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ABSTRACT: We studied the dual emission characteristics of a
series of boryl- BODIPYs (1—6) comprised of triarylborane (TAB)
as an energy donor and BODIPY as an energy acceptor. The
molecular conformations of dyads 1—6 were systematically tuned
by judiciously changing the spacer that bridged the boryl and
BODIPY moieties. Frontier molecular orbitals (FMOs) are
localized in 3, 4, and 6 with a twisted molecular conformation.
In contrast, FMOs are significantly delocalized in 1, 2, and § with
the least-twisted molecular conformation. Dyads 1—6 showed dual
emission features when they were excited at the TAB-dominated R{Rz,R; = HiMe
absorption band. However, the ratio between the two emission
bands in 1—6 significantly varied depending on the molecular
conformations. Systematic photoluminescence (PL) studies (both
steady-state and time-resolved PL) together with computational, crystal structure, and anion binding studies established that the
frustrated excited-state energy transfer from borane to BODIPY is the cause of the dual emission features in these molecular dyads.
These studies also revealed that the energy transfer from borane to BODIPY can be elegantly tuned by modulating the dihedral angle
between these two moieties.

Dual Emission Single Emission

B INTRODUCTION have been developed to understand the underlying mechanism
in the EET process.”™* In recent decades, the study of how
external stimuli affect EET in covalently linked D—A systems
has received a lot of attention due to their potential sensing
applications. However, knowledge of external stimuli that affect
EET in covalently coupled D—A systems is limited partly

. . . . because of the difficulties in designing a versatile D—A system
organic and organometallic molecules is crucial to advance o . > .
) : - - that can exhibit different optical signatures in the presence and
their functional application. Dual emissions such as dual

8,10—13 absence of a stimulus.
phosphorescence,”” fluorescence phosphorescence, . .
TADFTphosphorescence,”*™'° and dual TADF emission'’ Recently, a new type of D—A system comprised of tri- and
)

. . . . . . r rdin. ron h riarylborane (TAB) an
involving both singlet and triplet states have increasingly been te.t acoord ate_ boron, such as triarylborane ( . ) and
. . . difluoroborondipyrromethene (BODIPY), has received con-
reported in recent literatures. Continuous research efforts have 3 K . ; .
. . siderable attention. The boron center in TAB is coordinatively
uncovered that photoinduced electronic processes, such as

intramolecular charge transfer (ICT),lg,lg twisted ICT unsaturated, inhere_ntly elect.ron.-deﬁcient, and a Lewis acid.
(TICT),”*™** excited-state intramolecular proton transfer TAB can expafld _1ts coordination fror?l three to_fou.r and
(ESIPT), > excited energy transfer (EET)*° trigger effectively mod}fy its structure an;iAg%tlcal properties in the
dual emission in organic and organometallic compounds.29 presence ?f suitable nucleophlles. On the other hand,

Among all these, the excited-state energy transfer (EET) BODIPY is a strongly luminescent dye that behaves as an

process has been extensively exploited to develop broad
emissive molecules and materials.”"">> The rate of energy Received: September 14, 2020 g iy
transfer from an excited donor (D) to an energy acceptor (A) Published: April 8, 2021
is governed by parameters such as the spectral overlap between

the absorption and emission of A and D, the distance between

D and A, the interchromophore orientation factor (k),

etc.””>*7% In the last two decades, numerous D—A systems

In recent decades, dual-emissive organic and organometallic
compounds have received a lot of research interest, owing to
their potential applications in displays, optical devices, sensing,
and bioimaging.l_7 Therefore, an understanding of the
underlying fundamental aspects that cause dual emission in

8,9
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electron-donor or an electron-acceptor depending on the
substituents attached.**™*’ Covalently linked TAB and
BODIPY conjugates would be ideal systems to understand
the effect of external stimuli on the EET process because of the
presence of a receptor (coordinatively unsaturated TAB) and
strongly luminescent reporter BODIPY moieties. As proof of
concept, we and others independently demonstrated the effect
of nucleophiles, such as fluoride or cyanide, binding on the
EET in different TAB-BODIPY dyads.”**™" During these
studies, we have developed dual-, tricolor-, and white-light-
emissive TAB-BODIPY conjugates.7’55’58’59 As a part of the
ongoing program, we aim to investigate how finely one can
tune the EET process in TAB-BODIPY dyads.60 In this work,
we have designed and synthesized a series of dyads (Chart 1)

Chart 1. Chemical Structures of the Newly Synthesized
Boryl-BODIPY dyads 1—6 and Reference Compounds R1
and R2*’

BMes, BMes, BMes, BMes,
7 7 = 7 7 = 7 7 = 7 Z =
Cr%«? =N N Y =N N Y =N N Y%
F"°F F"°F F"°F F*°F
1 2 3 4

where the distance between the energy donor borane and the
energy acceptor BODIPY was kept constant (—C¢H,—).
However, the molecular conformations were perturbed
systematically by changing the dihedral angle between the D
and A moieties by introducing steric crowding at the donor,
acceptor, or spacer moieties. This study revealed that dyads
with less sterically demanding spacers show dual emissions
with a different PL intensity, whereas dyads with large sterically
demanding spacers show predominantly a single emission.
These intriguing results are summarized in this manuscript.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Boryl-benzaldehydes
al—a4 were synthesized following the procedure reported
elsewhere®”" (see the Supporting Information for the detailed
synthesis procedures). Boryl-BODIPY dyads 1—6 were
prepared analogously from the respective bor(yl-benzaldehydes
following the method recently reported by us.”® In short, Lewis
acid-mediated condensation of boryl-benzaldehydes (al-a4)
with pyrrole (pyrrole for 1—4 and 2-methyl pyrrole for 5 and
6), followed by oxidation with DDQ and subsequent
complexation with BF;eEt,O in the presence of Et;N, gave
the desired compound (Scheme 1). Analytically pure 1—6
were obtained by passing the crude products through a neutral
alumina column using hexane and ethyl acetate mixtures
(9.8:0.2 ratio) as the eluent. Compounds 1—6 were purified as
red-colored solids and characterized by NMR ('H, “*C, "B,
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Scheme 1. Synthesis and Chemical Structures of 1-6

BMes,
R R 1. cat. BF3.Et,0
R R' N7 R 2.0DQ
CHO H 3. EtzN
4. BF;.Et,0
Compound R R’ R"
1 H H H
2 Me H H
3 H Me H
4 Me Me H
5 Me H Me
6 H Me Me

and F) and HRMS techniques (Figure S1—S46). The
molecular structures of all the compounds except 5 were
characterized by single-crystal X-ray diffraction studies.

As expected, all the compounds showed two distinct ''B
NMR signals corresponding to tri- and tetracoordinate boron
in the regions at ~65—70 and ~0—2 ppm, respectively. The
"B resonances in 3, 4, and 6 were shifted upfield compared to
those in 1, 2, and 5. In the "’F NMR spectra, 1—6 showed a
typical quartet for the boron-bound fluorines in BODIPY at ca.
—146 ppm. The "*C signal corresponding to the carbons
attached to the boron could not be observed due to the fast
relaxation of the quadrupolar boron nuclei. The number of '*C
and 'H NMR signals and the corresponding integration values
were consistent with these compounds’ molecular structures.
"B and "F resonances of these compounds are comparable
with those of TAB-BODIPY dyads reported else-
where 50:51:56,59

Theoretical Modeling Studies. Density functional theory
(DFT) computational studies were performed on 1—6 to
investigate the effect of their molecular conformations on the
electronic communication between the boryl and BODIPY
chromophores. DFT calculations were carried using a B3LYP
hybrid functional and a 6-31G(d) basis set for all the atoms as
incorporated in the Gaussian 09 software.”> All the molecules
were optimized to their minimum potential-energy surface in
the ground state, and corresponding frequency calculations
were also carried out.

Figure 1 shows the frontier molecular orbitals (FMOs) of
dyads 1—6 in their ground-state optimized geometries. The
dihedral angle between the meso-phenyl ring (spacer) and the
BODIPY core is an essential factor that determines the nature
of the electronic communication between the boryl and
BODIPY. The relative dihedral angles between the aryl spacer
and the BODIPY ring were correlated to the extent of rigidity
and conjugation around the BODIPY fluorophore. The
calculated dihedral angles for 3, 4, and 6 were close to 90°
due to two methyl groups on the spacer that were closer to the
meso-carbon of BODIPY. In contrast, smaller angles were
observed in 1, 2, and $ with less sterically demanding spacers.
In compounds 3, 4, and 6 that have larger dihedral angles, the
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) are mainly localized
over BODIPY, indicating that the lowest electronic transition
is centered on the BODIPY core. Meanwhile, the HOMO — 1
and LUMO + 1 orbitals are mainly localized over the borane
moiety, suggesting the second possible transition centered on
the TAB moiety. However, in compounds 1, 2, and § without
methyl substituents in the spacer closer to the meso-carbon of
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HOMO

Figure 1. FMOs of 1—6 (left to right) obtained from the DFT level of theorgr using the B3LYP hybrid functional and the 6-31G(d) basis set for all
2

the atoms as incorporated in the Gaussian 09 software (iso value of 0.02).

Hydrogen atoms are omitted for clarity.

Atom color codes are as follows: C, black; B, orange; and N, blue.

BODIPY, the LUMO and LUMO + 1 orbitals are delocalized
compared to their HOMO (localized on BODIPY) and
HOMO - 1 (localized on borane) orbitals. Orbital coefficient
distributions in FMOs of 1, 2, and § are comparable with R1
devoid of substituents on the phenyl spacer, whereas 3, 4, and
6 behave like R2 with larger twist angles between the TAB and
BODIPY moieties. Compounds 1, 2, and 5 with diffused
FMOs are expected to show red-shifted absorption bands
compared to those of 3, 4, and 6 with localized FMOs.

These results collectively imply that the molecular
conformation significantly affects the FMOs of these dyads.
Further, the noncrossing FMOs in 3, 4, and 6 are expected to
show better energy transfer from TAB to BODIPY than 1, 2,
and § with diffused FMOs. Thus, much like R1 and R2, the
UV—vis absorbance spectra of 1—6 are expected to be like the
additive spectrum of their respective isolated TAB and
BODIPY moieties. However, emission properties may vary
depending upon the modification in the excited states.

To further understand the nature of the electronic structure
and molecular conformations of dyads, an analysis of the bond
lengths was highly informative (Table 1). The C(spacer)—
C(BODIPY) bond length is useful to qualitatively understand
the conformational flexibility of the BODIPY core compared to
that of the aryl spacer. As depicted in Table 1 for the DFT-
optimized structures of 1, 3, 6, Rl, and R2, C(Boryl)—
C(spacer) distances (~1.575 A) are shorter than those of 2, 4,
and § (~1.595 A). At the same time, C(spacer)—C(BODIPY)
distances in 1, 2, 5, and R1 (~1.482 A) are much more
compressed than those in 3, 4, 6 (two methyl groups on the
spacer toward BODIPY), and R2 (~1.497 A). Compound 4
shows a significant elongation in both the C(spacer)—
C(Boryl) (1.598 A) and C(spacer)—C(BODIPY) (1.499 A)
bonds due to the sterically hindered duryl spacer. Thus, the
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presence of additional methyl groups twisted the molecules
and consequently localized the FMOs in these systems.

DEFT calculations were also carried out for all the molecules
in the solvated state (in dichloromethane) using a B3LYP
hybrid functional and a 6-31G(d) basis for all the atoms as
incorporated in Gaussian 09 software.”> Corresponding
frequency calculations confirmed the optimization in their
minimum potential-energy surface in the ground state. The
comparison of metric parameters and FMO energy levels
between the gas- and solution-phase calculations indicates
minimum changes, as shown in the Supporting Information
(Table S8—S12).

Single-Crystal X-ray Diffraction Studies. Single crystals
of 1, 2, 3, 4, and 6 were obtained from the slow evaporation of
their respective solutions in a pentane and chloroform mixture
(5:1). Compounds 1, 2, and 4 were crystallized in the triclinic
crystal system with the P1 space group, whereas 3 and 6 were
crystallized in the monoclinic crystal lattice with P2,/n and
P2,/c space groups, respectively (Figures 2 and SS53—SS8,
Tables S1 and S2). The structural parameters obtained from
the single-crystal X-ray analysis are very similar to those of the
DFT optimized structures (Table 1), and similar inferences
can be drawn by analyzing these parameters. The slight
deviation in the values of the bond parameters and dihedral
angles may be due to solid-state packing and the associated
intermolecular interactions in the crystal lattice. The
tricoordinate boron center adopted trigonal planar geometry
in all the compounds with a sum of the three C—B—C angles
being 360°. For 3, 4, and 6, the dihedral angle between the
spacer and BODIPY is ~88°, whereas much smaller angles
were observed in 1 (58.18°) and 2 (51.27°). This result clearly
indicated that the methyl substituent on the spacer and the
BODIPY moiety orthogonalized the BODIPY and TAB
moieties. In summary, the combined crystallographic and
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Table 1. Important Bond Length and Bond Angles”

molecular structure from SCXRD

bond distance (A)

DFT-optimized structure (gas phase)

bond distance (A)

dihedral angle (deg)

dihedral angle (deg)

BODIPY—spacer

BC2—spacer

C(BODIPY)—C(spacer)

B(borane)—C(spacer)

BODIPY—spacer

BC2—spacer

C (BODIPY)—C(spacer)

B(borane)—C(spacer)

compounds

58.18

3045
52.69
3148
60.08
nd

1.496
1.472
1.504
1.496

Nd

1.581

54.90

27.23

1.482
1.481

1.576
1.593
1.574
1.598
1.592
1.576
1.575
1.577

51.27
82.53
88.05

nd

1.580
1.582
1.584

nd

54.30

53.05

88.61

28.25
57.60

1.497
1.499
1.483
1.497
1.484

1.495
“R1 and R2 were reported in our previous report, BC2 indicates the plane comprised of B and two C atoms of two mesityl groups connected with B, and nd stands for not determined.

88.19

55.95

52.51

81.72
62.16

25.74
37.14

1.494
1.479
1.468

1.558
1.568
1.567

89.53

23.08

55.81

27.03

R1

77.74

31.22

88.80

21.39

R2
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DFT analyses suggest that 1 and 2 are relatively more flexible
than 3, 4, and 6. The systematic steric perturbation is highly
useful for fine-tuning the molecular conformation and the
FMOs of the dyads.

Photophysical Properties. Compounds 1—6 exhibited
similar absorption spectral features, with two major peaks at
~350 and ~520 nm and a shoulder peak at ~475 nm (Figures
3, S58, and S59). Model compounds (Chart 2) M4—M7
showed absorption peaks at ~310—330 nm, whereas M1-M3
showed absorption peaks at ~350 and ~S500 nm with a
shoulder at ~455 nm (Figures 4, S66, and S83).

Despite the direct attachment of TAB with the BODIPY
moiety, the electronic interactions between these moieties
were weak, and the absorption bands corresponding to
individual molecular subunits can be recognized in their
spectra of dyads. Thus, the absorption spectra of 1—6 are
additive spectra of both TAB and BODIPY model compounds
(M1—M3 and M4—M?7, respectively (Chart 2)). These results
indicated that linking TAB units at the meso-carbon of
BODIPY does not affect the ground and Franck—Condon
excited states of the individual chromophores. Similar
absorption features have been reported for R1 and R2 with
similar molecular constituents.

Even though the absorption bands may be ascribed to the
distinct molecular components of the dyads, the electronic
communications among them are not negligible. The
absorption bands in 1, 2, 5, R1, and R2, which are devoid of
—CH; substituents closer to the meso-carbon of the BODIPY
unit, are red-shifted compared to M1-M3, indicating the
electronic communication between BODIPY and the attached
TAB unit. In contrast, a blue shift was observed in 3, 4, and 6,
which have —CH, substituents closer to the meso-carbon of the
BODIPY unit. A robust blue shift was observed in 4, which has
a sterically demanding duryl spacer. Furthermore, there were
no additional bands corresponding to the electronic transitions
of the different mixed electronic levels of the molecular
partners, as observed for thiophene-substituted boryl-BODIPY
triads reported elsewhere.”

Based on these results, the higher energy bands in the region
from 300 to 400 nm can be attributed to the # — 7* and 7 —
7i(s)* transition of the TAB moiety, and the intense band at a
lower energy (~520 nm) could be arise from the HOMO to
LUMO transition centered in the BODIPY moiety. The TD-
DFT results indicated two major electronic transitions in all
the compounds (Table S8 and S9), the HOMO — LUMO
transition centered on the BODIPY unit and the HOMO — 1
— LUMO + 1 transition centered on the TAB moiety. The
absorption spectral features of these dyads revealed that TAB
and BODIPY could be combined to form dyads in such a
manner that the molecular partners retain the characteristics of
their electronic levels to a large extent. Further, an important
fact of this investigation on the intramolecular energy transfer
is that the selective excitation of the TAB group in the region
of ~300—350 nm is possible for all dyads.

Normalized emission spectra of 1—6 with R1 and R2 are
depicted in Figure 3, and all the photophysical data are
summarized in Table 2. Upon excitation at 350 nm, 1, 2, and §
showed two emission bands at ~410 and ~520 nm,
respectively; however, the BODIPY-centered band at 520 nm
is slightly broader than the PL band observed for model
compounds M1—M3 (Figure 3). Compounds 3, 4, and 6 with
two methyl groups adjacent to the BODIPY meso-carbon also
exhibit dual PL bands at ~410 and ~520 nm, respectively,

https://doi.org/10.1021/acs.inorgchem.0c02739
Inorg. Chem. 2021, 60, 5452—5462


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02739/suppl_file/ic0c02739_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02739/suppl_file/ic0c02739_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02739/suppl_file/ic0c02739_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02739/suppl_file/ic0c02739_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02739/suppl_file/ic0c02739_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.0c02739?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

B2

F“ Yy

1

Normalized Absorbance

400 500
Wavelength (nm)

300

600

Normalized Intensity

500
Wavelength (nm)

600

Figure 3. Normalized absorption (left) and emission (right) spectra of 1—6, R1, and R2 in dichloromethane (concentration of 10 uM, A, at 350

nm).

Chart 2. Chemical Structures of the Model Compounds (M1—M?7)

B B
M4 M5

7 Z Y=
N\B,N
F"F
M3
B I B
M6 M7

under similar conditions. The width of the lower-energy band
for all the molecules is comparable to those of the bands
observed in M1—M3; in sharp contrast, the ~410 nm PL band
in 3, 4, and 6 was noticably weaker than the band observed in
1 (spacer devoid of —CHj substituents), 2, and § (with two
methyl groups adjacent to the Mes,B— unit). Compound R2
has two methyl groups on the BODIPY moiety adjacent to the
meso-carbon and show PL features comparable to those of 1, 2,
and $ that significantly differ from those of 3, 4, and 6. In
contrast, R1 is devoid of substituents on both the phenyl
spacer, and the first and seventh positions of the BODIPY
moiety show dual emissions with equal intensities. These
results strongly suggested that the position of the methyl
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groups in the spacer plays a vital role in controlling the energy
transfer from TAB to the BODIPY moiety.

From the PL spectra of 1—6, it is clear that the emitting S1
state is primarily localized on the BODIPY moiety. The weak
bathochromic shift and line broadening of the BODIPY
fluorescence band can be attributed to the weak electronic
coupling between the TAB and BODIPY moieties. The
presence of emission from the TAB chromophore in these
dyads points to the fact that the segmental features found in
their ground state have prevailed in the excited state. Evidently,
the weak coupling between the TAB and BODIPY and the
rigidity imposed by additional methyl groups on the aryl spacer
in 3, 4, and 6 facilitate faster energy transfer than the excited-
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Figure 4. Normalized absorption and emission spectra of 1, 6, and the respective model compounds M1, M3M4, and M6 in DCM (4., at 350 nm,

concentration of 10 uM).

max

Table 2. Absorption Band Maxima (A%,
Dyads (In Dichloromethane, 10 uM Concentration)

compound A (nm) e (M em™)
1 359, 504 5.67 x 10% 1.02 x 10°
2 387, 500 1.12 X 10% 4.43 x 10*
3 309, 502 1.71 x 10% 5.39 x 10*
4 323, 499 1.25 x 10% 3.88 x 10*
5 338, 510 1.98 x 10% 5.07 x 10*
6 313, 512 1.18 x 10% 5.31 x 10*
R1 355, 512 2.51 x 10% 7.21 x 10*
R2 350, 501 2.49 x 10% 8.87 x 10*

nm) with Molar Extinction Coefficients (¢) and Fluorescence Maxima (A%, nm) of

Ao (nm) Stokes shift (cm™) (o
418, 523 5263 038
445, 514 7143 0.34
514 8333 0.81
S11 8333 0.84
425, 524 7143 0.76
523 9091 0.86
410, 531 4762 0.49
40S, 515 7143 0.42

“The PL quantum yields were calculated for the dichloromethane solution using the following equation: ® = @ X (I/Iy) X (Ag/A) X (7*/
11z%)here @ is the quantum vyield, I is the area under the PL band, A is the absorbance at 4,,, and 7 is the refractive index of the solvent. Standard
0.1 M H,SO, quinine sulfate (®y = 0.577) was used. The emission wavelength used was 4., = 350 nm.

state molecular rearrangements. Interestingly, although the
electronic coupling between the D and A moieties in 1, 2, and
S is larger than in those in 3, 4, and 6, the excited state
molecular conformational changes occur faster than the energy
transfer process because of molecular flexibility; consequently,
well-separated dual-emission peaks were observed. TD-DFT-
computed electronic transitions revealed that electronic
transitions in 1, 2, and $ involving the LUMO have a
contribution from the vacant p-orbital of tricoordinate boron;
in contrast, such a contribution is missing in 3, 4, and 6. As a
result, 1, 2, and 5 show emissions in the boryl region, which
are nearly absent in 3, 4, and 6.

Concentration-dependent absorption and emission spectra
of all the molecules were recorded in different concentrations
(107 and 107 M, Figures S61 and S62, respectively). When
the compound concentration decreased, the intensity of
absorption and emission bands decreased without a shift in
peak maxima. The ratio of both the emission bands in 1-6
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remains constant in all concentrations. Excitation spectra of all
the compounds were recorded by monitoring the decay of the
corresponding PL bands. Aside from compounds 1 and §, all
the other compounds excitation spectra are similar to their
respective compound’s absorption spectra (Figure S65). The
difference in the excitation and absorption spectra of 1 and §
can be attributed to the difference in their ground- and excited-
state structures. The solvent polarity-dependent absorbance
and PL of all the compounds were studied in detail. The results
indicated that the emissive states in these compounds are
dominated by nonpolar excited states (Figures S57 and S58),
which is also supported by the calculated excited-state dipole
moment values (Table S6).

Model compounds M1-M3 showed a single PL band
corresponding to the BODIPY unit, whereas M4—M?7 showed
a band at 390 nm. The larger energy gap (~5557 cm™')
between these two bands in 1—6 suggests that the emissions
come from different electronic states, i.e., Franck—Condon
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(FC) excited states (the molecular identity is preserved) and a
relaxed S, state (energy-transfer state, see below). It has been
well-established that a substantial overlap between the
emission spectrum of the donor and the absorption spectrum
of the acceptor invites Forster resonance energy transfer
(FRET) between the donor and the acceptor (Figure 5). Upon

——Absorption spectrum of M1
——Emission spectrum of M4

Normalized Intensity

400 500 600

Wavelength (nm)

300

Figure 5. (Left) Schematic representation of the excitation energy
transfer from the donor (TAB) to the acceptor (BODIPY). (Right)
Comparison of the emission spectrum of TAB (M1) and the
absorption spectrum of BODIPY (M4).

excitation, the molecule reaches the FC state where within the
time window the energy transfer takes place from D to A,
going to a relaxed S, state. Furthermore, favorable orientations
of the donor—acceptor chromophores, the closeness between
the donor and the acceptor, and the nonmixing FMOs of two
chromophores are salient criteria for FRET process. All the
requirements mentioned above were fulfilled in dyads 1-6;
thus, FRET is operative in these dyes. Therefore, dual emission
in these dyads is due to the simultaneous emission from the
FC state (boryl emission) and the energy-transfer state (FRET
emission). The difference in the ratio of the dual-emission
bands in these compounds indicated that the EET operates
differently in these compounds depending on the molecular
conformations.

Feeble luminescence from TAB components indicated that
the energy transfer from TAB to BODIPY is very efficient in
these dyads. The energy-transfer efficiencies (ETEs)**™* in

1—6 were calculated from their respective PL spectra using the
equation ETE = %, where D is the emission intensity of the
donor TAB and A is the emission intensity of the acceptor
BODIPY dye. Higher ETEs were calculated for 2, 3, 4, S, and
6, which have additional methyl substituents on the aryl spacer
either close to the meso-carbon or the Mes2B- moiety, than for
1, R1 and R2, which are devoid of substituents on the phenyl
spacer. These results indicated that the identity of the spacer
connecting the donor and the acceptor is crucial in altering the
EET and PL quantum yield in these types of compounds. The
energy-transfer rates for 1, 2, 5, R1, and R2 were calculated
(see the Supporting Information for details, eq S1), and the
results are summarized in Table 3.°° The calculated energy-
transfer rate amply corroborated the ETE, as the compounds
with higher ETEs show higher energy-transfer rates and vice
versa.

Time-resolved decay kinetics were performed on all the
compounds (Figure S67—S82) in dichloromethane, and the
results are summarized in Table S3. In all the compounds, the
higher-energy band at ~410 nm showed a biexponential decay
with a short and a long lifetime. The lower-energy band at
~510 nm showed a single exponential decay for 3, 4, and § like
in R1 and R2, while a biexponential decay was obtained for 1,
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Table 3. TAB — BODIPY Energy-Transfer Efficiency
(ETE) in 1—6, R1, and R2 and the Corresponding Energy-
Transfer Rate

compounds 1 2 3 4 S 6 R1 R2

ETE (%) 54 95 100 100 81 100 16 78

ETE rate S3 1293 290 9 161
(107 s7Y)

2, and 6 (Table S3). The lifetime of all the compounds was in
the nanosecond range, indicating that the emissions are from a
singlet excited state. The longer lifetimes (ca. ~ 6 to 8 ns) in 3,
4, 5, and 6 indicate that nonradiative decay in these
compounds with a rigid structure is lower than for other
compounds with a flexible molecular structure. These results
are also consistent with the PL quantum yields of 1—6.

The PL quantum yield (PLQY), radiative rate, and
nonradiative rate constants were also calculated (Table S3)
for all the dyads. The PLQYs of 3, 4, S, and 6 are higher
(almost double) than those obtained for 1, 2, R1, and R2. A
higher quantum yield and a longer lifetime for longer
wavelength bands suggest that the energy transfer is more
efficient in compounds 3, 4, §, and 6. On the other hand, the
results obtained for 1, 2, R1, and R2 suggested that energy
transfer is less efficient in these systems. From these results,
one can conclude that all the newly synthesized compounds
show dual-emission characteristics because of incomplete
fluorescence resonance energy transfer from the donor to
acceptor moieties.

Cyclic Voltammetry Studies. Cyclic voltammetry studies
were performed for 1—6 and R1 and R2 to gain a detailed
insight of their electronic structures (Figures $94 and S95 and
Table S7). The experiments were performed in a dichloro-
methane solution (1 mM) for oxidation and in a THF solution
(1 mM) for reduction with TBAPF, (100 mM) as the
supporting electrolyte at 20 °C using a Pt disk as a working
electrode, a Pt wire as a counter electrode, and a Ag wire as a
reference electrode. The potential scales are referenced to the
ferrocene/ferrocenium couple. During the anodic scan, only 6
and R2 showed single reversible oxidation processes at 0.91
and 0.80 V, respectively. All other molecules show single
reversible oxidation processes in the region from 1.20 to 1.25
V, which is very similar to the reported data for M1 (1.19 V).%’
The lower values for 6 and R2 could be due to the electron-
donating effect of the extra methyl groups present in the
molecules. During the cathodic scan, all the molecules show
two reduction processes. Reversible reduction processes were
observed in the range from —1.2 to —1.6 V. 1 has the lowest
first-reduction potential at —1.18 V, which is comparable to the
reported value —1.15 V for M1,%” whereas 6 has the highest
value of —1.64 V. As §, 6, and R2 have extra methyl groups on
the bodipy core, they have higher reduction potentials
compared to those of the others. Although R1 has the extra
methyl groups on the BODIPY core, the effect of the TAB
group probably accounts for the reduction potential at —1.34
V. The second reduction potential was observed from —1.8 to
—2.5 V. This is also minimum for 1 (—1.79 V) and a maximum
for 6 (—2.48 V). Reduction peaks corresponding to the
triarylboron center would be ca. —2.5 V,°* although they were
not observed for these molecules even when the scans were
done up to —3.5 V (with respect to Fc/Fc*). HOMO and
LUMO energies were also calculated using the first-oxidation
and first-reduction potentials and were comparable to the
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Figure 6. Changes in absorption and emission spectra of 1 and 6 (in DCM, 1.0 X 10™° M) upon the incremental addition of TBAF (in DCM, 1.0 X
107 M). (A) Absorption of 1, (B) emission of 1, (C) absorption of 6, and (D) emission of 6 (1., = 350 nm).

energies obtained from DFT calculations, as depicted in Table
S7.

Effect of External Chemical Stimuli on EET in 1-6. As
discussed, vide supra, the boron center in the TAB moiety can
expand its coordination from three to four in the presence of a
suitable anion and consequently modify the EET from TAB to
the BODIPY moiety. Thus, anion binding studies on dyads 1—
6 were carried out in detail to understand the effect of
molecular conformation on the sensing and EET from the
donor (TAB) to the acceptor (BODIPY). Upon fluoride
addition, the absorption bands in 1, 3, and 6 were blue-shifted
with an isosbestic point, indicating that the fluoride binding
disrupts the electronic conjugation between the TAB and
BODIPY moieties through an empty p-orbital on boron in the
TAB fragments (Figures 6 and $84). The optical changes were
more apparent in 1 than in 3 and 6, with a methyl group close
to the meso-carbon of the BODIPY unit. Compounds 2, 4, and
5 with sterically hindered tricoordinate boron (an aryl spacer
with methyl groups around the Mes,B— moiety) do not show
appreciable changes in their absorption spectra in the presence
of fluoride, indicating that the steric crowding around TAB
significantly affects the fluoride binding in these compounds.
These observations are comparable to the fluoride binding
results of TABs reported elsewhere.”*” The fluoride binding
events in these compounds were also studied using '’F NMR
spectroscopic methods (Figures S86—S88 for 1, 3, and 6,
respectively). In the presence of fluoride, compounds 1, 3, and
6 showed a '’F signal corresponding to the (Ar);BF moiety at
ca. —172 ppm. In contrast, compounds 2, 4, and 5 did not
show a '°F signal corresponding to the (Ar),BF moiety. These
results indicated that the fluoride ions bind to the less sterically
hindered tricoordinate boron in 1, 3, and 6 and not to the
sterically demanding tricoordinate boron in 2, 4, and S. This
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observation directly corroborates the results obtained in optical
studies.

Fluoride binding strongly quenched the PL of 1, 3, and 6;
however, very minimal PL quenching was observed in 2, 4, and
S (Figures 6 and S84). This result indicated that fluoride
binding altered the energy transfer from the donor (TAB) to
the acceptor (BODIPY) moiety. Interestingly, with the
successive addition of fluoride ions, the intensities of both
the emission bands in 1 gradually decreased (Figure 6).
However, a rapid decrease in the intensity of the longer-
wavelength band compared to that of the lower wavelength
band was observed for 6. It was found that the addition of
fluoride ions did not quench the BODIPY emission in M1, M3,
and the boryl emission of M8 (boron is much more sterically
protected) (Chart S1 and Figure S91). However, F~ binding
altered the absorption and extinguished the boryl emission in
M4 (boron is less sterically protected). The fluorescence
excitation spectra (4, = 520 nm) of 1, 3, and 6 were recorded
in the presence of TBAF (Figure S85). In accordance with the
quenching of the BODIPY emission band in the presence of
fluoride, the intensities of both the excitation bands also
decreased. Thus, the absence of BODIPY emission in fluoride-
bound adducts of 1, 3, and 6 upon being excited at the TAB
domain indicates a decrease in the energy transfer from TAB
— BODIPY.

Like fluoride, TABs bind equally to cyanide and show
different optical features. The addition of a cyanide ion brings
about significantly fewer changes in the optical characteristics
of 1, 3, and 6 and no changes in cases of 2, 4, and S (Figure
S$89). Furthermore, the optical feature of 1—6 did not change
in the presence of Cl7, Br™, I", ClO,~, HSO,~, H,PO,~, NO;~,
and PF,~ (10 equiv or excess) (Figure $90), indicating that
these probes are selective to only fluoride ions. The limits of
detection (LOD) for 1, 3, and 6 were calculated to be 1.34
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(£0.06), 1.00 (£0.05), and 0.07 (+0.03) ppm, respectively.
These results are comparable with the values reported
elsewhere for similar TAB compounds.

Finally, the reversibility of fluoride binding in 1, 3, and 6 was
studied using BF;-Et,O as an external Lewis acid (Figure $94).
The addition of BF;-Et,O to the solutions of 1 + F~, 3 + F,
and 6 + F~, restored the PL features of the free Lewis acids (1,
3, and 6), indicating that BF;-Et,0 abstracted the boron-
bound fluoride in these compounds and subsequently
regenerated 1, 3, and 6. Thus, these TAB-BODIPY dyads
can also be used for ON/OFF and OFF/ON fluorescence
switching in the presence and absence of fluoride ions,
respectively.

B CONCLUSION

We have demonstrated a versatile design strategy for
developing a new class of dual-emissive dyads. Dyads 1—6
were constructed with similar molecular building blocks, and
their molecular conformations were systematically fine-tuned
by judiciously varying the number of methyl substituents on
both TAB and BODIPY moieties. Despite the direct
attachment of TAB to the BODIPY moiety, the electronic
interactions are weak, and the absorption bands corresponding
to individual molecular subunits can be recognized in the
spectra of the dyads. The covalent linking of TAB unit at the
meso-carbon of BODIPY does not affect the ground and
Franck—Condon excited states of the individual chromo-
phores. Furthermore, a weak coupling between TAB and
BODIPY accounts for the slight red-shift and broadening of
the BODIPY fluorescence band. The residual TAB emission in
these dyads points to the fact that the segmental features found
in their ground state prevail in the excited state. The weak
coupling between TAB and BODIPY combined with the steric
hindrance imposed by methyl groups on the aryl spacer in 3, 4,
and 6 enables faster energy transfer than the excited-state
molecular reorganization. Though the electronic coupling
between the donor and acceptor moieties in 1, 2, and $§ is
significantly larger than that in 3, 4, and 6, the excited-state
molecular reorganization occurs faster than the energy transfer
because the molecular flexibility in the latter set of dyads leads
to intriguing dual-emission features. This study revealed that
TAB and BODIPY may be combined to form dyads in such a
manner that the molecular partners retain their characteristic
electronic levels to a large extent. An important fact of this
investigation on intramolecular energy transfer is that the
selective excitation of the TAB group in the region ~300—350
nm is possible for all dyads. Further, external stimuli, such as
fluoride, can be used as probes to understand the EET in these
dyads.
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