compared to the meso-aryl BODIPYs; the reduction
at —0.45 V was due to the meso-aryl BODIPY. Similar observations
were found for dyad 6. Thus, the electrochemical studies indicate
that the two BODIPY units in the dyads exhibit different electro-
chemical behavior.

Since in dyads 5 and 6, the meso-aryl BODIPY unit absorbs at
higher energy and meso-furyl BODIPY unit [20] absorbs at lower
energy, the singlet—singlet energy transfer properties from the

Photophysical and Electrochemical data of BODIPY dyads 5 and 6 along with associated reference compounds recorded in toluene.

C. No. Photophysical data Electrochemical data
abs (nm) (log &) Jem (NM) ¢4 ? 74 (ns) 72 (ns) Reduction E55§ (V)
(AEp, mV)
9 476 (sh) 502 (4.6) 520 0.053 5.0 —0.78
7 493 (sh) 525 (4.4) 573 0.058 2.60 ~0.62
5 484 (sh) 508 (4.2) 537 (sh) 603 <104 0.017 0.60 -0.30 -0.45
6 444 (4.0) 508 (4.3) 587 (4.3) 627 <1074 0.41 3.73 ~0.34 —0.55

Note: d and a refer to donor and acceptor unit.
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Fig. 3. Reduction waves of dyads 5 and 6 recorded in CH,Cl, containing 0.1 M TBAP as
the supporting electrolyte recorded at a scan speed of 50 mV/s.

meso-aryl BODIPY unit to the meso-furyl BODIPY unit were studied
using both steady state and time-resolved fluorescence techniques.
In dyad 5, on excitation at 488 nm where the meso-aryl BODIPY unit
absorbs strongly, the emission at 525 nm due to the meso-aryl
BODIPY was completely quenched and a strong emission was noted
at 603 nm which is due to the meso-furyl BODIPY (Fig. 2a). Similarly,
the dyad 6 which showed two clear absorption bands at 508 and
587 nm corresponding to the meso-phenyl BODIPY and meso-furyl
BODIPY units, respectively, on excitation at 508 nm, the emission
from meso-aryl BODIPY unit was quenched completely and a strong
emission due to the meso-furyl BODIPY was observed at 630 nm
(Fig. 2b). Under these experimental conditions, the 1:1 mixture of
corresponding monomers of dyads 5 and 6 has shown emission
exclusively from the meso-aryl BODIPY (Supporting information).
The excitation spectra of dyads 5 and 6 recorded at their respective
emission wavelengths showed absorption features of both BODIPY
units. All these observations suggest that in dyads 5 and 6, there is
a possibility of singlet—singlet energy transfer from the meso-aryl
BODIPY unit to the meso-furyl BODIPY unit. Furthermore, the
quantum yield data of dyads 5 and 6 indicated that the dyad 6 is
strongly fluorescent with a quantum yield of 0.41 whereas the dyad
5 is weakly fluorescent (®f=0.017) which is also noted in their
solution color under UV radiation (Supporting information). These
observations were further supported by time-resolved fluorescence
studies. The dyads 5 and 6 were excited at 444 nm and monitored at
603 and 630 nm, respectively, where the acceptor meso-furyl
BODIPY exhibits emission. Since the donor meso-aryl BODIPY
emission at ~520 nm in both dyads 5 and 6 was completely
quenched, we were not able to measure the quenched lifetimes of
donor meso-aryl BODIPY with our experimental set-up. The fluo-
rescence decays of both dyads 5 and 6 collected at their respective
emission maxima of the meso-furyl BODIPY unit were fitted to
a single exponential and the decay profile for dyad 6 at 630 nm is
shown in Fig. 4. The lifetime data indicate that dyad 6 is more
fluorescent than dyad 5 which is in agreement with the quantum
yield data. We attribute this interesting observation tentatively to
the restricted rotation of the meso-aryl BODIPY and meso-furyl
BODIPY units in dyad 6 providing rigidity to the system and
enhancing the radiative decay transitions. More studies are required
to understand the unusual photophysical behavior of dyad 6.

For understanding the reasons behind the distinct properties of
the two BODIPY dyads, the ab initio calculations were performed
using the DFT [23] method by adopting two different protocols as

1000

Counts

Y

10 20 0

Ri
Ldbtemowa

Time / ns

Fig. 4. Fluorescence decay profile along with weighted residual distribution fit for
compound 6 in CHCls. The excitation wavelength used was 444 nm and emission was
detected at 630 nm.

follows: (a) study of the HOMO—LUMO energy gap of compounds 5
and 6 and (b) study of HOMO—LOMO energies of the fragment of
compounds 5 and 6 such as 10, 11,12 and 13 (Chart 2). The contours
of electronic distribution in HOMO and LUMO states on these
molecules suggested significant differences between compounds 5
and 6. For both the compounds, it was observed that the electron
density in the HOMO state is located mainly in the meso-furyl
BODIPY unit whereas the electron density is scattered over whole
molecule in its LUMO state. However, as depicted in Fig. 5, the
degree of delocalization of electron density in LUMO state is greater
for compound 5 as compared to compound 6.

B
F F

~, -
7N

Compound 12

Compound 13

Chart 2. Structures of the fragments of two dyads 10, 11, 12, and 13.

To understand the efficiency and the direction of intramolecular
energy transfer in dyads 5 and 6, we have made use of a simplistic
model involving a fragment based approach. In case of dyads, since
they were synthesized as a result of association of two BODIPY
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Fig. 5. The HOMO—LUMO states and energy gaps for compounds 5, 6 and their fragments.

units, for computational studies also, we followed the same path.
Hence, the dyads 5 and 6 were sliced at their joining points to
obtain fragments 10,11,12 and 13 and optimized for their geometry.
However, the acetylene groups were intentionally kept attached
(Chart 2). After initial optimization, the difference in energies was
calculated with heats of formation (HF) of the species involved (i.e.
HFqyaq — HFr — HFE), with the goal to compute stabilization or strain
energy (SE). As shown in Table 2, the dyad systems are fairly
destabilized/strained by almost 50 kcal than their individual
monomers. There are several instances in the literature where
correlations of strain energy have been established with the
HOMO-LUMO energy gap of photoluminescent molecules [24,25].
These findings together give a hint that compound 5 experiences
less strain and hence is more planar and having better 7 conjuga-
tion (Fig. 5) as compared to compound 6. However, it does not
reveal any information about the energy transfer in these systems.
On the other hand, a difference in the energy gap of the two frag-
ments could serve as a direct indicator of energy transferred and

Table 2
Computational data for compounds 5, 6 and their fragments 10—15.

a sign of the value obtained would specify the direction. Table 2 and
Fig. 5 also reveal that the energy gap for compound 6 is far less than
the compound 5 (a difference of 6.88 kcal). On the contrary, the
difference in the gap energies for the phenyl and furyl BODIPY
fragments for compounds 5 and 6 clearly indicates that transfer of
energy would occur from the meso-phenyl BODIPY portion to the
meso-furyl BODIPY portion. To support this postulated direction of
energy transfer and to shed further light on the process, excited
state geometry optimization calculations were also performed with
the TDDFT (Time-Dependent Density Functional Theory) method
[26]. Ideally, the singlet—singlet type of energy transfer [27,28]
process involves emission of energy from the excited state of the
donor species which is absorbed by the ground state of the acceptor
moiety. As shown in Fig. 5, the HOMO—LUMO gap of the excited
state of the donor meso-phenyl BODIPY (compounds 14 and 15)
portion is also larger than the meso-furyl BODIPY portion in their
ground states (compounds 11 and 13). A keen observation of the
HOMO-LUMO energy gaps and the TDDFT excitations energy data

Molecules Heat of formation (HF)" AG? HOMO? LUMO? Gap energies® ET from T to F portion® ¢ SE“¢ Excitation energy? (Aaps®)
Compound 5 —1646.04 —40.29 —145.404 —82.554 62.850 —4.18 50.12 60.42 (473.14)
Compound 6 —1635.89 —39.59 —138.069 —82.10 55.967 -7.74 59.21 55.07 (519.19)
Compound 10 —839.86 —29.26 —144.965 —75.382 69.583 — — 76.60 (373.25)
Compound 11 —856.30 —28.20 —144.068 —78.663 65.404 — — 70.66 (404.57)
Compound 12 —839.30 —27.56 —136.990 —66.892 70.098 — — 76.66 (372.92)
Compound 13 —855.81 —27.98 -131.926 —69.571 62.355 - — 69.77 (409.78)
Compound 14 —839.86 —27.56 —137.002 —66.898 70.104 — — —

Compound 15 —839.29 —27.60 —136.996 —66.816 70.180 — — —

Note: T and F refers to phenyl BODIPY and furyl BODIPY portions.
2 Values in kcal.
> Wavelengths in nm.
¢ Values in Hartree.
4 Calculated as: HOMO—LUMO GAP; — HOMO—LUMO GAPg.
€ Calculated as: HFgyaq — HFr — HFr.
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(Table 2) suggests that these results are in concurrence with
experimental outputs.

It is noteworthy that we have tried to compare the energies of
the systems for calculation of SE (Stabilization or Strain Energy)
which are not equivalent in terms of number of atoms. The result
obtained leads us to believe that this fragment based approach has
worked well in the case of BODIPY dyads. The values for difference
of strain energies (ASE = SEgyads — SEdyads = 9.1 Hartree) as calcu-
lated above from heats of formation of fragments and dyads
are in close agreement with directly estimated value i.e.
ASE = HFqyads — HFdyads (10.1 Hartree). Thus, from the computa-
tional studies, it is clear that the dyad 6 experiences greater strain,
which results in a smaller gap energy hence bathochromic shift in
absorption spectra. In addition, it also exhibits lesser degree of
resonance in electron density as compared to dyad 5. By virtue of all
these factors, we conclude that there is a possibility of efficient
intramolecular energy transfer from the meso-phenyl BODIPY unit
to the meso-furyl BODIPY unit in dyads 5 and 6.

4. Conclusions

In conclusion, we have synthesized two covalently linked
BODIPY dyads containing the meso-phenyl BODIPY and the meso-
furyl BODIPY units connected via meso-meso and meso-o. positions
using appropriate BODIPY building blocks under mild Pd(0)
coupling conditions. In these dyads, the meso-phenyl BODIPY unit
absorbs at higher energy and the meso-furyl BODIPY unit absorbs at
lower energy which is clearly reflected in their absorption spectra.
The steady state fluorescence spectra recorded by exciting the
meso-phenyl BODIPY unit showed emission only from the meso-
furyl BODIPY unit supporting singlet—singlet energy transfer from
the meso-phenyl BODIPY unit to the meso-furyl BODIPY unit in both
the dyads. Interestingly, the meso-a linked BODIPY dyad is more
fluorescent than its corresponding BODIPY monomers unlike meso-
meso linked BODIPY dyad which is weakly fluorescent. The
computational studies supported the experimental results. The
HOMO—-LUMO gap energies of the dyads and their fragments
indicated that for both meso-meso and meso-o. linked BODIPY
dyads, there would be energy transfer and the direction of energy
transfer is from the meso-phenyl BODIPY unit to the meso-furyl
BODIPY unit in both the dyads.
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