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Although the unique electronic and optical properties of azulene, the azulene-containing organic photovoltaic
(OPV) materials have sporadically reported. Here, eight donor-n-acceptor-n-donor conjugated OPV materials
entailing guaiazulene or naphthalene as electron donor unit were synthesized and characterized. The azulenyl
and naphthyl groups have significant influences on their molecular properties and photovoltaic performances.
Compared to naphthalene derivatives, azulene derivatives exhibit red-shifted and wider absorption spectra.

However, naphthalene derivatives exhibit much deeper highest occupied molecular orbital (HOMO) energy
levels, higher hole mobility and better film morphology, remarkably resulting in approximately 2-4 times higher
photovoltaic efficiencies than azulene derivatives.

1. Introduction

Donor-acceptor (D-A) conjugated organic semiconductive materials,
employed as photoactive layers in bulk heterojunction (BHJ) organic
photovoltaic cells (OPVs), have been extensively studied due to their
advantages of rich structural diversity and easily tunable optical ab-
sorption properties, energy levels, solubility, planarity etc. [1-4] Typi-
cally, the prevalent strategy of constructing D-A conjugated photoactive
materials is to select appropriate D or A units, connect D and A units in
different ways (such as D-A, D-A-D, A-D-A, etc.) and modify the side
chains [5-7]. The considerable efforts on developing D-A conjugated
photoactive materials have pushed the impressive power conversion
efficiencies (PCEs) of OPVs to over 18% [8].

Azulene, also known as blue hydrocarbon, is an aromatic bicyclic 10
n-electron isomer of naphthalene (shown in Fig. 1). Azulene shows a
special non-alternant aromatic hydrocarbon structure with an electron-
deficient seven-membered ring and an electron-rich five-membered ring
[9,10], resulting in different properties from naphthalene. For example,
azulene has a large dipole moment of about 1.08 D [9,10], while that of
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naphthalene is 0 D. Azulene shows beautiful blue color while naphtha-
lene is colorless [11,12], due to the small energy gap of azulene caused
by its non-mirror-related frontier orbital geometry [10,13]. So it is re-
ported that azulene derivatives have much lower energy gaps than
naphthalene derivatives [14]. Due to the unique electronic and optical
properties of azulene, azulene derivatives have been gradually consid-
ered to be promising candidates in organic electronic and photovoltaic
devices in recent years [10,15], including organic field effect transistors
(OFETs) [16-19], OPVs [13,20-23], dye-sensitized solar cells (DSSCs)
[12,24] and perovskite solar cells [25,26], etc.

Up to now, azulene derivatives employed as OPV materials have
sporadically reported. In 2014, Emrick et al. synthesized novel azulene-
substituted methacrylate polymers (PATSB1-3, shown in Fig. 2) and
examined their role as interlayer in BHJ OPVs [22]. In 2015, Imahori
et al. designed four D—A alternating polymers (PAzDPP and PAzBT1-3,
shown in Fig. 2) containing azulene as a donor unit and diketopyrrolo-
pyrrole (DPP) or 2,1,3-benzothiadiazole (BT) unit as an acceptor unit
and investigated their optical and photovoltaic properties [21]. Shortly
afterwards, Zhang et al. reported three new alternating
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Fig. 1. Chemical structures of azulene and naphthalene.

dithienyldiketopyrrolopyrrole-azulene conjugated polymers (DPPA1-3,
shown in Fig. 2) by varying the linking positions of azulene and inves-
tigated their OFET and OPV performances [20]. In 2018, Gao et al.
designed two conjugated polymers (P(TBAzDI-TPD) and P
(TBAzDI-TFB), shown in Fig. 2) by incorporation of 2,6-connected
azulene units into the backbone, exhibiting relatively high OFET and
OPV performances [13]. Aside from these azulene-containing OPV
polymers, only our group reported two azulene-containing small mole-
cules for OPVs and obtained a relatively highest PCE of 2.23% among
the current azulene-containing OPV materials [23]. It can be seen that
the evaluation of azulene group in OPV materials remains scarce.
Moreover, to our knowledge, there are no literatures to compare the
effects of azulene and naphthalene groups on the properties and
photovoltaic performances of OPV materials. Hence, we aim to develop
novel azulene-containing OPV materials and investigate the effects of
azulene and naphthalene groups on the properties and photovoltaic
performances of their derivatives.

In this paper, guaiazulene, one of azulene derivatives, was chosen as
the electron-donating group because of its low-cost and good solubility
[17]. Therefore, eight D-A-D conjugated azulene and naphthalene de-
rivatives (shown in Scheme 1), containing guaiazulene or naphthalene
as electron-donating moiety and BT, DPP, isoindigo (IID), or thieno-
thiophene (TT) as electron-withdrawing moiety, were synthesized and
employed as the electron donor materials in OPVs. The effects of azulene
and naphthalene groups on the molecular properties and photovoltaic
performances were researched.
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2. Experimental section
2.1. Measurements

1H (400 MHz) and '3C (100 MHz) nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AVANCE III HD 400 M NMR
spectrometer with tetramethylsilane as internal standard. Elemental
analyses were measured with a Flash EA 1112 Organic Element
Analyzer. Absorption spectra in chloroform solution (1 x 10 °molL™ 1)
and thin films were measured with a UV 2600 UV-Vis scanning spec-
trophotometer. The thin film samples were fabricated by spin-casting
the chloroform solution of target compound (5 mg mL™) on quartz
substrates (1500 rpm, 30 s). The thin film samples of Az-DPP and Na-IID
were fabricated by spin-casting their chloroform solutions with a con-
centration of 2.5 mg mL ™" due to their limited solubility while that of
Na-DPP wasn’t prepared because of its rather poor solubility in chlo-
roform (<0.5 mg mL™ ).

Cyclic voltammetry measurements were performed on a LK 2010
electrochemical work station with a three-electrode cell in 0.10 mol L™?
tetrabutylammonium perchlorate in anhydrous dichloromethane solu-
tion (the concentration of target compound is 5 x 10~ mol L™1). The
three-electrode cell uses a Pt disk as working electrode, a Pt wire as
counter electrode and a Ag/AgNOs (0.1 mol L' in acetonitrile) as
reference electrode (ferrocenium/ferrocene redox couple as the internal
potential reference). All measurements were carried out at room tem-
perature at Ny atmosphere with a scan rate of 50 mV sL

Atomic force microscopy (AFM) measurements were measured with
a MFP 3D Asylum Research atomic force microscope. Samples were
prepared by spin-casting the chloroform solution of target compound
[6,6]:-phenyl-C71butyric acid methyl ester (PC;1BM, 18 mg mL~}, 1:5
in wt%) on glass substrate (2000 rpm, 50 s). The transmission electron
microscopy (TEM) investigation was performed on a JEM-2100F field
emission transmission electron microscope. Samples were prepared by
spin-casting the chloroform solution of target compound:PC7;BM (18
mg mL™}, 1:5 in wt%) on poly(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT:PSS)-coated glass substrate, then floating
the film on water surface, and transferring to copper grids.

2.2. Device preparation

Photovoltaic devices were fabricated with a layered structure of
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Fig. 2. Chemical structures of azulene-containing OPV materials [13,20-23].
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Scheme 1. Chemical structures of the target compounds.

glass/ITO/MoO3 (8 nm)/target compound:PCy1BM (wt/wt, 65 nm)/
poly [(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7- fluorene)-alt-2,7-
(9,9-dioctylfluorene)] (PFN, 5 nm)/Al (100 nm). The ITO-coated glass
15 Q sq’l) were cleaned through

substrates (sheet resistance =

sequential sonication in detergent, deionized water, acetone and ethanol
for 10 min each, and finally blow-dried by high purity N». The substrates
were expose to UV-ozone for 5 min, then immediately transferred into a
high vacuum chamber (<3 x 104 Pa) to deposit MoOs3 layer (8 nm, 0.5
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Scheme 2. Synthetic routes of the intermediates and target compounds. Reagents/conditions: a) 2,2-bipyridine (7% eq.), chloro(1,5-cyclooctadiene)iridium(I)
dimer (2.5% eq.), anhydrous cyclohexane, 80 °C, 20 h, 24%; b) PdClx(dppf)> (10% eq.), potassium acetate, anhydrous 1,4-dioxane, 80 °C, 10 h, 49%; c) acetic
acid, concentrated HCl, reflux, 12 h, 87%; d) n-Bromooctane, potassium carbonate, DMF, 100 °C, 12 h, 29%); e) 2-tributylstannylthiophene, Pd,(dba)s (2% eq.), P(o-
tol)3 (16% eq.), anhydrous toluene, reflux, 10 h, 90%; f) N-bromosuccinimide (NBS), tetrahydrofuran, r.t., 4 h; g) Pd»(dba)s (2% eq.), P(o-tol); (16% eq.), anhydrous
toluene, reflux, 11 h, 87%; h) NBS, DMF, r.t., 2 h, 50%; i) Pd(pph3)4 (6% eq.), sodium carbonate, toluene:ethanol:water (1:1:1.5, v/v/v), 90 °C, 12 h, 79% (Az-BT),
48% (Az-DPP), 45% (Az-1ID), 77% (Az-TT), 81% (Na-BT), 58% (Na-DPP), 65% (Na-IID), 81% (Na-TT).
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A s71). Subsequently, the photoactive layers were fabricated by spin-
casting the chloroform solution of target compound:PCy1BM (18 mg
mL~Y, 1:5 in wt%, 2000 rpm, 50 s) in a No-filling glove box at 25 °C.
Then the PFN methanol solution (2 mg mL’l, with 2 pL mL ™! acetic
acid) was spin-casted on the photoactive layers. Then the substrates
were loaded into a vacuum chamber (<3 x 10~* Pa) to finish the
deposition of Al (100 nm, 1.5 A s7h. Deposition rate and film thickness
were in situ monitored using a quartz crystal oscillator mounted to the
substrate holder. The active area of cells was 3.8 mm?. Several batches of
devices (4 cells per batch) were fabricated and tested. The current
density-voltage (J-V) curves under illumination were measured using an
Abet solar simulator with a Keithley 4200 source measurement unit
under AM 1.5G illumination (100 mW cm2) after spectral mismatch
correction under an ambient atmosphere at 25 °C. External quantum
efficiency (EQE) curves were performed in air atmosphere using a QE/
IPCE Measurements Solar Cell Scan 100 (ZOLIX) system.

Hole-only devices were fabricated with a structure of ITO/MoOs (8
nm)/active layer/Au (100 nm). The dark J-V characteristics were
measured and fitted the results using the space charge limited current
(SCLC) model [27,28]. The current density (J) is given by

2
J= gsoe,‘y %
Where ¢y is the permittivity of free-space, & is the relative dielectric
constant of the active layer, u is the charge carrier mobility, and L is the
thickness of the active layers.

2.3. Synthesis

The synthetic routes are outlined in Scheme 2. Compounds 1-8 were
prepared according to the procedures described in the literatures
[29-32]. Compounds 9, 10 were purchased from Beijing HWRK Chem.
The other chemicals, reagents, solvents were used as received from the
suppliers except as specifically mentioned.

2.3.1. 2-(7-Isopropyl-1,4-dimethylazulen-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1) [29]

Guaiazulene (4.00 g, 20.00 mmol), bis(pinacolato)diboron (5.63 g,
22.00 mmol), 2,2'-bipyridyl (0.22 g, 1.40 mmol, 7% eq.) and chloro(1,5-
cyclooctadiene)iridium(I) dimer (0.34 g, 0.5 mmol, 2.5% eq.) were
added to anhydrous cyclohexane (60 mL). After argon gas was bubbled
into the mixture for 10 min, the mixture was heated at 80 °C for 20 h,
and filtered. The filtrate was concentrated under reduced pressure, and
the crude product was purified by silica gel column chromatography
(neutral alumina, n-hexane) to afford 1 (1.56 g, 24%) as blue-black solid
and the recovery of guaiazulene is 45% (1.80 g). 'H NMR (400 MHz,
CDCls, ppm) 6 8.23 (d, J = 2.0 Hz, 1H, ArH), 7.60 (s, 1H, ArH), 7.38 (dd,
J=10.8 Hz, 1.6 Hz, 1H, ArH), 6.93 (d, J = 10.8 Hz, 1H, ArH), 3.10-3.00
(m, 1H, CH), 2.82 (s, 3H, CHs), 2.81 (s, 3H, CHs), 1.40 (s, 12H, CHs),
1.35 (d, J = 6.8 Hz, 6H, CH3).

2.3.2. 4,4,5,5-Tetramethyl-2-(naphthalen-2-yl)-1,3,2-dioxaborolane (2)
[30]

2-Bromonaphthalene (2.00 g, 9.70 mmol), bis(pinacolato)diboron
(3.06 g, 12.10 mmol), PdCla(dppf)2 (0.71 g, 0.97 mmol, 10% eq.), and
anhydrous potassium acetate (2.86 g, 29.10 mmol) were added to
anhydrous 1,4-dioxane (60 mL). After argon gas was bubbled into the
mixture for 10 min, the mixture was heated at 80 °C for 10 h, and
filtered. The filtrate was concentrated under reduced pressure, and the
crude product was purified by silica gel column chromatography
(neutral alumina, n-hexane) to afford 2 (1.20 g, 49%) as white solid. H
NMR (400 MHz, CDClg, ppm) 6 8.37 (s, 1H, ArH), 7.88 (dd, J = 7.6 Hz,
1.6 Hz, 1H, ArH), 7.84-7.81 (m, 3H, ArH), 7.53-7.45 (m, 2H, ArH), 1.39
(s, 12H, CH3). 13C NMR (100 MHz, CDCl3, ppm) 6 136.4, 135.2,133.0,
130.6, 128.8, 127.9, 127.2, 126.0, 110.2, 84.1, 25.1.
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2.3.3. (E)-6,6'-dibromo-[3,3'-biindolinylidene]-2,2'-dione (3) [31]

6-Bromo-1,3-dihydro-2H-indol-2-one (2.00 g, 9.43 mmol) and 6-bro-
moindoline-2,3-dione (2.13 g, 9.43 mmol) were added to acetic acid (60
mL), then 0.4 mL concentrated HCl was added. The mixture was refluxed
for 12 h. After cooled to room temperature, the brown precipitate was
filtered, washed with water and dried to afford 3 (3.45 g, 87%) as brown
solid. 'H NMR (400 MHz, DMSO-ds, ppm) 5 11.11 (s, 2H, NH), 8.99 (d, J
= 8.8 Hz, 2H, ArH), 7.19 (dd, J = 8.8 Hz, 2.0 Hz, 2H, ArH), 7.00 (d, J =
2.0 Hz, 2H, ArH). 3C NMR (100 MHz, DMSO-ds, ppm) 5 168.9, 145.5,
132.7,130.9, 125.7, 124.0, 120.8, 112.4.

2.3.4. (E)-6,6'-dibromo-1,1'-dioctyl-[3,3'-biindolinylidene]-2,2'-dione (4)
[31]

3(3.00 g, 7.14 mmol), potassium carbonate (4.93 g, 35.7 mmol), and
n-bromooctane (3.03 g, 15.7 mmol) were added to N,N-dime-
thylformamide (DMF, 100 mL) under Ar atmosphere. The mixture was
heated at 100 °C for 12 h, then poured into water, and filtered to obtain
black solid. The solid was dissolved in 70 mL dichloromethane, and 400
mL petroleum ether was added dropwise to precipitate red solid, then
filtered to give 4 (1.32 g, 29%) as red solid. 14 NMR (400 MHz, CDCls3,
ppm) 6 9.07 (d, J = 8.8 Hz, 2H, ArH), 7.17 (dd, J = 8.8 Hz, 2.0 Hz, 2H,
ArH), 6.92 (d, J = 1.6 Hz, 2H, ArH), 3.73 (t, J = 7.2 Hz, 4H, CH,), 1.72-
1.64 (m, 4H, CH>), 1.42-1.21 (m, 20H, CH,), 0.87 (t, J = 6.8 Hz, 6H,
CH3).

2.3.5. (E)-1,1'-dioctyl-6,6'-di(thiophen-2-yl)-[3,3 -biindolinylidene]-2,2'-
dione (5) [31]

4 (1.00 g, 1.55 mmol), 2-tributylstannylthiophene (1.74 g, 4.65
mmol), Pdy(dba)s (57 mg, 0.06 mmol, 2% eq.), and P(o-tol)s (90 mg,
0.29 mmol, 16 eq.) were added to anhydrous toluene (50 mL) under Ar
atmosphere. The mixture was refluxed for 10 h, and the reaction was
monitored by thin layer chromatography (TLC). After reaction, the
solvent was concentrated under reduced pressure and the residue was
purified by silica gel column chromatography (petroleum ether:
dichloromethane = 2:1) to afford 5 (0.90 g, 90%) as brown solid. Bii
NMR (400 MHz, CDCl3, ppm) § 9.18 (d, J = 8.4 Hz, 2H, ArH), 7.43 (dd, J
= 3.6 Hz, 0.8 Hz, 2H, ArH), 7.36 (dd, J = 4.8 Hz, 0.8 Hz, 2H, ArH), 7.30
(dd, J = 8.4 Hz, 1.6 Hz, 2H, ArH), 7.13 (t, J = 4.4 Hz, 2H, ArH), 6.98 (d,
J = 1.6 Hz, 2H, ArH), 3.82 (t, J = 7.2 Hz, 4H, CH,), 1.78-1.70 (m, 4H,
CHy), 1.46-1.24 (m, 20H, CHs), 0.87 (t, J = 7.2 Hz, 6H, CH3).

2.3.6. (E)-6,6'-bis(5-bromothiophen-2-yl)-1,1'-dioctyl-[3,3'-
biindolinylidene]-2,2'-dione (6) [31]

5 (500 mg, 0.77 mmol) was dissolved in 50 mL THF, then NBS (300
mg, 1.68 mmol) was added. The mixture was stirred at 21 °C for 4 h in
the dark. When the mixture was poured into 200 mL water, the
brownish-black solid was precipitated immediately, and filtered to
afford 6 (0.40 g, 64%), which was taken directly to the next step. 'H
NMR (400 MHz, CDCl3, ppm) §9.17 (d, J = 8.4 Hz, 2H, ArH), 7.19 (dd, J
= 8.0 Hz, 1.6 Hz, 2H, ArH), 7.17 (d, J = 4.0 Hz, 2H, ArH), 7.07 (d, J =
3.6 Hz, 2H, ArH), 6.87 (d, J = 1.6 Hz, 2H, ArH), 3.80 (t, J = 7.2 Hz, 4H,
CHy), 1.76-1.68 (m, 4H, CHy), 1.45-1.26 (m, 20H, CH), 0.85 (t, J = 7.2
Hz, 6H, CHj).

2.3.7. 2-Ethylhexyl-3-fluoro-4,6-di(thiophen-2-yl)thieno[3,4-b]thiophene-
2-carboxylate (7) [32]
2-Ethylhexyl-4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-

carboxylate (1.00 g, 2.11 mmol), 2-tributylstannylthiophene (1.96 g,
5.25 mmol), Pdy(dba)s (38 mg, 2% eq.) and P(o-tol)3 (102 mg, 16% eq.)
were added to anhydrous toluene (40 mL) under Ar atmosphere. The
mixture was refluxed for 11 h and the reaction was monitored by thin
layer chromatography. After reaction, the solvent was concentrated
under reduced pressure and the residue was purified by silica gel column
chromatography (petroleum ether:dichloromethane = 5:1) to afford 7
(0.87 g, 87%) as yellow-orange solid. 'H NMR (400 MHz, CDCls, ppm) &
7.42(dd, J = 3.6 Hz, 1.2 Hz, 1H, ArH), 7.38 (dd, J = 7.6 Hz, 0.8 Hz, 1H,
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ArH), 7.36 (dd, J = 7.6 Hz, 0.8 Hz, 1H, ArH), 7.27-7.26 (m, 1H, ArH),
7.13-7.10 (m, 2H, ArH), 4.26 (dd, J = 5.6 Hz, 1.6 Hz, 2H, CHy), 1.75-
1.69 (m, 1H, CH), 1.48-1.28 (m, 8H, CHy), 0.97-0.92 (m, 6H, CHs).

2.3.8. 2-Ethylhexyl-4,6-bis(5-bromothiophen-2-yD)-3-fluorothieno[3,4-b]
thiophene-2-carboxylate (8) [32]

7 (0.95 g, 2.00 mmol) was dissolved in DMF (10 mL). The mixture
was stirred for 30 min in ice bath. Then a solution of NBS (0.78 g, 4.39
mmol) in DMF (20 mL) was added dropwise. The mixture was reacted at
room temperature for 2 h. When the reaction solution was poured into
water, the orange-red solid was precipitated, and filtered, recrystallized
to afford 8 (0.66 g, 50%). 'H NMR (400 MHz, CDCls, ppm) 6 7.14 (dd, J
= 4.0 Hz, 0.8 Hz, 1H, ArH), 7.06 (dd, J = 3.6 Hz, 1.6 Hz, 2H, ArH), 6.98
(d, J = 4.0 Hz, 1H, ArH), 4.26 (dd, J = 5.6 Hz, 1.2 Hz, 2H, CH,), 1.74-
1.68 (m, 1H, CH), 1.49-1.33 (m, 8H, CHj), 0.97-0.90 (m, 6H, CH3).

2.3.9. Procedure for the synthesis of target compounds

PdCl, (200 mg, 1.12 mmol) and triphenylphosphine (1.48 g, 5.60
mmol) were added to degassed dimethyl sulfoxide (DMSO, 32 mL) under
anhydrous condition in the dark, and the mixture was heated at 140 °C.
When the reaction solution changed from a turbid solution to an orange-
yellow clear one, the reaction mixture was cooled slightly and hydrazine
hydrate (0.4 mL) was injected with a syringe in the dark to precipitate
pale yellow solid. The reaction mixture was cooled to room temperature,
filtered, washed with ethanol and diethyl ether at Ar atmosphere under
anhydrous and dark conditions to afford Pd(pphs)4 (1.12 g, 86%).

1 or 2 (2.4 eq.), corresponding bromine 6, 8, 9 or 10 (1 eq.), Pd
(pphs)4 (6% eq.), and sodium carbonate (120 eq.) were added to a mixed
solvent (toluene:ethanol:water = 1:1:1.5, v/v/v) at Ar atmosphere. The
reaction mixture was heated at 90 °C for 12 h in the dark. The reaction
mixture was poured into water, extracted with ethyl acetate or
dichloromethane, washed with water, dried with anhydrous sodium
sulfate and filtered. The filtrate was concentrated under reduced pres-
sure and the residue was purified by silica gel column chromatography
or recrystallization to obtain the target compound.

Az-BT (0.52 g, 79%): M.p. 107-110 °C. 'H NMR (400 MHz, CDCl3,
ppm) 6 8.69 (d, J = 4.0 Hz, 2H, ArH), 8.23 (d, J = 1.6 Hz, 2H, ArH), 7.69
(d, J=4.0Hz, 2H, ArH), 7.36 (dd, J = 10.8 Hz, 1.6 Hz, 2H, ArH), 7.26 (s,
2H, ArH), 7.05 (d, J = 10.8 Hz, 2H, ArH), 4.24 (t, J = 7.2 Hz, 4H, CH),
3.16-3.06 (m, 2H, CH), 2.92 (s, 6H, CHj3), 2.87 (s, 6H, CHj), 2.10-2.03
(m, 4H, CH,), 1.58-1.51 (m, 4H, CHy), 1.40 (d, J = 7.2 Hz, 12H, CHs),
1.37-1.23 (m, 16H, CHy), 0.87 (t, J = 6.8 Hz, 6H, CH3). 13C NMR (100
MHz, CDCls, ppm) 6 151.9, 151.1, 143.5, 142.8, 141.5, 140.1, 138.4,
137.0, 135.3, 134.2, 133.0, 132.0, 126.7, 126.3, 121.1, 117.7, 112.5,
74.7, 38.6, 32.0, 30.7, 29.8, 29.5, 26.2, 24.9, 24.4, 22.8, 14.2, 12.6.
Anal. caled for CgoH7oN205Ss: C, 75.90; H, 7.64; N, 2.95; S, 10.13.
Found: C, 75.49; H, 7.69; N, 3.12; S, 10.24.

Az-DPP (0.17 g, 48%): M.p. 268-269 °C. 'H NMR (400 MHz, CDCls,
ppm) 69.15 (d, J = 4.4 Hz, 2H, ArH), 8.23 (d, J = 1.6 Hz, 2H, ArH), 7.70
(d, J = 4.0 Hz, 2H, ArH), 7.50 (s, 2H, ArH), 7.38 (dd, J = 10.4 Hz, 1.6 Hz,
2H, ArH), 7.06 (d, J = 10.8 Hz, 2H, ArH), 4.20 (t, J = 7.6 Hz, 4H, CH,),
3.15-3.04 (m, 2H, CH), 2.86 (s, 6H, CHj3), 2.85 (s, 6H, CH3), 1.89-1.82
(m, 4H, CH,), 1.54-1.47 (m, 4H, CH,), 1.38 (d, J = 6.8 Hz, 12H, CHs),
1.34-1.25 (m, 16H, CHy), 0.86 (t, J = 6.8 Hz, 6H, CHs). 3¢ NMR
spectrum was not characterized due to its poor solubility. Anal. calcd for
CeoH72N205Ss: C, 78.56; H, 7.91; N, 3.05; S, 6.99. Found: C, 78.25; H,
7.95; N, 3.33; S, 7.09.

Az-1ID (0.23 g, 45%): M.p. 214-216 °C. 'H NMR (400 MHz, CDCls,
ppm) 69.19 (d, J = 8.4 Hz, 2H, ArH), 8.20 (d, J = 1.2 Hz, 2H, ArH), 7.51
(dd, J = 7.6 Hz, 3.6 Hz, 4H, ArH), 7.37-7.34 (m, 4H, ArH), 7.04 (d, J =
10.8 Hz, 2H, ArH), 6.99 (d, J = 1.2 Hz, 2H, ArH), 3.84 (t,J = 7.2 Hz, 4H,
CHy), 3.15-3.04 (m, 2H, CH), 2.85 (s, 6H, CH3), 2.84 (s, 6H, CH3), 1.80-
1.73 (m, 4H, CHy), 1.49-1.42 (m, 4H, CHy), 1.39 (d, J = 7.2 Hz, 12H,
CHj3), 1.36-1.22 (m, 16H, CHy), 0.87 (t, J = 7.2 Hz, 6H, CH3). 13¢ NMR
(100 MHz, CDCl;, ppm) 6 168.4, 145.4, 144.4, 143.9, 142.3, 141.6,
139.5, 138.4, 137.8, 137.1, 134.5, 133.3, 131.8, 130.5, 127.8, 126.4,

Dyes and Pigments 187 (2021) 109079

125.6, 121.3, 121.1, 119.2, 112.3, 104.5, 40.2, 38.6, 32.0, 29.5, 29.4,
27.8,27.2,24.9,24.5,22.8,14.2, 12.5. Anal. calcd for C7oH7gN20,S: C,
80.57; H, 7.53; N, 2.68; S, 6.15. Found: C, 79.92; H, 7.55; N, 2.90; S,
6.19.

Az-TT (0.20 g, 77%): M.p. 165-166 °C. 'H NMR (400 MHz, CDCls,
ppm) 6 8.20 (s, 2H, ArH), 7.53 (s, 1H, ArH), 7.52 (s, 2H, ArH), 7.45 (s,
2H, ArH), 7.36 (d, J = 10.4 Hz, 2H, ArH), 7.31 (t, J = 4.0 Hz, 1H, ArH),
7.04 (d, J = 10.4 Hz, 2H, ArH), 4.29 (t, J = 5.6 Hz, 2H, CH>), 3.14-3.04
(m, 2H, CH), 2.84 (t, J = 4.0 Hz, 12H, CH3), 1.78-1.72 (m, 1H, CH), 1.51-
1.46 (m, 2H, CHy), 1.39 (d, J = 6.8 Hz, 12H, CHj), 1.45-1.31 (m, 6H,
CH,), 1.00-0.93 (m, 6H, CHj). 13C NMR (100 MHz, CDCl3, ppm) 5 161.6,
152.0, 149.1, 143.9, 143.8, 142.9, 141.6, 141.5, 139.02, 138.98, 138.4,
137.07, 137.04, 135.0, 134.44, 134.36, 134.3, 133.2, 133.1, 130.65,
130.56, 129.9, 129.7, 128.4, 128.3, 127.8, 127.5, 126.4, 125.1, 123.0,
121.1, 120.9, 112.15, 112.08, 68.2, 38.9, 38.6, 30.5, 29.1, 24.9, 24.5,
24.0, 23.1, 14.3, 12.5, 11.2. Anal. calcd for C53H55F02S4: C, 73.06; H,
6.36; S, 14.72. Found: C, 73.55; H, 6.47; S, 15.82.

Na-BT (0.32 g, 81%): M.p. 138-139 °C. 'H NMR (400 MHz, CDCls,
ppm) § 8.57 (d, J = 4.0 Hz, 2H, ArH), 8.18 (s, 2H, ArH), 7.90-7.84 (m,
8H, ArH), 7.58 (d, J = 4.0 Hz, 2H, ArH), 7.53-7.46 (m, 4H, ArH), 4.22 (t,
J = 7.2 Hz, 4H, CHy), 2.06-1.99 (m, 4H, CH), 1.58-1.50 (m, 5H, CHy),
1.43-1.27 (m, 15H, CHy), 0.86 (t, J = 6.8 Hz, 6H, CH3). 13C NMR (100
MHz, CDCl3, ppm) § 152.0, 151.0, 145.7, 134.1, 133.8, 133.0, 132.1,
131.9, 128.7, 128.2, 127.9, 126.7, 126.1, 124.4, 124.3, 123.6, 117.6,
74.7, 32.0, 30.7, 29.8, 29.5, 26.3, 22.8, 14.2. Anal. calcd for
CsoHs52N2045S3: C, 74.22; H, 6.48; N, 3.46; S, 11.89. Found: C, 74.35; H,
6.48; N, 3.58; S 12.6.

Na-DPP (0.22 g, 58%): M.p. > 280 °C, 'H NMR and '3C NMR spectra
were not characterized due to its very poor solubility. Anal. caled for
Cs0Hs52N202S9: C, 77.28; H, 6.75; N, 3.60; S, 8.25. Found: C, 75.59; H,
6.65; N, 3.83; S, 8.47.

Na-IID (0.29 g, 65%): M.p. 253-254 °C, 'H NMR (400 MHz, CDCl3,
ppm) § 9.19 (d, J = 8.4 Hz, 2H, ArH), 8.08 (s, 2H, ArH), 7.87-7.76 (m,
8H, ArH), 7.52-7.39 (m, 8H, ArH), 7.33 (d, J = 8.4 Hz, 2H, ArH), 6.97 (s,
2H, ArH), 3.84 (t, J = 6.8 Hz, 4H, CHj), 1.80-1.72 (m, 4H, CHy), 1.50-
1.22 (m, 20H, CH,), 0.88 (t, J = 6.8 Hz, 6H, CHs). 13C NMR spectrum
was not characterized due to its poor solubility. Anal. calcd for
CeoHsgN2045Ss: C, 79.78; H, 6.47; N, 3.10; S, 7.10. Found: C, 78.93; H,
6.46; N, 3.32; S, 7.27.

Na-TT (0.29 g, 81%): M.p. 181-182 °C. 'H NMR (400 MHz, CDCls,
ppm) § 8.01 (s, 2H, ArH), 7.83-7.80 (m, 6H, ArH), 7.70 (d, J = 8.4 Hz,
2H, ArH), 7.49-7.36 (m, 7H, ArH), 7.17 (s, 1H, ArH), 4.25 (d, J = 6.0 Hz,
2H, CHy), 1.77-1.71 (m, 1H, CH), 1.50-1.35 (m, 8H, CHj), 0.99 (t, J =
7.6 Hz, 3H, CH3s), 0.97 (t, J = 7.2 Hz, 3H, CHj). 13C NMR (100 MHz,
CDCl3, ppm) § 161.5, 149.1, 145.9, 144.5, 134.0, 133.7, 133.2, 133.05,
133.97, 131.0, 130.6, 130.5, 129.1, 128.8, 128.5, 128.23, 128.19,
127.9, 126.8, 126.4, 126.3, 125.2, 124.8, 124.4, 124.3, 124.1, 123.9,
123.8, 117.1, 68.3, 38.9, 30.6, 29.1, 24.0, 23.2, 14.3, 11.2. Anal. calcd
for C43H35F05S4: C, 70.65; H, 4.83; S, 17.54. Found: C, 68.72; H, 5.54; S
12.33.

3. Results and discussion
3.1. Synthesis and characterization

The synthetic routes of target compounds are outlined in Scheme 2.
Guaiazulene borate (1) was synthesized by introduction of a boryl group
into the 2-position of the guaiazulene skeleton through the direct C-H
activation method with chloro(1,5-cyclooctadiene)iridium(I) dimer
catalysis [29]. After heated at 80 °C for 20 h, about 45% of guaiazulene
remained unreacted, which is consistent with the reported result [29].
Naphthalene borate (2) was synthesized by Miyaura boronation reaction
of 2-bromo naphthalene with bis(pinacolato)diboron in a yield of 49%
[30]. All target compounds were obtained by Suzuki coupling reaction
of guaiazulene borate (1) or naphthalene borate (2) with the corre-
sponding brominated intermediates (6, 8, 9, 10) in yields of 45% ~
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81%. The chemical structures of target compounds were confirmed by
'H NMR, '3C NMR and elemental analysis. The 13¢ NMR spectra of
Az-DPP, Na-IID and the 'H NMR/*3C NMR spectra of Na-DPP weren’t
characterized due to their limited solubility. At room temperature, the
solubility of Az-BT, Az-TT and Na-BT in chloroform solution is > 15 mg
mL~}, and the solubility of Az-IID and Na-TT is ~10 mg mL™. The
solubility of Az-DPP and Na-IID is about 3-4 mg mL~!, while that of
Na-DPP is < 0.5 mg mL™!. The solubility of azulene derivatives is
generally higher than its corresponding naphthalene derivatives, which
is mainly attributed to the alkyl substitutions in the guaiazulene
structure.

3.2. Optical properties

The UV-visible absorption spectra of azulene and naphthalene de-
rivatives in chloroform solution (1.0 x 10~° mol L) and thin films are
shown in Fig. 3. The corresponding optical data are summarized in
Table 1. In chloroform solution, all of these derivatives show multiple
absorption peaks in the range of 200-750 nm, and the molar extinction
coefficient (¢) of each peak wavelength is > 10* L mol ~' em ™. In all
cases, azulene derivatives exhibit 10-39 nm red-shifted absorption
spectra in the red visible region with respect to the corresponding
naphthalene derivatives containing the same acceptor group, indicating
areduced energy gap of azulene derivatives due to the stronger electron-
donating ability of the azulene group than that of naphthalene group
[14,33,34]. The absorption spectra of azulene and naphthalene de-
rivatives were also compared with guaiazulene (Az) or naphthalene (Na)
and the corresponding parent electron-withdrawing units (6, 8, 9 or 10)
in Fig. S1, evaluating the efficiency of conjugation through the back-
bone. Undoubtedly, azulene and naphthalene derivatives exhibit
red-shifted absorption spectra with respect to the corresponding parent
Az/Na and electron-withdrawing units, indicating the increased
n-electron delocalization.
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Table 1
Optical data of the target compounds.
compound  solution film
Amax (nm) Amax (nm) Aonset
(e, x 10* L mol ! em™) (nm)
(5" vy
Az-BT 322 (4.08), 345 (4.21), 514 (3.73) 329, 541 667
(1.86)
Na-BT 248 (3.60), 351 (3.51), 482 (2.49) 363, 499 599
(2.07)
Az-DPP 316 (2.74), 427 (1.25), 619 (3.19) 323, 446, 642 821
(1.51)
Na-DPP 245 (2.77), 350 (2.28), 571 (4.09), /P /P
609 (4.56)
Az-1ID 335 (5.35), 451 (3.24), 598 (4.07) 336, 467, 602 757
(1.64)
Na-IID 245 (4.63), 348 (3.02), 469 (2.24), 373, 487, 612, 730
578 (3.19) 663 (1.70)
Az-TT 316 (5.02), 427 (1.45), 534 (4.42) 322, 570 718
(1.73)
Na-TT 258 (3.72), 359 (2.22), 495 (3.33) 219, 382, 519 649
(1.91)

# Obtained from the onset of UV-Vis absorption spectra in thin films.
b The solubility of Na-DPP in chloroform is too poor (<0.5 mg mL™) to pre-
pare spin-casting thin film sample.

In thin films, all of azulene and naphthalene derivatives display
broadened and red-shifted absorption spectra in the range of 200-850
nm. According to the onset of the absorption spectra in thin films, the
optical band gaps (Efg"’ ") of azulene and naphthalene derivatives can be
estimated to be 1.86 eV (Az-BT), 2.07 eV (Na-BT), 1.51 eV (Az-DPP),
1.64 eV (Az-1ID), 1.70 eV (Na-IID), 1.73 eV (Az-TT) and 1.91 eV (Na-
TT). The absorption spectrum of Na-DPP in thin film wasn’t measured
due to its too poor solubility in chloroform (<0.5 mg mL 1) to prepare

b)

—~ 1.0 Solution

z —o— Az-lID
~— —o— Na-lID
g 08¢ —o—AZ-TT
& ——Na-TT
£ 0.6

5 :

[72]

o

< 0.4

T

(]

N

= 0.2-

E

2 0.0- D000

200 300 400 500 600 700 800 900
Wavelength (nm)

d) .

~1.0 Film

s T/ = —o— Az-ID
8 7 —o—Na-lID
g o AZTT
= ——Na-TT
o]

S

o

(7]

K]

<

T

(]

8

S ‘

£ A

° TOoon, X

= 0.0 —EOOCTOPRAE

200 300 400 500 600 700 800
Wavelength (nm)

900

Fig. 3. UV-Visible absorption spectra of azulene and naphthalene derivatives in chloroform solution (a-b) and thin films (c-d).
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spin-casting thin film.
3.3. Electrochemical properties

Cyclic voltammetry (CV) measurements were performed in CHCl; to
obtain the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) energy levels of these derivatives,
shown in Fig. S2 and Table 2. In the anode scan, all of azulene de-
rivatives and Na-DPP show an irreversible oxidation process in the range
of 0.2-1 V while naphthalene derivatives (Na-BT, Na-IID and Na-TT)
show a reversible oxidation process. According to the onset of the first
oxidation wave vs. Fc/Fc™ for these compounds and the energy level of
Fc/Fc' redox couple (4.80 eV below vacuum) [7,35,36], the HOMO
energy levels are calculated to be —5.16 eV for Az-BT, —5.36 eV for
Na-BT, —5.03 eV for Az-DPP, —5.23 eV for Na-DPP, —5.16 eV for Az-IID,
—5.35 eV for Na-IID, —5.07 eV for Az-TT and —5.23 eV for Na-TT. In the
cathode scan, all of azulene and naphthalene derivatives except Na-DPP
show an irreversible reduction process in the range of —1.6 ~ —1 V.
According to the same calculation method of the HOMO energy level,
the LUMO energy levels are calculated to be —3.39 eV for Az-BT, —3.38
eV for Na-BT, —3.33 eV for Az-DPP, —3.51 eV for Az-IID, —3.53 eV for
Na-IID, —3.42 eV for Az-TT and —3.44 eV for Na-TT. It can be seen the
HOMO energy levels of azulene derivatives are actually 0.16-0.2 eV
higher than the corresponding naphthalene ones due to the stronger
electron-donating ability of the azulene group, which is consistent with
their absorption spectra. Meanwhile, the derivatives containing the
same electron-withdrawing unit show the almost same LUMO energy
levels. These results indicate that the HOMO energy level depends on the
whole conjugated system, while the LUMO energy level mainly depends
on the electron-withdrawing unit.

3.4. Photovoltaic properties

In order to research the effects of the azulene and naphthalene donor
groups on the photovoltaic performance, solution processing OPVs
based on azulene or naphthalene derivatives (electron donor material)
and PC71BM (electron acceptor material) were fabricated. Unfortu-
nately, the OPV devices based on Az-DPP and Na-DPP weren’t prepared
because of their rather poor solubility in chloroform. Initially, the
photovoltaic performances of the devices based on Az-BT:PC7;BM and
Na-BT:PC7;BM with different blend ratios were investigated. The rela-
tive J-V curves and photovoltaic data are shown in Table S1 and Fig. S3.
For Az-BT-based devices, when the blend ratio is varied from 1:1 to 1:8,
the PCE increases from 0.02% to 0.66%, along with simultaneously
increased short circuit current density (Js.), open circuit voltage (V)
and fill factor (FF). For Na-BT-based devices, when the blend ratio is
from 1:1 to 1:5, the PCE increases significantly from 0.40% to 2.06%.
Then the PCE decreases to 1.44% when the blend ratio is 1:8. It shows
that the optimum blend ratio is found to be 1:8 for Az-BT-based devices
and 1:5 for Na-BT-based ones. In order to compare the photovoltaic

Table 2

Electrochemical data and energy levels of the target compounds.
compounds  EZ%e(V)? ECet(V)? HOMO (eV)"  LUMO (eV)" EY (ev)!
Az-BT 0.36 —1.41 -5.16 -3.39 1.77
Na-BT 0.56" ~1.42 ~5.36 -3.38 1.98
Az-DPP 0.23 —1.47 —5.03 -3.33 1.70
Na-DPP 0.43 / —-5.23 / /
Az-1ID 0.36 -1.29 -5.16 —3.51 1.65
Na-IID 0.55" -1.27 -5.35 —3.53 1.82
Az-TT 0.27 —-1.38 -5.07 —-3.42 1.65
Na-TT 0.43" -1.36 -5.23 -3.44 1.79

2 Obtained from the onset of the first oxidation/reduction wave vs. Fc/Fc™.
b Obtained from the peak of the first oxidation wave vs. F¢/Fc™.

¢ HOMO = (— 4.80 — gEJ¥®") eV, LUMO = (— 4.80 — qE%5*) eV.

4 ESV = LUMO — HOMO.

Dyes and Pigments 187 (2021) 109079

performances, the devices based on azulene and naphthalene derivatives
with the blend ratio of 1:5 were prepared and discussed. The J-V curves
and photovoltaic data are shown in Fig. 4 and Table 3.

When the blend ratio is 1:5, azulene derivative-based devices exhibit
moderate photovoltaic efficiencies (PCE = 0.26% ~ 0.57%) among the
reported azulene-containing OPV materials (shown in Fig. 2) [13,
20-23]. Meanwhile, in all cases, the devices based on naphthalene de-
rivatives show relatively much higher PCEs (0.88% ~ 2.06%) than
azulene derivatives-based ones, due to the higher Jy, V,. and FF. Az-BT-
and Na-BT-based devices were taken as an example to discuss the effects
of azulene and naphthalene groups on the photovoltaic performance.
With respect to V., the Na-BT-based device shows a V,. of 1.04 V, which
is 0.26 V higher than that of Az-BT-based one, consistent with the deeper
of HOMO energy level by 0.2 eV. Further, the Na-BT-based device has a
much higher J;. of 6.01 mA cm ™2 than that of Az-BT-based one (2.07 mA
cm™2), in good agreement with their EQE curves in Fig. 5a. In the entire
region (300-800 nm), the EQE values of Na-BT-based device are
significantly higher than that of Az-BT-based one. However, Az-BT- and
Na-BT-based blend films exhibit quite similar absorption spectra, shown
in Fig. 5b. Therefore, it might be rational to assign the difference of Js
between these two devices to other factors rather than the absorption
ability [36].

The hole mobility of Az-BT, Na-BT, Az-BT:PC;;BM (1:5), and Na-BT:
PC71BM (1:5) were measured and calculated by the space charge limited
current (SCLC) model (Fig. 6) [27,28]. For pristine films, the hole
mobility of Na-BT is calculated to be 2.31 x 107> cm? V™! 571, which is
about 14 times higher than that of Az-BT (1.64 x 10 %cm?Vv s . For
blend films, the hole mobility of Na-BT:PC7;BM is 1.11 x 10 % em?v!
s~1, which is also much higher than that of Az-BT:PC71BM (6.84 x 1077
em? V™1 s71). The high hole mobility of photovoltaic devices is generally
conducive to improve the charge transport, hence increase the corre-
sponding J,. and FF [37,38]. Therefore, the higher hole mobility of
Na-BT-based devices than that of Az-BT-based ones contributes to the
higher J;, and FF in photovoltaic devices.

Furthermore, the film morphology of the blend films based on Az-BT:
PC7,BM (1:5) and Na-BT:PC;;BM (1:5) were investigated by using AFM
and TEM measurements. According to the AFM height graphics shown in
Fig. 7a-b, the Na-BT:PC,;BM blend film shows smoother surface with
smaller root-mean-square (RMS) roughness (0.73 nm vs. 1.24 nm) than
that of Az-BT:PC71BM blend film, which is beneficial to promote charge
transfer [7]. For TEM results shown in Fig. 7c-d, Az-BT and Na-BT both
exhibit good miscibility with PC;;BM in the blend film, however, the
phase separation size of Na-BT-based blend film is larger than that of
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Fig. 4. The J-V curves of the devices based on azulene and naphthalene de-
rivatives with the blend ratio of 1:5.
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Table 3
Photovoltaic parameters of the devices based on azulene and naphthalene de-
rivatives with the blend ratio of 1:5.%

Active layer wt/ Jse (mA Voo (V) FF PCE (%)
wt cm’z)
Az-BT: 1:5 2.07 (1.56) 0.78 0.32 0.52
PC;:BM (0.72) (0.30) (0.35)
Na-BT: 1:5 6.01 (5.46) 1.04 0.33 2.06
PC,;;BM (0.94) (0.31) (1.60)
Az-1ID: 1:5 1.12 (1.10) 0.79 0.30 0.26
PC;;:BM (0.79) (0.29) (0.26)
Na-IID: 1:5 3.97 (3.88) 0.89 0.32 1.12
PC;;BM (0.90) (0.31) (1.10)
Az-TT: 1:5 2.90 (2.72) 0.65 0.30 0.57
PC7;:BM (0.58) (0.30) (0.48)
Na-TT: 1:5 3.71 (3.43) 0.73 0.33 0.88
PC;;:BM (0.72) (0.32) (0.78)

? The average value of each photovoltaic parameter is shown in parentheses.

Az-BT-based one, promoting the charge transport after the exciton
dissociation. Accordingly, the smoother surface topography and larger
phase separation size of Na-BT-based blend film than those of
Az-BT-based one also contribute to the higher J;. and FF in photovoltaic
devices. Additionally, the AFM and TEM measurements were also con-
ducted on the blend films of Az-IID:PC71BM, Na-IID:PC7,BM, Az-TT:
PC71BM, and Na-TT:PC7;BM, as shown in Fig. S4. With respect to AFM
results, Na-IID and Na-TT blend films show rougher surface with larger
RMS roughness (2.91 nm for Na-IID and 1.77 nm for Na-TT) than that of
Az-1ID and Az-TT blend films (1.20 nm for Az-IID and 1.07 nm for
Az-TT). The rough surface morphology is not conducive to the effective
contact between the active layer and the electrode, leading to the energy
loss in photovoltaic devices [39]. Therefore, this is why the HOMO en-
ergy levels of Na-IID and Na-TT are 0.16-0.19 eV deeper than that of
Az-1ID and Az-TT, but the V,. of Na-IID- and Na-TT-based devices are
only 0.08-0.1 V higher than that of Az-IID- and Az-TT-based ones. With
respect to TEM results, the phase separation size of Na-IID-based (or
Na-TT-based) blend film is larger than that of Az-IID-based (Az-TT--
based) one, contributing to the higher J;. and FF in the corresponding
photovoltaic devices.

As previously mentioned, although azulene derivatives show red-
shifted and wider absorption spectra, naphthalene derivatives exhibit
much lower HOMO energy levels, higher hole mobility, and better blend
film morphology. Consequently, naphthalene derivatives show much
more excellent photovoltaic performances (PCE = 0.88% ~ 2.06%),
which is about 2-4 times higher than the corresponding azulene de-
rivatives (PCE = 0.26% ~ 0.57%). In addition, with respect to the de-
rivatives containing different electron-withdrawing units, Az-BT-based
and Az-TT-based devices show rather similar PCEs (0.52% vs. 0.57%),
which are approximately two times higher than Az-IID-based one
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Fig. 7. The AFM height maps (a, b) and TEM images (c, d) of the blend films
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(0.26%). Meanwhile, Na-BT-based device shows a PCE of 2.06%, which
is also approximately two times higher than Na-IID- and Na-TT-based
ones (PCE: 1.12% and 0.88% for Na-IID and Na-TT respectively). It
can be seen that the derivatives containing BT unit have achieved the
relatively high performance.

4. Conclusions

Eight D-A-D conjugated azulene and naphthalene derivatives, con-
taining guaiazulene or naphthalene group as electron-donating moiety
and BT, DPP, IID, or TT as electron-withdrawing moiety, were synthe-
sized. The effects of azulene and naphthalene groups on the molecular
properties and photovoltaic performances were investigated. The results
show although azulene derivatives show red-shifted and wider absorp-
tion spectra, naphthalene derivatives exhibit much lower HOMO energy
levels, higher hole mobility, and better film morphology. Unexpectedly,
the devices based on naphthalene derivatives show relatively excellent
PCE (0.88% ~ 2.06%), which is about 2—4 times higher than that of the
corresponding azulene derivatives (PCE = 0.26% ~ 0.57%). Addition-
ally, the derivatives containing BT unit have achieved the relatively
better performance than the derivatives containing IID and TT units,
indicating that selecting appropriate D and A units plays a particularly
important role in the development of D-A conjugated photovoltaic
materials.
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