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INTRODUCTION

Two or more chromophore containing
supramolecular systems have attracted the interest
of the world of science, because of their potential for
significant applications ranging from energy transfer
to optoelectronic devices and sensors (1,2). This
interest have caused the synthesis and
characterization of a wide range of molecules placed
with different chromophores chosen for their
characteristic photophysical and electrochemical
features. Investigation of photophysical properties of
such compounds is especially fascinating and
extremely dependent on the functional dye systems
(3). Among many  organic  dyes, boron
dipyrromethene (BODIPY) dyes have an importance
as a fluorophore with many advantages including
high quantum vyield, high extinction coefficient,
narrow emission bandwidth, and so, insensitivity to
pH and solvent polarity, and considerable chemical
and photochemical stabilities in solid state and in

solution (4-6). BODIPYs are widely applied as
fluorophores and, if combined with an appropriate
electron donor or acceptor units like as pyrenes
exhibit efficient electron or energy transfer (7-9). In
addition, BODIPYs are excellent candidates as a m-
acceptor building block for optoelectronic
applications due to the planar dipyrromethene core
may ensure m-n stacking with delocalized HOMO-
LUMO orbitals, large dipole moment in the range of
3-5 Debye, oriented toward the fluorine groups,
could enhance thin film ordering by strong dipolar
interactions, and also a, B or meso positions are
easily functionalized for enhancing the conjugation
or solution processibility (10).

Pyrenes are also an important part of the
fluorophore family because of their unique
photophysical properties and abilities to create an
excimer caused to common use as a fluorescent
label in different macromolecules (11-13). In the UV
region, it has a high molar extinction coefficient and
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absorption spectra are possessed by the transition
to S, state because S; state is just about forbidden
(14,15). Fluorescence is emitted from S; state,
causing an extremely obvious Stokes shift because
internal conversion from S, to S; is ultrafast (75-85
fs) (16,17). Because of the low oscillator strength, S,
lifetime is quite long which makes pyrene beneficial
for non-radiant energy transfer (18). Conjugated
pyrene derivatives are one of the significant organic
functional intermediates as an organic
semiconductor for application in photovoltaic
devices such as OLEDs, OFETs, OLEFETs, and solar
cells. For this purpose, studies were carried out to
improve the electronic and optical properties of
pyrene derivatives by changing their molecular
structure by substituting electron donor or acceptor
groups (19-22). Although many photoactive
supramolecular systems containing two or more
chromophores have been reported up to date, only a
few articles about boron dipyrromethene-pyrene
systems have been published (23-27).

In this contribution, we herein have designed and
synthesized a solution processible D-A n-conjugated
small molecule which could be used as a
semiconductor in the application of organic
optoelectronics based on a BODIPY acceptor unit
and pyrene donor unit that is linked via an alkyne
spacer. The strategies designing the molecular
structure were; mn-donor pyrene unit substituted
through the meso position of m-acceptor BODIPY unit
for facilitating electron-transfer, methyl groups on
BODIPY unit ensure good solubility in many organic
solvents, so this solution processibility serves easy
purification and thin film formation which s
necessary for the semiconductor. The new
semiconductor shows a large dipole moment
calculated from the density functional theory
program provides intramolecular charge transfer.
The new molecule was characterized by mass
spectrometry, FT-IR, *H/**C NMR, elemental analysis,
and thermogravimetric analysis (TGA). The optical
and electrochemical properties of the new molecule
were examined by UV-Vis absorption, fluorescence
emission spectroscopies, and CV. Also, the
photophysical and electrochemical properties of the
molecule were studied by DFT program to calculate
the photophysical and electrochemical parameters
(28-30).

EXPERIMENTAL SECTION

Materials and Equipments

All reagents and solvents were bought through a
trading agent and wused as received unless
mentioned. The reactions were done under argon
gas unless otherwise noted. Analytical thin layer
chromatography (TLC) for monitoring the reactions
was used on silica gel plates (Merck, Kieselgel 60,
0.25 mm thickness) with an Fs, indicator. Silica gel
(Merck, Kieselgel 60, 230-400 mesh) was used in
column chromatography. H and **C NMR spectra
were taken in CDCI; solution on Varian INOVA 500
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MHz spectrometer. Elemental analysis was
performed using a Thermo Finnigan Flash 1112
Instrument. Mass spectra were recorded on a Bruker
Daltonics Microflex LT MALDI-TOF mass
spectrometer. Infrared spectra were measured on a
Perkin  Elmer Spectrum 100 Optica FT-IR
Spectrometer. UV-Vis spectra were measured with a
Shimadzu 2101 uv spectrophotometer.
Fluorescence excitation and emission spectra were
measured on a Varian Eclipse spectrofluorometer by
using 1 cm path length cuvettes at 25 °C. Thermal
properties of the compound were investigated on
Mettler Toledo TGA/SDTA 851 TGA at a heating rate

of 10 °C min' under nitrogen flow. The
electrochemical experiments were acquired using a
CHI842B electrochemical workstation (CH
Instruments).

Electrochemical Calculations

The electrochemical measurements were carried out
by CV under argon at 25 °C with a scanning rate of
100 mVs?. The experiments were performed in
anhydrous dichloromethane with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFg)
as an electrolyte. A standard three-electrode system
in an electrochemical cell was used where a glassy
carbon electrode served as the working electrode, a
platinum wire electrode was the counter electrode,
and an Ag/AgCl (saturated KCI) electrode was used
as the reference electrode. The results are adjusted
versus the Fc/Fc* redox couple potential. The HOMO
energy level of the compound was calculated from
the onset oxidation potential (E.x) in CV, using the
equation of HOMO=-[E.x - Eix(ferrocene)+ 4.8] V,
where Eix(ferrocene) is the onset oxidation potential
of ferrocene vs. Ag/AgCl reference electrode and 4.8
eV is the energy level of ferrocene below vacuum
level. The LUMO energy level was calculated from
the onset reduction potential in cyclic voltammetry,
using the equation of LUMO=-[Eq - Ei(ferrocene)+
4.8]1 V. The band gap (E,) was calculated using the
equation of Eq= Eiumo- Enowmo.

Synthesis

The necessary compound 1, 2 and 3 for the
successful preparation of novel Py-BODIPY 4 were
synthesized and characterized according to
literature procedure (31, 32).

Synthesis of
ylethynyl)silane (1)
1-Bromopyrene (100 mg, 3.6 mmol) was added to
triethylamine (EtsN) (40 mL) and toluene (6 mL) and
then, tetrakis(triphenylphosphine)palladium(0)
(Pd(PPhs)4) (210 mg, 0.18 mmol), copper(l)iodide (69
mg, 0.36 mmol) , triphenylphosphine (PPhs) (94 mg,
0.36 mmol) were added under argon atmosphere,
respectively. Then the reaction mixture was heated
to 60 °C and trimethylsilylacetylene (TMSA) (700
mg, 7.2 mmol) was injected through a septum. After
15 min the reaction was heated to 80 °C and stirred
overnight. The cooled reaction mixture was
extracted with dichloromethane and water. The

trimethyl(pyren-1-
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collected organic phase was dried over Na,SO,, and
the solvent was evaporated under reduced pressure.
The residue was purified by column
chromatography, and petroleum ether was used as
the eluent. *H NMR (in CDCIs) 6 (ppm) = 8.58 (d, 1H,
/=8.5 Hz), 8.16-8.02 (m, 8H), 0.43 (s, 9H). MS
(MALDI-TOF) (C:1H1sSi) m/z: Calc. 298.12, found
299.067 [M+H]*.

Synthesis of 1-ethynylpyrene (2)

Compound 1 (370 mg, 1.2 mmol) was suspended in
methanol (25 mL). K;CO; (330 mg, 2.4 mmol) was
added and the reaction mixture stirred at room
temperature (rt) overnight and then poured into
water (100 mL) and filtered. The filter was washed
with water until the filtrate was neutral. Compound
2 was obtained as a brown solid (230 mg, 85%). 'H
NMR (in CDCIl5) 6 (ppm) = 8.60 (d, 1H, /=8.8 Hz),
8.25-8.02 (m, 8H), 3.63 (s, 1H). MS (MALDI-TOF)
(C1gH10) m/z: Calc. 226.08, found 226.089 [M]*.

Synthesis of 1,3,5,7-tetramethyl-8-(4-
bromophenyl)-4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene (3)

4-Bromobenzaldehyde (1.0 g, 5.4 mmol), 2,4-
dimethylpyrrole (1.0 g, 10.5 mmol) and
trifluoroacetic acid (TFA) (16 uL, 0.2 mmol) were
dissolved in dry dichloromethane (250 mL) under
argon, and the reaction mixture was stirred at rt for
18h. The disappearance of the benzaldehyde was
controlled via TLC and then a solution of 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (1.2
g, 5.3 mmol) in dry tetrahydrofuran (THF) (20 mL)
was added slowly to the reaction mixture and stirred
for an additional 4 h. The mixture was then cooled
to 0 °C, EtsN (16 mL) was added, and then the
mixture was warmed to rt. After stirring for 2h,
boron trifluoride diethyl etherate (BF;.OEt;) (16 mL)
was added, and the reaction mixture stirred for an
additional 18 h at rt. A saturated sodium
bicarbonate solution (200 mL) was then added to
the mixture. The organic layer was separated and
concentrated under reduced pressure to
approximately 50 mL followed by the addition of 200
mL water. The mixture was extracted with diethyl
ether (3 times of 200 mL), the collected organic
extracts were dried over anhydrous Na,SO, and the
solvent was evaporated under reduced pressure.
The raw product was purified by flash column
chromatography on silica gel eluting with
dichloromethane/n-hexane (1:1) to obtain the
product as a dark-orange solid (101 mg, 25% yield).
'H NMR (in CDCls) & (ppm) = 7.63 (d, 2H, /=8.0 Hz),
7.20 (d, 2H, /=8.0 Hz), 5.94 (s, 2H), 2.52 (s, 6H),
1.45 (s, 6H); MS (MALDI-TOF) (Ci9H1sBF:N2Br) m/z:
Calc. 402.071, found 403.064 [M+H]*.
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Synthesis of 1,3,5,7-tetramethyl-8-(4-(pyren-
1-ylethynyl)phenyl)-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (4)

Compound 3 (100 mg, 0.25 mmol) was dissolved in
EtsN (1.2 mL) and it was bubbled with argon for 15
min. Later on, bis(triphenylphosphine)palladium
dichloride (Pd(PPhs).Cl;) (5.26 mg, 0.0075 mmol),
Cul (3.09 mg, 0.016 mmol), PPh; (3.3 mg, 0.013
mmol), and 1-ethynylpyrene (2) (57 mg, 0.25 mmol)
were added to the solution under argon. The reacted
product was heated to 60 °C and stirred for 24 h. It
was cooled to rt and concentrated under reduced
pressure. The pure product was obtained as a
reddish solid (27 mg, 20% yield) after silicagel-filled
column chromatography with using
n-hexane/dichloromethane (10:1) solvent system. H
NMR (in CDCl3) & (ppm) = 8.70 (d, 1H, /=8.6 Hz),
8.27-8.23(m, 4H), 8.15 (dd, 2H, /=16.1 Hz, J= 8.3
Hz), 8.07 (m, 2H), 7.86 (d, 2H, /=8.2 Hz), 7.38 (d,
2H, /=7.4 Hz), 6.02 (s, 2H), 2.58 (s, 6H), 1.51 (s, 6H);
C NMR (in CDCl;) &6 (ppm) = 157.52, 155.72,
150.73, 142.85, 141.73, 138.53, 137.12, 135.44,
135.10, 131.72, 131.11, 129.77, 129.59, 129.33,
128.95, 128.64, 128.25, 127.69, 126.68, 125.25,
119.20, 116,25, 110.25, 87.96, 87.10, 15.88, 14.89.
Elemental analysis: Calc. for Cs;H;BF2N,: C, 81.03;
H, 4.96; N, 5.11. Found: C, 80.79; H, 5.13; N, 5.18%.
MS (MALDI-TOF) m/z: Calc. 548.44, found 548.74 [M]
+

RESULTS AND DISCUSSION

The synthetic route for the synthesis of 4 was
outlined in Scheme 1. The intermediates (1, 2, and
3) which were used in the synthesis of the target
compound were carried out according to the
literature procedures. Briefly, 1 was obtained from a
Sonogashira  cross-coupling reaction of 1-
bromopyrene and TMSA, using palladium pre-
catalyst and copper co-catalyst system, following
this reaction trimethylsilyl group of 1 was eliminated
with K;COs in methanol, and 2 was obtained in high
yield of 85%. On the other hand, 3 was prepared by
sequential reactions. For this purpose first, the
condensation reaction of 2,4-dimethylpyrrole with 4-
bromobenzaldehyde in the presence of TFA was
performed to obtain dipyrromethane, then it was
oxidized with DDQ and then coordinated with
BF;.OEt, using Et:N as the base to afford 3
intermediate. Conjugated pyrene-BODIPY target
compound 4 was obtained by the Sonogashira
reaction in the presence of Pd(PPhs;).Cl,/Cul catalyst
system and Et;N (acted as base and solvent) of the
prepared intermediates. Encouragingly, the good
solubility of the target compound in many organic
solvents helped easy purification and analysis of
pyrene-BODIPY 4. Despite of good solubility the pure
compound 4 was obtained in 20% vyield only.
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Scheme 1: The synthetic route to compound 4. (i) TMSA, Et;N, Toluene, Cul, Pd(PPhs)4, PPhs; (ii) K,COs;,
MeOH; (iii) TFA, THF, DDQ, EtsN, BF3.0Et,; (iv) EtsN, Cul, Pdz(PPhs),Cl;, PPhs.

The structures of the molecules were determined
with general spectroscopic methods, such as mass
spectrometry, NMR spectroscopy, FT-IR spectra, and
elemental analysis. The results received were
matched with the expected structures as seen in the
experimental part. In Figure 1, the molecular ion
peak of the target compound was seen at m/z 548,
additional peak which was seen at m/z 529 was
attributed to the separation of fluorine, which is
common in BODIPY compounds (33). The
characteristic carbon-carbon triple bond and acetyl-
CH stretch bands of the acetylene group were seen
at 3292 and 2100 cm™ on FT-IR spectra of EthyPy
compound. However, the disappearance of the band
at 3292 cm? while the band at 2100 cm™ only
shifted to 2200 cm™, confirmed the structure of 4
(Figure 3). The 'H NMR spectra of 4 is shown in
Figure 2. The pyrene protons were located in the
region of 6=8.22-8.71 ppm, and the phenyl protons
were shown at 7.86 and 7.38 as two sets of a
doublet. The proton signals of two CH-groups and
the four CHs-groups on the pyrrole ring were
monitored at 6=6.02 ppm and 6=2.58, 1.51 ppm,
respectively.

The thermal
carried out

behavior of the compound 4 was
using TGA. The decomposition

temperature (Td) of the compound was estimated in
the temperature scale from 25 °C to 700 °C at a
heating rate of 10 °C/min and TGA observed that the
compound has good stability in nitrogen, with the
5% of Td of 227 °C. Remained char yield was 52% at
700 °C (Figure 4).

As shown in Figure 5a, UV-Vis absorption and
normalized fluorescence emission spectra of dye 4
and its sub-units 2 and 3 chromophores were
measured at rt in dichloromethane for comparison.
2 and 3 exhibit absorption maxima at 358 and 502
nm which were attributed n-m* transitions of pyrene
and BODIPY moieties, respectively (31,34). The dye
4 exhibits a strong absorption peak at a low energy
band (502 nm) which is appointed to the S¢-S;
transition of BODIPY unit and, the broad absorption
peak at high energy band region (347- 384 nm) is
appointed to So-S; transitions of the pyrene unit and
also Sy-S: transition of BODIPY unit, which are
consistent with previously reported pyrene and
BODIPY chromophores (35-39). The optical energy
gap width (E,S") obtained from the absorption
spectra in solution is 2.43 eV which consistent with
the experimental result from the CV.
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Figure 2: 'H NMR spectra of 4 in CDCls.
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Figure 4: TGA thermogram of 4 at a temperature ramp of 10 °C/min under N-.
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Fluorescence emission spectra for all compounds
obtained upon excitation at 350 nm for comparison.
The emission spectra of compounds show good
mirror symmetry with the corresponding absorption
bands except one that corresponds to pyrene on
BODIPY unit is at the range of 350-390 nm are no
longer present. (Figure 6a). Also, the lifetime of the
compounds was studied at 310 nm excitation and
observed 16 ns for 2, 2.78 ns for 3 and, 1.78 ns for
4 (Figure 6b).
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Cyclic voltammetry in dichloromethane solution
demonstrates a reversible reduction for 4 with the
half-wave potential (Ei, red) located at -1.13 V (vs
Ag/AgCl). This shows a high LUMO energy level of -
3.27 eV for 4 shows reversible oxidation for 4 with
the half-wave potential (E., 0x) located at 1.30 V (vs
Ag/AgCl) and the HOMO energy level of -5.70 eV for
4 (Figure 5b).
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T T T T T T
05 00 05 10 15 20
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Figure 5: a) Optical absorption spectra of 4 in dichloromethane solution, and the corresponding optical
band gap (Eg). b) Cyclic voltammogram of 4 in dichloromethane (0.1 M BusN*PFs, scan rate = 100 mV/s)
and experimental HOMO-LUMO energy levels.
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Figure 6: a) Fluorescence spectra b) Lifetime spectra of compounds (2, 3, and 4).

To understand more about the structural and
electronic properties of the compound 4, DFT
analysis was performed at the B3LYP/6-31G* basis
set. DFT calculations show that the phenyl ring is
orthogonal to the BODIPY ring plane at a 90°
dihedral angle. The reason is thought to be due to
the steric impediment of methyl groups located at B-
positions of pyrrole unit, so this impediment

prevents the free rotation of the phenyl ring (40).
The molecule exhibits a large dipole moment of 4.90
D that enables higher intramolecular charge-transfer
rates (41). The dipole moment is higher than that
previously reported a similar molecule in the
literature (42). The calculations indicate that both
HOMO and LUMO levels are placed on the BODIPY
unit (Figure 7).
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Figure 7: a) Molecular structure of compound 4, b) Optimal geometry along with calculated dipole
moment, c¢) Optimized molecular geometry showing inter-ring dihedral angle, d) DFT calculated frontier
molecular orbital (HOMO and LUMO energy levels).

CONCLUSION

A new conjugated BODIPY dyad 4 consisting of
pyrene as a donor group and BODIPY as an acceptor
group linked via ethyne spacer was designed,
synthesized, and successfully characterized. For a
better understanding of its molecular nature, energy

levels (HOMO/LUMO), and optical/electrochemical
features were also examined by theoretical
calculations, absorption and emission

spectroscopies, and cyclic voltammetry. Based on all
the studies, it can be concluded that the newly
synthesized pyrene-BODIPY, a molecule having a
relatively low band gap, could be of promising
interest in future OLEDs.
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