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Abstract

This work is focused on the design and synthesidomior-acceptor pairs comprising of aza-
BODIPY and tetraphenylethene (TPE) fluorogens Jattge pseudo Stokes shifts (386 to 424
nm). Femtosecond transient absorption spectroscsipgle crystal X-ray technique and TD-
DFT studies were used to get more insight about #pectral behavior. As compared to the
tetra-phenylaza-BODIPY, the four aza-BODIPYs exti@ihi50-90 nm red shifted absoprtion and
emission spectra. When the donor-acceptor archiestwere excited at 300 nm, the aza-
BODIPY unit emitted strong fluorescence in red oegiThis suggested an intramolecular energy
transfer between donor (TPE) and the aza-BODIPYe@oe; with 81-90% energy transfer
efficiencies. Femtosecond transient absorptionistudiso supported energy transfer process in
the molecules, with 3.7 ps time constant associagd it. Aggregation studies in THF/n-
heptane solution showed hypsochromic shifts inatpgregated form; X-ray packing structures
indicated H-type aggregates (slip angle > %47 the solid state. Scanning electron microscopy

(SEM) measurement revealed 200-700 nm size sphaped structures in the aggregated forms.

Keywords: Aza-BODIPY, Donor-Acceptor System, Aggregation stsdEnergy transfer,

pseudo Stokes shifts, TD-DFT, Transient absorption.



I ntroduction

The r=conjugated organic NIR (near infra-red) fluoresadyes have gained much attention due
to their highly varied applications, ranging froamemosensors, bio-markers, as photosensitizers
in DSSCs (Dye Sensitized Solar Cells) and in OLEDsganic Light Emitting Diodes) as
electroluminescent materials [1-4]. As NIR lightusas minimal photo-damage and can
penetrate deep into biological tissue, thus NIRsdyan be used as contrast agents in bioimaging
[5]. Among the numerous fluorescent dyes, the BOD(BF,-chelated dipyrromethenes) is one
of the most extensively studied fluorophore withdeviapplications in toxic metal sensing,
optoelectronic materials, fluorescent tags, phdtaics and light harvesting antenna systems [6-
10]. The BODIPYs have excellent photochemical éitshilarge absorption coefficients,
amenable to structural modifications and narrowssion spectra with high quantum yields
[11,12]. In aggregated state, BODIPYs show reddkemescence and minor Stokes Shifts (10-
25 nm) due to aggregation-caused quenching (ACQigwimits their applications [13]. On the
other hand, the propeller shape molecules viz. piexaylsilole (HPS) and tetraphenylethyene
(TPE) exhibit strong fluorescence upon aggregattue to the restriction of intramolecular
motions (RIM) which reduces the non-radiative depagcesses. This phenomenon is known
aggregation induced emission (AIE) and was firporeed by Tang and coworkers [14,15]. The
TPE derivatives show good chemical stability and @@ easily functionalized; their AIE
property can be exploited to prepare fluoresceolbgs for biomolecules and explosives [16-18].
Tang and coworkers demonstrated that, a typical AGQrophore when linked to the HPS or
TPE molecules; it can produce novel fluorogens withanced fluorescence properties [T9E
BODIPYs substituted with TPE have exhibited largemk8s shifts and tunable emission

properties [20]. When th@eso-carbon of the dipyrromethene core of the BODIP¥xshanged
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by a nitrogen atom, the resultant molecule is daia Aza-BODIPY [21-24]. Aza-BODIPYs
absorbs and emits in the NIR (near infra-red) nedi®0-900 nm) and they also suffer from
ACQ effect; however owing to their strong absomtim biological window they are ideal

candidates for photodynamic therapy, deep tissagimg and energy transfer systems [25,26].

Fluorescence resonance energy transfer (FRET) ssa@ be used to adjust the optical
and electronic properties of donor-acceptor (D-Aktems including BODIPYs and Aza-
BODIPYs [27-32]. The efficiency of energy transfer FRET based systems may vary
depending on the D-A distance, their relative dagon and also on the spectral overlap
between the D emission and A absorption [33-39jti¢Rdarly, in BODIPY based D-A designs
[40-42] employing a D with high emission quanturelgileads to leakage of fluorescence from
the D; this drawback may restrict their applicatiorbiology. Recent report on dark resonance
energy transfer (DRET) based BODIPYs by Chang aadodkers [43], demonstrated a
complementary approach where a non-fluorescentculge is used as “dark donor”. The use of
TPE in D-A based molecular designs reduces fluersse leakage from the D; as a result the
energy transfer efficiency is relatively higherthBRET based systems [44]. Furthermore, the
large pseudo Stokes shifts and emission shifts outethe fluorescence detection errors and
possibility of self-quenching [44,45]. The AIE aatifluorophore like TPE can be linked to aza-
BODIPY to demonstrate energy transfer phenomenohlIR region; and NIR dyes can be
designed for biological applications and solar gpesystems. With this intention, we have
designed four novel AIE fluorogens comprising ofETBnd NIR aza-BODIPYs. Herein we
present, the synthesis, X-ray structure, opticggiregation induced enhanced emission (AIEE)

and electrochemical studies of NIR aza-BODIPYs. Tf#positions of the aza-BODIPY core



were substituted by 2-thienyl, phenyl axbutylcarbazole rings; whereas 3,5-phenyl ringsawe

linked with TPE groups at thepara-positions (Chart 1).

I daps = 685 nm \ Aaps = 738 nm
Aem = 728 nm Aem =770 nm

Chart 1. TPE substituted aza-BODIPY8-16 reported in this work (data recorded in toluene).

All four aza-BODIPYs exhibit considerable red sh{f0-90 nm) in their absoprtion and
emission maxima w.r.t. the parent tetraphenyl a@®BY. The fluorescence studies in THF
(tetrahydrofuran)/ heptane mixture were investigdig varying the n-heptane contefitX 10-
90%). The molecular packing diagram obtained fromra)X crystal structure, solid state
absorption, emission and singlet oxygen generattadies were also reported for the selected
aza-BODIPYs. To the best of our knowledge thishes first report, where TPE substituted NIR
aza-BODIPYs are exhibiting considerably large pse8tbkes shifts due to energy transfer. In
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addition, DFT and TD-DFT calculations were perfodne acquire the spectroscopic insight of

absorption and emission properties of the aza-BOBIReported here.

Results and Discussion

Synthesis and Char acterization

The synthetic protocol to prepare aza-BODIPY¥3515 is shown in schemes 1 and 2. The
synthesis of aza-BODIPYs was carried out in foapst which involve preparation of chalcones,

nitrochalcones, aza-dipyrromethenes and aza-BOD[®d]s
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Scheme 1. Synthetic route for aza-dipyrrometheng$®. a) NaOH, Grinding method; b) KOH, GNO,, EtOH,
reflux 12 h; ¢) NHOAc, EtOH, reflux 24 h.



The chaloned4-3 were prepared by aldol condensation reaction etwkebromoacetophenone
and the corresponding aldehydes (Scheme 1). Theaendsl-3 were formed as yellow
coloured solids in 57-66% vyields. Next, 1,4-Michadtition was carried out between chalcones
1-3 and nitromethane in the presence of base KOHhanet; the pure nitrochalcondss were

obtainedas the oily compounds in 50-70% yield after sibjgh chromatography.

B(OH),

13 (30%) 14 (25%) PH 15 (22%) Ph

Scheme 2. Synthetic route for aza-BODIPY$3-15. d) Pd(PP¥),, toluene/THF, EtOH, KCO;; e) BR.OEY,
CH,Cl,/ NEt;, rt, 24 h.
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Scheme 3. Synthesis of aza-BODIPY6.

Then compounds4-6 were reacted with ammonium acetate in ethanol tomfaza-
dipyrrometheneg-9 as blue colour precipitate; washing with cold etilegave pure-9 in 16-
20% yields (Scheme 1)After preparing the aza-BODIPY's framework next stegs to attached
energy donor groups (TPE) and it was achieved ul8tMiyaura coupling of7-9 with TPE-
B(OH), [47]. The TPE-B(OHywas synthesizeds per the reported procedure [47]. Compounds
7-9 were refluxed (Scheme 2) with TPE-B(QH)n the prescence of palladium catalyst
Pd(PPh), and KCO; base for 24 h. The coupling of TPE-B(QHyvith compound¥-9 was
checked by TLC (thin layer chromatography) and dbservation of new blue green spot on
TLC indicated formation of the desired product. THRE substituted aza-dipyrromethei@sl?2
were relatively unstable and crude reaction mixives directly used for the synthesis of aza-
BODIPYs. The aza-BODIPY43-15 were formed as dark browdd) and blue colourld and
15) compounds when aza-DPM$-12 were reacted with BPOEL for 24 h. The pure aza-
BODIPYs 13-15 were obtained in 38-46% yields after silica geluoen chromatography. In
order to make triplet photosensitizer based onB@BMPY, the iodo substituents were linked at

the S-pyrrole position of aza-BODIPY.



In this regard, diiodo- substituted aza-BODIR& was synthesized by treating aza-BODIPY
with N-iodosuccinimide (Scheme 3) for 10 h to get prodocs2% yield. All the compounds
were characterized byH, *C NMR, ESI- or MALDI-MS spectrometry (Supplementary
Information). The'*F and*'B NMR also confirmed the formation of aza-BODIPY3-16. In
aza-BODIPY13-16, the coupling of two fluorine atoms with the adjat boron atom (I = 3/2)
caused°F signal split into quartet. Simultaneously boroonashowed up as triplet attributed to
coupling with fluorine atom (I = 1/2). For aza-Ba®As 13-16 the '°F signals were appeared
arround -130.36 to -131.40 ppm; and tf# signals were observed between 0.92 to 1.16 ppm

(Supplementary Information).

X-ray Crystal Studies

The single crystal suitable for X-ray diffractiomgés developed by slow evaporation of the
solution of aza-BODIPY13 (CCDC 1814178)in chloroform/n-heptane solvent mixture. The
crystal structure of aza-BODIPX3 appeared as green block crystal with triclinictsgshaving
P-1(#2) space group. The X-ray structure and pgc#liagram with intramolecular interactions
are shown in figures 1 and 2, respectively. X-rast@al structure parameters are provided in the
supplementary information (Tables S1, S2). Ther fpbenyl rings of two TPE units are
arranged in propeller shape conformation due tdcstrilkiness. Noticeably, the aza-dipyrrin
core is perpendicular to the two TPE units (Figgage The dihedral angles between aza-dipyrrin
plane and one of the lower phenyl rings linked RETunit were quite small [C7-C8-C53-C54,
2.2(6Y and N3-C8-C53-C58, 1.1(%) which made the lower phenyl ring almost coplatwathe
aza-dipyrrin core. The torsion angles [C1-C2-C9-(N0-C1-C9-C14] between the other lower

phenyl ring and aza-dipyrrin plane are 29.6&)d30.1(75, respectively.
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Figure 1. X-ray structure of aza-BODIPY3, dotted colorized lines stand for weak intramolacimteractions.

Also, the torsion angles [C12-C13-C15-C20, C57-C59-C60] between the lower phenyl rings
and the phenyl ring of TPE are 26.6(8hd 29.8(6) respectively. These smaller dihedral angles
indicated enhanced electronic communication betweemza-dipyrrin core and the TPE units in
compoundl3. The packing diagram df3 obtained from X-ray crystal structure, revealeppsd
stack arrangements of aza-dipyrrin planes of twacamt molecules (Figure 2a) with significant
TETU interactions. The solid state packing diagraml®fand the orientation of the transition
dipoles relative to the stacking axis can be hélfuexplain the type of aggregates [48]. The
center to center distances between these azaddimyres are 4.55 and 6.08 A and the ground
state dipole moment (0.88 D) &8, was aligned with Nes; —» B vector which has antiparallel

alignment in the columnar stacks (Figure 2b). Th® taza-dipyrrin units of neighboring
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molecules were parallel to each other and theptaear separation of the mean planes of the

adjacent molecules was of 3.94 A.

Figure 2. (a) Packing diagram df3, displaying center to center distances and sligearib) Distances of the mean
planes of adjacent molecules, H atoms and TPE aretemitted for clarity.

Thus, aza-BODIPY13 displayed intermolecular slippad-rtstacking in the crystal state with
slip angle of 77.0%(Figure 2a). According to Kasha’s molecular excitoadel [49], the H-type
aggregates are non-fluorescent due to forbiddenremadf the lowest excited state in the
aggregates. Exceptionally, emission from H-typeregates is observed when forbidden nature
of the excited state is reduced due to minor dmnatof the direction of the transition dipoles

between adjacent neighbours [50]. When the molscplessess inclined geometry in the
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aggregated state, the transition dipoles wouldoeotancelled out, therefore fluorescence is not

completely quenched from H-type aggregates. Thidcbe the probable reason of the observed

Figure 3. Molecular packing diagram of aza-BODIA$ with inter-molecular interactions.

fluorescence from aggregated state of aza-BODIBMvhich exhibited H-typeaggregates with
slip angle 8 > 54.7 in the packing diagram (Figure 2a). Also, hypsoatic shift in the
fluorescence emission during aggregation studiescated H-type aggregates in solution.
Furthermore, intermolecular H-bonding (B-F-----id)eractions (Table S3) as evident in crystal
packing diagram, are likely to favor the parallghged r—1t stacking of molecules in solid state

(Figure 3).
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Absor ption and Emission Properties

The experimentally determined photophysical propemf aza-BODIPY43-16 are presented in

table 1. A comparison of absorption spectra of coumols13-16 is shown in figure 4a, an

intense band between 600-820 raw (42,600-79,500 Mcm'Y) corresponds toS- S; transitions

and another band around 500-600 nm with mediunnsitte € = 14,500-45,500 Mcm™) was

assigned to &- S, transitions originating from the aza-BODIPY coP4]. Additional absorption

band at ~340 nm of moderate intensity=(46,500-89,000 Mcm™*) was assigned to the two TPE

units attached on aza-BODIPYs [44]. The major absorpband of compound43-16 was

moved to NIR region, depending upon the naturaibgstuents present at 1,7- and 3,5-positions

of theaza-BODIPY chromophore. Change of the substituieots phenyl (3) to thiophene14)

at 1,7-positions of aza-BODIPY, led to bathochroshdt of 17 nm in the absorption maximum

of 14. The bathochromic shift it can be ascribed to the smaller ring size of themeh making

the electron rich heterocycle more coplanar withdha-BODIPY plane.

Table 1. Absorption and emission data of compouh8s6 in various solvents.

Compound Solvent Aap(nm), € (log E) Aem o Stokes shift
(nm) (nm) (crit)
13 Toluene 707 (4.82), 510 (4.16), 348 (4.67) 734 | 0.42 | 27 520
Chloroform 703 (4.69), 509 (4.09), 345 (4.56) 734 | 0.38 | 31 600
Tetrahydrofuran| 705 (4.63), 505 (4.00), 345 (4.51) 736 | 0.19 | 31 597
14 Toluene 724 (4.90), 537 (4.29), 344 (4.78) 753 | 0.18 | 29 531
Chloroform 722 (4.87), 545 (4.23), 342 (4.72) 754 | 0.15 | 32 587
Tetrahydrofuran| 721 (4.80), 543 (4.19), 342 (4.68) 753 | 0.10 | 32 589
15 Toluene 738 (4.92), 604 (4.66), 344 (4.95) 770 | 0.09 | 32 563
Chloroform 738 (4.87), 614 (4.69), 343 (4.97) 782 | 0.07 | 44 762
Tetrahydrofuran| 741 (4.82), 621 (4.65), 342 (4.91) 790 | 0.05 | 49 837
16 Toluene 685 (4.93), 520 (4.31), 325 (4.78) 728 | 0.02 | 43 862
Chloroform 680 (4.84), 519 (4.23), 329 (4.69) 729 | 0.02 | 49 988
Tetrahydrofuran| 679 (4.71), 512 (4.13), 329 (4.57)) 727 | 0.01 | 52 1047

a: 1,7-dinaphthyl-3,5-dithienyl azaB®M (@ = 0.14, CHCJ) used as standarlly, = 650 nm.

12



100000
(b)

—13

1.0

80000
0.8

60000
0.6

€ (M’l cm'l)

40000
0.4

Normalized Intensity

0.2

T T T T 1 00 T
400 500 600 700 800 700 750

Wavelength (nm) Wavelength (nm)

T
800 850

Figure 4. Comparison of (a) absorption and (b) emission spexftaza-BODIPYsTPAB, 13-16, recorded in
toluene Qex= 650 nm).

Furthermore, due to the presence of strong elecomor aromatic ring likéN-butylcarbazole,
compoundl5 showed significantly red shifted (31 nm) absonptio solution. Remarkably, the
absorption ofL3 was 57 nm red shifted as compared to parent tetrgp aza-BODIPY (TPAB,
Aabs = 650) [51]. It may be due to the extendedonjugation of TPE units present on the 3,5-
phenyls in the compound. Noticeably, as comparetRAB the major absorption bands 14
and15 were red shifted by 74 and 88 nm, respectivelye ifitajor absorption band of 2,6-diiodo
substituted aza-BODIPY6 was 35 nm red shifted as compared to the TPAB.fllorescence
spectra of aza-BODIPY%3-16 are shown irfigure 4(b) and emission quantum yields are given
in table 1. All aza-BODIPY43-16 displayed intensemission maxima in the range of 734-770
nm due to $- S transitions (Figure 4b). The emission maximd.®f16 were substantially red
shifted (Table 1) as compared to the parent TPABSEON Qe = 672 in CHCY) [51]. As
compared to TPAB, the aza-BODIPYI8 and 16 with phenyl rings on the 1,7-positions

exhibited 62 and 56 nm bathochromically shiftedssmin maxima in solution.
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Figureb. () Normalized absorption and (b) emission speataza-BODIPY43 (Aex= 680 nm),14 and15 (A=
700 nm) on drop-cast film.

Whereas, the emission bands of aza-BODIRP¥and15 havingthiophene andN-butylcarbazole
rings at 1,7-positions displayed red shifts of a8l 98 nm, respectively as compared to TPAB.
This could be attributed to the presence of electtonor substituents like thiophene aNd
butylcarbazole on the aza-BODIPY core. Howeverniost red shifted emission maximum (790
nm) was observed for aza-BODIPM in THF; making it a potential candidate for biological
applications. The calculated emission quantum gieldaza-BODIPY<43-15 were found to be

in the range of 0.02 to 0.42 in toluene (Table Hgwever owing to heavy atom effect lower
guantum yield was observed for aza-BODIF The solvent dependency of the absorption and
emission of the compound$8-16 was also studied (Table 1). However, only sligitt shifts (2-

8 nm) in the absorption and emission maxima weseonied forl3, 14 and16; this is a typical
behavior observed for the BODIPY chromophores negborin literature. Nonetheless, the
emission of aza-BODIPY5 showed decent red shifts (10-20 nm) in polar suleStokes shifts

were found to be in the range of 520 to 1047 dor aza-BODIPYs13-16. The observed
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bathochromic shifts in the emission bands of az®BO's, reveal larger dipoles of the CT
excited states in polar solvents [52,53]. Paréidy] the Stokes shifts of di-iodo aza-BODIRE

in polar solvents were much larger than the reshefBODIPYs13-15 (Table 1) this can be
explained by DFT studies. The HOMO-2 to LUMO trdiosi in compound.6 is attributed to the
ICT (intramolecular charge transfer) process (Feglit); the electron density is spreaded on the
donor TPE units in the HOMO-2 and the LUMO is dagdbcalized on the boron-dipyrrin core.
Also, the larges dipole moment difference in theugd state and the excited CT state leads to
electron phonon coupling with the solvent phon@m) the prescene of two iodine atoms on the
2,6-position of the BODIPY core results in the amted internal conversion and higher Stokes
shifts in 16 [51,54]. The quantum yields of aza-BODIPY¥3-16 were slightly higher in non-
polar solvent than those of in polar solvents (€dabl In polar solvents the large dipole moment
difference between ground state and charge-traesfgted state enable internal conversion in

the molecules, resulting in the lower quantum \gkB].

To illustrate the potential of AIEE property arigifrom aza-BODIPY<lL3-15 for solid
state applications, the photophysical propertiesevexamined on solid films. The thin films
were prepared on glass plate by drop cast methddilenbased absorption and emission spectra
of 13-15 are shown in figure 5. In solid state, aza-BOD$HA$-15 exhibited significantly red
shifted and comparatively broatbsorption bands with 31, 40 and 67 nm shiftsth waspect to
their corresponding absorption in solution stategfe 5a). Typically, fluorophores display
aggregation caused quenching (ACQ) of emissiorolid state. In contrast, the aza-BODIPYs
13-15 exhibited moderately intense fluorescence in sdliohis at 766, 770 and 775 nm,
respectively (Figure 5b). Furthermore, the solatestemission bands d8-15 were broad and

bathochromically shifted by 32, 17 and 5 nm, wiglspect to their corresponding emission in
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solution phase. In general, BODIPYs with bulky gitbents directly attached to the core
reported to show solid state emission; since teeicscrowding of large groups minimizes
interchromophoric interactions in solid state. Témorphous films of aza-BODIPY%3-15

prepared by drop-cast method, exhibited broad addshifted absorption and emission due to

the formation of parallel inclined-Tt stacks of the molecules in solid state.

Heavy-Atom Effect and Singlet Oxygen Generation

In order to test the ability of aza-BODIPX6 to produce singlet oxygen due to heavy atom
effect; singlet oxygen generation study with 1,Bkdinylisobenzofuran (DPBF) was carried out
[27]. The study was undertaken by monitoring tba&ction of known singlet oxygen scavenger
(DPBF) in solution with the singlet oxygen genedaby our compound6 (Figure 6). Due to the
presence of two iodo groups on the aza-BODIPY cooepoundl6 should have significant

triplet population upon excitation at 633 nm, aad act as triplet sensitizer.

A 054 B m 16
0 sec e MB
0.6
0.4 -
(]
% 04 50 sec A 03-
S (@)
8 <
Q 0.2 1
<
0.2 1
0.1
oo T T T T T T T T 1 OO T T T T T
400 500 600 700 800 O 10 20 30 40 50
Wavelength (nm) Irradiation time, s

Figure 6. (a) Absorption spectra of DPBF (2 xAB1) upon irradiation in the presence of aza-BODIBSY(1 x 10°
M) from 0 to 50 sec (recorded at 10 sec intervalDCM. Monochromatic light (633 nm at 0.5 mW/Amwvas used;
(b) Straight line plot of change in the absorbaot®PBF at 414 nm with the irradiation time in pase of aza-
BODIPY 16 against methylene blu#®, 3.1 x 10° M) as the standard in DCM.
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The significant inter-system crossing (ISC) wouldad to the energy transfer from
photosensitizer1) to triplet ground state of oxygen molecules; vkhin turn get excited to
singlet state and react with DPBF. The disappearah®PBF absorption band at 414 nm was
monitored over a time period of 50 seconds. Monactatic light source (633 nm at 0.5
mW/cntf) was used to excite the aza-BODIR®; as the time progressed the intensity of the
DPBF absorption band at 414 nm gradually decre@iSgdre 6a). The triplet photosensitization
ability of compoundl6 was compared with the reference photosensitizethyiene bluegp, =
0.57 in DCM under similar conditions (Figure S5, Sl) [27].€Tkinglet oxygen quantum yield,
calculated for aza-BODIPY6 was 0.68 in DCM; confirming that it has substanspin-orbit
coupling due to heavy atom effect. Moreover, thespnce of iodo groups directly on the aza-
BODIPY core in16, can considerably reduce the loss of excited sagrgy by non-radiative

decay processes.

Energy Transfer Studies

Recent reports on BODIPYs based D-A systems dematedt efficient FRET and TBET
(through bond energy transfer) based moleculariteatbres. In the BODIPY based D-A
systems, where TPE is used as donor the energgféraprocess was named DRET (dark
resonance energy transfer) [43]. DRET is simi@arFRET phenomenon, though the donor
chromophore is named “dark donor” as it is non+fisaent in nature. According to the literature
reports, the efficiency of energy transfer is readdy high in DRET based system, because the
loss of energy due to non-radiative decay is elatd@d in the molecules [43]. Lately, TPE
connected BODIPYs have been described with deaserigg transfer from TPE donor to the
BODIPY unit. TPE and its derivatives have been resiteely studied for AIE properties, owing
to facile synthetic modifications and high emissiatensity in aggregated state. Atilgan and
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coworkers [44] have reported D-A systems of BODIWlYere, TPE is employed as “dark energy

donor”. The intramolecular energy transfer in 82BIPYs 13-16 was evaluated by comparing

the fluorescence emission of compounds excitechatdonor and acceptor units in toluene

(Table 2, Figure 7). The emission spectraldfl6 in toluene displayed moderate emission

intensity when excited at = 650 nm; the aza-BODIPY core absorbs stronglg.h€@n the other

hand, the fluorescence signalsl3f16 were very unusual when excited\at 330 nm; the TPE

units absorb intensely here.
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Figure 7. Comparative emission spectra of compounds:1@\)B) 14 and (C)15 in toluene (2 x 18 M), excited at
donor (black) and acceptor (red). (D) Comparativéssion maxima of compounds8, 14 and15 in toluene excited

at donor and acceptor.

Table 2. Energy transfer data of aza-BODIPY316 in toluene.

Compound Excitationi,) Emission Lem) Acceptor () ETE (%)
TPAB™ 650 nm 672 nm — —
13 650 nm 734 nm 0.42 90%
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330 nm 734 nm 0.38

14 650 nm 753 nm 0.18 81%
330 nm 754 nm 0.14

15 650 nm 771 nm 0.08 88%
330 nm 771 nm 0.07

16 650 nm 727 nm 0.02 67%
330 nm 731 nm 0.014

b: Quantum yield of acceptor exciéé@cceptor; Quantum yield of acceptor excited at donor.

Intense fluorescence was observed from the aza-B®®13-16 in between 730 to 771 nm
(Figure 7). This behavior can be explained by epénansfer phenomenon, where TPE units are
donor and the aza-BODIPY unit is acting as accefiioe compound$3-16 were excited at two
wavelengths, corresponding to the absorption ofdiweor (TPE units) and the acceptor (aza-
BODIPY unit); then the fluorescence quantum yieldsre calculated (Table 2). The “energy
transfer efficiency” (ETE, %) was calculated [5@fich suggest the total energy transfer from
donor to acceptor including non-radiative decayghefmolecules in question [55]. The % ETE
values are given in the table 2, suggesting effedtitra-molecular energy transfer from TPE
units to the aza-BODIPY unit in molecul&3-16. Except diiodo aza-BODIPY16), rest of the
compounds exhibited ETE between 81-90%, which cbeldue to lack of fluorescence-leakage
in these molecules. The pseudo-Stokes shifts [4&ewcalculated for compounds$-16 by
observing the difference betweag, (aza-BODIPY core) anlly,s (TPE); and the values were
found to be in the range of 386 to 424 nm. The By&temsl3-16 with high values of
intramolecular energy transfer and huge pseudoeStskifts are very attractive for prospective
biological applications. The previous report on TB#bstituted aza-BODIPY dimers [15]
described the novel synthesis and AIE propertyuochsmolecules; though the energy transfer
studies were not explored. To the best of our kedgé, molecule$3-16 are the first such TPE-

aza-BODIPY conjugates which exhibit very large pke&tokes shifts (386 to 424 nmYhe
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crystal structure o13 showed that, the propeller shape TPE moietiesaaaedipyrrin core are
not in the same plane; therefore possibility ofrgpéransfer through space is not very favorable.
Femtosecond Transient Absor ption Spectr oscopy

In order to determine the exact time constantb@fenergy transfer process, we have performed
femtosecond broadband transient absorption (TAgtspgcopy [27]. The molecul&3 consists

of two different chromophores; one is the TPE aral dther being the aza-BODIPY. The TPE
chromophore absorbs around 350 nm and is non-Boerg in nature. Whereas, the aza-
BODIPY unit absorb around 650 nm; and emits at @dot20 nm. The TA study was carried out
in toluene and compountB was excited at 400 nm, to exclusively excite th@eatules at the

TPE chromophore.
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Figure 8. (a) TA spectra at some representative delay tiabesg with the fitted spectra (green solid lingg)
Kinetics at two representative wavelengths 560 noh 220 nm along with the fitting (black solid linpéc) Decay
associated spectra (DAS) obtained from global a@islyf the TA response @8 in toluene after exciting at 400 nm.
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The TA signal ofl3 consists of a broad excited state absorption (H&#y around 500-600 nm
and a stimulated emission (SE) band centered atniA2@Figure 8a). The observation of the
emission from aza-BODIPY unit in TA signal f@8 confirms the energy transfer process in the
excited state. The TA responsesl8fwere globally analyzed and successfully fittedhwitiur
different time constants; the fitted kinetics attwepresentative wavelengths is displayed in
figure 8b. The observed time constants are 3.7 0s40 ps €,), 120 ps £;) and 3300 pst().
Decay associated spectra (DAS, Figure 8c)lfdishow that the spectra associated withis
quite similar but of opposite sign compared to tbathe spectra associated with. Which
suggest thaty; andrt, represent the formation and decay of a same mtdtee excited states
manifold. Moreover, the spectra associated wjtare same but negative of the DASref Thus

T, andrt; represent the formation and decay of another @xsitate species. It is clear from figure
8c that, though four different time constants dseamed from the global analysis, all DAS are
quite similar. DAS spectra suggest that the twategcstate species are structurally similar. The
species associated with andzt, is strongly emissive in nature, whereas the otimeris weakly
emissive. We suggest that, following is the singieglet energy transfer process; the excited
state species undergo some kind of structural eghaogorm the other species. A plausible
pattern to describe the excited state phenomea isfshown in scheme 4. We assign the 3.7 ps
time constant as the time constant associated emigingy transfer, which is also the formation
time constant of the species [D-A*]. The lifetimktlois species is 3300 ps. Following the energy
transfer process [D-A*] structurally changes toAB}. The formation time constant of this [D-

A*] is 40 ps and has a decay constant of 120 ps.dther molecules under investigation having
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the similar donor-acceptor moieties are expecteextobit similar dynamics. The experimental

data forl5 is provided in the figure S52 of the supportinfprmation.

*TPE-Aza-BODIPY

F

ke = 3.7 ps
TPE-Aza-BODIPY*
k

structural change_l =40 Ps
TPE-Aza-BODIPY*’

A, =440 nm

TPE-Aza-BODIPY

Scheme 4. Schematic of the excited state processes in aZaHBD 13.

Aggregation Studies
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Figure9. (a) Emission spectra of aza-BODIAS in THF-heptane mixture with different heptane fians. (b) Bar
diagram of quantum yield of aza-BODIF8 with increasing heptane fractions.
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Aggregation induced enhanced emission (AIEE) balravi compound43-15 was investigated
by promoting aggregate formation through alteratidnsolvent composition. The systematic
change in the composition of THF/n-heptane solggstem from 100% THF to 90% n-heptane
resulted in the formation of solid aggregates aBicated by the noticeable variations in the
emission spectra. Compound8 and 14 showed AIEE phenomenon whereds, exhibited
aggregation caused quenching (ACQ) behavior. Ie giHF, compound43 and 14 exhibited
weak emissions at 735 nipy{= 0.14) and 754 nmd = 0.10), respectively. However, upon
increasing the volume fraction of n-heptafig=(10% to 90%) in THF, the emission intensities
were risen gradually (Figure 9). Moreover, the emis bands ofl3 and 14 became narrower
with significant blue shifts (~12 nm) in higher hape fractionsf( = 90%). At a f,, of 90%,
significant (3-fold) increase in the emission irgigy of aza-BODIPY13 was observed and the
calculated quantum yield was 0.44 (Table 3). Titegaacement in the fluorescence intensity and
guantum vyields is due to AIEE behaviorsi8fand14 (Table 3). The formation of AIEE active
agglomerates of compouni and14 at f, of 90% was confirmed by DLS. The size distribution
pattern obtained from DLS showed that nano-aggesglirmed are in range of 50-900 nm,
having maximum probability distribution around 2000 nm (Figure S6, Sl). At of 90%, the
morphology of aggregates was further explored biM§Ecanning Electron Microscopy) and
the nano-aggregates were found to have sphericghholmgy. The size of nano-aggregates
obtained from SEM analysis, was between 270-750winich was in accordance with the DLS

data (Figure S6, Sl).

Electrochemical studies
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The electrochemical properties of all aza-BODIPI8s15 were studiedy cyclic voltammetry
technique (Figure S3, Sl). The cyclic voltammogsashaza-BODIPY43-15 were recorded in
dry dichloromethane under,Natmosphere and the data is presented in tableh8. akza-
BODIPYs 13-15 exhibited single irreversible oxidation wave invween 0.97 to 1.26 V. Aza-
BODIPYs 13 and 14 showedtwo reversible reductions in between -0.32 to -1Vi3vhereas
compound15 showed three irreversible reduction waves in betwe®l14 to -1.61 V. The
oxidation potential of aza-BODIPY3 was a bit anodically shifted as to those of tha-az

BODIPY 14 and15; indicating that compount3 was harder to oxidize.

Table 3. Electrochemical redox data (V vs SCE) of compau8i15 in DCM, recorded at 50 mV/s scan speed and
energy levels calculated from optical CV data.

Compound| Ejpp(ox)/V Ey/x(red)/V HOMO | LUMO AE[eV] | OpticalAE
I I Il 1] [eV] [eV] (from CV) [eV]
13 1.26 -0.38 -1.13 - -5.68 -4.04 1.64 2.65
14 1.22 -0.32 -1.07 - -5.64 -4.10 1.54 2.65
15 0.97 -0.14 -1.03| -1.6] -5.39 -4.28 1.11 2.63

The redox potential data was also used to deterthemeHOMO-LUMO energies (Table 3) of
aza-BODIPYs13-15; the frontier orbital energies are presented gurie S4 (SI). In the aza-
BODIPYs 13-15, by varying the substituents at 1,7-positons frgmenyl to thiophene and then
to N-butylcarbazole the HOMO-LUMO gaps were decreasexhf1.64 to 1.11 eV. Furthermore,
the absorption data of compount315 was used to calculate the optical band gap (Taple 3
[21]. As compared to compoundd4 and15, higher optical band gap was observed for the yihen
substituted compoundly). Among all the compounds, tHewest optical (2.63 eV) and
electrochemical (1.11 eV) band gaps were obtaineccdmpoundl5; which showed the most

red shifted absorption and emission spectra as amdgo the other aza-BODIPYs. The electron
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rich N-butylcarbazole ring has considerable effect onelketronic property of the aza-BODIPY

15.

Computational Studies

Ground state geometrical parameters

Density functional theory (DFT) and time dependaansity functional theory (TD-DFT) were
used to characterize the properties of ground haddw excited electronic states of the aza-
BODIPY moleculesl3-16. The important structural parameters viz. bondtlesigvalence angles
and dihedral angles obtained as a result of gegrnogtimization are summarized in tables S4,
S5 and S6 respectively (Sl). Comparison of thesetstral parameters for the molecd@with

the X-ray crystallographic structure is of immensgportance. The X-ray crystallographic
structure with G symmetry cannot be visualized perfectly; therefaeerage values of the
structural parameters were used for the correlafitre numbering schemes for bond lengths,
valance angles and for the dihedrals angles anddw® in figures S7 and S8, respectively (SI).
It is evident from tables S4 and S5 that the maxrindeviation in bond lengths and valance
angles forl3 with respect to the X-ray crystallographic struetis 0.02A and 1.54° respectively.
The maximum deviation in bond lengths is 0.005A #me bond angles agree within the 0.46°;
suggesting the sturdiness of the level of approttonaused for the DFT study. Furthermore, the
substituents at the aza-BODIPY skeleton have nbtgigeffect on the optimized structures of

compoundd 3-16.

Absor ption studies
Theoretical simulations also provide the complemsntspectroscopic understanding of the

absorption properties of the molecules. To accoshplnis, singlet-singlet electronic transitions
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of the moleculed3-16 were calculated in CHeéxclusively, owing to the insignificant effect of
solvent polarities on the absorption profiles afst aza-BODIPYs. The type of transitions for
the moleculesl3-16 can be examined, prior to comparison of the lowsstrgy transitions
(Amax. For this purpose, topologies of the calculatedlecular orbitals responsible for the
transitions were figured out. The calculated frentmolecular orbitals (FMOs) and the
absorption maxima along with their oscillatory aggths ) are presented in figure S9 (SI) and
table 4, respectively. It is apparent from the Itssthat the most intense singlet-singlet
transitions (§2>S;) of the moleculel3, 14 and 16 are due to the electron promotion from
HOMO->LUMO (89.78%, 92.48% and 54.08% f@B, 14 and 16 respectively) and HOMO-
2->LUMO (8.0%, 5.78% and 42.32% f@B, 14 and16 respectively), with the dominance of the
former. Notably, forl3 the HOMO->LUMO transition is at—=* transition of the aza-BODIPY
core; whereas, the HOMO=2LUMO corresponds to a charge transfer from TPE mimghore

to the aza—BODIPY unit. Similarly, for the moleculd, HOMO->LUMO and HOMO-
2->LUMO transitions are the dominanton* transitions occurring in the central core and the
1,7 substituted thiophene arms respectively. Intrash HOMG>LUMO transition of the
moleculel16 occurs via a charge transfer from TPE to the iaidid aza—BODIPY unit. On the
other hand, HOMO-2LUMO transition in16, is a mixture of intramolecular charge transfer
from the TPE to the aza-BODIPY unit and>n* transition of the central core. In addition, the
most intense singlet-singlet transition,€55;) of the moleculel5 is sheerHOMO->LUMO

transition (98.0%).
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Table 4: Calculated electronic excitation energies and spwoading oscillator strengths of the low-lying detg
excited statéor the molecule43-16 in CHCL.

Theoretical Experimental
Molecule - - —
Electronic — - Energy Oscillatory  Absorptionin
transition Contribution ClI coefficients (nm) strength (f) CHCl, (nm)
HOMO-2->LUMO 0.20
13 28 HomosLUMO 0.67 671 112 703
HOMO-2->LUMO 0.17
14 S2S HOMO=LUMO 0.68 703 1.04 722
15 S2S HOMO-~>LUMO 0.70 702 1.20 738
HOMO-2->LUMO 0.46
16 28 HomosLUMO 0.52 ) i 0.85 680

*Cl coefficients are in absolute values.

This transition is an amalgam of>n* and charge transfer characteristics. The fornoeucs in
the central core region whilst, the later takex@l&rom the 1,7 substituted-butylcarbazole
arms to the central core of aza—BODIRY. The substantial electronic communication between
the substituents and the aza-BODIPY core is refteatith the delocalization of FMOs over the
entire molecular framework. Analogous topologieshef LUMO of all the compound4.3-16)
indicated strong electron accepting nature of ttee BODIPY core. Despite the fact, that the
numbers of absorption bands were seen in the eadclibpectra of aza-BODIPYS8-16, but for
the sake of brevit{max Wwas chosen for the comparison. The calculatecdbasdrved.yax values
are accommodated in table 5. A significantly goageament between the calculated and
observediyax Was seen for all the molecules excéftIn particular, the maximum deviation of
96 nm was shown b$6, followed by15, 13 and14 which have displayed the difference of 36
nm, 32 nm and 19 nm respectively. It is imperativemention that, all the molecules were

consistently underestimated, because of the liioitatof vertical approximation.
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In addition, the energies of FMOs and the HOMO-LUM®Gergy gapAE) were calculated by
employing DFT and TD-DFT approaches are summaiizeédble S7 (Sl). The DFT calculation
based energy level of HOMO and LUMO was found tarmeased by 0.18 eV and 0.19 eV
respectively, as we moved from aza-BODIRS-15. In contrast, the experimental HOMO
energy level was increased by 0.29 eV whereas. thdO energy level was decreased by 0.24
eV. Consequently, the calculated HOMO-LUMO energp gvas underestimated by 0.62 eV,
0.54 eV and 0.08 eV for the molecudl8, 14 and15 respectively. Similarly, the TD-DFT based
HOMO-LUMO energy gap for aza-BODIPY3, 14 and15 were severely overestimated by 1.21
eV, 1.22 eV and 1.69 eV respectively from the etattemical measurements. However, the
TD-DFT based HOMO-LUMO energy gap was found to Ime line with the optical
measurements with an overestimation of 0.20 eVl @¥ and 0.17 eV fod3, 14 and 15
respectively. No such comparison was made for thleenle16 owing to the unavailability of

the experimental data.

Excited state geometrical parameters

In general, the electronic excitation of the molesumay result in the equilibrium geometries
very different from those in their ground statekeiefore, the essential structural parameters viz.
bond lengths, valence angles and dihedral anglethefS of 13-16 were computed and
compared with their corresponding §ometrical parameters as presented in tableS%4and

S6 respectively (SI). It is evident from the tabf#$ and S5 that, the valance angles and bond
lengths of $ geometries are not significantly different fromdg&ometries for all the molecules.
The utmost deviation in bond length and valancdeawgs found to be 0.027A and 1.69° 1&r

and 13 respectively. On the contrary, significant difieces betweeny&nd S dihedral angles

were notified for all the molecules under invediiga as evident from table S6. To be more
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precise, the maximum deviation in the dihedral esglbere 9.11°, 14.62°, 5.77° and 7.32° for
13, 14, 15 and16 respectively. Thus, from the above mentioned tesuie can conclude that the
relaxation of the moleculel3-16 involve configurational change upon excitation.

Emission studies

It is a well-established fact that, the emissionpgrties of a dye are more sensitive than its
absorption [55]. Consequently, we have exploredethession spectra fd3-16 theoretically, to
get the detailed insight about the nature of emisgprocess. As per Kasha’'s rule, the
fluorescence emission solely occurs from thestdte and prior to the possible emission go S
any electronic excitation to a higher state relaswitly (10'*-10"! seconds) to S[56]. The
appropriate FMOs involved in the process of emis$ay 13 and 14-16 can be visualized from
the figures 10, 11 and figure S10 (SI), respecyivdlhe deactivation energies, transition
composition and oscillatory strengths are accomieada table 5. It is apparent from TD-DFT
results that, the compound$8-16 should have analogous excited state relaxatiosegso as

shown in figure 10, 11 fak3 and16, respectively.

Table5: Computed electronic de-excitation energies andesponding oscillator strengths of the low-lyinggbat
excited state for the molecul&3-16 in CHCL.

Theoretical Experimental
MASHE B onribution 1 cosfigens  n@®  Olelony Emision in
13 S€ES HOMO<LUMO 0.70 702 1.11 734
14 S€ES; HOMO<LUMO 0.70 750 0.92 754
15 S€ES HOMO<LUMO 0.70 749 1.12 782
1 S¢S [oVocivo. s 65 091 729

*Cl coefficients are in absolute values.
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LUMO

A Bright State (S,)

E vertical-absorption

Ground State (S,)

Figure 10: Scheme of the mechanism of fluorescence emissiathéomolecule3.

The major absorption of the moleculE316 mainly comprises of n—n* transitions; and upon
excitation the electron gets promoted {pvhich finally relaxes to §Figure S10 fod4 and15,

SI). The oscillatory strengths for-3S transitions forl3, 14, 15 and16 are 1.11, 0.92, 1.12 and
0.91, respectively. The;State of all the compound43-16) are bright states, which make the
relaxation transitions allowed and therefore decagsradiative manner (fluorescence). This is
clearly reflected from the red shift in the emisswavelengths in comparison to their absorption

wavelengths as shown in table S8.
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A Bright State (S,)

E vertical-absorption

Ground State (S,)

Figure 11: Scheme of the mechanism of fluorescence emissiathéomoleculel6.

In addition, the TD-DFT calculations based fluomsme energies were underestimated
compared to the experimental emission energies.ulinest deviation of 94 nm was displayed
by 16, followed by15, 13 and14 which have shown the difference of 33 nm, 32 nmh 4mm
respectively. However, the significantly good agneat between the experimental and
calculated Stokes shifts was observed for all tbkeoules as shown in table S8.

Conclusion

In summary, we have synthesized and studied theratioen, transient absorption, emission,

aggregation and electrochemical properties of tRE €onnected aza-BODIPYs. In addition, the
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complementary spectroscopic insight into the ramftsabsorption and emission profiles was
furnished via TD-DFT studies. The substituents loa 1,7-positions of aza-BODIPYs were
varied from phenyl, thiophene td-butylcarbazole. Also, TPE units were linked at paea
positions of 3,5-phenyls of the aza-BODIPYs. Thgn#icant red shifts (35-88 nm) in absorption
and (56-98 nm) in the emission spectra, were obsefar the TPE linked aza-BODIPYs as
compared to parent TPAB; this could be attributedektended electronic communications
between the 1,7- substituents and the aza-BODP®. éonong all aza-BODIPYs, the most red
shifted absorption and emission were observed ZarBODIPY havingN-butylcarbazole and
TPE groups on the core; this compound also exhibitsvest HOMO-LUMO energy gap
calculated by electrochemical method. Aggregatiaies in THF/n-heptane solution showed
hypsochromic shifts in the aggregated form; X-ragcking structures indicated H-type
aggregates (slip angle > 59.7in the solid state. All donor-acceptor type azaEBPYs
exhibited efficient intramolecular energy transfeom TPE donor to the fluorescent aza-
BODIPY acceptor. The energy transfer efficiencieserMound to be 81-90% in all the D-A aza-
BODIPYs; and very large (386 to 424 nm) pseudo &toghifts were observed in solution.
Transient absorption studies also supported eneaggfer phenomenon and the time constant
associated with ET was 3.7 ps. An introduction &E Active chromophore (energy donor) on
the aza-BODIPY skeleton can be another strategyatke ET based NIR dyes with large pseudo

Stokes shifts.
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Supporting Infor mation

The mass and heteronuclear NMR characterizatioa, d&ray structure parameters and DFT
calculations details and optimized geometries efréported compounds are available.

Experimental

Instrumentation and Reagents

All the reagents and solvents were purchased fradrich and used without further purification;
silica gel (60-120 mesh size) for column chromaapyy was acquired from Merck. The di-
isopropylamine (DIEA) and dichloromethane (DCM) amelre dried prior to use for studies and
synthesis. The NMR data were recorded with Brukeanke 11l 500 MHz NMR spectrometer.
The ESI-MS data were obtained from Waters Syna@-G31-Q-TOF Mass instrument. The
MALDI-MS data for some of the compounds were acegiirwith Bruker Daltonics
UltrafleXtreme MALDI-TOF instrument. Shimadzu UV-Q@ spectrometer was used to record
the absorption spectra. Solid state absorptiontsp@ere recorded with Agilent Technologies
Cary series UV-Vis NIR spectrometer (MY174000060Buorescence emission (solution as
well as solid state) measurements were recordedh Wbriba-Jobin Yvon Fluorlog-3

spectrometer.

Computational methodology
All the computations performed in the present dbotion were accomplished by using
Gaussian 09 program [57]. The ground-statg g8ometry optimization of the molecul&3-16

were carried out without symmetry constraints byngisparameter free Perdew, Burke and
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Ernzerhof hybrid functional PBE1PBE [58,59]; alomgh the split-valence atomic basis set 6-

311G(2d,p) for all the atoms except iodine for WhiANL2DZ was used [60].

General Procedure for Chalcones (1-3) The mixture ofaromatic aldehyde (1 equiv.) and 4-
bromoacetophenone (1 equiv.) was dissolved in methasater (1:1 mixture). After five
minutes NaOH (0.1 equiv.) was added and reactiotund was refluxed for 2 h. The product
was precipitated as yellow solid. Reaction mixtwas extracted with DCM and dried over
anhydrous Ng0O, and solvent was evaporated by using rotary evémonander reduced
pressure. The crude product was subjected to gigtaolumn chromatography for purification.
Compound (1) Benzaldehyde (2.0 g, 1.9 mL, 18.84 mmol), 4-broretaahenone (3.8 g, 18.84
mmol) and NaOH (75 mg, 1.88 mmol) were reacted athanol/water (21 mL) mixture as per
the general procedure. The desired produaetas purified by silica gel column using 20%
DCM/hexane as solvent mixture. Brown solid, Yield7% (3.10 g).R = 0.23 (silica,
DCM/hexane 1:4)H NMR (CDCk, 500 MHz,3 ppn): 7.88 (d,J = 8 Hz, 2H), 7.82 (d) = 15.5
Hz, 1H), 7.65 (dJ = 7.5 Hz, 4H), 7.45 (m, 4H}3C NMR (CDCk, 125 MHz, ppm): 189.38,
145.40, 136.98, 134.74, 131.95, 130.75, 130.04,022928.52, 127.89, 121.56. HRMS (ESI-Q-
TOF): CGisH1,BrO* [M+H]" calcd:m/z 287.0072; foundmvz 287.0081.

Compound (2) 2-Thiophenecarbaldehyde (2.0 g, 1.7 mL, 17.83 mmbblromoacetophenone
(3.5 g, 17.83 mmol) and NaOH (71 mg, 1.78 mmol)emvezacted in methanol/water (21 mL)
mixture as per the general procedure. The desiredupt2 was purified by silica gel column
using 25% DCM/hexane as solvent mixture. Yellowdsofield: 66% (3.45 g)R = 0.22 (silica,
DCM/hexane 1:4)'H NMR (CDCk, 500 MHz,d ppm): 7.94 (d,J = 15.5 Hz, 1H), 7.87 (dl = 8

Hz, 2H), 7.64 (dJ = 8 Hz, 2H), 7.44 (dJ = 5 Hz, 1H), 7.37 (d] = 3 Hz, 1H), 7.27 (dJ = 14.5
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Hz, 1H), 7.10 (tJ = 4.5 Hz, 1H)*C NMR (CDCE, 125 MHz,3 ppm): 188.71, 140.24, 137.73,
136.90, 132.35, 131.94, 129.93, 129.10, 128.44,.8127120.19. HRMS (ESI-Q-TOF):
C13H10BrOS’ [M+H] ™ calcd:nvz 292.9636, foundnvz 296.9615.

Compound (3) N-butylcarbzolealdehyde (2.0 g, 7.95 mmol), 4-broostaphenone (1.6 g, 7.95
mmol) and NaOH (32 mg, 0.79 mmol) were reacted @thanol/water (21 mL) mixture as per
the general procedure. The desired prodistas purified by silica gel column using 25%
DCM/hexane as solvent mixture. Yellow solid, Yiel84% (2.20 g).Rr = 0.20 (silica,
DCM/hexane 1:3)*H NMR (CDCk, 500 MHz,d ppn): 8.37 (s, 1H), 8.13 (d} = 8 Hz, 1H), 8.05
(d,J = 15.5 Hz, 1H), 7.93 (dl = 8.5 Hz, 2H), 7.77 (d] = 8.5 Hz, 1H), 7.65 (d] = 8.5 Hz, 2H),
7.52 (d,J = 15 Hz, 2H), 7.43-7.40 (m, 2H), 7.29 Jt= 7.5 Hz, 1H), 4.31 (tJ = 7.5 Hz, 2H),
1.90-1.84 (m, 2H), 1.44-1.37 (m, 2H), 0.95 Jd5 7.5 Hz, 3H).*C NMR (CDCE, 125 MHz,5
ppm): 189.37, 147.11, 142.13, 141.02, 137.57, 13118P.00, 127.41, 126.40, 126.39, 125.72,
123.44, 122.77, 121.74, 120.60, 119.79, 118.39,2P09109.19, 43.07, 31.11, 20.54, 13.87.
HRMS (ESI-Q-TOF): GsH23BrNO" [M+H]™ calcd:nvz 432.0963, foundiz 432.0954.

General Procedure for compounds (4-6) A chalcone (1 equiv.) was dissolved in ethananth
nitromethane (20 equiv.) and KOH (0.2 equiv.) wadeled in the reaction flask. The reaction
mixture was refluxed for 12 h; as the reaction pesged, the color changed from light yellow to
black. Reaction mixture was extracted with ethydtate and dried over anhydrous,8&, and
solvent was evaporated by using rotary evapordtoe. desired product was subjected to silica
gel column chromatography for purification.

Compound (4) Chalconel (2.5 g, 8.70 mmol), nitromethane (9.3 mL, 174.1aat) and KOH
(98 mg, 1.74 mmol) were refluxed in ethanol (80 nals) per general procedure. The desired

product4 was purified by silica gel column using 6% ethyette/hexane mixture. Brown oill,

35



Yield: 70% (2.12 g)R: = 0.20 (silica, DCM/hexane 1:1%H NMR (CDCk, 500 MHz,d ppm):
7.76 (d,J = 9 Hz, 2H), 7.58 (d) = 8.5 Hz, 2H), 7.34-7.31 (m, 2H), 7.28-7.26 (m,) 3#82-4.78
(m, 1H), 4.70-4.65 (m, 1H), 4.22-4.17 (m, 1H), 33186 (m, 2H)**C NMR (CDCE, 125 MHz,

0 ppm): 195.89, 138.94, 135.12, 132.09, 129.54, 1291P8.84, 127.99, 127.44, 79.51, 41.49,
39.27. MS (ESI-Q-TOF): GH14BrO" [M-NO,]"* calcd:mvz 301.0228, foundin/z 301.0326.
Compound (5) Chalcone2 (3.5 g, 11.76 mmol), nitromethane (12.6 mL, 235m&mol) and
KOH (132 mg, 2.35 mmol) were reacted in ethanol (80) as per general procedure. The
desired producbt was purified by silica gel column using 6% ethyette/hexane mixture.
Brown oil, Yield: 49% (2.04 g)R; = 0.20 (silica, DCM/hexane 1:1JH NMR (CDCk, 500
MHz, & ppn): 7.79 (d,J = 8.5 Hz, 2H), 7.61 (d] = 8.5 Hz, 2H), 7.21 (d] = 5 Hz, 1H), 6.95-
6.93 (m, 2H), 4.84-4.81 (m, 1H), 4.73-4.69 (m, 1#E6-4.50 (m, 1H), 3.52-3.42 (m, 2HJC
NMR (CDCk, 125 MHz, d ppm): 195.50, 141.64, 135.00, 132.14, 129.56, 128199,.21,
125.65, 124.82, 79.77, 42.26, 34.74. MS (ESI-Q-TQE)H1:BrOS" [M-NO,]" calcd: m/z
306.9792, foundm/z 306.9904.

Compound (6) Chalcone3 (2.0 g, 4.62 mmol), nitromethane (4.9 mL, 92.52 gtfynrand KOH
(51 mg, 0.92 mmol) were reacted in ethanol (70 ed.per the general procedure. The desired
product6 was purified by silica gel column using 6% ethyette/hexane mixture. Brown oill,
Yield: 57% (1.32 g)R; = 0.28 (silica, DCM/hexane 1:13H NMR (CDCk, 500 MHz,d ppm):
8.05 (d,J = 7.5 Hz, 1H), 7.96 (s, 1H), 7.77 @ = 8.5 Hz, 2H), 7.57 (d] = 8.5 Hz, 2H), 7.47-
7.44 (m, 1H), 7.38 (dJ = 8.5 Hz, 1H), 7.34 (d) = 1 Hz, 2H ) 7.23-7.20 (m, 1H}°C NMR
(CDCls, 125 MHz, d ppm): 196.22, 140.86, 139.97, 135.28, 132.03, 1291%B.10, 128.69,

126.01, 124.89, 123.25, 122.36, 120.41, 119.12,9818109.23, 108.85, 42.94, 42.24, 39.57,
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31.14, 20.56, 13.87. MS (ESI-Q-TOF)3¢8,6BrN-Os" [M+H]" calcd:m/z 493.1127, foundg/z
493.1346.

General Procedurefor Aza-Dipyrrins(7-9) Compound4 or 5 or 6, 1 equiv.) was dissolved in
15.00 mL ethanol and NJ@Ac (35 equiv.) was added to it. The reaction mtwas allowed to
stir for 48 h towards; after 12h product was priéatpd as blue solid. The crude product was
filtered and washed with cold ethanol to obtainepaza-dipyrrins.

Compound (7) Compound4 (2.1 g, 5.74 mmol) was reacted with MdAc (15.5 g, 201.03
mmol) in ethanol (40 mL) as per the general procedo get aza-dipyrrid. Blue solid, Yield:
22% (0.82 g)R: = 0.24 (silica, DCM/hexane 1:2H NMR (CDCk, 500 MHz,5 ppm): 8.03 (d,J

= 7.5 Hz, 4H), 7.77 (d] = 8 Hz, 4H), 7.66 (d] = 7.5 Hz, 4H), 7.43-7.41 (m, 4H), 7.38-7.35 (m,
2H), 7.15 (s, 2H). MS (MALDI-TOF): @HxBrNs" [M]* calcd: mVz 607.0082; foundmz
607.034

Compound (8) Compound5 (2.0 g, 5.64 mmol) was reacted with MBAC (15.2 g, 197.61
mmol) in ethanol (40 mL) as per the general prooedo get aza-dipyrri®. Blue solid, Yield:
20% (0.74 g)R: = 0.22 (silica, DCM/hexane 1:2H NMR (CDCk, 500 MHz,5 ppm): 7.83 (d,J

= 3 Hz, 2H), 7.71 (dJ = 8 Hz, 4H), 7.63 (d] = 8 Hz, 4H), 7.43 (d) = 5 Hz, 2H), 7.14 ()= 4
Hz, 2H), 7.01 (s, 2H). MS (MALDI-TOF): £H17Br.NsS," [M]* calcd:nvz 618.9210; foundm/z
618.034.

Compound (9) Compound6 (2.0 g, 4.05 mmol) was reacted with MpAc (10.9 g, 141.87
mmol) in ethanol (40 mL) as per the general procedBlue solid9, Yield: 16% (0.61 g)R; =
0.20 (silica, DCM/hexane 1:1.5%4 NMR (CDCk, 500 MHz,5 ppm): 8.76 (s, 2H), 8.28 (dl =
8.5 Hz, 2H), 7.86 (dJ = 7.5 Hz, 2H), 7.77 (d] = 8 Hz, 4H), 7.61 (dJ = 7 Hz, 4H), 7.42-7.36

(m, 4H), 7.28 (s, 2H), 7.17 (s, 2H), 7.02Jt 7.5 Hz, 2H), 4.18 (d] = 7.5 Hz, 4H), 1.82-1.76

37



(m, 4H), 1.39-1.31 (m, 4H), 0.91 @,= 7.5 Hz, 6H)MS (MALDI-TOF): CsHa3Br.Ns" [M]*
calcd:m/z 897.1865; foundm/z 897.330.

General Procedure for TPE Aza-Dipyrrins (10-12) The aza-dipyrrins7@or 8 or 9, 1 equiv.)
and tetraphenylethylene boronic acid (TPE boromic)a(2.2 equiv.) were dissolved in dry
toluene. After 5 minutes Pd(PHh(0.046 equiv.) was added in the reaction flaslenTathanol
and 2M KCO; were added and reaction mixture was refluxed fbh2at 85°C. The reaction
mixture was extracted with ethyl acetate and dogdr anhydrous N&O, and solvent was
dried. The crude reaction product was washed witth ethanol and the solid blue product was
directly used for the next step without column chatography.

Compound (10) The aza-dipyrrin7 (200.0 mg, 0.33 mmol), TPE boronic acid (273.2 g2
mmol), Pd(PP¥)4 (17.5 mg, 0.015 mmol) were mixed in dry toluenen{k). Then ethanol (2
mL) and 2M KCO; (2 mL) were added and general method followedstocgmpoundO, black
maroon solid. Crude yield: 25% (94 mg). MS (MALDGF): GssHsoN3 [M+H]" calcd: nvz
1110.7487; foundmn/z 1110.651.

Compound (11) The aza-dipyrrir8 (150.0 mg, 0.24 mmol), TPE boronicacid (200.5 &§3
mmol) and Pd(PRJy (12.8 mg, 0.011 mmol) were mixed in dry toluenens). Then ethanol (2
mL) and 2M KCOs; (2 mL) were added general method followed to gehmoundll, as blue
solid. Crude yield: 25% (68 mg). MS (MALDI-TOF)ggs6N3sS; [M+H] ™ calcd:mvz 1122.3916;
found:m/z 1122.554.

Compound (12) The aza-dipyrrir® (300.0 mg, 0.33 mmol), TPE boronic acid (276.5 ;g3
mmol) and Pd(PR)y (17.7 mg, 0.015 mmol) were mixed in dry toluenenl®). Then ethanol (2

mL) and 2M KCO; (2 mL) were added and general method followeddbcgmpoundl2, as
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bluish green solid. Crude yield: 17% (82 mg). MSAIMDI-TOF): CyoHgiNs [M] ™ calcd: mvz
1400.6526; foundm/z 1400.891

General Procedurefor Aza-BODIPY s (13-15)

In a clean dry two necked 250 mL round-bottomedkilaaza-dipyrrin 10 or 11 or 12, 1 equiv.)
was taken under inert atmosphere. Dry dichloronmghgDCM, 11 equiv.) and dry
diisopropylethylamine (DIPEA, 11 equiv.) were addedhe flask. After 15 min. BfOEb (15.6
equiv.) was added and reaction mixture was stifoe@4 hours at room temperature. The color
of the reaction mixture changed from blue to gredaen it was quenched with water and
extracted with dichloromethane. Solvent was driedr@anhydrous N&O, and evaporated on
rotary evaporator; crude aza-BODIPY43{15) were subjected to silica gel column
chromatography. The desired products were purifigccolumn chromatography on silica gel
and eluted with 40% DCM/hexane.

Compound (13) The aza-dipyrrin10 (80.0 mg, 0.072 mmol) and BBEL (0.13 mL, 1.12
mmol) were reacted in DCM (0.05 mL) /DIPEA (0.13 ymhixture as per the general procedure
to get pure aza-BODIPY3 as metallic green solid. Yield: 38% (32 m&. = 0.18 (silica,
DCM/hexane 1:2)'*H NMR (CDCk, 500 MHz,8 ppn): 8.13 (d,J = 8 Hz, 4H), 8.07 (d] = 7 Hz,
4H), 7.68 (d,J = 8 Hz, 4H), 7.46-7.41 (m, 8H), 7.12-7.05 (m, 38HL NMR (CDCE, 125
MHz, 6 ppm): 158.66, 145.84, 143.83, 143.70, 143.69,6613143.62, 142.99, 141.50, 140.46,
137.72, 132.39, 131.93, 131.44, 131.36, 130.27,2030.29.45, 129.39, 128.63, 127.83, 127.76,
127.67, 126.95, 126.63, 126.57, 126.51, 126.29,1P18F NMR (470.4 MHz, CDG, 8 ppm):
-131.40 (g, 2F) B NMR (160 MHz, CDC4, & ppm): 1.07 (t, 1B).MS (ESI-Q-TOF):

CasHsoBF2N3 [M+H] ™ calcd:m/z 1158.4770; found/z 1158.4749.
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Compound (14) The aza-dipyrrirll (70.0 mg, 0.06 mmol) and BOEL (0.12 mL, 0.97 mmol)
were reacted in DCM (0.05 mL) / DIEA (0.12 mL) mir¢ as per the general procedure to
afford pure aza-BODIPY14 as metallic green solid. Yield: 48% (35 m&}. = 0.18 (silica,
DCM/hexane 1:2)*H NMR (CDCk, 500 MHz,d ppm): 8.12 (d,J = 8.5 Hz, 4H), 7.96 (d] = 3

Hz, 2H), 7.69 (d,J = 8 Hz, 4H), 7.58 (dJ = 4.5 Hz, 2H), 7.45 (d] = 8.5 Hz, 4H), 7.22 (] =

4.5 Hz, 2H), 7.16-7.08 (m, 34H), 6.99 (s, 2EC NMR (CDC}, 125 MHz,$ ppm): 158.59,
145.20, 143.73, 143.68, 143.65, 142.88, 141.50,504140.49, 137.97, 137.75, 134.80, 132.73,
131.94, 131.46, 131.38, 130.24, 130.14, 129.66,282827.85, 127.78, 127.73, 127.69, 127.63,
126.88, 126.66, 126.59, 126.52, 126.40, 126.29,7616.14.63'°F NMR (470.4 MHz, CDG],

5 ppm): -130.36 (g, 2F)*'B NMR (160 MHz, CDCJ, 8 ppm): 0.98 (t, 1B)MS (ESI-Q-TOF):

C80H558F2N382+ [M+H]+ calcd:m/z1170.3899; foundmn/z1170.5956.

Compound (15) The aza-dipyrriri2 (80.0 mg, 0.05 mmol) and BEE®L (0.11 mL, 0.89 mmol)
were reacted in dry DCM (0.04 mL) /dry DIEA (0.1Q.ymixture as per the general procedure
to afford15 as metallic green solid. Yield: 46% (38 mB).= 0.16 (silica, DCM/hexane 1:2H
NMR (CDCk, 500 MHz,8 ppn): 8.93 (s, 2H), 8.37 (d} = 8.5 Hz, 2H), 8.17 (d] = 8.5 Hz, 4H),
8.00 (d,J = 7.5 Hz, 2H), 7.69 (d] = 8.5 Hz, 4H), 7.44-7.41 (m, 10H), 7.14-7.05 (18H3, 4.27

(t, J = 7.5 Hz, 4H), 1.87-1.81 (m, 4H), 1.42-1.35 (m,)4BL93 (t,J = 7.5 Hz, 6H).X°C NMR
(CDCls, 125 MHz, 5 ppm): 157.83,154.05, 143.91, 143.68, 140.54, B}0189.29, 137.98,
136.40, 132.73, 131.89, 131.45, 131.37, 131.34,3P31130.07, 127.82, 127.74, 127.71, 127.66,
127.61, 126.85, 126.38, 126.28, 122.14, 119.26,6014109.20, 108.98, 43.06, 33.83, 31.94,
29.70, 22.70, 20.53, 13.84°F NMR (470.4 MHz, CDG, & ppm): -130.48 (g, 2F)*'B NMR
(160 MHz, CDC4, & ppm): 1.16 (t, 1B). MS (ESI-Q-TOF): GoHgoBFNs" [M]™ calcd: mvz
1447.6475; foundmn/z 1447.9220.
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Compound (16) The aza-BODIPY13 (15.0 mg, 0.013 mmol)-iodosuccinimide (8.7 mg, 0.038
mmol) were reacted in CHE(0.05 mL)/AcOH (0.13 mL) (3:1) mixture at room tperature for

10 h. The color of the reaction mixture changedanfrdark brown to blue, then it was washed
with sodium thiosulfate and sodium bicarbonate ewrttacted with chloroform. The desired
product was purified by silica gel column chromaggapy and eluted with 30% DCM/hexane.
Evaporation of solvent mixture afforded aza-BODIR as blue green solid. Yield: 62% (32
mg). R = 0.19 (silica, DCM/hexane 1:2)H NMR (CDCk, 500 MHz,d ppnm): 7.81-7.79 (m,
4H), 7.72 (dJ = 8.5 Hz, 4H), 7.64 (d] = 8 Hz, 4H), 7.44-7.43 (m, 6H), 7.40 (M= 8 Hz, 4H),
7.13-7.07 (m, 22H), 7.08-7.04 (m, 12HJC NMR (CDC}, 125 MHz,5 ppm): 158.62, 145.19,
143.72, 143.66, 143.63, 142.90, 141.49, 140.48,9832137.74, 134.81, 132.73, 131.92, 131.44,
131.37, 130.24, 130.13, 130.10, 129.64, 128.28,887127.76, 127.67, 127.62, 126.88, 126.64,
126.57, 126.51, 126.28F NMR (470.4 MHz, CDGJ, 5 ppm):-130.46 (q, 2F)"'B NMR (160
MHz, CDCk, & ppm): 0.97 (t, 1B).MS (ESI-Q-TOF): G4HssBF:NsloNa™ [M]™ calcd: mvz

1432.2522; foundm/z 1431.2183.
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Highlights

= Donor-acceptor architectures consisting of tetraglehylene (TPE) and aza-
BODIPY moieties are reported.

= Very efficient intramolecular energy transfer (8039) was observed from “donor
TPE” to the acceptor “aza-BODIPY core”.

= Also, due to energy transfer process very largaigseStokes shifts (386-424 nm)
were observed for such D-A systems.

= Femtosecond transient absorption studies supperntedyy transfer in the molecules.

= TD-DFT studies and single crystal X-ray technique @so used to get more insight

about their spectral behaviour.
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