J Fluoresc (2015) 25:69-78
DOI 10.1007/s10895-014-1481-1

ORIGINAL PAPER

NIR-Emitting Boradiazaindacene Fluorophores -TD-DFT Studies
on Electronic Structure and Photophysical Properties

Kishor G. Thorat - Hanusha Bhakhoa -
Ponnadurai Ramasami - Nagaiyan Sekar

Received: 25 September 2014 / Accepted: 24 November 2014 /Published online: 11 December 2014

© Springer Science+Business Media New York 2014

Abstract Density Functional Theory [B3LYP/6-31G(d)] and
Time Dependent Density Functional Theory [TD-B3LYP/6-
31G(d)] computations have been used to have more under-
standing of the structural, molecular, electronic and
photophysical parameters of recently synthesized near IR-
emitting acid switchable di-styryl BODIPY dyes. The struc-
tures have been optimized using function B3LYP and basis set
used was 6-31G(d) for all the atoms and their geometries
which are correlated with corresponding rotational isomers
including rotational isomers of diprotonated forms in chloro-
form solvent. The observed energies of the optimized mole-
cules suggest that there may be rotation about C-C single bond
as the observed energy barrier is very low. The results of TD-
DFT suggest that there is very good match between the
observed and calculated absorptions diprotonated forms of
one molecule. There is also good match between experimental
and theoretical emission of neutral forms. More deviations are
observed in the case emission of the diprotonated forms.
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Introduction

Difluoroboraindacene (BODIPY) dyes discovered about
45 years ago [1] have become interesting class of highly
fluorescent dyes and are used in several fields, as fluorescent
labels [2], chemosensors [3—10], dye-sensitized solar cells [11,
12], and for photodynamic therapy [13]. Very good
photophysical properties such as high fluorescence quantum
yields (typically ranging from 0.6 to 1.0), high molar extinc-
tion coefficients, good photostability and sharp absorption-
emission bands in the visible region of spectrum are the
reasons for their use in bioimaging, lasers applications, bio-
labels and cation sensing [13—15]. But typical BODIPY mol-
ecules absorb near 510-520 nm and emit at around 540 nm,
considerably shorter wavelength region than what is referred
to as the “optical window” (650-900 nm) that is required for a
fluorophore to be useful for biological applications. The
fluorophores showing photophysics in the region, 650—
900 nm, are very useful as there would be significant reduc-
tion of background signal due to auto-absorption and auto-
fluorescence of biomolecules in this region of electromagnetic
spectrum. In addition, there will be deep penetration of near IR
light, little cell rupture and low light scattering with the
possibility to use low cost excitation light source [16].

The photophysical properties of a typical BODIPY dye can
casily be tuned by modifications at various positions of
boradiazaindacene core, like introduction of electron donating
moieties at 3 and 5 positions [17, 18], replacement of meso C
atom by N atom [19, 20], making rotatable moieties rigid
[21-23], extension of conjugation by fusion of aryl moieties
[24-28], and extension of 7t conjugation by the introduction styryl
subunits at 3- and 5-positions of the BODIPY core [29, 30].
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A similar approach of extending 7t conjugations by the
introduction styryl subunits at 3- and 5- positions of BODIPY
core in order to get BODIPY fluorophore emitting near IR has
been used many times by numerous groups [31]. The fact that
the presence of suitable substituents determines the utility of a
fluorophore in the near IR region of the electromagnetic
spectrum like metal ion sensors when the substituent bears
binding site for metal ions [32, 33], molecular imaging and
cell labelling [34], molecular switches [29], fluorescent DNA
intercalating probes [35], one- and two-photon fluorescence
imaging of living cells [36], as molecular switch [37], in dye-
sensitized solar cells [38—40], energy transfer cassettes
[41-43] and pH sensors [29, 44, 45].

In 2008 Deniz E; et al. [31] reported the synthesis and
photophysics of two interesting NIR emitting 3, 5-distyryl
substituted BODIPY fluorophores, 1 EE and 2 EE (Fig. 1),
and proved that these NIR-emitting fluorophores can be used
as ratiometric probes for pH. Moreover, the two molecules
were designed in such a way that upon protonation using
trifluoroacetic acid in chloroform one shows a red shift while
the other shows a blue shift [31]. The near IR-emitting di-
styryl substituted BODIPY, 2 EE, has also been studied by
authors with single-crystal X-ray crystallography and sug-
gested that the two styryl subunits are oriented in trans fash-
ion. To this end we have made an attempt to investigate
optimised geometries of the molecules, 1 EE, 2 EE and their
corresponding mono- and di-protonated forms. Also we have
made an attempt if there is any possibility of rotation of styryl
subunit/s along C;-C,3/Cs5-C7g single bond/s and related their
optimised geometries, energies, dipole moments, vertical ex-
citation and emissions with 1 EE, 2 EE and their correspond-
ing mono- and di-protonated forms using DFT and TD-DFT
computations using B3LYP/6-31G(d) level of theory.

Materials and Methods
Computation Strategy

All the computations were performed using the Gaussian 09
program package [46]. The ground state (SO) geometry of the
dyes was optimized using DFT [47] method. The functional used
was B3LYP, (the B3LYP combines Becke’s three parameter
exchange functional (B3) [48] with the nonlocal correlation
functional by Lee, Yang and Parr (LYP) [49]). The basis set used
in both, DFT and TD-DFT methods for all the atoms was 6-
31G(d). In order to verify whether the optimised structures have
minimum energy, frequency computations were performed at the
same level of theory. The vertical excitation energies and oscil-
lator strengths were obtained for the 20 lowest SO-S1 transitions
at the optimized ground state equilibrium geometries by using
the Time Dependent Density Functional Theory (TD-DFT) using
the same hybrid functional and basis set [50-56]. To obtain their
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minimum energy geometries (which correspond to the emissive
state) the low-lying first singlet excited states (S1) of the dyes
were relaxed using the TD-DFT. The energy difference between
the optimized geometries at the first singlet excited state and the
ground state was used in calculating the emission [57]. The
frequency computations were also carried out at the same level
of theory on the optimised geometry of the first excited state of
the dyes. All the computations in the chloroform media were
carried out using the Self-Consistent Reaction Field (SCRF)
under the Polarizable Continuum Model (PCM) [58, 59]. The
electronic absorption spectra, including wavelengths, oscillators
strengths, and main configuration assignment, were systemati-
cally investigated using TD-DFT with PCM model on the basis
of the optimized ground structures, emissions were calculated
using TD-DFT from optimised structures in the excited state at
B3LYP/6-31G(d) level of theory.

Here we also considered a) corresponding di protonated
forms 1-2H EE and 2-2H EE respectively and tried to inves-
tigate and correlate their properties with experimental one and
that of corresponding neutral molecules 1 EE and 2 EE, and
b) studied the properties of the possible rotamers, 1 EZ and 2
EZ, obtained after the rotation of C-C single bond of one of
the styryl subunit and correlate their structural and
photophysical properties with that of corresponding parent
molecules, 1 EE and 2 EE respectively (Fig. 1).

Results and Discussion
Geometrical Parameters

The structures of reported dyes [31], 1 EE and 2 EE, their
diprotonated forms and corresponding possible rotamers are
shown in Fig. 1. The ground state geometries of the dyes 1
EE, 1 EZ, 2 EE, 2 EZ and their corresponding diprotonated
forms, 1-2H EE, 1-2H EZ, 2-2H EE, 2-2H EZ respectively
are optimized by DFT and the results of this study are pre-
sented in Tables 1 and 2. The CoBF, framework of 1 EE, 1
EZ, 2 EE, 2 EZ and their corresponding diprotonated forms
1-2H EE, 1-2H EZ, 2-2H EE, 2-2H EZ are almost planer with
boron atom displaced from the median plane by only 4.2 to 5.5°.
The styryl subunits are having almost coplanar arrangement with
the BODIPY (CyBF,) core with a little twist of 4.2 to 5.5° and 4-
methyl phenyl substituent at meso position show orthogonal
arrangement with the dihedral angles 89.8°, 89.8°, 84.5°, 79.8°
indyes 1 EE, 1 EZ, 2 EE and 2 EZ, 85.4°, 89.9°, 83.1.5°, 81.1°
in dyes 1-2H EE, 1-2H EZ, 2-2H EE and 2-2H EZ respectively
and is electronically decoupled from the BODIPY core.

The resulting ground state optimized geometry of dye 1 EE
and 1-2H EE is such that it has small dihedral angle Cs4-C;-
C,3-C,5 with one of the styryl subunit is off the CoBF, plane
as 5.44 and 5.48° and the other styryl subunit making dihedral
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1EZ 2-2HEE

2EZ

2-2HEZ

Fig.1 Possible structures of di-styryl BODOPY molecules, 1 EE and 2 EE, before and after Di-protonation and rotation about C-C single bond of one of

the styryl subunits

angle Cgo-Cs5-C73-Cy7 with CoBF, plane as 5.43 and 4.82°
respectively (Table 1).

The excited state optimized geometry reveals that the styryl
subunits become more planar in dye 1 EE with a decrease in
dihedral angle (C56-C1-C23-C25 and C8O'C55'C78'C27) by 1.02
and 1.01° respectively. Contrary to this is the observation with
the corresponding di-protonated form, 1-2H EE, in which there is
an increase in dihedral angles (Cs4-C1-Cs3-Cps and Cgy-Css-Crg-
C,7) making the two styryl subunits displaced more from CoBF,
median plane by 0.96 and 0.84° respectively in excited state.

Upon protonation of the molecule 1 EE to 1-2H EE, the
ground state optimized geometry reveals that a major bond
lengthening was observed between the bonds Bg-F;, C,-Cg,
C4-Ce, C23-Cys by 0.02, 0.01, 0.01, 0.03 A and bond lengths
shortened for the bonds Bg-N7 C,5-Cy9 by 0.01 and 0.03 A
respectively. Also boron atom, Bg becomes displaced more
by 0.09° and observed an increase in the bond angles, F;(-Bg-
N, Fo-Bg-Ny;, F19-Bs-N7 and Fy-Bg-N7 by 0.96, 0.08, 0.93
and 0.14° respectively and decrease in the bond angle Fy-Bg-
F1o by 2.48° in the diprotonated form (1-2H EE) compared to
the neutral form (1 EE). A similar changes were observed for
the dye 1 EZ and its corresponding protonated form 1-2H EZ.

In the excited state geometry the major bond lengthening
was observed between the bonds Bg-F;y, C,-Cg4, C4-Cq and

C53-Cps by 0.01 A each and the bond length shortening was
observed only in C»5-C»g bond by 0.01 A for molecule 1 EE,
whereas in case of its corresponding di protonated form, 1-2H
EE, bond lengthening was observed only in C,5-C,9 bond by
0.01 A whereas bond shortening was observed in C»3-Css
double bond by 0.01 A.

The resulting ground state optimized geometry of the dyes
2 EE and 2-2H EE is such that it has a small dihedral angle
Cs4-C1-Cy3-Cy5 with one of the styryl subunit is off the CoBF,
plane as 15.29 and 4.92° and the other styryl subunit has
dihedral angle Cgy-Cs5-C73-C57 with CoBF, plane as 15.3
and 4.93° respectively (Table 2). The excited state optimized
geometry reveals that the styryl subunits become more planer
compare to ground state in the dye 2 EE with a decrease in the
dihedral angle (C56-C1-C23-C25 and CSO'CSS'C78'C27) by 6.2
and 5.68° respectively. Contrary to this was the observation
with the corresponding diprotonated form 2-2H EE in which
there is an increase in dihedral angles (Cs4-C-Cs3-Cys
and Cg(-Cs5-C-3-C57) making the two styryl subunits
more displaced from CyBF, median plane by 1.85 and
1.84° respectively in excited state compare to ground
state.

Upon protonation of the molecule 2 EE to 2-2H EE,
the ground state optimized geometry reveals that a major
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Table 1
31G(d), (bond lengths are in A, dihedral angles are in degree °)

Selected Bond lengths, Bond angles and Torsional angles of 1 EE and 1 EZ, and their corresponding diprotonated forms, using B3LYP 6-

Atom number 1 EE 1-2H EE 1 EZ 1-2H EZ
GAS CHCl; CHCl; GAS CHCl; CHCl,
GS® GS ES® GS® ES° GS* GS ES° GS* ES®
Bond lengths
Bs-N5 1.561 1.553 1.546 1.536 1.546 1.559 1.553 1.545 1.537 1.541
Bs-Fio 1.401 1.404 1411 1.417 1.411 1.392 1.398 1.405 1.415 1411
Cyr-Cq 1.406 1.406 1416 1.415 1.418 1.412 1.403 1.413 1.415 1.424
C4-Cs 1.406 1.406 1416 1416 1.416 1.413 1.407 1419 1.415 1.409
Bs-Cs 2.996 2.991 2.992 2.986 2.986 3.004 3.004 3.005 2.997 2.997
Cp3-Css 1.357 1.360 1.375 1.392 1.384 1.358 1.360 1.374 1.391 1.381
Cy5-Coo 1.453 1.450 1.438 1.422 1.429 1.452 1.450 1.438 1.422 1.432
Bond angles
C,-N5-Bg 124.2 124.0 1242 124.1 124.1 125.5 125.2 1254 125.3 1254
Fo-Bg-Fig 110.3 109.5 108.7 107.0 107.6 110.1 109.5 108.6 107.1 107.6
Fio-Bs-Ny; 109.9 110.1 110.2 111.1 110.7 110.3 110.4 110.5 110.9 110.8
Fo-Bg-Ny; 110.2 110.2 110.6 110.3 110.1 110.5 110.5 110.7 110.8 110.6
Fi0-Bs-N7 109.9 110.1 110.2 111.1 110.7 109.9 109.9 110.0 110.8 110.5
Fo-Bg-N, 110.2 110.1 110.6 110.3 110.2 108.8 108.9 109.3 109.1 108.8
Dihedral angles
Cs56-C1-Cy3-Cas 5.88 54 44 5.5 6.4 8.1 6.6 5.1 4.7 54
Cgo-Cs5-C75-Ca7 5.99 55 44 4.9 5.7 16.4 16.2 11.5 22 3.0
C14-C15-C4-C, 89.8 89.7 89.6 85.5 84.0 83.8 84.5 77.7 83.1 80.2
C13-C15-C4-Cy 90.4 90.3 90.4 84.9 83.6 85.0 85.4 78.9 83.4 81.1

* Computed geometrical parameters of molecules in ground state

" Computed geometrical parameters of molecules in excited state

bond lengthening was observed between the bonds Bg-
Fig, C5-C4, C4-Cg, Cy3-Cy5 by 0.015, 0.006, 0.006,
0.06 A and the bond length shortening for the bonds Bg-
N7, C25-Ca9 by 0.016 and 0.062 A respectively and boron
atom Bg becomes displaced less by 0.62°. The observed
increase in the bond angles, FlO'BS'Nll, Fg-Bg-Nll’ F]()-
Bg-N; and Fy-Bg-N; was by 0.48, 0.69, 0.48 and 0.69°
respectively and the decrease in bond angle Fy-Bg-F( was
by 2.22° in the di-protonated form, 2-2H EE, compared
to its neutral form, 2 EE. A similar behavior was ob-
served for the dye 2 EZ and its corresponding protonated
form 2-2H EZ.

In the excited state geometry the major bond lengthen-
ing was observed between the bonds Bg-F;y, C5-Cg, Cy-
Cg and C»3-C,s by 0.006, 0.01, 0.01, and 0.028 A respec-
tively and the bond length shortening observed only in
C»5-C»o bond by 0.018 A for molecule 2 EE, where as in
case of its corresponding di protonated form, 2-2H EE,
the bond lengthening between the bonds Bg-N;, C,-Cq,
C4-C and C55-Coo by 0.004, 0.002, 0.002, and 0.012 A
respectively and the bond length shortening observed in
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C,3-C,5s and Bg-Fi, bonds by 0.011 and 0.003 A
respectively.

Photophysical Properties of Dyes

Calculated Absorption Properties Of Dyes in Chloroform
Media Before and After Protonation Using B3LYP/6-31G(d)

The calculated absorption spectra using TD-DFT have been
compared with the observed results (Table 3) and it has been
observed that for all studied molecules except di-protonated
forms of 2 EE and 2 EZ, the absorption spectra calculated
with B3LYP/6-31G(d) method in chloroform medium
matches well with the experimental values [31].

Molecule 1 EE show only deviation of 1.26 % (~8 nm)
from the experimental value and shows major band with
100 % orbital contribution at 1.79 eV which is associated with
H—L transition with oscillator strength of 1.104, but surpris-
ingly its rotational isomer show even less deviation, that is
0.81 % (~6 nm) shows major band with 100 % orbital
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Table2  Selected Bond lengths, Bond angles and Torsional angles of 2 EE and 2 EZ, and their corresponding diprotonated forms using B3LYP 6-31G
(d), (bond lengths are in A, dihedral angles are in degree ©)

Atom number 2 EE 2-2H EE 2EZ 2-2H EZ
GAS CHCl; CHCl, GAS CHCl, CHCl,
Gs* GS ES° GS* ES° GSs* GS ES° GS* ES°
Bond lengths
Bgs-N; 1.565 1.560 1.553 1.544 1.548 1.563 1.558 1.552 1.554 1.548
CCq 1.407 1.407 1.417 1.413 1.415 1.406 1.406 1.415 1.414 1.428
Cy-Cs 1.407 1.407 1.417 1.413 1.415 1.407 1.407 1.416 1.411 1.404
Bg-Cs 3.007 3.005 3.011 2.991 2.991 3.008 3.006 3.013 3.00 3.004
Bs-Fio 1.398 1.402 1.405 1.417 1414 1.381 1.393 1.406 1.409 1.406
Cy3-Cys 1.354 1.345 1.373 1.402 1.391 1.353 1.353 1.372 1.401 1.385
Cr9-Cs 1.463 1.463 1.445 1.401 1.413 1.462 1.462 1.446 1.402 1.418
Bond angles
C,-C7-Bg 1247 124.8 124.7 1.544 1.548 125.6 125.5 1254 1249 125.1
Fo-Bg-Fio 110.8 110.2 109.5 1.413 1.415 109.9 110.4 109.1 108.2 108.6
Fio-Bg-Np; 109.5 109.6 109.8 1.413 1.415 109.6 110.2 110.1 110.2 110.1
Fo-Bg-Ny; 110.3 110.3 110.6 2.991 2991 110.3 110.3 110.5 110.9 110.9
F10-Bs-N7 109.5 109.6 109.8 1.417 1.414 108.3 108.1 108.7 110.2 110.1
Fo-Bg-N7 110.6 110.3 110.6 1.402 1.391 110.3 110.2 110.4 109.7 109.0
Dihedral angles
Cs6-C1-Ca3-Cas 13.8 15.3 9.1 49 6.8 17.5 19.2 8.9 6.0 8.2
Cs59-Cs5-Cs7-Cy7 13.8 15.3 9.6 49 6.8 13.0 13.8 52 8.5 10.1
Cy4-C2-C6-C, 89.8 89.8 89.8 89.9 90.0 92.3 92.6 87.8 81.2 76.2
C153-C12-C6-Cy 90.2 90.2 90.2 90.1 90.0 92.1 92.4 87.8 81.9 77.3
* Computed geometrical parameters of molecules in ground state
" Computed geometrical parameters of molecules in excited state
Table 3  Observed and computed photophysics of compounds in CHCl; using B3LYP/6-31G(d)
System Aws nm  TD-DFT
Absorption energy %D®  f Major contribution  Agy® (nm)  TD-DFT Emission (nm) ~ f %D"
nm eV
1 EE 700 691.2 1.79 126  1.104 H—L(100 %) 753 732.6 1.111 271
1 EZ 700 705.7 1.76 081 0.849 H—-L(100 %) 753 750.3 0.861 0.36
12-HEE 615 611.8 2.02 052 0294 H-L+1(72 %) 630 862.5 0.928  36.90
12-HEZ 615 605.5 2.04 1.54 0281 H—L+1(67 %) 630 860.2 0.750  36.54
2 EE 620 592.1 2.09 450 0943 H-—L(100 %) 640 633.6 0.956 1.00
2EZ 620 607.7 2.04 198 0.767 H—-L(100 %) 640 649.2 0.754 1.44
22-HEE 670 800.6 1.54 1949  0.800 H—L(95 %) 677 845.4 0.785  24.87
22-HEZ 670 801.5 1.54 19.63  0.693 H—L©O5 %) 677 858.9 0.633  26.87

*Reported experimental absorption maximum wavelength

® Percent deviation from experimental absorption or emission maximum wavelength

¢ Oscillator strength

9Reported experimental emission maximum wavelength
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contribution at 1.76 eV which is associated again with H—L
transition with oscillator strength of 0.849. Similar are the
observations for molecule 2 EE that is band at 2.09 eV asso-
ciated with H—L transition (4.50 % deviation with oscillator
strength of 0.943) and its rotational isomer, 2 EZ, band at
2.04 eV associated with H—L transition and 100 % orbital
contribution (only 1.98 % deviation with oscillator strength of
0. 0.767). The less deviation in calculated absorption from
experimental one for 1 EZ and 2 EZ compare to 1 EE and 2
EE supports the rotation about C;-C,5/Css-C-g bond.

Out of the two TD-DFT optimized di-protonated mole-
cules, 1-2H EE show vertical excitation at 611.8 nm associ-
ated with the H—L+1 with oscillator strength of 0.294 and
72 % orbital contribution, which is only deviated by 3.2 nm
from the experimental value (615 nm), moreover its TD-DFT
optimized rotational isomer, 1-2H EE, also shows very good
agreement between the calculated absorption spectra and ex-
perimental one with difference of only 9.5 nm (1.54 % devi-
ation with oscillator strength of 0.281) which again support
the possibility of rotation about C;-C,3/Cs5-C5g bond. On the
other hand di-protonated forms of 2 EE and 2 EZ show more
deviation of 19.49 % (130 nm). The TD-DFT optimized
molecule 2-2H EE and 2H EZ both shows absorption max-
ima at 1.54 eV associated with the H—L electronic transition
with oscillator strengths of 0.800 and 0.693 respectively. From
the observed vertical excitation energies of the TD-DFT that is
B3LYP/6-31G(d) optimized molecules, 1 EE, 2 EE and their
corresponding rotational isomers, 1 EZ, 2 EZ in chloroform
media, it can be concluded that molecules may be present in
either of the forms as absorption maxima in case of EZ form is
more closer with experimental one compare to EE form and
there may be possibility of hydrogen bond formation between
one of the fluorines and hydrogen which is present on next
olefinic carbon, C,5/ C,7 as it becomes closer to the one of the
fluorines to form stronger hydrogen bonding.

Calculated Emission Properties of the Dyes in Chloroform
Media Before and After Protonation using B3LYP/6-31G(d)

To obtain minimum energy geometries in excited state, the
low-lying first singlet excited states (S1) of the dyes were
relaxed using the TD-DFT and this excited state optimised
geometry was used to obtain emission using TD-DFT and
results are summarized in Table 3. From the obtained results
it is revealed that there is good agreement between the exper-
imental emissions [31] and emissions calculated using TD-
DFT, B3LYP/6-31G(d) level of theory. The molecule 1 EE
and its corresponding rotamer, 1 EZ show computed emission
at 732.6 and 750.3 nm respectively while molecule 2 EE and
its corresponding rotamer, 2 EZ show computed emission at
633.6 and 649.2 nm respectively however their experimental
emissions are 753 and 640 nm. From this we can conclude that
TD-DFT, B3LYP/6-31G(d) level of theory works very well
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for such kind of molecules as there is only 2.7 % deviation in
emission of 1 EE, 0.36 % in case of 1 EZ, 1 and 1.44 % in
case of 2 EE and 2 EZ respectively. From the emission results
of di-protonated forms of 1 EE, 2 EE, 1 EZ and 2 EZ it seems
that TD-DFT, B3LYP/6-31G(d) level of theory cannot handle
the calculations in excited state as deviations observed in
computed emissions compare to experimental are ~36.5 %
in case of 1-2H EE and1-2H EZ. On the other hand 2-2H EE
and 2-2H EZ show deviations of 25-27 %.

Dipole Moments

Computed Ground and Excited State Dipole Moments
of the Compounds In Vacuum and CHCl; using
B3LYP/6-31G(d)

The dipole moment of all the di-styryl BODIPYs, 1 EE, 2
EE and rotational isomers, 1 EZ, 2 EZ, and their corre-
sponding di-protonated forms, 1 2-H EE, 2 2-H EE, 1 2-
H EZ, 2 2-H EZ in vacuum as well as chloroform
medium calculated at B3LYP/6-31G(d) level of theory is
summarized in Table 4. An increase in dipole moment
was observed while going from gas phase to the solution
phase (chloroform) viz for molecule 1 EE and its rotamer,
1 EZ, the increase in dipole moment in chloroform media
was 1.84 D and 1.77 D respectively and for the molecule
2 EE and its rotamer, 2 EZ, the increase is 2.28 D and 2.3
D respectively. For molecules in its diprotonated forms, 1
2-H EE, 2 2-H EE, 1 2-H EZ, 2 2-H EZ, the effect
becomes more prominent and the increase in dipole mo-
ment was observed to be 13.19 D, 13.36, 6.15 and 6.14 D
respectively. This may be attributed to the presence of
cationic charge in the molecule causing a large charge
separation.

There was no much change observed in dipole mo-
ment on rotation of about C1-C23/C25-C78 single bond,
the difference between the dipole moment of 1 EE and
its rotamer 1 EZ is only 0.06 D in the ground state and
0.14 D in excited state respectively. Similar are the
observations for corresponding di-protonated forms as
well as for molecule 2 EE, 2 EZ and their correspond-
ing di-protonated forms (Table 4).

The most important thing is when we compare the dipole
moments of molecules with its di-protonated forms in vacuum
as well as in chloroform media calculated at B3LYP/6-31G(d)
level of theory shows that there is a considerable increase in
dipole moment after di-protonation of 1 EE and its rotamer 1
EZ by 27.83 D and 27.71 D in vacuum and 39.17 D and 39.3
D in chloroform media respectively. A similar trend was
observed for molecule 2 EE and its rotamer, 2 EZ upon di-
protonation (Table 4).
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Table 4 Computed ground and excited state dipole moments of the compounds in vacuum and CHCl; using B3LYP/6-31G(d)

Molecule Vacuum CHCl; W (cHCB)

a a b b a a a b b 'ug ' @Ga8)
Mg Mg He He - Hg EEpg"- EZp, EEp.’- EZp,

1 EE 03.80 05.65 06.63 0.98 0.06 0.14 01.84

1 EZ 03.82 05.59 06.49 0.90 01.77

12-HEE 31.63 44.82 45.16 0.34 -0.07 -0.59 13.19

12-HEZ 31.53 44.89 45.75 0.86 13.36

2 EE 09.41 11.69 11.81 0.12 0.24 0.29 02.28

2EZ 09.15 11.45 11.52 0.07 02.30

22-HEE 11.98 18.13 18.98 0.85 0.09 -0.29 06.15

22-HEZ 11.90 18.04 19.27 1.23 06.14

“ Dipole moment of compound in ground state

" Dipole moment of compound in excited state

Molecular Orbital Energies

Energy levels of the frontier molecular orbitals especially
HOMO and LUMO as well as their spatial distributions are
deciding parameters for photophysical properties. The density
plot of the HOMO and LUMO of dyes, 1 EE, 2EE, their
diprotonated forms and 1 EZ, 2 EZ, their diprotonated forms
are calculated at B3LYP/6-311G(d) level of theory and are

shown in Figs. 2 and 3 respectively

The orbital diagrams are plotted with the contour
value of 0.02 a. u. The plots of the HOMO and LUMO
of the studied molecules have the typical 7 molecular
orbital characteristics and are not or slightly altered by
the C-C single bond rotation about C;-C,3/Cs5-Cyg
bond. From the molecular orbital analysis, we conclude
that the lowest lying singlet-singlet absorption as well
as emission corresponds to T—7t* type of the electronic
transition. From the Figs. 2 and 3 it is revealed that, for
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molecule 1 EE, and its rotamer, 1 EZ, HOMO are
mainly delocalized over entire molecule except group
at meso position and LUMO is delocalized mainly on
BODIPY core, CoBF, framework. For di-protonated
forms, 1-2H EE and 1-2H EZ, as expected, reverse is
observed that is HUMO is delocalized mainly on
BODIPY core and LUMO++1 is delocalized mainly on
styryl subunits clearly indicates after protonation in
presence of trifluoroacetic acid, N, N-dimethyl aniline
becomes electron withdrawing moiety which withdraws
electrons from the main chromophore, BODIPY core,
making it electron deficient causing absorption as well
as emission becomes blue shifted.

For molecules 2 EE and 2 EZ, HOMO are
delocalized mainly over C9BF, framework but LUMO
is delocalized over entire system except orthogonal
meso group which supports the electron withdrawing
nature of the pyridine nitrogen at 4-position through
extended conjugation and this is because 2 EE/2 EZ
is blue shifted compare to 1 EE/2 EZ. Whereas for di-
protonated forms, 2-2H EE and 2-2H EZ HUMO is
delocalized mainly on styryl subunits as pyridyl nitro-
gen at 4 position withdraws electron effectively and

@ Springer

LUMO is delocalized predominantly again on styryl
subunits.

Conclusions

To this end we can conclude that, we have studied
properties like structural geometries of di-styryl
BODIPY molecules at ground and excited state using
DFT at B3LYP/6-31G(d) level of theory. Computed
absorption and emission spectra of 1 EE, 2 EE and
their rotamers, 1 EZ, 2 EZ, were in very good agree-
ment with the experimental values. Also calculated ab-
sorption spectra of diprotonated forms, 1-2H EE and 1-
2H EZ of 1 EE and its rotamer, 1 EZ, respectively
shows negligible deviation from experimental spectra.
From the calculated absorption spectra of 2-2H EE
and 2-2H EZ and emission spectra of 1-2H EE, 1-2H
EZ, 1-2H EE, and 1-2H EZ it can be concluded that
the B3LYP/6-31G(d) level of theory cannot handle cal-
culations of this molecule as deviations from experimen-
tal values are greater and can be attempted using theory
with a different function(s) and or higher basis set(s).
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