ROYAL SOCIETY

Joumal of

Materials Chemistry C

OF CHEMISTRY

View Article Online

View Journal | View Issue,

Impact of fluorinated end groups on the properties
o of acceptor—donor—acceptor type oligothiophenes
gy e crem 2082 for solution-processed photovoltaic cellst

Guangrui He,? Xiangjian Wan,? Zhi Li,® Qian Zhang,® Guankui Long,? Yongsheng Liu,?
Yanhui Hou,? Mingtao Zhang® and Yongsheng Chen*@

Two new oligothiophene derivatives with the acceptor—donor—acceptor structure incorporating
fluorinated alkyl cyanoacetate units as the terminal acceptor groups, DCAE7T-F1 and DCAO7T-F7, have
been designed and synthesized for solution-processable BHJ solar cells. The impacts of these
fluorinated end groups on the optical absorption, solubility, electrochemical properties, morphology,
surface energy, film forming ability, mobility and solar cell performance were studied. We found that as
the fluorinated alkyl length increased, the surface energy decreased and the lipophobicity increased. Due
to its high lipophobic property and a problem with its wettability, DCAO7T-F7 was not able to produce a
uniform film by spin coating. A power conversion efficiency (PCE) of 2.26% was achieved with an open-
circuit voltage (Voc) of 0.83 V, short circuit current (Joo) of 5.55 mA cm™2 and fill factor (FF) of 0.50 for
DCAE7T-F1 based solar cells. The low Jsc suggests that controlling the film morphology and molecular
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Over the past decade, the PCE of polymer-based bulk hetero-
junction organic solar cells (OPV) has been steadily increased to
above 9%, while that for small molecule-based bulk hetero-
junction (SM-BHJ) organic solar cells has been increased to over
8%."° In the development of organic solar cells, the rational
design of a narrow band gap donor to better match the solar
spectrum is one of the most successful strategies. At the same
time, the morphology control of the bulk heterojunction (BHJ)
active layer plays a key role in charge generation, separation and
transport within the device, and finally in its overall perfor-
mance.'"” The ideal morphology is a continuous inter-
penetrating network of donor-acceptor (D-A) components that
enable easy charge transport to the electrodes. Furthermore, the
D-A domains in the photoactive layer should be in a proper
range (10-20 nm) to enable efficient exciton diffusion and
charge separation at the D-A interface.*®'* The morphology of
the photoactive layer can be controlled in many ways such as
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assembly is essential for the performance of these fluorinated small molecules.

selection of the solvent, the ratio of D-A, solvent evaporation
rate, the use of additives and thermal/solvent annealing.’>* In
particular, the physical interaction between the donor and
acceptor is the primary determinant of phase separation in the
active layer.

Recently, a few reports have shown that incorporating fluo-
rinated groups at the end of P3HT improved the device perfor-
mance by improving the morphology.>** Cho et al. believed that
the higher PCE of the modified P3HT-based device was due to
better intermixing and smaller domain sizes in the active layer,
caused by a lower surface energy of the modified P3HT that is
closer to that of PCBM.?**” On the other hand, Kim argued that
lipophobic end-functionalized P3HT leads to larger PCBM-rich
domains while maintaining P3HT crystallinity, resulting in
better percolation pathways for charge transport.>® The work by
the Sauvé group showed that the fluorinated alkyl end group can
be detrimental to the polymer solar cell device performance.*®
However, due to synthesis difficulties in controlling the end
group composition and the molecular weight of the polymers,
little work has been done to explain how the fluorinated end
group impacts the performance of organic solar cells.

Combining the advantages of high purity, well-defined
structure and molecular weight, and no batch to batch varia-
tions, small molecules could be a better platform than polymers
to investigate the correlation between functional-group modi-
fication with both the active-layer morphology and the perfor-
mance of the photovoltaic devices.>'***=¢ Previously, we have
reported a series of small molecules using oligothiophene as
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Scheme 1 The chemical structures of DCAE7T, DCAO7T, DCAE7T-F1
and DCAO7T-F7.

the backbone and with different end groups.**® In those
studies, we find that the end groups have a great impact on the
properties of oligothiophene, such as solubility, absorption,
stacking and so on. Here, we report two molecules with fluori-
nated end groups, DCAE7T-F1 and DCAO7T-F7, and investigate
the impact of fluorinated alkyl end groups on the morphology
and performance of organic solar cells.

The molecular structures of DCAE7T-F1 and DCAO7T-F7
together with the counterpart molecules DCAE7T and
DCAO7T?” are shown in Scheme 1. First, it is found that as the
fluorinated alkyl length increased, the surface energy decreased
and the lipophobicity increased. For compound DCAO7T-F7
with high lipophobicity, no uniform film could be formed by
spin coating. While for DCAE7T-F1, a PCE of 2.26% was ach-
ieved with a V. of 0.83 V, J,c of 5.55 mA cm > and a FF of 0.50 for
its SM-BH] device. The relatively low J,. is believed to be due to
the poor morphology and large domains. The large domains
could be explained by the aggregation of the donor caused by
the fluorinated end groups.

Experimental section
Materials

All reactions and manipulations were carried out under an argon
atmosphere using standard Schlenk techniques. All starting mate-
rials, unless otherwise specified, were purchased from commercial
suppliers and used without further purification. Diformylsepti-
thiophene (DF7T) (5,5"""-diformyl-3,3',3",3"""" 3""""" 3" sexioctyl-
2’5/:2/’5//:2//’2///:5///,2////:5////’2/////:5/////:2//////_Septit]:1i0phene) was
prepared according to the literature.** 2,2,2-Trifluoroethyl-2-
cyanoacetate (CAE-F1) and 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
pentadecafluorooctyl-2-cyanoacetate (CAO-F7) were obtained by
procedures similar to those reported in ref. 42-44.

Instruments and measurements

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AV400 Spectrometer. MALDI-TOF spectra were obtained
using a Bruker Autoflex III instrument. The thermogravimetric
analyses (TGA) were carried out on a NETZSCH STA 409PC
instrument under nitrogen gas flow at a 10 °C min~ ' heating
rate. UV-vis spectra were obtained with a JASCO V-570

1338 | J Mater. Chem. C, 2014, 2, 1337-1345

View Article Online

Paper

spectrophotometer. The organic molecular films on quartz used
for absorption spectral measurement were prepared by spin-
coating their chloroform solutions. X-Ray diffraction (XRD)
experiments were performed on a Rigaku D/max-2500 X-ray
diffractometer with Cu-Ka radiation (k = 1.5406 A) at 40 kV
and 100 mA. Cyclic voltammetry (CV) experiments were per-
formed with a LK98B II microcomputer-based electrochemical
analyzer in CH,Cl, solutions. All measurements were carried
out at room temperature with a conventional three-electrode
configuration using a glassy carbon electrode as the working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and a Pt wire as the counter electrode. Dichloro-
methane was distilled from calcium hydride under dry nitrogen
immediately prior to use. Tetrabutylammonium phosphorus
hexafluoride (Bu,NPFg, 0.1 M) in dichloromethane was used as
the supporting electrolyte, and the scan rate was 100 mV s~ .

Hole mobility was measured using a similar method
described in the literature,*** with a diode configuration of
ITO/PEDOT:PSS/DCAE7T-F1/Al by measuring dark current in
the range of 0-8 V and fitting the results to a space charge
limited form, where the space charge limited current (SCLC) is
described by

J = 9¢epein V21813

where J is the current density, L is the film thickness of the
active layer, uy, is the hole mobility, ¢, is the relative dielectric
constant of the transport medium, ¢, is the permittivity of free
space (8.85 x 10~ > Fm™ "), Vis the internal voltage in the device
and V= V,pp1 — Vi — Vi, where V,pp1 is the voltage applied to the
device, V, is the voltage drop due to contact resistance and series
resistance across the electrodes, and Vy,; is the built-in voltage
due to the relative work function difference of the two
electrodes.

For measurements of contact angles, films of DCAE7T,
DCAO7T and DCAE7T-F1 were fabricated by spin coating using
an 8 mg mL " solution, while the DCAO7T-F7 film was formed
by the drop method. The contact angle measurements were
carried out on an Image Analysis Goniometer using a static
sessile drop method.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out on a Kratos Axis Ultra DLD multi-technique X-ray
photoelectron spectrometer.

Fabrication and characterization of organic solar cells

The photovoltaic devices were fabricated with a structure of
glass/ITO/PEDOT:PSS/donor:acceptor/LiF or Ca/Al. The ITO-
coated glass substrates were cleaned by ultrasonic treatment
in detergent, deionized water, acetone, and isopropyl alcohol
under ultrasonication for 15 minutes each and subsequently
dried by blowing nitrogen. A thin layer of PEDOT:PSS (Baytron P
VP Al 4083, filtered at 0.45 um) was spin-coated (4000 rpm, ca.
40 nm thick) onto an ITO surface. After baking at 150 °C for
20 min, the substrates were transferred to an argon-filled glo-
vebox. Subsequently, an active layer was spin-coated from
different blend ratios (weight-to-weight) of donor (8 mg mL ™)
and PC4;BM in a chloroform solution at 1500 rpm for 20 s on
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the ITO/PEDOT:PSS substrate without further special treat-
ment. The active layer thickness was measured using a Dektak
150 profilometer. Finally, a ~1 nm LiF or 20 nm Ca layer and 80
nm Al layer were deposited on the active layer under high
vacuum (<3 x 10~ * Pa). The effective area of each cell was 4 mm?
defined by masks for all the solar cell devices discussed in this
work.

The current density-voltage (J-V) curves of photovoltaic
devices were obtained using a Keithley 2400 source-measure
unit. The photocurrent was measured under simulated illumi-
nation of 100 mW cm™ > AM1.5G irradiation using a xenon-
lamp-based solar simulator (Oriel 96000) in an argon filled
glovebox. The simulator irradiance was calibrated using a
certified silicon diode.

Synthesis

The synthesis routes towards DCAE7T-F1 and DCAO7T-F7 are
shown in Scheme 2.

2,2,2-Trifluoroethyl-2-cyanoacetate (CAE-F1). To a cooled
(0 °C) mixture of cyanoacetic acid (851 mg, 10 mmol) and 2,2,2-
trifluoroethanol (1.05 g, 10.5 mmol) in CH,Cl, (20 mL) were
successively added 1,3-dicyclohexylcarbodiimide (DCC) (2.27 g,
11 mmol) and three drops of 4-dimethylaminopyridine (DMAP).
After stirring overnight at room temperature, the precipitate of
urea was filtered. The filtrate was evaporated, and the residue
was purified by silica gel with ethyl acetate/petroleum ether (1/4)
to afford the desired compound CAE-F1 as a white solid (1.34 g,
80% yield). *"H NMR (400 MHz, CDCl;): 6 4.595 (q,J = 8.0, 2H),
3.614 (s, 2H).

2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctyl-2-cyanoacetate
(CAO-F7). To a cooled (0 °C) mixture of cyanoacetic acid (851 mg,

o DCCI/CH,Cl, o
ne A, * RO — ne LR
CsHiz CgHq7 CgHyz CgHq7

R=— CH2CF3
—cﬂz(ch)sch

DCAE7T-F1
DCAO7T-F7

Scheme 2 Synthesis routes towards the compounds: (I) DCC, CH,Cl,,
room temperature; (ll) CHCls, triethylamine, Ar, room temperature.
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10 mmol) and 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctan-1-
ol (4.20 g, 10.5 mmol) in CH,Cl, (20 mL) were successively
added 1,3-dicyclohexylcarbodiimide (DCC) (2.27 g, 11 mmol) and
three drops of 4-dimethylaminopyridine (DMAP). After stirring
overnight at room temperature, the precipitate of urea was filtered.
The filtrate was evaporated, and the residue was purified by silica
gel with ethyl acetate/petroleum ether (1/6) to afford the desired
compound CAO-F7 as a white solid (3.97 g, 85% yield). "H NMR
(400 MHz, CDCl,): 6 4.724 (t, ] = 13.2, 2H), 3.692 (s, 2H).

DCAE7T-F1. Diformylseptithiophene (DF7T) (130 mg,
0.10 mmol) was dissolved in a solution of dry CHCl; (50 mL).
Then CAE-F1 (167 mg, 1.00 mmol) and three drops of triethyl-
amine were added and the resulting solution was stirred for
20 hours, under argon, at room temperature. After removal of
the solvent, the crude product was dissolved in 8 mL of chlo-
roform, then precipitated from ethyl acetate and the precipitate
was filtered. This procedure was repeated several times to
completely remove CAE-F1. Then, the product was subjected to
chromatography on silica gel using a mixture of dichloro-
methane and petroleum ether (1:2) as an eluant to produce
DCAE7T-F1 as a dark green solid (118 mg, 74% yield). "H NMR
(400 MHz, CDCl,): 6 8.217 (s, 2H), 7.574 (s, 2H), 7.195 (s, 2H),
7.104 (s, 2H), 7.021 (s, 2H), 4.663 (q, ] = 8.0, 4H), 2.811 (m, 12H),
1.696 (m, 12H), 1.428 (m, 12H), 1.200-1.400 (m, 48H), 0.886 (m,
18H). "F NMR (400 MHz, CDCl;): 6 —73.544. C NMR
(100 MHz, CDCl;): & 161.873, 147.439, 143.783, 142.440,
140.529, 140.184, 135.726, 134.011, 133.101, 132.301, 131.966,
131.303, 131.241, 129.233, 126.826, 126.103, 124.068, 121.311,
118.552, 115.335, 94.851, 61.934, 61.565, 61.195, 60.825, 31.954,
31.911, 30.642, 30.546, 30.033, 29.724, 29.701, 29.546, 29.472,
29.435, 29.388, 29.377, 29.320, 22.734, 14.149. MS (MALDI-
FTMS) m/z: caled for CggHy16FsN,0,4S, [M]", 1602.6884; found,
1602.6875.

DCAO7T-F7. Diformylseptithiophene (DF7T) (130 mg,
0.10 mmol) was dissolved in a solution of dry CHCl; (50 mL).
Then CAO-F7 (467 mg, 1.00 mmol) and three drops of triethyl-
amine were added and the resulting solution was stirred for
20 hours under argon, at room temperature. After removal of
the solvent, the crude product was dissolved in 8 mL of chlo-
roform, then precipitated from ethyl acetate and the precipitate
was filtered. This procedure was repeated several times to
completely remove CAO-F7. Then, the product was subjected to
chromatography on silica gel using a mixture of dichloro-
methane and petroleum ether (1:3) as eluant to produce
DCAO7T-F7 as a dark green solid (154 mg, 70% yield)."H NMR
(400 MHz, CDCl,): 6 8.229 (s, 2H), 7.600 (s, 2H), 7.216 (s, 2H),
7.111 (s, 2H), 7.031 (s, 2H), 4.800 (q, J = 12.8, 4H), 2.832 (m,
12H), 1.700 (m, 12H), 1.431 (m, 12H), 1.200-1.406 (m, 48H),
0.883 (m, 18H). '°F NMR (400 MHz, CDCl;) 6 —80.793 (3F),
—119.318 (2F), —121.923 (4F), —122.710 (2F), —123.200 (2F),
—126.118 (2F). >C NMR (100 MHz, CDCl;) 6: 161.929, 147.482,
143.853, 142.350, 140.637, 140.548, 140.253, 135.750, 134.002,
133.125, 132.359, 131.976, 131.297, 129.303, 126.190, 115.178,
94.916, 60.603, 31.917, 30.627, 30.541, 30.062, 29.662, 29.505,
29.430, 29.383, 29.337, 29.265, 22.690, 14.091. MS (MALDI-
FTMS) m/z: caled for CiooH116F30N204S; [M]', 2202.6501;
found, 2202.6513.
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Results and discussion

Synthesis and thermal stability of the compounds

DCAE7T-F1 and DCAO7T-F7 were synthesized by the routes
shown in Scheme 2. They were obtained by the Knoevenagel
reaction by directly treating their corresponding acceptor
unit precursors CAE-F1 and CAO-F7 with the aldehyde-
bearing precursor DF7T in the presence of triethylamine or
pyridine (Scheme 2). Thermogravimetric analysis (TGA)
suggests that DCAE7T-F1 and DCAO7T-F7 exhibit
good stability with a decomposition temperature (T4) greater
than 380 °C under a N, atmosphere (see Fig. 1). Oligothio-
phene with a fluorinated end group exhibited high thermal
stability.

Optical absorption

The UV-vis absorption spectra of DCAE7T-F1 and DCAO7T-F7 in
a dilute chloroform solution with a concentration of 10> mol
L~ and on solid films prepared by spin coating are shown in
Fig. 2. The important optical absorption data of these two new
molecules, compared with those of DCAE7T and DCAO7T, are
summarized in Table 1.

Compared with the absorption peaks at 492 nm of DCAE7T
and DCAO7T solutions, as shown in Fig. 2a, DCAE7T-F1
(512 nm) and DCAO7T-F7 (512 nm) exhibit a red-shift of
about 20 nm. In addition, the absorption coefficient of DCAE7T-
F1 (49 L ¢! em™") in CHCI; is a little higher than that of
DCAE7T (43 L g " cm™ ') and DCAO7T (40 L g~ " em™ '), while
DCAO7T-F7 has a much smaller absorption -coefficient
(35Lg 'em ™).

In addition, as shown in Fig. 2b, the DCAE7T-F1 film, which
shows a broad absorption from 350 to 760 nm, displays a red-
shifted Ay,.x at 610 nm. DCAO7T-F7 exhibits a red-shifted
absorption peak at 570 nm without a vibronic shoulder peak.
The optical band gaps of DCAE7T-F1 and DCAO7T-F7 thin films
were estimated from the onset of the film absorption spectra to be
1.63 eV and 1.66 eV (Table 1), lower than those of the compounds
to which they are compared, DCAE7T and DCAO7T (1.72 eV).

Compared with the solution absorption, a DCAE7T-F1 film
exhibits a large red-shift of about 98 nm, similar to those of

100

—=—DCAET7T-F1
804 —e—DCAO7T-F7

60

40

Weight (%)

20

T T T T
200 400 600 800
Temperature / degree

Fig. 1 TGA plot of DCAE7T-F1 and DCAO7T-F7.
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Fig. 2 (a) Absorption spectra of DCAE7T-F1, DCAO7T-F7, DCAE7T
and DCAOT7T in a chloroform solution; (b) absorption spectra of
DCAE7T-F1, DCAO7T-F7, DCAE7T and DCAQOTT as films.

DCEO7T and DCAO7T. In contrast, a DCAO7T-F7 film exhibits a
much smaller red-shift (58 nm), without a vibronic shoulder
peak.

Electrochemical properties and electronic energy levels

The electrochemical properties of DCAE7T-F1 and DCAO7T-F7
were investigated by cyclic voltammetry (CV). The potentials
were internally calibrated using ferrocene (FeCp,), assuming the
absolute energy level of FeCp,"° to be 4.8 eV below vacuum. As
shown in Fig. 3, DCAE7T-F1 and DCAO7T-F7 have the same
HOMO (—5.11 eV) and LUMO (—3.44 eV) energy levels which were
calculated from the onset oxidation and reduction potentials. The
electrochemical band gaps of DCAE7T-F1 and DCAO7T-F7 are
estimated to be 1.67 eV. The values of the band gaps, HOMO and
LUMO energy levels of the two compounds, along with those of
DCAE7T and DCAO7T molecules for comparison, are listed in
Table 1 from which we can see that the HOMO energy levels of
these molecules are very similar (—5.11 to —5.13 eV), which is
predominantly determined by the donor moiety (oligothiophene
unit). Different from the HOMO energy levels, the LUMO energy
levels of these molecules changed distinctly, leading to different
band gaps for these molecules, from 1.84 eV to 1.67 eV.

These results are consistent with those from optical data and
demonstrate that the band gap of these kinds of molecules can
be tuned effectively through introduction of a different acceptor
terminal unit.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Optical and electrochemical data for the molecules DCAE7T-F1, DCAO7T-F7, DCAE7T and DCAO7T

Amax & solution Amax (ESPY Eg HOMO LUMO
Compounds solution (nm) (Lgtem™) film (nm) film (eV) (eV) (eV) (eV)
DCAE7T-F1 512 49 610 1.63 1.67 —=5.11 —3.44
DCAO7T-F7 512 35 570 1.66 1.67 —-5.11 —3.44
DCAE7T® 492 43 591 1.72 1.83 —5.13 —-3.30
DCAO7T* 492 40 580 1.74 1.84 —5.13 —3.29

“ Data from ref. 37 and ¢ solution data from ref. 40.

Current/10°6 A

L ——DCAE7T-F1
1 1 1 | I I | PR T |

1.5 1.0 05 00 -05 10 1.5 -2.0 -25
. +
Potential / V vs Fc/Fc

Fig. 3 Cyclicvoltammograms of DCAE7T-F1 and DCAO7T-F7 solu-
tions on a Pd/C electrode in a dichloromethane solution of 0.1 mol L1
Bu4NPFg at a scan rate of 100 mV s .

X-ray diffraction (XRD) and structure calculation

The structural order of pristine DCAE7T-F1, DCAO7T-F7,
DCAE7T and DCAO7T was investigated by X-ray diffraction
(XRD) analysis for the films of DCAE7T-F1, DCAE7T and
DCAO7T spin-coated from CHCIl; solutions onto glass
substrates and the films of DCAO7T-F7 dropped onto a glass
substrate. The XRD patterns of DCAE7T-F1, DCAO7T-F7,
DCAE7T and DCAO7T films are shown in Fig. 4.

It can be seen that all these four molecular films exhibited
strong diffraction peaks (100), corresponding to the djgo-
spacing which is the distance between the planes of the main
conjugation chains of these molecules. The second and third
order diffraction peaks, (200) and (300), are also observed.

To give a rough estimation of the crystallinities of the new
molecules, DCAE7T-F1 and DCAO7T-F7, compared to those of

This journal is © The Royal Society of Chemistry 2014

DCAE7T and DCAO7T, we chose the diffraction peak corre-
sponding to the (100) orientation of the organic crystallite to
study. In addition, the films of DCAE7T-F1, DCAE7T and
DCAO7T have a similar film thickness. From Fig. 4, it can be
seen that the intensity of the diffraction peak increased
substantially from DCAE7T-F1 to DCAE7T and DCAO7T, while
the DCAO7T-F7 film shows a significantly weak diffraction peak.
The above results indicate that the fluorinated end group, to
some extent, decreased the crystallinity of the molecules
DCAO7T-F7 and DCAE7T-F1 in the films.

Hole mobility

The hole mobility of the pristine DCAE7T-F1 film was measured
by the SCLC method. Comparing with the polymer

40.0k

20.0k

4.0k

2.0k

0.0
30k

20k |
10k

PR ITE NI Y

Intensity

8.0k
6.0k |
4.0k |
2.0k |

0.0 }

—DCAET7T-F1

PR IR N Y

1 n 1 n 1 2 1 i 1 n 1

5§ 10 15 20 25 30 35 40
20/ degree

Fig. 4 XRD patterns of DCAO7T, DCAE7T and DCAE7T-F1 films spin-
coated from CHCls onto a glass substrate. The DCAO7T-F7 film was
drop onto the glass substrate.
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counterparts, small molecules have a definite structure, there-
fore high purity and less batch to batch variations. Thus there
are lower traps, recombination or defect centres in the small
molecule based devices, which is the primary reason that we
used the trap-free model to fit the data. As plotted in Fig. S6,T
the hole mobility of the DCAE7T-F1 film is 0.77 x 10~ * cm® V™"
s~', lower than that of DCAE7T (4.51 x 10~ * cm® V™' s ') and
DCAO7T (3.26 x 10~* cm® V™' s7').3” The hole mobility results
can be explained by the above XRD data. The hole mobility of
the DCAO7T-F7 film could not be tested because it cannot be
made by spin coating, as discussed below.

Film formation and surface energy test

For the fabrication of films, spin-coating is a preferred tech-
nique as it is simple, consistent, and allows for small-scale
production.***” Here, we investigated the film forming abili-
ties of DCAE7T-F1 and DCAO7T-F7, together with those of
DCAE7T and DCAO7T. Solutions of DCAE7T-F1, DCAO7T-F7,
DCAE7T and DCAO7T with a concentration of 8 mg mL ™"
were prepared. The solutions were dropped onto cleaned ITO
substrates and spin coated to form a film. As shown in Fig. 5,
from 1(a) to 1(d), it can be seen that DCAE7T-F1, DCAE7T and
DCAO7T form good films by the spin coating method, while
DCAO7T-F7 does not form a uniform film with good quality.

The wettability of the substrate by the polymer solution is
generally used for spin coating, and is important for the
spreading of the dispensed drop and finally the uniform film
formation with the aid of centrifugal forces.”” We then investi-
gated the difference in the wettability of the solutions on the
ITO substrate. We dropped each of the four solutions onto ITO
substrates and allowed them to dry and then checked the
spreading of similar sized CHCl; droplets dispersed onto ITO.
As shown in Fig. 5, from 2(a) to 2(d), we found that the solutions
of DCAE7T-F1, DCAE7T and DCAO7T did not spread out, while
the DCAO7T-F7 solution condensed to one dot. From Fig. S7,t it
can be seen that when the DCAO7T-F7 solution was dropped
onto the ITO surface, the drop keeps at a certain contact angle
(13.8°) before drying, while the other oligothiophene derivative
showed perfect spreading with no measurable angle.

1@) 1(b) 1(c) 1(d)
2(2) 2(b) 2(0) 2(d)

Fig. 5 Images of films produced by spin-coating: 1(a) DCAE7T, 1(b)
DCAOQTT, 1(c) DCAE7T-F1, and 1(d) DCAO7T-F7 (~1.7 cm x 1.8 cm);
images of films when produced by drop coating: 2(a) DCAE7T, 2(b)
DCAOQOTT, 2(c) DCAE7T-F1, and 2(d) DCAO7T-F7 (~1.7 cm x 1.8 cm).
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In order to further investigate the above phenomena,
contact angle measurements were carried out on an image
analysis goniometer using a static sessile drop method. 0.5 pL
droplets of (i) water, (ii) glycol, and (iii) dilodomethane were
placed on a substrate of one of the oligothiophene films and
imaged. The corresponding surface energies were calculated
(the calculation process of the surface energy can be seen in the
ESIt)*** and are given in Table 2. As shown in Table 2, it can be
seen that, along with the increase of the size of fluorinated
alkylcyanoacetate, the surface free energy decreased. The
contact angle of CH,I, increased from DCAO7T (10.02°) and
DCAE7T (14.64°), to DCAE7T-F1 (19.00°) and DCAO7T-F7
(28.88°), while the contact angles of water and glycol on these
four molecular films were very similar. From the above test, it
can be seen that when a larger amount of fluorine was intro-
duced into the oligothiophene backbone, the material became
more lipophobic, with a smaller surface free energy. The high
lipophobicity of DCAO7T-F7 prevents it from forming a film by
spin-coating.

Photovoltaic performance

BH]J organic solar cells were fabricated using the new molecule
DCAE7T-F1 as the donor material, and PCs;BM as the acceptor
material, using the conventional solution spin-coating process.
The device structure is ITO/PEDOT:PSS/photoactive layer/LiF/
Al. Device optimization was conducted by changing the
weight ratios of the donor vs. acceptor (summarized in Tables 3
and 4 and shown in Fig. 6 and 7). The best typical current
density-voltage (J-V) curves of the SM BH]Js are shown in Fig. 6
and the results are summarized in Table 3. For DCAO7T-F7, its
high lipophobicity prevents its use in SM BHJ devices.

For DCAE7T-F1, the best efficiency was obtained from the
device with the active layer comprised of a blend of DCAE7T-F1
and PC4BM with a weight ratio of 1:0.5 and an optimized
thickness of about 90 nm, using LiF/Al as the cathode. This SM-
BH]J device gave a V. of 0.83 V, Js. of 5.50 mA cm ™2, a FF of 0.50
and a PCE of 2.26%.

Compared with the performance of DCAE7T and DCAO7T
based organic solar cells (Table 4), it is found that DCAE7T-F1
based SM-BH] devices showed a much lower j,.. The result
can be explained by the TEM results. As shown in Fig. 7, a rather
large domain size (50-60 nm) was found for this material in the
active layer, which might be driven by the aggregation of the
fluorinated end groups.®***

During the optimization of DCAE7T-F1 based SM-OPV
devices, we found significant inhomogeneity of the device
performance on the same ITO substrates with five parallel
separated devices (Table S21). From Fig. S8,} it can be seen that
the outside devices show good performance (PCE = 2.26%),
while the middle device shows the worst performance (PCE =
0.85%). In order to understand this, we carried out XPS analysis.
From Table S31 we can see that there is a significant change in
the peak intensity corresponding to fluorine atoms between the
edge and middle positions in the ITO substrate. From the AFM
images (Fig. 8) of these blend active films, we can see that there
is a large variation of morphology in the film of DCAE7T-F1/

This journal is © The Royal Society of Chemistry 2014
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Table 2 Contact angle data of test liquids on the surface of oligothiophene films and surface energy data of the films

DCAE7T DCAO7T DCAE7T-F1 DCAO7T-F7
Contact angle H,O 93.60° 103.01° 97.84° 101.14°
Contact angle HOCH,CH,OH 74.12° 77.03° 82.16° 80.40°
Contact angle CH,I, 14.64° 10.02° 19.00° 28.88°
Surface energy (mJ] m™?) 49.18 50.41 48.02 44.66
Table 3 Current density—voltage characteristics of the SM-OPV 4
devices based on blends of DCAE7T-F1/PCg;BM with different (w/w) "‘ggﬁiggﬁgs:x :;;s
n . . n — N —— | R
ratios under an illumination of AM.1.5, 100 mW cm™2. The device 2 —ﬁ—DCAE7T-F1lPCﬂBM H0E
structure is ITO/PEDOT:PSS/DCAE7T-F1:PCgBM/LiF/Al +DCAE7T_F1,PC“BM 1,0'3
o 61 "
2 N
DCAE7T-F1:PCe;:BM Voo (V) Jec (MAcm ) FF (%)  PCE (%) €
o -24
1/0.8 0.80 5.09 0.27 1.71 ‘é —
1/0.5 0.83 5.50 0.50 2.26 =
1/0.3 0.82 4.66 0.30 1.50 . oy
-8

PC¢:BM. Until now, the detailed mechanism of the phenom-
enon is not clear. However, we believe that this difference in the
distribution of fluorine is primarily due to the tendency of the
fluorinated end groups in the solution to orient differently at
the solution-air interface during the film forming process, and
this has a large effect on the morphology and ratio of the donor-
acceptor of the final spin-coated film.*"*

Comparing our results with those reported for fluorinated
end group organic solar cells,*** it can be seen that the relative
fluorine content in the molecule has a great impact on the
performance of molecule based organic solar cell devices. The
structures of some reported fluorinated end group polymers are
shown in Scheme 3.

The fluorine content of these polymers varied from ca. 0.52%
(PCDTBT-CF;) and 0.85% (H-P3HT-PhO(CO)C;F,), to 1.03% (H-
P3HT-CF,CF;) and 2.01% (H-P3HT-CF,(CF,),CF;), and finally to
2.81% (H-P3HT-CF,(CF,),CF3). From the literature,”® we can
see that when the fluorine content is low, 0.52% (PCDTBT-CF;)
and 0.85% (H-P3HT-PhO(CO)C;F;), these polymer based solar
cells show better performance compared with the unfluorinated
end group polymers. When the fluorine content increased to ca.
1.03% (H-P3HT-CF,CF3), 2.01% (H-P3HT-CF,(CF,),CF;), 2.81%
(H-P3HT-CF,(CF,),CF;) and 7.11% (DCAE7T-F1), a worse
performance was produced. When the fluorine content
increased further, ca. 25.86% (DCAO7T-F7), the fluorinated end
group affects the film forming ability of these molecules
because of the wettability problem (Table 5).

T
0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage / V

Fig. 6 Current density—voltage characteristics of the SM BHJ devices

based on blends of DCAE7T-F1/PCgBM with different (w/w) ratios
)

under an illumination of AM.1.5, 100 mW cm

Fig. 7 TEM of DCAE7T-F1:PCgBM (2:1) film produced by spin-
coating.

Now, we can give a complete description of the influence of
fluorinated alkyl end groups on the properties of polymers for
use in organic solar cells. Incorporation of a small amount of

Table 4 Current density—voltage characteristics of the best SM BHJ devices based on DCAE7T-F1, DCAE7T and DCAO7T under an illumination

of AM.1.5, 100 mW cm—2

Active Layer Vool V Jse/mA cm ™2 FF PCE (%) up/em? v isTt 1074
DCAO7T:PCq,BM* 0.86 10.74 0.55 5.08 3.26
DCAE7T:PC61BM'1 0.88 9.94 0.51 4.46 4.51
DCAE7T-F1:PCsBM 0.83 5.55 0.50 2.26 0.77

¢ Data from ref. 37.
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(a)
5.0nm 10.0 nm
-5.0 nm -12.6 nm &
0.0 Height 5.0 um
() (d)
5.0 nm 10.6 nm
-5.0 nm -10.0 nm i % L* ' §
0.0 Height 5.0 um 0.0 Height 5.0 um

Fig.8 Tapping-mode AFM height images (5 x 5 um) of blend films (w/
w: 1:0.5) spin-coated from chloroform solutions. (a) Blend film of
DCAE7T/PCg1BM. (b) Blend film of DCAO7T/PCg;BM. (c) Blend film of
DCAE7T-F1/PCg;BM. (d) Blend film of DCAO7T-F7/PCeBM.

CgH7
FFF
H (o) F
FE His }—Z:t
F mEg | /. (o] F
n
m=0  H-P3HT-CF,CF, CeHiz

m=1  H-P3HT-(CF,);CF;
m=2  H-P3HT-(CF,)sCF;

PCDTBT-CF;

Scheme 3 Structures of several polymers with fluorinated alkyl end
groups reported in the literature.

fluorine into the polymer backbone is shown to improve the
device performance. When the fluorine content is low, the
mismatch of the donor and acceptor will dominate, and thus a

Table 5 Data on the fluorine content of DCAE7T-F1 and DCAO7T-F7
and other reported fluorinated end group polymers and the perfor-
mance of their corresponding OPV devices, compared with the
unfluorinated analog (values in brackets), under an illumination of
AM.15, 100 mW cm 2

Compounds Mn PDI F% (mass)  PCE (%)
DCAO7T-F7 2204 1.00 25.86% NO (5.08)
DCAE7T-F1 1604 1.00 7.11% 2.26 (4.46)
H-P3HT-CF,(CF,),CF,* 8800  1.20 2.81% 0.32 (3.2)
H-P3HT-CF,(CF,),CF,* 8500  1.20 2.01% 0.63 (3.2)
H-P3HT-CF,CF;* 9200 1.20 1.03% 1.3 (3.2)
H-P3HT-PhO(CO)C,F,> 15600 1.36  0.85% 4.5 (3.2)
PCDTBT-CF;* 11000 544  0.52% 6.02 (4.82)

“ Data from ref. 28. ¥ Data from ref. 27. ¢ Data from ref. 26.
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smaller domain is produced. When the fluorine content is
increased, the lipophobicity becomes more and more impor-
tant, while the mismatch effect decreases and a large domain is
formed. When the fluorine content increases further, the lip-
ophobicity dominates and a wettability problem is produced.
Concerning the molecular weight difference, the same end
group is relatively more significant in small molecule donors
than in polymer donors, so the end group has a larger effect on
the performance of small molecule based devices.

Summary

We have synthesized two small molecules DCAE7T-F1 and
DCAO7T-F7 based on our previous compounds DCAO7T and
DCAE7T by introducing fluorinated alkyl chains into the terminal
unit. It has been found that fluoro substituted alkyl chains in the
terminal unit have a great impact not only on the absorption
energy levels but also on the film forming properties and thus the
device performance. A PCE of 2.26% was achieved with a V. of
0.83 V, Js of 5.55 mA cm 2 and FF of 0.50 for DCAE7T-F1 based
solar cells. It is noted that with the increase of fluorine atom
content from DCAE7T-F1 to DCAO7T-F7, the surface energy
decreased significantly, along with an increase of the lipophobic
property. The large lipophobic property of DCAO7T-F7 prevents it
from forming films by spin-coating. Our results demonstrate that
the lipophobic property, film forming ability and structure must
be considered collectively for new molecular design and synthesis.
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