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In this paper, three violanthrone derivatives with different substituents, 16,17-bis(2-ethylhexyloxy)-
anthra[9,1,2-cde-|benzo[rst]pentaphene-5,10-dione (3), 16,17-bis(octyloxy)-anthra[9,1,2-cde-]benzo[rst]
pentaphene-5,10-dione (4), 16,17-bis(hexyloxy)-anthra[9,1,2-cde-]benzo[rst]pentaphene-5,10-dione (5),
are synthesized. It is found that the substituent has a great effect on the aggregate structures of viola-
nthrone derivatives: the shorter the side chain is, the stronger the intermolecular T—= actions in the
solid state is. Because all compounds are p-type semiconductive materials with the relatively low-lying
highest occupied molecular orbital (HOMO) energy levels (~ —5.1 eV) and low band gaps (~ 1.8 eV), their

5??,/ 1": z:ﬁi'one derivatives photovoltaic properties are evaluated when the blends of violanthrone derivatives and [6,6]-phenyl-Cg;-
Substituent butyric acid methyl ester (PCBM) (1:1, w/w) are used as the active layers of organic solar cells. Among
Aggregate structure three violanthrone derivatives, compound 5 exhibits the best photovoltaic performance with the power
Hole mobility conversion efficiency (PCE) of 0.54% since the aggregate structure of compound 5 is in favor of charge

Organic solar cells
Photovoltaic performance

transport.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Organic solar cells (OSCs) is regarded as an alternative tech-
nology to inorganic photovoltaics because they can be fabricated
to large-area and flexible devices by low-cost solution-processing
[1-3]. In contrast to inorganic p—n junction solar cells, typical
0SCs feature a structure of bulk heterojunction, where a p-type
organic semiconductor (either conjugated polymer or small
molecule, which is usually a derivative of dye or pigment) and
a fullerene derivative (e.g. [6,6]-phenyl-Cgi-butyric acid methyl
ester, abbreviated as PCBM) function as the electron donor and
acceptor, respectively. To achieve a higher power conversion effi-
ciency (PCE) of OSCs, an ideal p-type organic semiconductor
should own both low band gap (Eg) and low HOMO (highest
occupied molecular orbital) energy level: low E; will favor the
efficient harvest of solar photons at longer wavelengths, giving
a larger short circuit current (Isc) of OSCs; and low HOMO energy
level can increase the open circuit voltage (Voc) of OSCs since Voc
is proportional to the difference between the HOMO of the donor
and the LUMO (lowest unoccupied molecular orbital) of the
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acceptor [4,5]. To meet the above requirements, in the past five
years, a lot of new p-type conjugated polymers have been repor-
ted, and the best OSCs based on conjugated polymers show the
PCEs of more than 8% [6—10]. Unfortunately, in the same period,
although significant progresses have been made and the PCEs of
~5% are achieved [11—-16], the development of the OSCs based on
organic small molecule semiconductors still lags behind the
polymer-based counterparts.

Almost all of organic small molecule photovoltaic materials
are the derivatives of dyes and pigments. Perylene diimide (PDI)
is a typical example. Because of its high electron affinity and
excellent electron mobility [17,18], PDI is usually functioned as
the electron acceptor in OSCs. Nevertheless, the PCEs of the
resulting devices are low, which may be ascribed to the poor
morphology of the active layer composed of PDI and p-type
organic semiconductor [19,20]. Interestingly, with similar
chemical structure as PDI, violanthrone (compound 1, whose
structure is shown in Scheme 1) is a p-type semiconductor
because it owns only two carbonyl groups. More importantly,
due to its bigger m-conjugated system, violanthrone has a nar-
rower band gap than PDI, so that the absorption band of viola-
nthrone extends to near-infrared region [21]. And it can be also
predicted that the HOMO energy level of violanthrone is low
because of the electron-accepting ability of two carbonyl groups,
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Scheme 1. Synthetic route to compounds 3—5.

which would be in favor of the improvement of V¢ while vio-
lanthrone is applied as electron donor in OSCs. Therefore, in this
work, three soluble violanthrone derivatives with different
substituents, 16,17-bis(2-ethylhexyloxy)-anthra[9,1,2-cde-]benzo
[rstlpentaphene-5,10-dione (3), 16,17-bis(octyloxy)-anthra[9,1,2-
cde-]benzo[rst]pentaphene-5,10-dione (4), 16,17-bis(hexyloxy)-
anthra[9,1,2-cde-]benzo|rst]pentaphene-5,10-dione (5), are de-
signed and synthesized. Then, the effects of substituents on the
aggregate structures and hole mobilities of compounds 3—5 are
investigated. At last, bulk heterojunction OSCs based on the
blends of 3—5 and PCBM are fabricated, in order to clarify how
the substituents influence the photovoltaic property of viola-
nthrone derivatives through the changing of their aggregate
structures.

2. Experimental
2.1. Instrument

TH NMR and '3C NMR spectra were recorded on a Bruker Avance
DMX 300 (300 MHz) nuclear magnetic resonance spectroscope
using tetramethylsilane (TMS) as an internal standard. Elemental
analysis was conducted on a Perkin—Elmer 240C elemental
analyzer. Ultraviolet—visible (UV—Vis) absorption spectra were
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Fig. 2. XRD patterns of the thin films of 3—5 spin-coated on the OTS-modified SiO,/Si
substrates. The spinning speeds are 1000 (3) and 2000 rpm (4 and 5), respectively.

recorded on a Varian CARY Bio spectrophotometer. Cyclic voltam-
metry (CV) was done on a CHI 660C electrochemical workstation
with Pt plate coated by an organic semiconductive thin film, Pt
wire, and standard calomel electrode (SCE) as working electrode,
counter electrode, and reference electrode, respectively, in
a 0.1 mol/L tetrabutylammonium hexafluorophosphate (BusNPFg)
CHsCN solution. The redox potentials were measured versus the
ferrocene/ferrocenium redox couple (Fc/Fc™), used as the internal
reference. The organic film on the working electrode was formed by
casting a solution of compound 3, 4, or 5 in chloroform (~1 mg/
mL). X-ray diffraction (XRD) patterns were gotten on a Rigaku D/
max 2550PC X-ray diffractometer with Cu K, radiation
(A = 1.5406 A) operated at 40 keV and 40 mA. Topographic images
of the films were obtained on a Veeco MultiMode atomic force
microscopy (AFM) in the tapping mode using an etched silicon
cantilever at a nominal load of ~2 nN, and the scanning rate for
a 10 pm x 10 pm image size was 1.5 Hz.

2.2. Materials

Violanthrone (1) was purchased from Huangshan Huafeng Biolog-
ical Technology Co., PCBM from Sigma—Aldrich Co., and other reagents
were commercially available (A.R.) and used as received, unless stated
otherwise. All the solvents were freshly distilled prior to use.
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Fig. 1. UV—Vis absorption spectra of the violanthrone derivatives 3—5: (a) CHCl; solutions (1.00 x 10~> M) and (b) thin films (~80 nm thick).
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Fig. 3. AFM height (a, d, g), phase (b, e, h), and 3D (c, f, i) images of the thin films of 3 (a, b, ¢), 4 (d, e, ), and 5 (g, h, i) spin-coated on the OTS-modified SiO,/Si substrates. The
spinning speeds are 1000 (3) and 2000 rpm (4 and 5), respectively.

a 012 b .0.16 04
-0.10 4 -0.144
1 -0.124 -
-0.08 4 0.3
] -0.10 N
-0.06 - =
1 ] < 008 Loz
_8 -0.044 - .0.06 4 &
] T
002} -0.044 g 7=
1 -0.024
0.00 -
| 0.00 -
T v T M T M T M T M T T T T T T T ou
0 20 40 60 -80 -100 100 -80 60 40 20 0 20
VIV AL
C -05 d s 0.8
| Vg =-100V
0.4 57
| ) P -o.eN
i -0.3 4 i Fﬁ
2 ] -0.34
P 2 =~ 0.4 =
8 o2 60 V K &
] -0.24 =i
40V =
0.1 044 L0.2
) 20V
0.0 4 oV 0.0
T T T T T T T T T T T Dﬂ
T T 1 T T T
0 =20 -40 -60 -80 -100 <100 -80 -60 -40 -20 0 20
V_IV
VDS N G

Fig. 4. Output (a, ¢) and transfer (b, d) characteristics of OFETs based on 4 (a, b) and 5 (c, d) films.
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Fig. 5. Cyclic voltammograms of 3 (a), 4 (b), and 5 (c) films coated on platinum plates with the scanning rate of 50 mV/s.

2.3. Synthesis

Target violanthrone derivatives 3—5 were synthesized according
to the reported procedure [21], which is outlined in Scheme 1.

3: UV—Vis (CHCl3): Amax (¢) = 648 nm (40,100). 'H NMR
(300 MHz, CDCl3): 6 = 8.80(d, 2H), 8.65 (d, 2H), 8.57 (d, 2H), 8.41 (d,
2H), 8.30 (s, 2H), 7.83 (t, 2H), 7.62 (t, 2H), 3.92—4.18 (m, 4H),
1.69—1.85 (m, 2H), 1.09—1.61 (m, 16H), 0.67—0.96 (m, 12H). '>3C NMR
(300 MHz, CDCl3): 6 = 182.88 (s), 156.76 (s), 135.41 (s), 134.09 (s),
133.09 (s), 130.79 (s), 129.14 (s), 128.38 (s), 128.07 (s), 127.46 (s),
12740 (s), 126.79 (s), 123.49 (s), 123.10 (s), 122.33 (s), 117.27 (s),
114.21 (s), 72.93 (d), 40.02 (s), 30.48 (d), 29.45 (d), 23.77 (s), 23.04
(d), 14.05 (s), 11.24 (d). Elem. Anal. Calcd for C50Hgg04: C, 84.24; H,
6.79. Found: C, 84.51; H, 6.52.

4: UV—Vis (CHCI3): Amax (¢) = 650.5 nm (39,900). 'H NMR
(300 MHz, CDCl3): 6 = 8.67 (d, 2H), 8.52 (d, 2H), 8.50 (d, 2H), 8.36 (d,
2H), 8.25 (s, 2H), 7.80 (t, 2H), 7.59 (t, 2H), 4.25 (b, 4H), 1.81—-1.92 (m,
4H), 1.40—1.51 (m, 4H), 1.15—1.39 (m, 16H), 0.67—0.94 (m, 6H). 13C
NMR (300 MHz, CDCl3): § = 182.57 (s), 155.75 (s), 135.21 (s), 133.73
(s),132.92 (s), 130.63 (s), 128.72 (s), 128.26 (s), 127.96 (s), 127.12 (s),
126.95 (s), 126.52 (s), 123.00 (s), 122.93 (s), 122.13 (s), 116.65 (s),
112.74 (s), 69.28 (s), 31.80(s), 29.82 (s), 29.56 (s), 29.33 (5), 26.06 (5),
22.66(s),14.08 (s). Elem. Anal. Calcd. for C50H4504: C, 84.24; H, 6.79.
Found: C, 84.53; H, 6.60.

5: UV—Vis (CHCl3): Amax (¢) = 651.5 nm (39,300). 'H NMR
(300 MHz, CDCl3): 6 = 8.56 (d, 2H), 8.46 (d, 2H), 8.38 (d, 2H), 8.33
(d, 2H), 8.20 (s, 2H), 7.78 (t, 2H), 7.57 (t, 2H), 4.23 (b, 4H), 1.81-1.92
(m, 4H), 1.40—1.52 (m, 4H), 1.23—1.39 (m, 8H), 0.84—0.94 (m, 6H).
13C NMR (300 MHz, CDCl3): 6 = 183.19 (s), 156.29 (s), 135.52 (s),
134.46 (s), 133.14 (s), 130.95 (s), 129.39 (s), 128.49 (s), 128.20 (s),
127.70 (s), 127.44 (s), 127.14 (s), 123.64 (s), 123.14 (s), 122.74 (s),
117.15 (s), 114.23 (s), 69.69 (s), 31.65 (s), 29.79 (s), 25.69 (s), 22.59
(s), 13.99 (s). Elem. Anal. Calcd. for C46H4004: C, 84.14; H, 6.14.
Found: C, 84.31; H, 6.32.

2.4. Organic field-effect transistors (OFETs) fabrication and
measurement

OFETs were fabricated in a top-contact configuration on p-
doped Si (100) wafers with 200 nm thick thermally grown SiO,
(Gi = 10 nF/cm?). After a normal cleaning procedure with solvents
in an ultrasonic bath, Si/SiO, substrates were exposed to octade-
cayltriethoxysilane (OTS) vapor at room temperature to form a self-
assembled monolayer (SAM) of OTS on the surface. Then, a 10 mg/
mL solution of compound 3, 4, or 5 in chloroform was spin-coated
onto the substrates with a spinning speed of 1000 (3) or 2000 rpm
(4 and 5) for 60 s and dried in vacuum until the solvent had
evaporated completely, giving an organic semiconductive layer,
with a thickness of about 80 nm. Finally, on top of the semi-
conducting thin film, Au drain and source electrodes (~50 nm
thick) were deposited under vacuum through a shadow mask,
where the drain-source channel length (L) and width (W) are 50 pum
and 2.4 mm, respectively. Current—voltage (I-V) characteristics of
the OFET devices were measured in an ambient atmosphere with
a Keithley 6430 sub-femtoamperometer (drain) and Keithley 2400
(gate) source meter, operated by a locally written Labview program
and GPIB communication. Field-effect mobility (u) was calculated
by the following equation:

b= (2L/WC,-)(61113/52/6VG>2 (1

where Ips was the source-drain current, Vg was the gate voltage,

alggz /0Vs was the slope of 1113/52 versus Vg at the saturation region
(Vg, from 0 to —100 V; Vps, —90 V).

2.5. 0SCs fabrication and characterization

0SCs were fabricated with indium tin oxide (ITO) glass as the
anode, Al as the cathode, and a blended film of violanthrone
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Table 1
Electrochemical properties of violanthrone derivatives 3—5.
Compound Eox (V) HOMO (eV) Erea (V) LUMO (eV) Est (eV)
3 033 -5.13 —1.46 -3.34 1.79
4 0.29 -5.09 -1.52 -3.28 1.81
5 0.28 —5.08 -1.53 -3.27 1.81

derivative:PCBM between the two electrodes as the photoactive
layer. The ITO glass was pre-cleaned and PEDOT:PSS [poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)]  (Baytron P
4083, Germany) was spin-coated at 3000 rpm for 60 s on the ITO
substrate. The thickness of the PEDOT:PSS layer was about 30 nm.
Then, a 20 mg/mL solution of violanthrone derivative and PCBM
(1:1, w/w) in CHCl3 was spin-coated at 1000 rpm for 30 s onto the
PEDOT:PSS layer. The thickness of the photoactive layer is in the
range 80—100 nm (calibrated by an Ambios Technology XP-2 pro-
filometer). At last, a 100 nm thick Al film was deposited on the
photoactive layer under vacuum of ~4 x 10~% Pa. The active area of
0SCs was 9 mm?. -V characteristics of the devices in the dark and
under illumination were recorded on a semiconductor parameter
analyzer (Keithley 2400-SCS). A Thermal Oriel solar simulator was
used to give AM 1.5G irradiance of 100 mW/cm?. The input photon
to converted current efficiency (IPCE) was measured using an 8300
lock-in amplifier unit coupled with a WDG3 monochromator and
a 500 W Xenon lamp.

3. Results and discussion

Fig. 1 shows the UV—Vis absorption spectra of compounds 3—5
in CHCl3 solutions and in thin films. It is found that each solution
presents the nearly same absorption bands (Fig. 1a), implying that
the substituents have neglectable effects on the frontier orbitals of
violanthrone derivatives. However, different alkyl side chains can
influence greatly the aggregation behaviors of violanthrone deriv-
atives. From Fig. 1b, it is observed that, due to the intermolecular
7—m overlapping in the condensed state, the thin films of viola-
nthrone derivatives exhibit an additional absorption peak centered
at around 690 nm, and the absorption intensities of compounds 4
and 5 are obviously stronger than that of compound 3. This
phenomenon is reasonable that the branched alkyl group,

10
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Fig. 6. [-V characteristics of the OSCs with the violanthrone derivative:PCBM blends
as the active layers in dark (dash lines) and under illumination of AM 1.5 G, 100 mW/
cm? (solid lines).

Table 2
Photovoltaic performances of the OSCs based on the blends of violanthrone deriv-
atives 3—5 and PCBM.

Active layer Voc (V) Isc (mA/cm?) FF PCE (%)
3:PCBM 0.68 0.47 0.29 0.093
4:PCBM 0.76 1.27 0.27 0.26
5:PCBM 0.74 2.14 0.34 0.54

2-ethylhexyl in compound 3 would show bigger steric repulsion
than the linear alkyl groups, i.e. octyl in 4 and hexyl in 5, which
prevents from effective m—m stacking of successive violanthrone
rings in the film of 3.

The hypothesis can be confirmed directly by XRD (Fig. 2) and
AFM (Fig. 3) characterizations. As demonstrated in Figs. 2, 4 and 5
films exhibit much stronger XRD peaks than 3 film, suggesting
that 4 and 5 films own higher crystallinity although they are
prepared with a higher spinning speed (2000 rpm). Among three
films, 5-film shows the highest crystallinity, which is ascribed to
the smallest steric repulsion of hexyl group. As shown in AFM
photographs (Fig. 3), 3-film appears very smooth with a typical
root mean square roughness (R;) of 0.218 nm, indicating that the
aggregation of violanthrone molecules is blocked remarkably by
the branched side chains. When the side group is changed to
linear octyl and hexyl, violanthrone molecules are easier to
aggregate via m—m interactions of adjacent chromophores.
Therefore, 4 and 5 films consist of aggregates larger than 50 nm.
The shorter the side chain is, the bigger the aggregates are, and the
rougher the film is.

The performances of OFETs with 4—5 films as the transporting
layers also support the above finding. From the OFETSs’ transfer and
output traces (Fig. 4), the hole mobilities of 4 and 5 are calculated
as 1.76 x 1074 and 3.15 x 1074 cm?V~1s7], respectively. Instead,
the hole mobility of 3 is only 4.93 x 10~ cm? V! s~! [21]. The
difference in hole mobility among compounds 3—5 is rationally
attributed to their distinguishing aggregate structures. Since the
linear side chains in compounds 4 and 5, in particular, hexyl group
of compound 5, would be in favor of the intermolecular w—m
actions and crystallinity in the solid state, thus, charge carriers
are easier to hop from one molecule to nearby molecules. So,
compound 5 has the highest hole mobility.
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Fig. 7. IPCE curves of the OSCs with the violanthrone derivative:PCBM blends as the
active layers.
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Fig. 8. AFM phase images of violanthrone derivative:PCBM blended films.

Fig. 5 presents cyclic voltammograms (CV) of 3—5 films and their
electrochemical data are summarized in Table 1. From Fig. 5, it is
found that, three violanthrone derivatives exhibit the same electro-
chemical behaviors: two couples of quasi-reversible reduction/
oxidation peaks in the positive potential region, and a couple of
irreversible redox waves in the negative potential range are observed,
indicating that all of compounds are typical p-type materials. The
onset oxidation potentials (Eyy) are 0.33 V versus Fc/Fc* for 3,0.29 V
versus Fc/Fc' for 4, and 0.28 V versus Fc/Fc* for 5, from which the
HOMO energy levels of 3,4, and 5 are estimated as —5.13, —5.09, and
—5.08 eV, respectively, because the absolute energy level of Fc¢/Fc' is
4.8 eV below vacuum [15]. Similarly, the LUMO energy levels and of 3,
4,and 5 can be calculated as —3.34, —3.28, and —3.27 eV, respectively,
from their onset reduction potentials (Eeq). Thus, the electrochemical
band gaps (E5") are determined as 1.79,1.81,and 1.81 eV for 3,4, and 5,
respectively. Based on the above data, it can be predicted that
compounds 3—5 would be potential electron donors in OSCs since
they possess both relatively low-lying HOMO energy levels as well as
low band gaps.

In order to evaluate the photovoltaic properties of compounds
3—5, OSCs were fabricated with the blends of different violanthrone
derivatives and PCBM (1:1, w/w) as the active layers. Fig. 6 shows
I-V curves of the three OSCs in dark and under the illumination of
AM 1.5G solar irradiance (100 mW/cm?). From Fig. 6, their corre-
sponding open circuit voltage (Voc), short circuit current (Isc), fill
factor (FF), and power conversion efficiency (PCE) are obtained and
summarized in Table 2. It is obviously observed that the OSCs based
on three violanthrone derivatives exhibit approximate open circuit
voltages (~0.7 V), which agrees exactly with the HOMO energy
levels of 3—5. However, three devices give different short circuit
currents and follow the sequence: 3 < 4 < 5, which is consistent
with the degrees of the intermolecular T— stacking in 3—5 films,
because the stronger mw—m interactions favor the transportation of
charge carriers in OSCs. Therefore, among three devices, the OSC
made from 5:PCBM blend shows the largest Isc (2.14 mA/cm?) and
the highest PCE (0.54%). The external quantum efficiency (EQE) plot
of three devices under the short circuit condition is presented in
Fig. 7, in which the photocurrent response ranges of the devices are
quite broad (300—800 nm), which is in accordance with the
absorption spectra of compounds 3—5. However, the maximum
EQE is less than 15%, which can be attributed to large phase-
separated domains in the blended films (Fig. 8), suggesting that
the morphology of the violanthrone derivative:PCBM blended film
needs further optimizations in order to achieve better photovoltaic
performance.

4. Conclusion

We synthesize three soluble violanthrone derivatives with
different alkyloxy groups, and find that all compounds are p-type

organic semiconductors with the relatively low-lying HOMO
energy levels (~-5.1 eV) and the broad absorption ranges
extended to 800 nm, implying that they can be used as electron
donors in OSCs. Preliminary photovoltaic study discloses that the
violanthrone derivative with the shortest hexyloxy substituent
(compound 5) exhibits the best photovoltaic performance
(PCE = 0.54%) because the shortest linear side chain is favor of the
intermolecular 7—m actions in the solid state, providing a relatively
high hole mobility of 315 x 107 cm? V~! s~ These findings
suggest that the appropriate molecular tailoring of some dyestuffs
is a simple and feasible route to good organic small molecule
photovoltaic materials.
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