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Two multifunctional quinoxaline containing small molecules (designated as: SD-1 and SD-2) composed
of electron-donating (D) moieties both in vertical and horizontal directions to an electron-accepting
(A) quinoxaline at the central position have been synthesized. In both SD-1 and SD-2, the dimethy-
laminobenzene (DMAB) and triphenylamine (TPA) groups were used as an electron-donor in the vertical
direction, and dihexyloxy-functionalized TPA was adapted as an additional donor in the horizon-
Quinoxaline tal direction. The unique donor (D)-acceptor (A) structures around the central quinoxaline moiety
PVC impart special solvatochromic and optoelectronic features to the SD-1 and SD-2. Photovoltaic cells
OLED (PVCs) and organic light-emitting diodes (OLEDs) were fabricated from SD-1 and SD-2 by solution
processing (i.e. spin-coating). While PVCs with a structure of ITO/PEDOT:PSS/SD-1 or SD-2:PC7; BM/Al
show the power conversion efficiencies of 0.31% and 0.45%, respectively, OLEDs with a structure of
ITO/PEDOT:PSS/SD-1 or SD-2/LiF/Al exhibit a maximum luminance (efficiency) of 7.42 cd/m? (0.034 cd/A)
and 48.84 cd/m?2 (0.032 cd/A) with a turn-on voltage of 3.6 and 2.4V, respectively. Furthermore, the Com-
mission Internationale de L’Eclairage (CIE) chromacity coordinates of the OLED device with SD-2 were
(0.67,0.32), which are very close the CIE chromacity coordinates (0.67, 0.33) of National Television Soci-
ety Committee (NTSC) for red color. Owing to their promising stimuli-responsive properties and device
performances, these D-A molecules with unique structures can be considered as good candidates for
multifunctional sensory and optoelectronic applications.
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1. Introduction

Materials with combined electron-donor (D) and
electron-acceptor (A) units connected via mr-bridge(s) have
been extensively studied for last two decades due to their poten-
tial applications in nonlinear optics (NLO) [1,2], organic thin film
transistors (OTFTs) [3,4], organic light emitting diodes (OLEDs)
[5-7], and photovoltaic cells (PVCs) [8-10]. One of the most
significant features for the D-m—A molecules is their low band gaps
induced by efficient electron delocalization via partial intramolec-
ular charge transfer (ICT) between the donor and acceptor units
along the conjugated molecular chain [10]. As a consequence,
unique solvatochromic properties [11-13] have been observed
for certain D-m-A molecules. Various electron donors, such as
triphenylamine [14,15] carbazole [16,17] and fluorine [18,19], and
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acceptors, including benzothiadiazole [20,21] and quinoxaline
[14,22,18] have been used for the design and synthesis of various
functional D-m-A compounds. Meanwhile, thienyl, vinyl, and
phenyl moieties have been utilized as the m-bridge between
donor and acceptor units. Due to excellent electron-donating and
nonaggregation properties associated with the non-planar molec-
ular configuration [14,15], triphenylamine has been an important
donor for many applications. Similarly, quinoxaline has been
widely used in conjugated polymers as a strong electron-acceptor
because of its high electron affinity originated from the two
symmetric nitrogen atoms in the pyrazine ring [23-25].

Recently, solution-processable small molecular semiconductors
have received great attention as active materials in optoelec-
tronic devices, such as bulk heterojunction (BHJ) PVCs [26-29] and
OLEDs [30-33]. Comparing with polymeric active materials, small
molecules have several advantages, including their well-defined
mono-dispersed chemical structures for reproducible materials
synthesis and device performance as well as straightforward
structure and property characterization. More specifically, great
improvement in the PVCs power conversion efficiencies (up to
4.4% for diketopyrrollopyrrole (DPP) derivatives [34]) has been
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achieved with D-m-A small molecules since the important work
reported by Roncali et al. in 2006 [35-37]. Along with the exten-
sive studies on small molecules with D-m-A structures in PVCs
[26-29,34-37], their applications in OLEDs have also been demon-
strated to be promising with the recent availability of red emissive
small molecules [30-33]. Although several multifunctional poly-
mers, which can be used in PVCs and OLEDs as active materials
simultaneously, have been investigated [38-41], there is no report
on the multifunctional solution processable small molecules with
the same purpose to our best knowledge. Therefore, it is interest-
ing, though still quite challenging, to develop solution-processable
small molecules with special D-mr-A structures (e.g., SD-1,SD-2) for
optoelectronic device (e.g., PVCs, OLEDs) and other applications.

Herein, we report the synthesis of two model compounds
with electron-donating moieties in both vertical and horizontal
directions to an electron-accepting quinoxaline core. It has been
previously demonstrated that the synthesis of two-dimensional
D-A structures around quinoxaline core in both vertical and
horizontal directions and their applications for dye sensitized
solar cells (DSSCs) [14] and OPVs [42]. The high population of
active components in one molecule and the efficient formation
of D-m-A structures through multi-directions are advantageous
for optoelectronic applications. Our synthetic strategy involved
that the dimethylaminobenzene (DMAB) and TPA connected
with phenylene-vinylene linkage were used as donors in ver-
tical direction for SD-1 and SD-2, respectively. Consequently,
dihexyloxy-functionalized TPA was adapted as an additional donor
in the horizontal direction for both SD-1 and SD-2 (Fig. 1). A quinox-
aline moiety has been selected as an acceptor due to the strong
electron-withdrawing capability of its pyrazine ring and the ease
with which structural modifications can be performed on 2 and
3-phenyl rings. In this study, we have investigated the interest-
ing solvatochromic properties of SD-1 and SD-2 originated from
their unique D-1r-A conjugated structures around the quinoxaline
central moiety, along with their potential applications in photo-
voltaic and electroluminescent devices. The observed interesting
stimuli-responsive properties and device performance make these
newly-synthesized small molecules with unique D-m-A structures
attractive for multifunctional applications in various sensing and
optoelectronic devices.

2. Experimental
2.1. Materials and measurements

1,2-Bis(4-dimethylaminophenyl)-1,2-ethandione was pur-
chased from TCI. All other reagents and solvents were purchased
from Aldrich. The compounds, 1 [43], 3 [14] and 5 [44] (Scheme 1)
were synthesized according to literature procedures. Proton ('H)
and carbon (13C) NMR spectra were recorded on a Varian VNMRS
600 spectrometer. UV-vis and photoluminescent spectra were
measured using Perkin-Elmer Lambda 35 and LS 35, respectively.
Cyclic voltammetry (CV) measurements were performed on a
VersaSTAT3 potentiostat (Princeton Applied Research). For the
CV measurements, a platinum electrode coated with a thin layer
of small molecules and platinum wire were used as working and
counter electrode, respectively. Ag wire was used as a pseudo-
reference electrode with the ferrocene/ferrocenium redox pair as
an external standard.

2.2. Syntheses and characterizations

4-(5,8-Dibromo-2-(4-(dimethylamino)phenyl)quinoxaline-
3-yl)-N,N-dimethylbenzeneamine (2). 1 (0.50g, 1.88mmol)
and 1,2-bis(4-dimethylaminophenyl)-1,2-ethandione (0.56 g,

1.88 mmol) were dissolved in 10 ml toluene and 10 ml acetic acid.
The reaction mixture was heated under reflux overnight. After
cooling to room temperature, the mixture was poured into dis-
tilled water and extracted with chloroform. The organic layer was
separated and dried over MgS0Oy4 and filtered. The filtrate was dried
on a rotary evaporator and the solid residue was recrystallized
from chloroform/ethanol (1/4, v/v) mixture to give 0.71g (72%
yield) of 2 as a yellowish powder. MS (MALDI-TOF) m/z 524.88,
calcd 524.02. TH NMR (600 MHz, CDCl3): §(ppm)=7.75 (s, 2H),
7.71 (d, 4H), 7.67 (d, 4H), 3.01 (s, 6H). 13C NMR (125 MHz, CDCl3):
8(ppm)=153.8, 151.2, 138.7, 131.7, 131.3, 126.1, 123.1, 111.6,
40.2.

N-(4-(4-(2-(4-(4-(Diphenylamino)styryl)phenyl)-5)-8-
dibromoquinoxaline)-3-yl)-N-phenylamine (4). 1 (0.15g,
0.56 mmol) and 3 (0.42g, 0.56 mmol) were dissolved in 10ml
toluene and 10 ml acetic acid. The reaction mixture was refluxed
overnight. After cooling to room temperature, the mixture was
poured into distilled water and extracted with chloroform. The
organic layer was separated and dried over MgS0O,4 and filtered.
The filtrate was dried on a rotary evaporator and the solid residue
was recrystallized from chloroform/ethanol (1/4, v/v) to give
0.35g (65% yield) of 4 as an orange powder. MS (MALDI-TOF) m/z
977.97, calcd 978.81. TH NMR (600 MHz, CDCl3): §(ppm)=7.90
(s, 2H), 7.71 (d, 4H), 7.50 (d, 4H), 7.39 (d, 4H), 7.25-7.28 (m, 8H),
7.11-7.14 (m, 8H), 7.02-7.06 (m, 8H). 13C NMR (125 MHz, CDCls):
S8 (ppm)=153.6, 147.7, 147.5, 139.2, 139.0, 136.6, 132.9, 131.0,
130.6, 129.6, 129.3, 127.6, 126.3, 126.1, 124.7, 123.6, 123.3, 123.2.

4-(Bis(4-hexyloxy)phenyl)aminobenzaldehyde 6). Phospho-
rous oxychloride (1.82g, 11.72mmol) was slowly added to
dimethyl formamide (1.71 g, 23.40 mmol) at 0°C. After stirring for
2h,5(5.21¢g,11.70 mmol) in dichloroethane was added in one por-
tion and the mixture was stirred at 90 °C for 2 h. The mixture was
poured into ice water and neutralized with 2 M sodium hydroxide.
The organic layer was separated and dried over MgSO,4 and filtered.
The filtrate was dried on a rotary evaporator and the residue was
purified by column chromatography (ethyl acetate/hexane, 1/10,
v/v) to produce 3.60¢g (65% yield) of 6 as a yellowish viscous lig-
uid. MS (MALDI-TOF) m/z 473.09, calcd 473.29. 'H NMR (600 MHz,
CDCl3): 6 (ppm)=9.75 (s, 1H), 7.62 (d, 2H), 7.11 (d, 4H), 6.88 (d, 4H),
6.84 (d, 2H), 3.95 (t, 4H), 1.78 (m, 4H), 1.47 (m, 4H), 1.35 (m, 8H),
0.92 (m, 6H). 13C NMR (125 MHz, CDCl3): § (ppm)=190.2, 156.9,
154.1,138.6,131.4,128.0,127.7,116.7,115.6,68.3,31.4,29.3, 25.7,
22.6, 14.0.

4-(Hexyloxy)-(N-(4-hexyloxy)phenyl)-N-(4-
vinylphenyl)benzenamine (7). Potassium t-butoxide (0.71g,
6.33mmol) was added to methyltriphenylphophonium iodide
(2.86¢g, 6.32mmol) solution in 20ml dry THF. After stirring for
15 min at room temperature, 6 (1.5¢g, 3.17 mmol) in 10 ml dry THF
was added dropwise. The solution was further stirred at room
temperature for 6 h. Finally, the solid by-product was removed by
filtration and the filtrate was concentrated and purified by column
chromatography (ethyl acetate/hexane, 1/15, v/v) to produce
1.19g (80% yield) of 7 as a yellow viscous liquid. MS (MALDI-TOF)
m/z471.13, caled 471.31. "TH NMR (600 MHz, CDCl3): § (ppm) =7.21
(d, 2H), 7.03 (d, 4H), 6.87 (d, 2H), 6.81 (d, 4H), 6.62 (q, 1H), 5.57
(g, 1H), 5.08 (g, 1H). 13C NMR (125 MHz, CDCl3): 8 (ppm)=154.4,
147.5, 139.6, 135.3, 128.8, 125.8, 125.5, 119.3, 114.2, 109.9, 67.2,
30.5, 28.3,24.7, 21.6, 13.0.

N-(4-((1E)-2-(5-(Bis(4-(hexyloxy)phenyl)amino)styryl)-2,3-
bis(4-(dimethylamino)phenyl)quinoxaline-8-yl)vinyl)phenyl)-
4-(hexyloxy)-N-(4-(hyxyloxy)phenyl)benzenamine (SD-1). 2
(0.10g, 0.19mmol), 7 (0.19g, 0.40mmol), palladium acetate
(0.003 g, 0.01 mmol), potassium carbonate (0.067 g, 0.38 mmol),
and tetra-n-butylammoniumbromide (0.062g, 0.19 mmol) were
mixed with 9 ml dry DMF. After degassing for 30 min with Ar, the
mixture was heated under Ar at 90 °C for 2 days. The resultant black
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Fig. 1. Chemical structures of SD-1 and SD-2.

mixture was diluted with chloroform and washed with 1 N HCl and
brine. The organic layer was separated and dried over MgS0O4 and
filtered. The filtrate was then concentrated and purified by column
chromatography (chloroform/methanol, 10/1, v/v) to produce
0.11 g (70% yield) of SD-1 as a red powder. MS (MALDI-TOF) m/z
1307.59, caled 1307.79. 'H NMR (600 MHz, CDCl3): § (ppm)=8.31
(d, 2H), 7.92 (s, 2H), 7.66 (d, 4H), 7.47 (d, 4H), 7.40 (d, 2H), 7.08
(d, 8H), 6.94 (d, 4H), 6.84 (d, 8H), 6.70 (d, 4H), 3.94 (t, 8H), 3.00
(s, 12H), 1.78 (m, 8H), 1.47 (m, 8H), 1.35 (m, 16H), 0.92 (m, 12H).
13C NMR (125 MHz, CDCl3): 8(ppm)=154.5, 150.1, 149.7, 147.2,
139.6, 137.1, 133.0, 137.1, 132.0, 130.0, 129.4, 128.2, 126.7, 126.5,
125.6, 122.6, 120.5, 119.4, 114.2, 110.7, 67.2, 30.6, 28.3, 24.8, 21.6,
13.0. Anal. Calcd. For CggH192NgO04: C, 80.82%; H, 7.86%; N, 6.43%.
Found: C, 80.98%; H, 7.77%; N, 6.31%.
N-(4-((1E)-2-(4-(5,8-Bis(4-(hexyloxy)phenyl)amino)styryl)-

2-(4-(4-(diphenylamino)styryl)phenyl)quinoxaline-3-
yl)phenyl)vinyl)phenyl)-N-phenylbenzenamine (SD-2). 4
(0.10g, 0.10mmol), 7 (0.10g, 0.21 mmol), palladium acetate
(0.002 g, 0.009 mmol), potassium carbonate (0.028 g, 0.20 mmol),

and tetra-n-butylammoniumbromide (0.033 g, 0.10 mmol) were
mixed with 6 ml dry DMF. After degassing for 30 min with Ar, the
mixture was heated under Ar at 90°C for 2 days. The resultant
black mixture was diluted with chloroform and washed with
1N HCl and brine. The organic layer was separated and dried
over MgS04 and filtered. The filtrate was then concentrated and
purified by column chromatography (chloroform/methanol, 10/1,
v/v) to produce 0.11g (70% yield) of SD-2 as a red powder. MS
(MALDI-TOF) m/z 1759.61 (M*), calcd 1759.96. 'H NMR (600 MHz,
CDCl3): 6 (ppm)=38.30 (d, 2H), 8.02 (s, 2H), 7.69 (d, 4H), 7.38-7.50
(m, 18H), 7.26-7.28 (m, 4H), 7.00-7.13 (m, 28H), 6.95 (d, 4H),
6.84 (d, 8H). 13C NMR (125MHz, CDCl3): §(ppm)=155.6, 150.8,
148.5, 147.5, 140.5, 138.5, 138.2, 138.1, 134.4, 131.3, 130.4, 130.0,
129.3, 129.0, 127.6, 127.5, 126.7, 126.4, 126.2, 124.6, 123.4, 123.1,
121.0, 120.2, 115.3, 68.3, 31.6, 29.7, 25.8, 22.6, 14.1. Anal. Calcd.
For C124H122Ng04: C, 84.60%; H, 6.99%; N, 4.77%. Found: C, 84.42%;
H, 6.82%; N, 4.61%.

Fabrication and characterization of photovoltaic cells (PVCs).
The poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)

g G
1
H,N  NH,
Br Br *
1
NN Q
g@ - g@ - g@
SO o NN
5 6 7

Scheme 1. Synthetic routes to quinoxaline-based core units, 2 and 4, and dihexyloxy modified triphenylamine-based side units (7): (a) acetic acid/toluene, reflux, overnight;
(b) POCl3/DMEF, dichloroethane, 90°C, 2 h; (c) methyltriphenylphophine iodide, potassium t-butoxide, THF, 2 h.
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(PEDOT:PSS) (Baytron PH) was purchased from H. C. Starck
(Germany). [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM)
was purchased from Electronic Materials (EM) Index Co., Ltd. PVCs
with the structure of glass/indium-tin-oxide (ITO)/PEDOT:PSS/SD-
1 or SD-2:PC7;BM/Al were fabricated according to the following
procedures. First, the glass substrates with ITO were cleaned with
detergent, then ultra-sonicated in acetone and isopropyl alcohol
in regular sequence, and subsequently dried in an oven overnight
at 100°C. PEDOT:PSS layer was spin-coated (after passing through
a 0.45 pm filter) at 5000 rpm for 40 s on top of the ITO-coated glass
followed by a bake at 140°C for 10 min in air and then moved
into a glove box. A mixed solution of [6,6]-Phenyl-C7; -butyric acid
methyl ester (PC;;BM) with SD-1 or SD-2 in chlorobenzene was
spin-coated at 2500 rpm for 60 s on top of the PEDOT:PSS layer. The
device was then pumped down in vacuum (<10-6T; 1~ 133 Pa),
and a 100nm thick Al electrode was deposited on top of the
active layer. The deposited Al electrode defined the active area of
the device as 13.5 mm2. The whole device was then annealed at
120°C for 10 min inside the glove box filled with nitrogen gas, in
which the device performance was characterized by using a high
quality optical fiber to guide the light from the solar simulator
equipped with a Keithley 2635 A source measurement unit. The
J-V curves were measured under air mass (AM) 1.5G illumination
at 100 m Wem~2 with mask. The measurements of incident photon
to current efficiency (IPCE) were also conducted using an IPCE
system (Model QEX7) from the PV Measurements Inc. (Boulder,
CO). After collecting the IPCE data, the software also integrates the
data with the AM 1.5G spectrum and reports the calculated Js¢
value.

Fabrication and characterization of organic light emitting
diodes (OLEDs). As is the case with the PVC fabrication, the glass
substrates with ITO were first cleaned with detergent, then ultra-
sonicated in acetone and isopropyl alcohol in regular sequence,
and subsequently dried in an oven overnight at 100 °C. PEDOT:PSS
layer was spin-coated (after passing through a 0.45 pwm filter) at
5000 rpm for 40 s on top of the ITO-coated glass followed by a bake
at 140°Cfor 10 minin air. The SD-1 or SD-2 layer was then spin-cast
from chlorobenzene solution (4 wt%) on top of the PEDOT:PSS layer
at 1500 rpm and annealed at 120°C for 10 min in nitrogen. Finally,
the lithium fluoride (LiF) layer (1 nm) and Al layer (100 nm) were
thermally evaporated onto the SD-1 or SD-2 surface at a deposition
rate of 0.3 As —1. The current density and luminance versus applied
voltage characteristics were measured using a Keithley 2400 source
measurement unit and a Konica Minolta spectro radiometer (CS-
2000), respectively. All the device characteristics were measured
under atmospheric conditions without additional device encapsu-
lation/protection.

3. Results and discussion
3.1. Synthesis and characterization

The molecules, SD-1 and SD-2, consisting of electron-accepting
quinoxaline core and multiple electron-donating components,
were synthesized in a moderate yield by the modified syn-
thetic procedures illustrated in Schemes 1 and 2. For the
preparation of SD-1, 1 and commecially available 1,2-bis(4-
dimethylaminophenyl)-1,2-ethandione were reacted by the acid-
catalyzed dehydration reaction to yield quinoxaline core 2.
For the synthesis of SD-2, 1 and 3, prepared according to
the previously reported procesure [14], were also reacted via
the acid-catalyzed dehydration reaction to yield the modi-
fied quinoxaline core with vertically-orinted triphenylamine
units, 4. The electron-donating compound 7, 4-(hexyloxy)-N-(4-
hexyloxy)phenyl)-N-(4-vinylphenyl)benzenamine, was prepared

b S
s e e Q@

7 To- o\

Scheme 2. Synthetic routs to SD-1 and SD-2: (a) Pd(OAc),, BusNBr, K,CO3, DMF,
90°C, 48 h.

by three reactions from Ullman coupling reaction [45] for 5 through
Vilsmeiyer formylation [46,47] for 6 to Wittig reaction [48] for the
introduction of vinyl group (7). Then, 2 and 7 were coupled by
Heck reaction to produce SD-1 with multiple electron-donating
components both in the vertical and horizontal directions. The
Heck coupling reaction between 4 and 7 produced another tar-
get molecule SD-2, which also has multiple electron-donating
components both in the vertical and horizontal directions. How-
ever, SD-1 and SD-2 contain different vertical electron-donors,
i.e., dimethylaminobenzene (DMAB) for SD-1 and bulky tripheny-
lamine derivatives for SD-2.

3.2. Optical and electrochemical properties

The optical properties of SD-1 and SD-2 were investigated by
UV-vis absorption and photolumeniscent measurements. Dilute
solutions of these molecules in chloroform were spin-cast on quartz
plates. As shown in Fig. 2a, the SD-1 solution and film exhibit two
absorption peaks around 350 and 480 nm attributable to the -7
transition and the intramolecular charge transfer (ICT), respec-
tively. Similarly, SD-2 also exhibits two peaks near 400 and 520 nm
characteristic of the m-m* transition and ICT state, respectively. The
PLspectra of SD-1 and SD-2 were also given in Fig. 2a, which showed
the maximum PL intensities at 600 and 620 nm for SD-1 and SD-
2, respectively. No significant bathochromic shift in either UV-vis
or PL spectra between the solution and film samples was observed
from SD-1 and SD-2. Therefore, the intramolecular interactions of
SD-1 and SD-2 in solid state, which might cause the conforma-
tional changes of the molecules into more coplanar arrangements
of conjugated structure, were almost negligible [49-51].

The electrochemical properties of SD-1 and SD-2 were inves-
tigated by cyclic voltammetry (CV). Fig. 2b shows the CV of SD-1
and SD-2 on a glassy carbon electrode with 0.1 M tetrabutylammo-
nium hexafluorophosphate (BuyNPFg) electrolyte in acetonitrile.
The onset oxidation potentials EJ} of SD-1 and SD-2 were estimated
to be 0.51 and 0.62 eV (vs. Ag/Ag"), respectively. According to the
empirical equation Eyomo =[—(Eox—Erc)—4.8] eV[52], the highest
occupied molecular orbital (HOMO) levels of SD-1 and SD-2 are
estimated to be —4.94 eV and —5.03 eV, respectively. The calculated
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Fig. 2. (a) Normalized UV-vis and PL spectra of SD-1 and SD-2 in chloroform solutions at a concentration of 8.97 wM and films on quartz. The excitation wavelength for PL
measurement is 300 nm; (b) cyclic voltammograms (CV) of SD-1 and SD-2 at a scan rate of 50mVs~!.

lowest unoccupied molecular orbital (LUMO) levels of SD-1 and
SD-2 are —3.12 and —3.25 eV, respectively, using the onset reduc-
tion potentials. The calculated HOMO and LUMO levels of SD-1
and SD-2 matched well with those of PC71BM required for bulk
heterojunction polymer solar cells (BH] PSCs) (Table 1) [53].

3.3. Solvatochromic properties

When polarities of ground and excited states of a chromophore
are different, a change in solvent polarities will change stabiliza-
tion of the ground and excited states and the associated energy
gap. As a result, variation in the peak position, intensity and shape
of absorption spectra can be used to specify interactions between
the solute and solvent molecules. The solvatochromic property is
thus strongly dependent on the absorption and emission spectra
with respect to solvent polarity. In general, molecules with a large
change in their permanent dipole moment upon excitation exhibit
a strong solvatochromism [54]. Therefore, a chromophore with D-
T-A structures, in which the excited state is much stronger dipole
than the ground state due to the intramolecular charge transfer on
excitation, are more favorable to show solvatochromic properties
[11-13,55].

To investigate solvatochromic properties, we first prepared the
stock solutions of SD-1 and SD-2 in THF at a concentration of
0.73 mM. Then, 25 ml from each of the stock solutions was mixed
with various solvents (2 ml) with different polarities for absorption
and emission spectroscopic measurements. The final concentra-
tion of SD-1 and SD-2 during measurements was fixed at 8.97 M.
As shown in Fig. 3, the emission spectra of SD-1 and SD-2 show
large solvatochromic effects whereas their absorption spectra are
independent of solvent polarities (Fig. S1a and S1b). Both SD-1
(Fig. 3a) and SD-2 (Fig. 3b) show a relatively smaller Stokes shift
in nonpolar solvents (e.g., hexane) with respect to polar solvents
(e.g., methanol). They both show an increased bathochromic shift
of emission band with increasing solvent polarity. Therefore, the
solvatochromism of SD-1 and SD-2 indicates that the stabilization

of the excited state is more efficient than that of ground state by
the surrounding polar solvent molecules.

For the clear verification of solvent effects on the emissions
of SD-1 and SD-2, the plots of emission peak maxima versus
Reichardt’s solvent polarity parameters (Ep(30)) [54] are shown in
Fig. S2. The maximum emission peak positions of SD-1 and SD-2
in various solvents with full width at half maximum (FWHM) were
summarized in Table S1. Reichardt’s polarity scale Er(30) ORE¥ is
widely acceptable for this purpose than the bulk solvent polarity
parameters, such as the dielectric constant (¢) and refractive index
(n), because it can take specific solvent-solute interactions into
account. As shown in Fig. S2 and Table S2, the maximum emission
peaks of SD-1 and SD-2 become more red-shifted in solvents with
higher polarity values. These results suggest that general solva-
tion effects are dominant in the solvents with lower polarity values
while additional specific interactions, such as dipole-dipole relax-
ation, play important role in solvents with higher polarity values.
Therefore, the unique solvatochromic properties of SD-1 and SD-2
could be attractive for sensing applications.

3.4. Photovoltaic properties

To investigate the photovoltaic properties of SD-1 and SD-2,
PVC devices with a structure of ITO/PEDOT:PSS/SD-1 or SD-
2:PC71BM/Al were fabricated and their performance was tested
under 100mW/cm2AM 1.5G illumination. The optimum ratios
between small molecules and PC71BM in active layer of devices
with the highest power conversion efficiency (PCE) are 1:2 and 1:4
for SD-1 and SD-2, respectively. The resulting photovoltaic device
performances were summarized in Table 2. The current-voltage
curves (J-V) of the photovoltaic devices for SD-1 and SD-2 at the
optimized condition are shown in Fig. 4a. The open-circuit volt-
age (Voc), short-circuit current (Jsc), fill factor (FF) and PCE for
the photovoltaic device of SD-1 are 0.51V, 2.05mA/cm?, 0.30 and
0.31%, respectively. Those of SD-2 are 0.60 V, 2.48 mA/cm?, 0.30 and
0.45%, respectively. The incident photon to current efficiency (IPCE)

Table 1
Optical and electrochemical properties of SD-1 and SD-2.
Sample )Lfyll’;) (nm) A{I;‘;X) (nm) EQN (V)2 Ered (V) EZ' (eV) EJ (eV)
Solution Film Solution Film HOMO (eV)P LUMO (eV)P
SD-1 350,475 350, 487 600 605 0.51/-4.94 -1.31/-3.12 1.82 2.07
SD-2 398,513 410, 520 621 623 0.60/-5.03 -1.15/-3.28 1.75 1.96

2 Onset oxidation and reduction potentials were measure by cyclic voltametry.

b HOMO/LUMO = [—(Eonset - Eqja(rcjrc+))-4.8] €V, where Eqyrcjrc+) =0.37 V and 4.8 eV is the energy level of ferrocene below the vacuum.
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Fig. 3. Normalized photoluminescent spectra of (a) SD-1 and (b) SD-2 in various solvents. The concentration of SD-1 and SD-2 is 8.97 wM.
Table 2
Parameters for PVCs with optimized blend ratio of SD-1 and SD-2 with PC7; BM.
Materials SD: PC7:BM Jsc (MA/cm?) Voc (V) FF PCE (%)
SD-1 1:2 2.05 0.51 0.30 0.31
SD-2 1:4 248 0.60 0.30 0.45

spectra of photovoltaic devices for both SD-1 and SD-2 were also
shown in Fig. 4(b), which shows the similar IPCE curves from 350
to 700 nm and the higher maximum value of 25% was obtained for
SD-2.On the other hands, the maximum IPCE value for photovoltaic
devices based on SD-1 was limited to 15%. The higher V. and short-
circuit current Jsc of SD-2 based photovoltaic device, which results
in the high power efficiency, are likely to be related to deep-lying
HOMO levels of SD-2 (Table 1) and higher IPCE values of device
with SD-2 over 400-600 nm. These promising results from SD-1
and SD-2 based PVCs allow us to consider them as potential active
materials for photovoltaic applications.

3.5. Electroluminescent properties

To investigate the electroluminescent (EL) properties, OLEDs
with SD-1 and SD-2 as an emissive layer were fabricated by
spin-coating. The device structure was glass/indium-tin-oxide
(ITO)/PEDOT:PSS/SD-1 or SD-2/LiF/Al, where PEDOT:PSS (poly(3,4-
ethylenedioxythiopehe):poly(styrene sulfonate)) acts as the hole
injecting and transporting layer, ITO and LiF/Al as anode and cath-
ode, respectively. The EL spectra of devices were shown in Fig. 5a,
which shows typical red emissive EL with peaks at 628 and 650 nm

©
o

1
-
T

'
N
T

—a— SD-1:PC_ BM
—e—SD-2:PC, BM

Current density (mA/cmz)

02 0.0 0.2 04 06
Voltage (V)

for SD-1 and SD-2, respectively. Compared with their PL spectra in
film, a large red shift of 23 and 28 nm was observed in EL spectra
for SD-1 and SD-2, respectively. The red-shift and broader peak in
EL spectra compared with those in PL spectra are often observed
[30,56]. They could be originated from the morphological changes
of conjugated molecules during the annealing process for device
fabrication [57-59]. The thermal annealing induces efficient molec-
ular packing. The current-voltage (I-V), luminance-voltage (L-V)
and current efficiency curves of devices with SD-1 and SD-2 are
shown in Figs. 5b, 5¢c and 5d, respectively, and the detailed EL data
are summarized in Table 3. As shown in Table 3, the nonoptimized
OLED devices based on SD-1 exhibit promising preliminary per-
formances with a turn-on voltage of 3.6 V, a maximum luminance
of 7.42 cd/m2, and a maximum luminance efficiency of 0.034 cd/A
with the Commission Internationale de L’Eclairage (CIE) (0.63,
0.36). For comparison, the OLED device fabricated from SD-2 shows
a turn-on voltage of 2.4V, a maximum luminance of 48.84 cd/m?2,
and a maximum luminance efficiency of 0.032 cd/A with CIE (0.67,
0.32), which is very close to the CIE chromaticity coordinates (0.67,
0.33) of National Television Society Committee (NTSC) for red color.
Furthermore, OLED device performances are strongly influenced
by the structural differences between SD-1 and SD-2. The results

—s—SD-1:PC, BM|
—e—SD-2:PC, BM

500 600 800

Wavelength (nm)

400

700

Fig. 4. (a)J-V characteristics and (b) IPCE spectra of photovoltaic devices with SD-1 and SD-2.
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Fig. 5. (a) PL and EL spectra of SD-1 and SD-2, (b) current-voltage (I-V), (¢) luminance-voltage (L-V), and (d) luminance efficiency-current curves of electroluminescent

device with SD-1 and SD-2.

Table 3
OLED device performances of SD-1 and SD-2.

Active material

Turn on voltage Maximum Luminance PL peak EL peak CIE (x,y)
(V) luminance (cd/m?) efficiency (cd/A) [at wavelength wavelength
[at Voltage] Voltage] (nm) (nm)
SD-1 36 7.42[8.2V] 0.034[7.0V] 605 628 0.63,0.36
SD-2 24 48.86[10.6V] 0.032[9.4V] 622 650 0.67,0.32
suggested that SD-1 and SD-2 could be used as an active material Acknowledgments

for red emissive OLEDs via simple solution processing.

4. Conclusions

We have synthesized two multifunctional quinoxaline-based
molecules with D-m-A structures, i.e. SD-1 and SD-2. Multiple
electron-donating components, such as dimethylaminobenzene
(DMBA) and bulky triphenylamine derivatives, were introduced
both in the vertical and horizontal directions of an electron-
accepting quinoxaline core. Due to the push-pull effect originated
from the D-m-A structure and unique chemical structures, the
SD-1 and SD-2 exhibit stimuli-responsive behaviors, such as sol-
vatochromic properties. Furthermore, various devices such as
photovoltaic cells (PVCs) and organic light-emitting diodes (OLEDs)
have been fabricated via simple solution processing (i.e. spin-
coating). Our preliminary results showed promising for these
devices. Owing to their unique stimuli-responsive properties
and device performances, SD-1 and SD-2 with D-m-A structures
are potentially useful materials for sensory and optoelectronic
applications.
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Appendix A. Supplementary data

Supplementary data associated with
be found, in the online version, at
10.1016/j.synthmet.2012.04.016.
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