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Synthesis, photophysical and electrochemical
properties of a new star-shaped molecule with
a 1,3,5-triethynylbenzene core and
diketopyrrolopyrrole arms+

Chunpeng Li, Qingfen Niu, ©2* Shanshan Zhang, Tianduo Li and Qingxin Yang

A new star-shaped small molecule BDPP-1 based on 1,3,5-triethynylbenzene as a core and
diketopyrrolopyrrole (DPP) as rigid arms have been successfully designed and synthesized. The thermal
stability, photophysical and electrochemical properties were explored. The synthesized star-shaped small
molecule BDPP-1 exhibited excellent solubility, high thermal stability, broad and strong absorption,
narrow band gap and appropriate molecular levels. Moreover, the photoinduced charge separation
process between the synthesized donor and acceptor PCgBM was evaluated by the fluorescence
quenching experiment, revealing that the donor material BDPP-1 possessed efficient photoinduced
charge separation performance. These detailed investigations on the structure-property relationship of
the novel star-shaped molecule revealed that BDPP-1 is a prospective candidate as a donor material for

rsc.li/rsc-advances organic photovoltaic materials.

Introduction

Recently, various design rules and interesting new materials
have been explored including organic small molecules (OSMs)
and polymers. Among many functional materials, the small
conjugated organic molecule based materials have gained
much attention because of their unique advantages of well-
defined molecular structure, definite molecular weight, high
purity, and better batch-to-batch reproducibility.”* Such
conjugated small molecules generally included linear mole-
cules,*® star-shaped molecules,*” X-shaped molecules,® and
dendritic molecules.® As is well known, the star-shaped small
molecules of m-conjugated structure have displayed many
outstanding advantages over linear conjugated small molecules
such as monodispersity, excellent solubility as well as vast
structures with different functional groups. Moreover, the
enlarged m-conjugated structure can bring forth a strong
propensity for stacking into 1D columns as the preferred charge
transporting pathway, which supports to improve the carrier
mobilities of the functional materials.”** More recently, the
star-shaped small molecules have also attracted considerable
attention as donor/acceptor materials in solution-processed
bulk heterojunction (BH]J) organic solar cells (OSCs) in terms
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of their intriguing properties such as high solution process-
ability, high thermal stability, good absorption coefficient, high
mobility, narrow band gap as well as strong and broad
absorption in the visible region.””™* So far, the reported star-
shaped molecules are frequently developed through tangle-
some synthetic methodologies from several well-known cores
such as phenylene'**® triphenylamine™>' and truxene.”>*
Therefore, more efforts should be focused on the seeking of new
cores and straightforward synthetic methodologies to develop
advanced star-shaped molecular materials for the time being.

Diketopyrrolopyrrole (DPP) as a promising acceptor unit has
received a great deal of attention for optoelectronic applications
due to its easy and large-scale preparation, unique -conjugated
system, excellent coplanarity, strong and broad absorption,
high fluorescence quantum, exceptional stability and modifi-
cation of N-alkyl chains.>*?® For the time being, DPP based
compounds have got huge fame attributed to their excellent
photophysical properties such as high molar extinction coeffi-
cient, high thermal and photo stability. Because of their struc-
tural versatility, they have been used as p-type, n-type, or
ambipolar organic semiconductors in organic electronics
including organic photovoltaic cells (OPVs),* field effect tran-
sistors**** and chemo/bio-sensors.*

Currently, many C3-symmetric functionalized groups have
been used to build star-shaped molecules,** which have
attracted considerable attention in the field of materials science
owing to their divergent and extended m-conjugation. The
classes of C3-symmetric star-shaped molecules are also found
to have important applications in liquid crystals, photovoltaics,
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organic field-effect transistors, organic light-emitting diodes,
electroluminescent devices as well as organic solar cells.***
Some C3-symmetric molecules containing heterocycles have
been synthesized and utilized in electro-optical materials, and
separation science.®® As part of our program aimed at designing
new star-shaped C3-symmetric molecules, we conceived new
strategy to DPP-based C3-symmetric molecules, and the incor-
poration of arylene ethynylene structural motifs into m-conju-
gated compounds is expected to render them more interesting
and desirable properties and hence is of great interest to us.

In this study, we report on the synthesis and comprehensive
study of a new star-shaped small molecules based on 1,3,5-
triethynylbenzene as core and N-alkyl substituted DPP as rigid
arms. The structure of 6,6',6"-(5,5,5"-(benzene-1,3,5-triyl-
tris(ethyne-2,1-diyl))-tris(thiophene-5,2-diyl))tris(2,5-dioctyl-3-
(thiophen-2-yl)pyrrolo[3,4-c|pyrrole-1,4(2H,5H)-dione) (BDPP-1)
is shown in Fig. 1. The whole molecule based on a 1,3,5-trie-
thynylbenzene core is symmetric with a three-branched struc-
ture. Its thermal, optical, electrochemical and electronic
properties have been well investigated. The investigated results
indicate that the synthesized star-shaped small molecule BDPP-
1 has a great potential as a donor material for organic photo-
voltaic applications.

Experimental
Materials

All reagents were obtained commercially and used without
further purification, unless otherwise noted. Toluene and
tetrahydrofuran were dried by distillation from metallic
sodium/benzophenone under nitrogen atmosphere before use.
Unless otherwise stated, all reaction carried in an air atmo-
sphere. Compounds 1,3,5-triethynylbenzene,* and DPP-1*
were synthesized following the same procedure as reported in
the literature.

Measurements and characterizations

'H and **C NMR spectra were collected on a Bruker Avance II
400 MHz spectrometer with CDCl; as the solvent with tetra-
methylsilane (TMS) as an internal reference. Infrared
measurements with the KBr pellet technique were performed
within the 4000-400 cm ™" region on a Bruker ALPHA FT-IR

Fig. 1 The chemical structure of BDPP-1.
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spectrometer. Mass spectra were measured on Agilent 1100
MS series/AXIMA CFR MALDI/TOF (matrix assisted laser
desorption  ionization/time-of-flight) MS  (COMPACT).
Elemental analysis for carbon, hydrogen, nitrogen and sulfur
was performed using an Elementar Vario EL III elemental
analyzer. UV-vis spectra of these samples (in CHCI; solution or
solid state) were recorded using a Hitachi U-4100 spectrometer.
All fluorescence measurements were carried out on a Hitachi F-
4600 fluorescence spectrophotometer with a scan rate at 2400
nm min~' at room temperature. For fluorescence measure-
ments, the slits for excitation and emission were set at 5/5 nm,
respectively. The excitation wavelength was set at 560 nm.
Thermogravimetric analysis (TGA) measurements were ob-
tained by TA Q500 instrument with heating rate of 10 °C min ™"
under nitrogen condition from room temperature to 800 °C at
ambient pressure. All CV measurements were carried out at
room temperature on a CHI832 electrochemical instrument
with a three-electrode cell in a solution of 0.1 M tetrabuty-
lammonium perchlorate (Bu,NClO,) in anhydrous dichloro-
methane at room temperature under nitrogen atmosphere with
a scan rate of 50 mV s~ '. The working electrode was platinum
electrode, the counter electrode was a platinized platinum wire
of large area, and the reference electrode was Ag/AgCl (Ag in
0.1 M AgNO; solution of MeCN) which was separated by a dia-
phragm. Ferrocene-ferrocenium (Fc/Fc*) couple was chosen as
internal standard. Thin-layer chromatography (TLC) was carried
out with silica gel GF254 covered on plastic sheets and visual-
ized by UV lamp, and flash column chromatographic separation
was performed over silica gel.

Synthesis of 6,6',6"-(5,5',5"-(benzene-1,3,5-triyltris(ethyne-2,1-
diyl))-tris(thiophene-5,2-diyl))tris(2,5-dioctyl-3-(thiophen-2-yl)
pyrrolo[3,4-c|pyrrole-1,4(2H,5H)-dione) (BDPP-1)

Following the Sonogashira coupling procedure, 1,3,5-triethy-
nylbenzene (0.15 g, 1.00 mmol) and DPP-1 (1.80 g, 3.00 mmol)
were dissolved in dry triethylamine (50 mL) and dry toluene (50
mL) under an atmosphere of nitrogen. Copper(1) iodide (0.20 g,
1.00 mmol) and dichlorobis(triphenylphosphine)palladium(i)
(0.04 g, 0.05 mmol) were added to the stirred solution. Then the
mixture was heated to 110 °C for 24 h by stirring under nitrogen
atmosphere. After cooling, the formed precipitate of triethyl-
amine hydroiodide was filtered off and washed with diethyl
ether. The combined filtrates were evaporated under reduced
pressure, and the crude product was purified by silica column
chromatography eluting with petroleum ether/
dichloromethane (v:v = 1:2) to afford compound BDPP-1
(0.46 g, 25%) as a dark purplish red solid. FT-IR (KBr, cm™ *): v =
3078, 2957, 2924, 2855, 2195, 1666, 1556, 1453, 1404, 1381,
1314, 1235, 1162, 1092, 1066, 1022, 923, 857, 817, 731, 711, 671;
'H NMR (400 MHz, CDCl;, ppm): 6 8.91 (d,J = 2.8 Hz, 3H), 8.86
(d,J = 3.6 Hz, 3H), 7.62 (s, 3H), 7.58 (d, J = 4.0 Hz, 3H), 7.36 (d, J
= 4.0 Hz, 3H), 7.22 (t, ] = 4.0 Hz, 3H), 4.00 (t, ] = 3.2 Hz, 12H),
1.68 (m, 12H), 1.55 (m, 12H), 1.36 (m, 12H), 1.19 (m, 36H), 0.81
(t,J = 7.6 Hz, 18H); "*C NMR (100 MHz, CDCl;, ppm): 6 160.69,
160.56, 139.94, 137.97, 135.16, 134.59, 133.42, 133.15, 130.78,
130.31, 129.22, 128.28, 126.74, 123.09, 108.28, 107.31, 94.79,
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83.56, 67.66, 41.83, 38.28, 31.25, 29.89, 29.55, 29.41, 29.16,
28.66, 28.42, 26.38, 23.28, 22.44, 22.09, 13.52, 10.42; MALDI-
TOF MS: calc. for C;.H120N606Se: [M] 1716.8, found: [M]
1716.5; anal. caled (%) for C;9,H;20NsO06Se: C, 71.29; H, 7.04; N,
4.89; S, 11.20. Found: C, 71.21; H, 7.11; N, 4.86; S, 11.18.

Results and discussion
Synthesis and thermal stability properties

The synthetic route of BDPP-1 is outlined in Scheme 1. Star-
shaped molecule BDPP-1 was synthesized by Pd-assisted Sono-
gashira coupling reaction. The chemical structure was deter-
mined with 'H NMR, "*C NMR, IR and MALDI-TOF MS, which
was consistent with its proposed structure. The donor material
possesses good solubility in common organic solvents such as
THF, diether, dichloromethane, chloroform and dichloroben-
zene due to the N-alkyl-substituted DPP as a segment of the
molecular backbone, which allows it to be easily purified by
column chromatography and also meets the requirement for
fabrication of solution-processed OPV device. The thermal
stability of the compound BDPP-1 was explored by TGA as
shown in Fig. 2. BDPP-1 has good thermal stability with onset
decomposition temperature corresponding to 5% weight loss at
315 °C. Obviously, the thermal stability of the material BDPP-1
was good enough for application in OPV device.*?

Optical properties

The optical properties of the star-shaped molecule BDPP-1 was
preliminarily studied by using UV-vis absorption measurement.
The normalized UV-vis absorption spectra of the material in
chloroform solution (1.7170 mg mL™") and in thin film are
depicted in Fig. 3. The compound BDPP-1 shows two primary
absorption bands at low and high energy region with a broad
absorption range covering 320-630 nm in solution and 300-
750 nm in thin film state, respectively, with a high molar
extinction coefficient (&) of 1.00 x 10° M~ em ™' at 577 nm. The
absorption peak in lower wavelength region (around 360 nm) is
ascribed to the m-m* transition of the conjugated backbone,
whereas the lower energy absorption band peaking at 586 nm
can be attributed to intramolecular charge transfer (ICT) tran-
sition between donor and acceptor unit of the star-shaped
OSMs.® In solid state, the main absorption peaks became
broader and showed an ICT peak around 614 nm, which is red
shifted by 28 nm as compared to that in solution. This may be
attributed to the enhanced intermolecular -7 interactions in

1\ o]
= . S \N Cul, Pd(PPh;3),Cl,
o N\ ‘S, Et;N, toluene

Scheme 1 Synthetic route of the star-shaped compound BDPP-1.
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Fig. 2 TGA plot of BDPP-1 recorded at a heating rate of 10 °C min™!
under a nitrogen atmosphere.

the solid state. Moreover, the shoulder absorption peak around
567 nm was clearly observed from the thin-film, which further
indicated the stronger m-stacking due to the crystalline nature
of the small molecule.**> The optical band gap (Eg™) was
calculated from the absorption edge of the BDPP-1 film to be
1.65 eV, which is an ideal range for OPV applications.*
Optical spectral red shifts in the absorption and fluorescence
are expected in polar solvents because of the stabilization of the
ICT occurring between the terminal donor-acceptor groups. To
prove the hypothesis, the absorption and the fluorescence
spectra of the star-shaped molecule BDPP-1 (1.0 X
10~° mol L") were investigated in eight organic solvents with
different polarities such as CCl,, toluene, CH,Cl,, ether, CHCl;,
ethylacetate, THF and acetone due to varying polarities.*
Firstly, the absorption property of the compound BDPP-1 was
characterized in different organic solvents (Fig. 4). A slightly
positive solvatochromism is clearly observed, as the absorption

Abs / a.u

0.2

0.0 4————p—er——p——————r———r

300 400 500 600 700 800
Wavelength / nm

Fig.3 Normalized UV-vis absorption spectra of BDPP-1in chloroform
and in thin film.
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Fig. 4 Normalized absorption spectra of BDPP-1 (1.0 x 107° M) in
different solvents.

maxima in polar solvents is red shift compared to that in apolar
solvents (Table 1). This observation indicates that the electronic
excitation increases the dipole moment of the molecules and
that the directions of the ground and excited state dipoles are
similar to each other.” That's to say, the electron transition
types do not change and the red shift is caused by ICT process,
which has been significantly affected by the surrounding
medium.*®

Subsequently, the fluorescence spectra of the compound
BDPP-1 were studied in eight solvents with different polarities.
As shown in Fig. 5, the fluorescence emission peaks were red-
shifted obviously with increasing solvent polarity, and the
emission maxima is 620 nm in CCl, and 656 nm in acetone. As
BDPP-1 contains an electron donorgroup and an acceptor
group, a charge transfer (CT) probably happen in the excited
state from the electron-donor moiety to the electron-acceptor
moiety. And the CT process is expected to greatly increase the
dipole moment in the excited state, therefore, which can explain
the positive fluorescence solvatochromism in the compound
BDPP-1. The shape of the fluorescence spectra bears a slight
change, indicating that the change of solvent polarity plays an
impact on the emissive center. Meanwhile, no new emission
peak occurs, suggesting that the significant ICT process
remains in different solvents. And the change in full width half
maximum (FWHM, becoming wider) confirms that the emissive

Table 1 Spectroscopic properties of BDPP-1 in different solvents

Solvent Aabs AFL Stokes shift
CCly 569 620 51
MeAr 571 624 53
CH,Cl, 571 636 65
Ether 577 638 61
CHCl; 577 640 63
EtOAc 581 645 64
THF 585 650 65
Acetone 583 656 73
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Fig. 5 Normalized fluorescence spectra of BDPP-1 (1.0 x 107> M) in
different solvents.

center is stabilized by polar solvent molecules and the excita-
tion state could be stabilized, thus resulting in the wider
spectra. However, at the same condition, the absorption is
almost no affected, suggests that a typical ICT effect happens
after excitation, prior to emission, and that the emission stems
from a strongly dipolar emissive state. The stabilization of the
ICT state by solvent molecules (the so-called solvent relaxation),
leads to great changes in the emission intensity and shape of
emission bands. Generally, the more the solvent polarizes the
lower energy of the relaxed state and the larger red-shift in
fluorescence spectra can be clearly observed.* This relaxation
effect is the essential for the polarity-dependent fluorescence of
the compound BDPP-1.

In addition, the solvent-dependent spectral shift is generally
interpreted by the orientation polarizability (Af), according to
the Lippert-Mataga method.” This involves plotting the
observed Stokes shift (Av) as a function of the solvent's orien-
tation polarizability (Af), which is described by solvent's
refractive index (n) and its dielectric constant (&), according to
the Lippert-Mataga equation: Af = (¢ — 1/2¢ + 1) — (n® — 1/2n* +
1). As clearly seen from Fig. 6, a fine linear correlation between
the Stokes shift of BDPP-1 and the solvent orientation polariz-
ability was found, indicating the involvement of solvent polarity
dependent ICT emissive states.

Photoinduced charge-separation properties

To evaluate the photoinduced charge separation process
between donor and acceptor, the fluorescence quenching
experiment was performed with the synthesized donor material
BDPP-1 and PC¢;BM, as shown in Fig. 7. As expected, the fluo-
rescence quenching phenomenon of BDPP-1 was clearly
revealed. The fluorescence intensity of BDPP-1 gradually
decreased with the increasing concentration of PC¢BM, indi-
cating an efficient charge separation process between the
synthesized donor and acceptor PCgBM. Moreover, the
dependence of fluorescence intensity on the concentration of
quencher PCq;BM is well linear at low concentrations in

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Emission spectra of BDPP-1 (1.0 x 107> M) in CHClz with
increasing concentration of PCg;BM (0-10 equiv.); inset: fluorescence
of BDPP-1 without and with PCg;BM in CHCls under UV light (365 nm);
(b) Stern—Volmer quenching fitting plot for BDPP-1.
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conformity with the Stern-Volmer equation:* Fo/F = 1 + Kgy[C],
where F, and F represent the emission intensity in the absence
and presence of PC4;BM, respectively, Kgy is the fluorescence
quenching constant, and [C] is the concentration of PC4BM.
According to Stern-Volmer equation, the fitting plot of the
BDPP-1 is shown in Fig. 7b. Accordingly, the Kgy value of BDPP-1
is 1.8 x 10* M. The high Kgy value showed that the material
presents the efficient charge separation process. Among the
solar cell materials, P3HT and PC¢;BM are classical donor and
acceptor materials. Compared with donor material P3HT,** our
designed small molecule BDPP-1 shows obvious advantages
such as the higher value of Kgy, providing the more efficient
charge separation process, as well as the broader absorption
band in the solution and film state (Table 2). Thus, the
synthesized star-shaped small molecule BDPP-1 is the good
candidate for the donor material in the OPV field.

Electrochemical properties”

To further evaluate the potential applicability in electronic
devices, the electrochemical properties and energy levels of the
star-shaped small molecule BDPP-1 were studied by cyclic vol-
tammetry (CV) experiment. As shown in Fig. 8, the first onset
oxidation potential was observed at 0.89 V, which was also
confirmed by the differential pulse voltammetry (DPV) result
(Fig. S51), whereas the onset reduction potential at —0.75 V. The
electrochemical band gap (Eg") and the corresponding energy
levels (HOMO®Y and LUMO®Y) could be achieved from E,, and
E.eq by using the following empirical equations:> Eyomocv =
—(Eox — Eij» + 5.1) eV and Epypo> = —(Erea — Eijz + 5.1) €V,
where E, and E,.q are the measured onset potentials relative to
Ag/Ag'. Eif, = 0.05 V versus Ag/Ag". Consequently, the HOMO®Y
and LUMO® levels for BDPP-1 are —5.94 and —4.30 eV,
respectively. The result indicates that BDPP-1 has a relatively
deep HOMO energy level, implied that it has good stability in
the air. Because of the relatively low HOMO energy level, BDPP-1
maybe has potential application in organic photoelectric and
photovoltaic materials.* The electrochemical band gap (Eg") of
BDPP-1 estimated from the CV measurement was 1.64 eV, which
was consistent with its optical band gap (Eg™) of 1.65 eV. Based
on these above investigated results, the CV experimental data
are very important to explain their optical-electronic properties
and provide an important guide for better understanding the
relationship between the star-shaped molecular structure and

property.

Theoretical calculations

In order to gain more detailed insight into the electronic char-
acteristics including the molecular energy levels and electronic
density distributions of the presented target compound BDPP-1,

Table 2 Photophysical properties of P3HT and BDPP-1

Compound Az (nm) Aem: (nm) Ksy (M)
P3HT 452 (CHCl,) 545 (film) 573 (CHCL,) 2.4 x 10°
BDPP-1 577 (CHCl;) 614 (lm) 640 (CHCl;) 1.8 x 10*

RSC Adv., 2019, 9, 28357-28363 | 28361
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density functional theory (DFT) calculations with Gaussian 03
software at the B3LYP/6-311G (d,p) level®® have been performed
as shown in Fig. S6.1 For DFT calculations, the alkyl chains in
the molecule BDPP-1 were replaced by methyl groups. As shown
in Fig. S6a,T the geometric structure optimized by DFT theo-
retical calculation indicate that the star-shaped molecule
exhibits a rigid spatial structure and has a good planar struc-
ture. Seen from the Fig. S6b,T the electronic densities of HOMO
are mainly distributed the central donor core and two terminal
DPP groups, whereas those of LUMO are predominantly located
on the two terminal DPP groups, revealing an effective ICT
transition from the electron-donating segment to the electron-
withdrawing unit. The introduction of m-bridge (-C=C-) has
an positive effect on their charge transfer properties. The
calculated energy levels of the HOMOP*" and LUMO™" are
—5.51 eV and —3.77 eV, respectively, and the calculated band
gap is 1.74 eV. The error of the calculated to the experimental
values anyway adjudges within the 0.3 eV margin that is typical
of DFT calculations.***” These findings are in very good agree-
ment with the experimentally recorded HOMO/LUMO energies.
These DFT results could provide important reference for the
experimental data and preliminarily guide for the strategy of
molecular design.

Conclusions

In this work, we have successfully designed and synthesized
a novel star-shaped small molecule BDPP-1 based on 1,3,5-
triethynylbenzene as a core and alkyl-DPP as rigid arms. The
synthesized star-shaped small molecule BDPP-1 exhibited
excellent solubility in common organic solvents, high thermal
stability (over 315 °C), broad absorption range (300-760 nm),
high molar extinction coefficient (>10° M~* em "), narrow band
gap (below 2.0 eV), and the efficient photoinduced charge
separation performance. These excellent thermal, optical,
electrochemical properties and photoinduced charge separa-
tion performance show especial promise as a new donor
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material for potential applications in small molecule organic
solar cells.
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