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Effect of dye end groups in non-fullerene fluorene-
and carbazole-based small molecule acceptors on
photovoltaic performance

Yujeong Kim,* Chang Eun Song,” Sang-Jin Moon,” Eunhee Lim™

Six small molecules with three different dye units, ethyl cyanoacetate (ECA), 1,3-indandione
(IN), and 3-ethylrhodanine (RH), attached to both ends of thiophene-flanked carbazole (Cz) or
fluorene (Flu) cores were synthesized and used as acceptors in organic photovoltaic cells
(OPVs). Their optical and electrochemical, and consequent photovoltaic parameters varied
mainly according to the dye units. The OPV cells were fabricated with the configuration
ITO/PEDOT:PSS/poly(3-hexylthiophene):small molecule/LiF/Al and all devices except for
Cz-IN showed photovoltaic performances with power conversion efficiencies (PCEs) in the
range of 1.03-3.08% and open-circuit voltages as high as 1.03 V. Among them, the ECA and
RH series had relatively high open-circuit voltages values because of their high-lying lowest
unoccupied molecular orbital energy levels. Devices based on Flu-IN and the RH series
showed high short-circuit currents (Jsc) because of the strong molecular aggregation, as
evidenced by red-shifted UV absorption from solution to film. The adequate molecular
aggregation in Flu-IN and RH films enhanced electron transport between the molecules,
resulting in devices with high Jsc and PCE values. This work demonstrates that the
introduction of dye end units onto carbazole- and fluorene-based small molecules provides

good candidates for non-fullerene acceptors.

1. Introduction

Organic photovoltaic cells (OPVs) have drawn significant
attention as a promising renewable energy technology.® In
recent years, solution-processed bulk-heterojunction (BHJ)
solar cells have been developed with advantages such as low-
cost manufacturing and flexible device fabrication.? The donor
and acceptor materials used in the active layer have been

actively developed to achieve high-performance BHJ solar cells.

With the rapid progress in the development of donor materials,
power conversion efficiencies (PCE) of 10.6%° and 10.1%"
have been reported in tandem devices using polymeric and
small molecular donors, respectively, in combination with
fullerene derivatives as acceptors.

Compared to the advancement of donor materials, the
development of acceptors has progressed slowly and most OPV
cells have been fabricated using fullerene derivatives such as
[6,6]-phenyl-Cs; butyric acid methylester (PCqs;BM).® Fullerene
derivatives are widely used because of their good electron
mobility and interactions with donor materials;® however, they
also have some drawbacks such as difficult synthesis and
purification and weak absorption in the visible region.” The
importance of the development of new non-fullerene acceptors
has been recently emphasized by virtue of their easy synthesis,
adjustable frontier orbital energy levels and high absorbance in
the solar spectrum.® The electron withdrawing backbones of the
acceptors include perylene bisimide (PBI),>*' naphthalene
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diimide,’® and benzothiadiazole.*®* Up to now, devices using

polymeric non-fullerene acceptors have reached efficiencies of
up to 6.4%,* confirming the possibility of substituting fullerene
acceptors such as PCg;BM with non-fullerene acceptors. Non-
fullerene small molecule acceptors have also been reported to
exhibit efficiencies as high as polymeric acceptors with a
maximum PCE of 5.9% observed using a bay-linked di-PBI
acceptor.™™ These small molecules have advantages such as
easier energy level control by versatile functional-group
substitution and less batch-to-batch variation. Recently, much
improvement in the performance of non-fullerene acceptor-
based devices has been achieved by combining various donors
instead of representative donors such as poly(3-hexylthiophene)
(P3HT).10'11’15

Furthermore, dye units such as ethyl cyanoacetate (ECA),®
3-ethylrhodanine (RH),*"*® and 1,3-indandione (IN),**?° have
been introduced as terminal electron-withdrawing groups onto
the electron-rich backbone of oligothiophenes and/or
benzo[1,2-b:4,5-b"ldithiophene  (BDT) to make high
performance low band-gap small molecule donor materials. For
example, a BDT-based small molecule donor (DR3TSBDT)
with RH dye end units exhibited a high PCE of 9.95%,® which
was the best PCE observed using a small molecule donor in
single-junction OPVs. Very recently, our group introduced RH
dye end units into the carbazole and fluorene backbones and
used them as electron acceptors combined with a P3HT
donor.?® A high PCE of up to 3.08% was obtained in
combination with a high Voc of over 1 V. Similar researches
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were also reported by S. E. Watkins and I. McCulloch groups,
observing PCEs of 2.43%2% and 4.11%,%® respectively, from
P3HT and a fluorene-dye-based acceptor. From this, we
concluded that the introduction of dye units onto both ends of
the small molecules could be a good strategy for developing
new non-fullerene acceptors as well as small molecular donors
with high OPV device performance.

Herein, we introduced three different dye end units, ECA,
IN and RH, onto carbazole and fluorene backbones and
compared their physical properties. OPV cells were then
fabricated using these molecules as acceptors and P3HT as the
donor. Device performance was affected by the electron-
withdrawing and packing abilities of the dye units. The thermal,
optical and electrochemical properties and film morphologies
of the small molecules were systematically investigated by
differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), UV absorption spectroscopy, cyclic
voltammetry (CV), and atomic force microscopy (AFM).

2. Results and discussion

2.1 Synthesis and physical properties

Six small molecules were synthesized by introducing electron-
deficient dyes, ECA, RH, and IN, onto both ends of electron-
rich thiophene-flanked carbazole (Cz) or fluorene (Flu) cores
for use as acceptors in BHJ solar cells. Initially, 2,7-diboronic
esters of carbazole and fluorene were reacted with 2-bromo-5-
formylthiophene using the palladium-catalyzed Suzuki
coupling reaction to synthesize two diformyl compounds (Cz-
T-CHO and Flu-T-CHO).2! Subsequently, the six small
molecules were synthesized by Knoevenagel condensation of
the diformyl compounds and dyes resulting in good yields (67—
86%). All the small molecules displayed good solubility in
common organic solvents such as chloroform, chlorobenzene,
and o-dichlorobenzene (0-DCB). Their chemical structures
were characterized by *H NMR, *C NMR (Fig. S1-S8+), and
elemental analysis (EA) and are shown alongside their synthetic
routes in Scheme 1. The thermal characteristics of the small
molecules were investigated using DSC and TGA (Fig. 1). All
the small molecules were sufficiently thermally stable for use in
OPV applications showing weight losses of 5% up to 360 °C. In
DSC, the IN series showed higher melting points than the ECA
and RH series.

Fig. 2 shows the UV-visible absorption spectra of the small

molecules in solution and thin solid films prepared from o-DCB.

The absorption spectra of the small molecules depended on
their dye end unit, and the ECA, RH, and IN series solutions
had absorption maxima (1ax) at around 460, 501, and 518 nm,
respectively. As films, remarkable red-shifts were observed in
the absorption spectra of the RH and IN films (44 = 26-67 nm)
compared to the solutions, indicative of strong molecular
aggregation between molecules, whereas the absorption profiles
of the ECA films were slightly broadened and much less red-
shifted (44 = 0-8 nm). Particularly, the Cz-IN film exhibited
vibronically well-structured absorption bands with 4., at 577
nm. The optical band gaps (E,*™) of the small molecules were
calculated from their onset of absorptlon (Eq OPt= 1240/} onset €V)
and were in the range of 2.00-2.33 eV (Table 1). The Cz-based
small molecules had a slightly narrower Eg"pt than the
corresponding Flu-based molecules. More importantly, Eg"pt
gradually decreased from the ECA via RH to IN series and the
large red shifts (44) observed in the IN and RH films resulted
in relatively low E,°* values that were as low as 2.00 V.

2| J. Name., 2012, 00, 1-3
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Scheme 1 Synthetic schemes and chemical structures of the
small molecules: (i) Pd(PPhs),, DME, Na,COs; (ag, 1 M), 80 °C,
N, for 4 h; (ii) Knoevenagel condensation.

(exo up)

(a) - | (b)

100 |—
Cz-ECA 100 -

80
- Cz-RH 80 -

= —a— Cz-ECA \
g ~ —&—CzRH

= - V & —-— | A

z CzlN | = g CziN N N

2 st = 5 W ——
= - [ FIUECA | & — & Flu-ECA (N

3 == —— Flu-RH W T
I —0—Flu-IN fa

40 | -
0= i Flu-RH N
= N -
o= v " Flu-IN 20

L L L L L L L L L L L
50 100 150 200 250 300 o 100 200 300 400 500

Temperature (°C) Temperature (°C)

Fig. 1 (a) DSC and (b) TGA curves of the small molecules.

The electrochemical properties of the small molecules were
characterized by CV measurements (Fig. 2(c)). The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels were calculated using
the equation EHOMO = *(Eonset,ox - E1/2,ferrocene + 4-8) eV and
ELUMO = *(Eonset,red - Ellz,ferrocene + 4-8) eV, where Eonset,ox and
Eonsetred are the onset potentials of oxidation and reduction,
respectively, assuming that the energy level of ferrocene (Fc) is
4.8 eV below the vacuum level.?* The electrochemical energy
band gaps (E V) were estimated from the onset potentials of
the oxidation and reduction processes (Egq Y = Eyomo — ELumo)
and are listed in Table 1. Compared to the ECA series (e.g.,
2.15 eV for Cz-ECA), the RH and IN series had relatively
small EQCV values (e.g., 2.03 eV for Cz-RH and 1.99 eV for
Cz-IN), which were in agreement with the trend observed in
E,". The LUMO energy levels (E_ymo™), shown in Fig. 2(d)
and Table 1, were estimated using HOMO energy levels and
the optical Eg” (ELumo™ = Enomo + E¢™). While the E,
values of the ECA series were larger than the Eq V values (e g.

= E — E,°Y = 0.11 eV), the RH and IN series had
S|m|Iar E, ont ang E ov | values (e.g., 4E4 = +0.05). In other words,
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Table 1 Physical properties of the small molecules
Acceptor To o Ta D (nm). 4 Es , Howmo LUMOE"‘“ EQCVf LUMO®  4E,

(0" (9 soln Film  (wm)"  (eV, UV/nm) (eV) (eV) (eV) (eV) (eVv)°
Cz-ECA 179 374 465 473 8 2.26 (549) -5.63 -3.37 2.15 -3.48 0.11
Cz-RH 174 426 501 568 67 2.05 (605) -5.53 -3.48 2.03 -3.50 0.02
Cz-IN 227 364 519 577 58 2.00 (620) -5.57 -3.57 1.99 -3.58 0.01
Flu-ECA 145 386 459 459 0 2.33 (532) -5.70 -3.37 2.22 -3.48 0.11
Flu-RH 175 424 501 550 49 2.10 (591) -5.58 -3.48 2.05 -3.53 0.05
Flu-IN 208 396 518 544 26 2.07 (599) -5.70 -3.63 2.12 -3.58 -0.05

2 T,, was the melting temperature. ® Ts4 was the decomposition temperature at which a weight loss of 5% was observed. A4 = Ay (film) —
Jmax (s0IN).  E,°"" was calculated from the onset of absorption (value in parenthesis) of the UV-vis spectrum of the film (E,*™ = 1240/ gqser
eV). ®ELumo™ was estimated using the HOMO level and E,”™ (ELumo™ = Eromo + E¢™). f E, was estimated from the onset potentials of
the oxidation and reduction processes (E,"" = Exomo — ELumo™"). ¢ 4E, is the difference between E,*" and E,"Y (4E, = Eg™™ — E,Y).
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Fig. 2 UV-vis absorption spectra of (a) Cz- and (b) Flu-based small molecules in solution (S) and films (F), (c) CV curves, and (d)
the energy diagram of the small molecules together with P3HT and PC¢;,BM (E,™ are shown in parenthesis).

the strong molecular aggregation in the RH and IN films led to
remarkable red-shifts in film absorption and decreases in E,""
compared to the ECA films.

More importantly, all six molecules showed relatively high-
lying LUMO energy levels in the range of —3.37 eV to —3.63
eV (Table 1), compared to PC4BM (—4.20 eV), which could be
responsible for their increased open-circuit voltage (Voc) in
OPVs.2® Among the six molecules, the ECA and RH series had
the higher LUMO energy levels of —-3.37 and -3.48 eV,
respectively, compared to those of the IN series. It is worth
noting that, despite the high-lying LUMO levels of the
acceptors, a sufficient offset exists between the LUMO energy
levels of P3HT (-3.2 eV) and the acceptors, for efficient charge
generation.?® In addition, the Cz- and Flu-based analogs with
the same dye units showed similar LUMO energy levels. For
example, Cz-ECA and Flu-ECA had the same LUMO energy
levels (—3.37 eV). It is well known that the LUMO energy
levels of the molecules are mainly determined by their electron-
withdrawing moieties, whereas the HOMO energy levels are
decided by their electron-donating moieties.?’ The energy
diagram of the small molecules is shown in Fig. 2(d) together
with the energy levels of P3HT and PC4,BM for comparison.?®

2.2 Photovoltaic Performances

Fig. 3 shows the current-density versus voltage (J-V) curves
and external quantum efficiency (EQE) curves measured in air
under white light AM 1.5 illumination (100 mW/cm?), and
selected photovoltaic properties of the films are summarized in
Table 2. OPV devices were fabricated with the configuration
ITO/PEDOT:PSS/P3HT:small molecules/LiF/Al.  The D:A
blend ratios and annealing temperatures (T,) were optimized
(Table S1-S2 and Fig. S9t). All devices except for Cz-IN

This journal is © The Royal Society of Chemistry 2012

showed photovoltaic characteristics with PCE values over 1%.
Among them, the best performance was achieved for acceptors
with RH dye end groups. The optimized P3HT:Flu-RH device
exhibited a PCE of 3.08% with a high Voc of 1.03 V and a
moderate Jsc and fill factor, which was comparable to the PCE
of P3HT:PCs,BM (3.34%) fabricated under the same conditions.
In addition, the small molecule:PC,;BM devices showed no
photovoltaic characteristics (Fig. S10 and Table S3+).

OPV cells based on all the new Cz- and Flu-based acceptors
exhibited high Voc values in the range of 0.92-1.03 V, except
for Cz-IN. These Voc values are higher than P3HT:PC4BM
(0.60 V) and can be easily explained by the high-lying LUMO
energy level (Fig. 2(d)) of the acceptors. The relatively higher
Voc values up to 1.03 V for ECA and RH series also came
from the relatively high-lying LUMO energy levels, as stated
above.

In the RH and ECA series, the Flu-based small molecules
showed a higher Jsc than their Cz-based analogs. For example,
Flu-RH showed a higher Jsc (5.70 mA/cm?) than Cz-RH (4.69
mA/cm?) and Flu-ECA also showed a higher Jsc (2.82 mA/cm?)
than Cz-ECA (2.34 mA/cm?). Such a trend has been explained
in our previous report on RH-based small molecules, in which
P3HT:Flu-RH film had a higher photoluminescence quenching
efficiency than P3HT:Cz-RH, showing good charge separation
between P3HT and the acceptor.?! Jgc values also varied with
the dye end groups and increased from ECA via IN to RH,
with the exception of Cz-IN. The relatively high Jsc of the RH
and IN series (except for Cz-IN) can be explained by the strong
molecular aggregation observed by their remarkably red-
shifted film absorption and the consequent increase in electron
transport between acceptor molecules. Despite the high Vgc
values of over 1.00 V, the PCEs of the ECA series are lower
than those of the Flu-IN and RH series owing to their

J. Name., 2012, 00, 1-3 | 3
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relatively poor molecular stacking. The higher Jsc values of the
Flu-IN and RH series are well-matched with their higher EQE
intensities, as shown in Fig. 3. Maximum EQEs of around 40%
were achieved in the devices made from Flu-RH and Cz-RH.
Flu-IN and the ECA series also had good EQE responses with
maximum intensities over 25%; however, the ECA series
exhibited relatively low EQE responses for wavelengths over
500 nm, which was probably related to the blue-shifted
absorption of the ECA films (Fig. 2).

Charge-carrier mobilities in blend films were measured using
the space-charge limited current (SCLC) method. Hole- and
electron-only devices were fabricated with the structures of

Table 2 Photovoltaic properties of BHJ solar cells?

ITO/PEDOT:PSS/P3HT:small molecule/Au and
ITO/ZnO/P3HT:small molecule/Ca/Al, respectively. Fig. 4
shows the J—-V curves of the P3HT:acceptor films for hole-only
and electron-only devices together with a comparison between
mobilities and Jgc values. The trends for the electron and hole
mobilities are very consistent to the trend observed for the Jsc
values of OPVs (Fig. 4(c)). RH-based acceptors with higher Jsc
values exhibited relatively high electron and hole mobilities in
both the Flu- and Cz series. Flu-IN also had slightly higher
electron mobility than that of Flu-ECA; Cz-IN showed no hole
or electron mobility. The charge mobility values are
summarized in Table 2.

Page 4 of 9

D:A T, Voc Jsc FF PCE wl s
Acceplor o (o) ) (mAJcm?) (%) (%) Em*NVs)  (cm?IVs)
CzECA  10:15 100 1.00(0.98£0.02) 2.34 (221£0.14) 44 (42t1)  1.03 (0.98£0.07)  6.38x 107 3.24x 107
CzRH®  1.0:15 100 103 (1.00£0.01) 4.9 (4.44£0.17) 53 (52t1) 256 (2.44£0.12)  7.99x 10* 3.94 x 10
Cz-IN 1.0:15 100 0.61(0.54+0.12)  0.13(0.11£0.10) 26 (26+1)  0.02 (0.02+0.00) - -
FIL-ECA  10:1.0 100 1.03(0.99:0.01)  2.82 (2.68:0.14) 44 (43t1) 126 (L.15:0.07)  6.67x 10% 3.59x 10
FIU-RH®  1.0:15 100 1.03(1.02¢0.12) 570 (5.55:0.24) 52 (51+1)  3.08 (3.00:0.07)  8.54x 10* 4.60x 10
Flu-IN 10:1.0 80  092(0.90:0.02)  3.40(3.31:0.08) 42 (40+1) 132 (1.21:0.11)  7.05x 10% 3.81x 10

2 Selected data for the optimized fabrication conditions with the average PCE and standard deviation based on more than 5 devices in
parenthesis (PCE,yq * std dev). ® The films were annealed at T, for 10 min. ¢ Data taken from ref. 35. ¢ The hole-only devices with structure

of ITO/PEDOT:PSS/P3HT:acceptor/Au. ® The electron-only devices with structure of ITO/ZnO/P3HT:acceptor /Ca/Al.
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Fig. 3 J-V (left) and EQE (right) curves of (a) Cz- and (b) Flu-based small molecules.
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Fig. 4 Measured SCLC J-V characteristics of P3HT:acceptor devices for (a) hole- and (b) electron-only devices together with a

comparison between mobilities and Jsc values (c).

Despite its remarkably red-shifted absorption and high-
lying LUMO energy level that is similar to Flu-IN, the device
fabricated from Cz-IN showed a very low performance
(0.02%) with a marginal Jsc (0.13 mA/cm?). This can be
explained in terms of film morphology. AFM was performed
to investigate the morphology of the active layers prepared
with blend ratios optimized for OPV devices. The height and
phase AFM images for the blend films are shown in Fig. 5 and
Fig. S11t, respectively. Except for P3HT:Cz-IN, all blend
films composed of P3HT and acceptor were very
homogeneous with root-mean-square (rms) roughness values
of 3.0-3.4 nm, similar to that of the P3HT:PC¢BM film (rms
= 2.9 nm). The nano-sized fibrillar crystallites were well
dispersed throughout all regions and corresponded to
crystalline P3HT nanofibers indicating the presence of large
interfacial areas between the donor and acceptor.29 In contrast,
the P3HT:Cz-IN blend film had large rod-shaped grains,
resulting in a very rough morphology (rms = 11.9 nm). These
distinguishing features were caused by the exceptionally
strong molecular aggregation of Cz-IN molecules, as
supported by their red-shifted UV absorption with enhanced
vibronic absorption. Carrier transport in the P3HT:Cz-IN film
may decrease at these large grain boundaries resulting in a
relatively low Jsc in OPVs. The high packing ability of the
IN-based small molecules was previously reported by Y.
Chen’s group.? In their work, the efficient packing of the IN-
containing oligothiophene (DIN7T) donor resulted in a higher
performance (4.71 %) compared to similar oligothiophenes
with poor stacking in OPVs. Generally, good molecular
aggregation is advantageous for high OPV performance
because it can provide increased charge transport between
molecular backbones. In our systems, the IN and RH series
had relatively higher molecular aggregation than the ECA
series, which agreed well with the higher Jsc of Flu-IN and
the RH series compared to the ECA series. However, the
much stronger aggregation observed for Cz-IN resulted in
large rod-shaped Cz-IN domains, which diminished good
intermixing of donor and acceptor molecules. Similar
decreases in photovoltaic properties were observed in the
previous reports on oligothiophenes, in which the unfavorable
morphology of large domains resulted in decreased charge
transport at grain boundaries.®®* Optimized molecular
aggregation should be guaranteed to achieve sufficient charge
(in this case, electron) transport between molecules; however
excessively strong aggregation could reduce charge transport.
Therefore, control over the degree of molecular aggregation is
important in gaining optimized film morphology.

In this work, we succeeded in easily controlling the
packing ability of acceptors by changing their dye end groups

This journal is © The Royal Society of Chemistry 2012

and the relationship between their molecular structures and
physical properties was systematically investigated. Further
improvement in device performance could be obtained by
molecular engineering such as modifying the thiophene bridge
or alkyl chains, together with device optimization by using
other donor materials instead of P3HT and alternative device
architectures.

Fig. 5 AFM images (2 x 2 um) of (a) P3HT:Cz-ECA, (b)
P3HT:Cz-RH, (c) P3HT:Cz-IN, (d) P3HT:FIu-ECA, (e)
P3HT:Flu-RH, (f) P3HT:Flu-IN, and (g) P3HT:PCgBM films.

3. Conclusions

A series of small molecules was synthesized by introducing
various dye units, ECA, RH, and IN, onto carbazole or
fluorene backbones for use as acceptors in OPVs. All devices,
except for that based on Cz-IN, showed good photovoltaic
performances with PCEs of up to 3.08% and characteristic
high Voc values of up to 1.03 V. The electron-withdrawing
and packing abilities of the molecules that varied according to
the dye end groups affected the physical properties and
photovoltaic parameters of the acceptors. The RH and ECA
series had relatively high Voc values because of their high-
lying LUMO energy levels. Compared to the ECA series,
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relatively high Jsc values were achieved for the Flu-IN and
RH series owing to good molecular aggregation in these films;
however, the excessively strong aggregation observed in Cz-
IN resulted in films with poor morphology that contained
large rod-shaped grains, and exhibited very low performance.
The adequate molecular aggregation in the Flu-IN and RH
films enhanced electron transport between the molecules,
resulting in devices with high Jsc. In this work, we easily
controlled the degree of molecular aggregation by introducing
different dye end groups and successfully demonstrated that
dye-functionalized carbazole and fluorene are good candidates
for use as non-fullerene electron acceptors in OPVs.

4. Experimental sections

4.1 Materials

ECA and IN were purchased from TCI. Piperidine,
triethylamine, chloroform and tert-butanol were purchased
from Aldrich. All chemicals were used without further
purification, and all reactions were performed under nitrogen
atmosphere with anhydrous solvents.

4.2 Physical measurements

NMR spectra were recorded on a Bruker AVANCE Il 400
spectrometer and elemental analyses were performed with a
Flash EA 1112 series from Thermo Electron Corporation.
TGA and DSC were performed on a TGA/DSC 1
thermogravimetric analyzer from Mettler-Toledo Inc. TGA
was performed under a nitrogen atmosphere at a heating rate
of 10 °C/min and DSC was performed at the heating and
cooling rates of 10 °C/min under a nitrogen atmosphere. UV-
vis spectra were obtained using a Shimadzu UV-2550
spectrometer and the films were prepared by spin coating from
0-DCB solution. The E,* were estimated from the absorption
onset wavelengths (E,™ = 1240/4gnset (€V)) Of the films. The
electrochemical properties of the small molecules were
studied by CV measurement with a BAS 100B
electrochemical analyzer. A three-electrode system was used
and consisted of a non-aqueous reference electrode (0.1 M
Ag/Ag* acetonitrile solution), a platinum working electrode,
and a platinum wire as the counter electrode. The oxidation
and reduction potentials of the small molecules were measured
in acetonitrile with 0.1 M (n-C4Hg)4N-PFg. The films were
prepared by dip-coating from a solution of the small
molecules onto the platinum working electrode, and the
measurements were calibrated using the ferrocene value —4.8
eV as the standard. The AFM images were obtained with the
Digital Instruments Nanoscope V. The AFM measurements
were performed on the same samples that were used as the top
layer in the OPV devices (ITO/PEDOT:PSS/P3HT:acceptor).

4.3 Fabrication of OPVs devices

PEDOT:PSS (Clevios P VP Al 4083) was purchased from
Heraeus. The OPV cells were fabricated with the
configuration ITO/PEDOT:PSS/P3HT:acceptor/LiF/Al. The
ITO glass was cleaned with sequential ultrasonic treatment in
detergent, deionized water, acetone, and isopropyl alcohol for
15 min and subsequently dried in an oven for 5 h. They were
then pre-treated in a UV-ozone oven for 15 min and spin-
coated with a layer of PEDOT:PSS (~30 nm). Subsequently,
the BHJ active layer was spin-cast at 3000 rpm from a D/A
solution in 0-DCB with a total solids concentration of 40 mg

6 | J. Name., 2012, 00, 1-3

mL™. The average thickness of the active layers (~200 nm)
was measured with an Alpha-Step 1Q surface profiler. A LiF
(~0.5 nm) and Al (~100 nm) layer were directly deposited
onto the active layer under a vacuum of ~10° Torr. The
effective area of all devices was measured to be 9 mm? The J-
V curves of the devices were measured using a computer-
controlled Keithley 236 source measure unit. Characterization
of the un-encapsulated solar cells was carried out in air under
AM 1.5G illumination, 100 mW cm?, using a xenon lamp-
based solar simulator. The simulator irradiance was
characterized using a calibrated spectrometer, and the
illumination intensity was set using an NREL-certified silicon
diode with an integrated KG1 optical filter. The EQE was
measured using a reflective microscope objective to focus the
light output from a 100 W halogen lamp outfitted with a
monochromator and optical chopper (PV Measurements, Inc.).
The photocurrent was measured using a lock-in amplifier, and
the absolute photon flux was determined using a calibrated
silicon photodiode.

4.4 Hole and electron mobility measurements

Hole-only and electron-only devices were fabricated with the
structures of ITO/PEDOT:PSS/P3HT:small molecule/Au and
ITO/ZnO/P3HT:small molecule/Ca/Al, respectively. The hole
and electron mobility of the P3HT:small molecule films were
measured by using the SCLC method by using the following
equation;®*

9 V2

J= gEoErkl 3

In the equation, J is the current density, g, is the permittivity
of free space, &, is the dielectric constant of the materials, p is
the charge carrier mobility, L is the thickness of the active
layer and V is the voltage drop across the device. The J-V
curves of the devices were recorded on a computer-controlled
Keithley 236 source measure unit.

4.5 Synthesis of small molecules

5,5’-(N-97-heptadecanylcarbazole-2,7-diyl)bis(thiophene-2-
carbaldehyde) (Cz-T-CHO), 5,5’-(9,9-dioctyl-9H-fluorene-
2,7-diyl)bis(thiophene-2-carbaldehyde) (Flu-T-CHO), Cz-RH
and Flu-RH were synthesized according to the literature.?'-%2
Cz-ECA. Cz-T-CHO (0.30 g, 0.48 mmol) was dissolved
in a solution of dry chloroform (50 mL), and three drops of
triethylamine followed by ECA (1.3 g, 11.5 mmol) were
added. The resulting solution was stirred for 3 days at room
temperature. The reaction mixture was then extracted with
dichloromethane and water. The collected organic layer was
dried over MgSO,. After removing the solvent under reduced
pressure, the crude product was purified by silica gel
chromatography using a mixture of dichloromethane and
petroleum ether (3:1) as an eluent and then recrystallized from
dichloromethane and ethanol to give the product as a red
powder (0.28 g, yield 72%). 'H NMR (CDCl;, 400MHz): &
(ppm) 8.23 (s, 2H), 8.13 (m, 2H), 7.65-7.86 (m, 4H), 7.60 (d, J
= 8.3 Hz, 2H), 7.53 (m, 2H), 4.65 (m, 1H), 4.40 (m, 4H), 2.32
(m, 2H), 2.02 (m, 2H), 1.43 (m, 6H), 1.01-1.25 (m, 24H), 0.78
(t, J = 6.9 Hz, 6H) (The multiple proton peaks are due to
atropisomerism).*> 3C NMR (CDCl;, 100MHz): 8§ (ppm)
163.06, 155.97, 155.86, 146.57, 146.41, 143.20, 139.84,
139.34, 138.94, 134.86, 130.96, 130.51, 124.57, 123.23,
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121.48, 121.21, 118.40, 118.17, 116.14, 109.31, 106.86, 97.79,
97.65, 62.49, 56.90, 33.86, 31.73, 29.38, 29.27, 29.14, 26.71,
22.58, 14.27, 14.04 (The multiple carbon peaks are due to
atropisomerism).*? Anal. Calcd for C4Hs,N30,S,: C, 72.11; H,
7.04; N, 5.15; O, 7.84; S, 7.86. Found: C, 71.63; H, 7.31; N,
5.25; S, 7.55.

FIu-ECA. This compound was prepared in the same
manner as Cz-ECA using Flu-T-CHO (0.30 g, 0.48 mmol)
and ECA (1.3 g, 11.5 mmol) in chloroform (50 mL) to give a
orange powder (0.26 g, 67%). *H NMR (CDCl;, 400MHz): &
(ppm) 8.35 (s, 2H), 7.78 (m, 6H), 7.66 (m, 2H), 7.52 (m, 2H),
4.43 (m, 4H), 2.10 (m, 4H), 1.43 (m, 6H), 1.07-1.19 (m, 20H),
0.80 (t, J = 7.0 Hz, 6H), 0.65 (m, 4H). *C NMR (CDCls,
100MHz): & (ppm) 163.03, 155.16, 152.38, 146.57, 141.85,
139.33, 134.83, 132.18, 125.89, 124.42, 120.87, 120.58,
116.13, 97.77, 62.51, 55.77, 40.21, 31.74, 29.83, 29.17, 29.16,
23.77, 22.58, 14.27, 14.05. Anal. Calcd for C49HssN,0,4S,: C,
73.46; H, 7.05; N, 3.50; O, 7.99; S, 8.01. Found: C, 73.77; H,
7.38; N, 3.57; S, 7.94.

Cz-IN. Three drops of piperidine were added to a solution
of Cz-T-CHO (0.30 g, 0.48 mmol) and IN (0.21 g, 1.4 mmol)
in tert-butanol (11 mL). The resulting solution was stirred
under reflux for 24 h and cooled to 50 °C. Ethanol (5 mL) was
added and the reaction allowed to cool to room temperature.
The precipitate was filtered off, washed with ethanol and
recrystallized from dichloromethane/acetone (5 mL/20 mL) to
give the product as a red solid (0.36 g, yield 86%). 'H NMR
(CDCl;, 400MHz2): 8 (ppm) 8.18 (m, 2H), 8.12 (m, 1H), 7.98-
8.06 (m, 8H), 7.83 (m, 5H), 7.73 (m, 2H), 7.63 (m, 2H), 4.73
(m, 1H), 2.40 (m, 2H), 2.08 (m, 2H), 1.07-1.31 (m, 24H), 0.79
(t, J = 6.8 Hz, 6H) (The multiple proton peaks are due to
atropisomerism).*> 3C NMR (CDCl;, 100MHz): & (ppm)
190.35, 189.63, 158.61, 143.78, 143.67, 143.54, 143.22,
142.03, 140.47, 139.88, 136.71, 136.61, 136.13, 136.04,
134.96, 134.75, 131.43, 131.01, 124.98, 124.60, 123.82,
123.70, 123.26, 122.97, 122.77, 121.36, 121.11, 118.49,
118.24, 109.27, 106.84, 56.92, 33.94, 31.76, 29.48, 29.36,
29.21, 26.85, 22.60, 14.06 (The multiple carbon peaks are due
to atropisomerism).®? Anal. Calcd for Cs;HssNO,S,: C, 77.60;
H, 6.28; N, 1.59; O, 7.25; S, 7.27. Found: C, 77.27; H, 6.04; N,
1.49; S, 6.22.

Flu-IN. This compound was prepared in the same manner
as Cz-IN using Flu-T-CHO (0.30 g, 0.49 mmol) and IN (0.21
g, 1.4 mmol) in tert-butanol (11 mL) to give an orange powder
(0.36 g, 86%). A sample for EA was recrystallised from
toluene/petroleum ether. *H NMR (CDCls, 400MHz): & (ppm)
8.00-8.05 (m, 8H), 7.80-7.87 (m, 8H), 7.78 (m, 2H), 7.60 (d, J
= 4.1 Hz, 2H), 2.13 (m, 4H), 1.02-1.25 (m, 20H), 0.79 (t, J =
7.0 Hz, 6H), 0.68 (m, 4H). **C NMR (CDCl;, 100MHz): &
(ppm) 190.38, 189.88, 157.91, 152.40, 143.78, 142.02, 141.92,
140.56, 136.63, 136.24, 135.06, 134.87, 132.72, 125.94,
124.88, 123.85, 123.05, 122.83, 120.82, 120.72, 55.80, 40.29,
31.76, 29.91, 29.22, 29.19, 23.83, 22.58, 14.04. Anal. Calcd
for C5;H5,0,4S,: C, 78.95; H, 6.28; O, 7.38; S, 7.40. Found: C,
78.27; H, 6.32; S, 7.83.
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