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ARTICLEINFO ABSTRACT

Side chains and terminal groups have an important effect on photovoltaic performance of organic solar cells
(OSCs) based on oligothiophene donor materials. In order to study the effect of alkylthio substituent and dif-
ferent terminal groups on photovoltaic properties, a series of small molecules were designed and synthesized.
Molecule LSO was modified by alkyl as side chains and 2-ethylrhodanine as terminal groups while LS1a, LS1b,
LS2, LS3 were substituted with alkylthio side chains and capped with different terminal groups of 2-ethylrho-
danine, 2-hexylrhodanine, 2-ethylhexyl cyanoacetate, and 1,3-indanedione, respectively. Compared with LSO,
alkylthio substituted LS1a exhibited higher HOMO and LUMO due to more planar backbone. Capped with dif-
ferent terminal groups, LS1a, LS1b, LS2, and LS3 showed the different optical and photovoltaic properties.
Among these molecules, OSCs based on LS1b showed the highest power conversion efficiency (PCE) of 8.38%
while others showed PCE of 7.87%, 6.52%, 6.52%, and 4.65% for LSO, LS1a, LS2, and LS3, respectively. The
results demonstrated that rational selecting side chains and terminal groups could be a promising strategy to
promote the performance of small molecule-based OSCs.
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1. Introduction

Solution-processed bulk heterojunction (BHJ) organic solar cells
(OSCs), due to their merits of light weight, easy fabrication and flex-
ibility, have been paid great attention for application in renewable
energy [1-9]. During the research, diverse designed and optimized
strategies were adopted to promote the development of OSCs, such as
structure innovation of active layer materials [10-13], blending films
morphology control [14-17], interfacial modification [18-20], and
device architecture design [21,22], giving rise to the high power con-
version efficiencies (PCE) over 14% [23] for polymer donor based OSCs
(P-OSCs) and 10% [24,25] for small molecule donor based OSCs (S—
OSCs). Though the highest PCE of S-OSCs lagged behind P-OSCs, the
increasing attention of S—-OSCs showed its unique advantages in OSCs
field. For instance, the molecular weight of polymer is a dis- tribution
of molecular weights, judged by number-average molecular weight
(Mn) and polydiversity index (PDI), which leads to the existence of
various molecular weights during batch-to-batch production. And it
has been reported that polymer molecular weight could affect mole-
cular ordering and blended surface morphology, thus influencing

repeatability of optimized P-OSCs performance [26,27]. In comparison
to the polymeric donor materials, small molecule donor materials
possess well-defined structure and molecular weight, no batch-to-batch
variation, and higher levels of purity [28-30].

Currently, the high efficiency small molecule donor materials are
mainly based on A-D-A structure, with benzo[1,2-b:4,5-b']dithiophene
(BDT) as central unit, and terthiophene capped with electron-with-
drawing terminal groups as two arms [31-35]. During the study of
small molecule donor materials, side chains modification and terminal
group innovation are two common strategies to optimize the optical
and photovoltaic properties of the materials. For side chains mod-
ification, a lot of previous works have proved that introducing alkylthio
substituent can lower the highest occupied molecular orbital (HOMO)
of small molecule donor materials, thus increasing the open circuit
voltage (Voc) of OSCs devices [31,33,36]. Zou et al. introduced al-
kylthio side-chains in the molecular n-conjugated backbone and found
that BDTT-S-TRS has a better planarity backbone (simulation dihedral
torsion angles 6; = 0.59°, 6, = 8.03°, 63 = —13.78°) than BDTT-S-TR
(01 = 21.60°, 6, = 14.39°, 83 = 12.209) through theoretical calcula-
tions. The optimized OSC device based on BDTT-S-TRS exhibiteda PCE
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of 8.07% with a notable FF of 0.705 [37]. However, the optical and
photovoltaic properties (such as absorption coefficient and charge-
carrier mobility) of alkyl substituted BDTT-S-TR weren't contrasted and
analyzed systematically with BSTT-S-TRS. In our work, two molecules
LSO (substituted with alkyl side chains) and LS1a (substituted with al-
kylthio side chains) were designed and synthesized to study their dif-
ferences on the optical and photovoltaic properties.

Beyond side chains modification, selecting an appropriate electron-
withdrawing terminal group also is vital for small molecule design,
which could directly determine whether it would act as a donor or a
acceptor. It has been reported that the electron-withdrawing terminal
groups have a great influence on the molecular absorption, solubility,
energy levels, molecular packing, charge mobility and the final device
performance of the corresponding solar cells [38-42]. The strength of
acceptor would directly affect material's band gap and energy levels.
The structure of end-capped groups could influence material's solubility
and molecular packing. In Chen's work [43], they designed and syn-
thesized molecules, DIN7T, DINCN7T and DDIN7T, with incorporating
1,3-indanedione and the derivative of 1,3-indanedione units as terminal
groups, and demonstrated that the acceptor units had a great effect on
molecular solubility and packing mode. Besides, Wei's group [41] re-
ported four molecules, namely, BT-RCN, BT-BA, BT-RA and BT-ID, and
found that with the increased planarity of end-capped acceptor, the n-nt
stacking distance also decreased. Thus, the modification of acceptor
units would be an effective approach to adjust the photovoltaic per-
formance of small molecule materials.

In order to further optimize the performance of S-OSCs and study
the influence of end-capped groups on the optical and photovoltaic
properties of small molecule materials, the end-capped groups with
different electron withdrawing properties were adopted. These mole-
cules, named as LS1a, LS1b, LS2, and LS3, were capped with 2-ethylr-
hodanine, 2-hexylrhodanine, 2-ethylhexyl cyanoacetate, and 1,3-in-
danedione, respectively. Among these alkylthio side chains substituted
small molecules, LS1b showed lower HOMO and LUMO, and LS3
showed higher HOMO and LUMO, which can be attributed to the dif-
ferent electron withdrawing properties of these terminal groups.
Devices using these molecules as donor and PC;;BM as acceptor were
fabricated and optimized via solvent vapor annealing (SVA). PCEs of
7.87%, 6.52%, 8.38%, 6.52%, and 4.65% were achieved for LSO, LS1a,
LS1b, LS2,and LS3, respectively.

2. Experiment
2.1. Materials and synthesis

The chemical structure of LSO, LS1a, LS1b, LS2, and LS3 are shown
in Fig. 1 and the detailed synthetic procedures are described in the
Supporting Information. All reactions and manipulations were carried
out under argon atmosphere. Unless otherwise specified, all materials
were purchased from commercial suppliers and used directly without
any purification.

2.2. Measurementsand instruments

"HNMR and *C NMR spectrawere performed ina Bruker AVANCE-
111 600 MHz spectrometer using solutions in CDClzand chemical shifts
were recorded in ppm units with TMS as the internal standard. UV-vis
spectra were recorded on a Lambda 25 spectrophotometer. The elec-
trochemical measurements were carried out under nitrogen on a
deoxygenated solution of tetra-n-butylammonium hexafluorophosphate
(0.1 M) in acetonitrile with a computer-controlled CHI660C electro-
chemical workstation, a Pt working electrode, a platinum-wire auxiliary
electrode, and a saturated calomel electrode (SCE) as the reference
electrode. Potentials were referred to the ferrocenium/ferrocene (Fc/
Fc™) couple by using ferrocene as a standard. The HOMO levels of small
molecules were determined using the oxidation onset value.

R2= \<5\/\/\/

A3= /SC:U\OA(\/\ A %

LS0: R=R1,A=A1;
LS1a:R=R2,A=A1; LS1b: R=R2, A= A2
LS3: R=R2,A=A4

LS2: R=R2,A=A3;

Fig. 1. Chemical structures of LSO, LS1a, LS1b, LS2, and LS3.

Topographic images of the active layers were obtained through atomic
force microscopy (AFM) in tapping mode under ambient conditions
using an Agilent 5400 instrument. Bright field transmission electron
microscopy (TEM) images were acquired using a JEM-1400 PLUS
electron microscope operating at an acceleration voltage of 120 kV. The
space-charge-limited current (SCLC) mobility was measured usinga
configuration of ITO/PEDOT:PSS/donor:PC7;;:BM/MoOs/Al for hole-
only or ITO/ZnO/donor:PC7,BM/PFN/AI for electron-only devices by
taking the dark current density in the range of 0-8 V.

2.3. Fabrication of devices

The S-OSCs devices were fabricated with a conventional architecture
of ITO/PEDOT:PSS/small molecule:PC7:.BM/PFN/AI. A solution of poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
spin-casted on pre-cleaned ITO coated glass at 4000 rpm and baked at
150 <C for 20 min in air to remove the residual solvent. Then the device
was transferred into a nitrogen-filled glovebox. The small molecule and
PC7:BM were dissolved in chloroform with a concentration of 6 mg/mL for
small molecule. The optimum blend ratio of LS0:PC;;BM, LS1a:PC#BM,
LS1b:PC#BM, LS2:PC7BM, and LS3:PC,BM is 1:0.8, 1:0.8, 1:1, 1:1.2,
and 1:1.2, respectively. Then the blend chloroform solution was spin-
coated on the top of PEDOT:PSS with a speed of 1500 rpm, 1000 rpm,
1500 rpm, 2000 rpm, and 2000 rpm for LSO:PC;;BM, LSla:PC:;BM,
LS1b:PC#1BM, LS2:PC,BM, and LS3:PC7,BM, respectively. The thickness
of small molecule and PC,;BM blend active layer was about 100 nm. The
fresh molecule:PC7;BM blend films were put into the middle of a glass
Petri dish containing 250 uL chloroform for 30 s to undergo solvent vapor
annealing (SVA). After SVA, the samples were taken out. PFN ethanol
solution was subsequently spin-coated on the active layer. Finally, an Al
metal top electrode (100 nm) was thermal evaporated under about
2 > 10 * Pa. The active area of the device was 0.15 cm? defined by
shadow mask. The current density-voltage (J-V) characteristics were
measured with a Keithley 2400 source measurement unit under simulated
100 mW cm™2 (AM 1.5 G) irradiation from a Newport solar simulator.
Light intensity was calibrated with a standard silicon solar cell. The ex-
ternal quantum efficiencies (EQE) of solar cells were analyzed using a
certified Newport incident photon conversion efficiency (IPCE) measure-
ment system.
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Fig. 2. Absorption spectra of small molecules in (a) chloroform solution and (b) films. (c) CV plots and (d) energy levels of the corresponding small molecules.

3. Results and discussion
3.1. Optical and electrochemical properties

Fig. 2(a) and (b) displayed the UV—vis absorption spectra of these
five small molecues in dilute chloroform solution (107> M) and thin
films. Thedetailed absoption properties, including absorption maxima,
absorption onset and optical bandgap are summarized in Table 1. In
dilute chloroformsolution, these five molecules showed the absorption
band ranging from 400 nm to 700 nm, and their absorption maxima
peak were located at 511, 547, 547, 535, and 577 nm for LSO, LS1a,
LS1b, LS2, and LS3, respectively. It could be observed that LSO has more
blue-shifted absorption and LS3 has more red-shifted absorption in di-
lute chloroform solution, compared to other molecules. The difference
of absorption could be attributed to the different energy levels caused
by molecular side chains and end-capped groups. The absorption
coeffiecient also has been recorded in solution absorption. It can be
seen that LS2 has lower absorption coefficientamong these molecules,
which could influence the short-circuit current (Jsc) of devices. In thin

Table 1
Optical and electrochemical properties of small molecules.

films, these five molecules all have large red-shift in absorption spec-
trum due to the molecular aggregates. Calculated by the equation
E °'= 1240/A gnser, the optical bandgap of LSO, LS1a, LS1b, LS2,L.S3
weredeterminedtobe1.75,1.71,1.74,1.83,and 1.64 eV, respectively.
Cyclic voltammentry (CV) was employed to measure the HOMO and
LUMO energy levels of these five molecules (Fig. 2(c)). The measure-
ments were performed in an acetonitrile solution of 0.1molL ™"
BusNPFs by using ferrocene/ferrocenium (Fc/Fc*) as the internal
standard. And the formal potential of Fc/Fc* was measured as 0.41 V
vs. SCE. The HOMO and LUMO levels of molecules were calculated
from their onset oxidation potential (¢@ox) and the equation of
ELumo= Enomo+ E¢*™ (eV) respectively. Thus, the HOMO and LUMO
energy levels of these molecules were determined to be —5.30 and
—3.55 eV for LSO, -5.26 and —3.55 eV for LS1a, —5.33 and —3.59 eV
for LS1b, —5.29 and —3.46 eV for LS2, -5.10 and —3.46 eV for LS3,
respectively. The HOMO offset and LUMO offset between small mole-
cules and PC7;BM are over 0.3 eV, indicating enough driving force for
exciton dissociation. In comparison with LSO, the HOMO and LUMO of
molecule LS1a is slightly higher, which could be attributed to more

Molecule Asol-max (NM) Mfitm-max (NM) Esol-max (M~ 'em ™) Nonset (NM) E*™ (eV) HOMO?® (eV) LUMO"(eV)
LSO 511 588 9.71 =<10* 709 1.75 —5.30 —3.55
LSla 547 602 9.85 >=<10* 724 1.71 —5.26 —3.55
LS1b 547 583 9.82 =<10* 714 1.74 —5.33 —3.59
LS2 535 568 9.31 =<10* 677 1.83 —5.29 —3.46
LS3 577 609 1.01 >=<10° 758 1.64 —5.10 —3.46

@ Estimated from the onset of the oxidation potential.
b Calculated by the equation ELumo = Eromo + E¢”' (eV).
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Table 2

Simulated dihedral angles and energy levels of small molecules calculated by DFT/B3LYP/6-31G (d, p).
Molecule O1 02 03 04 Os Os HOMO (eV) LUMO (eV)
LSO —9.18 —17.09 9.55 —21.23 15.89 —7.31 —4.97 —2.85
LSla 3.69 6.28 —7.14 21.20 —7.67 —4.08 —5.08 —2.96
LS1b 2.74 6.07 —9.50 20.07 —10.17 —6.39 —5.07 —2.94
LS2 3.66 5.88 —4.69 —20.39 1.08 —2.47 —5.16 —2.96
LS3 4.47 5.33 —5.88 21.25 —7.27 —3.36 —5.06 -2.92

planar backbone [44-47] of LS1la and electron-donating effect of al-
kylthio side chains. As shown in Fig. S1, the electronic distribution and
geometrical configuration of LSO, LS1a, LS1b, LS2, and LS3 were cal-
culated by density functional theory (DFT) at B3LYP/6-31G (d,p) level.
The simulated dihedral angles of small molecules with optimized geo-
metrical configuration were listed in Table 2. After insert sulfur atom
into side chains, the values of 6., 6,, 0;, 65, and 6 in molecule LS1a
were reduced significantly versus to LSO, indicating more planar
backbone of LSla. The energy levels of molecules were exhibited in
Fig. 2(d). Influenced by different electron-withdrawing terminal
groups, LS1a, LS1b, LS2, and LS3 showed differences in energy levels.
In order to make clear the acceptor strength of these terminal groups,
DFT also was carried out to calculate the dipole moment of acceptor
units (as shown in Fig. S2.). In comparison with molecules LS1a, LS2,
and LS3 (the dipole moments are 2.82 D, 2.02 D, and 1.46 D, respec-
tively), LS1b showed relatively high dipole moment of 2.80 D, in-
dicating the strong electron withdrawing ability of 2-hexylrhodanine,
which was consistent with lower energy levels of LS1b.

3.2. Photovoltaic properties

To investigate the photovoltaic performance of the five small mo-
lecules, thin film BHJ solar cells were fabricated with a device structure
of ITO/PEDOT:PSS/small molecule:PC;;BM/PFN/AI. Fig. 3 showed the
current density-voltage (J-V) curves and the corresponding EQE spectra
of the optimized devices under the illumination of AM 1.5 G at
100 mW cm™. The detailed photovoltaic performance parameters of
the OPVs are listed in Table 3. Without any additional treatment, the
PCE for LSO, LS1a, LS1b, LS2, and LS3, are 6.63%, 6.13%, 7.20%,
6.19%, and 4.14%, respectively. As displayed in Table 2, the main
backbone substituted with alkylthio groups exhibited superior planarity
than alkyl group. Therefore, the twist of molecular backbone of LSO
lead to a lower HOMO of LSO than LS1a, inducing the higher Voc of LSO
based devices. With the different electron withdrawing influence of
terminal groups, molecule LS3 exhibited lowest Vocamong LS1a, LS1b,
LS2, and LS3, consistent with its energy levels. As displayed in Table 3,
after the treatment of chloroform solvent vapor annealing, the perfor-
mances of these small molecules based devices have been significantly

it}

(a)

_2)

Current density (mA cm

0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

improved. The performances of devices were increased from 6.63% to
7.87% for LSO, 6.13%-6.52% for LSla, 7.20%-8.38% for LS1b,
6.19%—6.52% for LS2, and 4.14%-4.65% for LS3, respectively. The
performance improvement could be mainly ascribed to the enhance-
ment of Jsc and FF. Among these devices, the device based LS1b
achieved the highest PCE of 8.38%, whereas devices based on LS2 or
LS3 showed relatively lower Jsc. In Fig. S3, it could be observed that
whether treated with SVA or not, devices based on LS2 or LS3 always
exhibited relatively higher dark current density among these molecules,
which could be accounted for the lower Jsc of LS2 and LS3. Fig. 3(b)
displayed EQE spectra of the optimized devices based on these five
molecules. The optimized devices exhibit a photon response from
300 nm to 700 nm, and the photocurrent generation of small molecule
based devices is extended to higher wavelength in the order of LS2, LSO,
LS1b, LS1a, and LS3, accordance with the absorption properties of these
molecules. The Jsc-values calculated from the integration of the EQE
data are consistent with the measured Jsc values, indicating the relia-
bility of the photovoltaic results.

3.3. Mobility measurements

The charge-carrier mobility of active layer materials is important for
S-OSCs. In order to further investigate the carrier extract and transport
properties, SCLC measurements were performed to study the carrier
mobility of the small molecule and fullerene blend films. The hole-only
devices were fabricated as the structure of ITO/PEDOT:PSS/small
molecule:PC7;;:BM/MoOs/Al, while electron-only devices were fabri-
cated with the structure of 1ITO/ZnO/small molecule:PC7,;BM/PFN/AI.
The J-V curves of hole-only devices and electron-only devices were
showninFig. S4. The blend films based on the five small moleculesand
PC7:BM, without any additional treatment, exhibited the hole mobi-
lities of 1.54 =<10*, 1.76 =<10*, 1.74 <10*, 2.68 <10*, and
3.01 <10 *cm?V 's™!, and the electron mobilities of 1.06 ><107*,
8.93 ><107°,1.19 <10 %, 2.18 <10, and 2.64 <10 *cm?V 's™!
for LSO, LS1a, LS1b, LS2, and LS3, respectively. Influenced by side
chains, LS1awith more planarity backbone showed higher hole mobi-
lity than LSO. After SVA treatment, the carrier-charge mobilities of the
blend films showed a same rising trend. The hole and electron

100
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804 ——S1b
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w
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Fig. 3. Current density—voltage characteristics (a) and EQE spectra (b) of the optimized small molecule devices prepared based on the blend of small molecule and

PC71BM.
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Table 3

Photovoltaic parameters of the OPVs based on small molecule:PC7:BM under illumination of AM 1.5G, 100 mW cm 2.
Active layer D/A ratios Voc (V) Jsc (MA cm ?) FF (%) PCEmax (%)
LS0:PC7:BM* 1:0.8 0.935 (0.929 ==0.007) 11.56 (11.43 ==0.20) 61.35 (61.48 ==0.36) 6.63 (6.47 ==0.13)°
LS0:PC7:BM" 1:0.8 0.909 (0.912 =0.005) 13.83 (13.53 =-0.18) 62.64 (62.70 ==0.13) 7.87 (7.73 ==0.09)°
LSla:PC1BM* 1:0.8 0.879 (0.880 ==0.002) 11.61 (11.53 =#=0.07) 60.06 (60.20 =#=0.26) 6.13 (6.10 ==0.03)°
LS1a:PC7:BM" 1:0.8 0.851 (0.852 ==0.006) 13.15 (13.11 ==0.10) 58.27 (57.97 ==0.53) 6.52 (6.48 ==0.05)°
LS1b:PC71BM® 1:1 0.883 (0.885 ==0.004) 12.56 (12.47 ==0.08) 64.85 (64.57 ==0.18) 7.20 (7.14 ==0.04)°
LS1b:PC7:BM" 1:1 0.880 (0.884 ==0.005) 14.46 (14.26 ==0.12) 65.84 (65.67 ==0.18) 8.38 (8.29 +0.07)°
LS2:PC7BM* 1:1.2 0.906 (0.905 ==0.002) 9.97 (9.93 ==0.04) 68.44 (68.45 ==0.14) 6.19 (6.15 ==0.03)°
LS2:PC7;,BM" 1:1.2 0.905 (0.910 ==0.003) 10.26 (10.14 =0.07) 70.28 (69.83 ==0.34) 6.52 (6.43 ==0.06)°
LS3:PC71BM* 1:1.2 0.822 (0.816 ==0.004) 8.49 (8.42 ==0.05) 59.39 (59.74 ==0.28) 4.14 (4.10 ==0.03)°
LS3:PC7;,BM" 1:1.2 0.820 (0.820 ==0.002) 9.18 (9.06 ==0.16) 61.72 (61.52 ==0.23) 4.65 (4.57 ==0.07)°

#Without any treatment.

b Treated with SVA.

¢ Average values with standard deviation were obtained from 10 devices.

(a) (b
' \ — LS3 film " _ LS3ZPC“BM
_J — LS2film ‘\ — LS2:PC, BM
A — LS1b film ‘\ — LS1b:PC, BM
A — LS1afilm I — Ls1aPC, BM
A — LSO film j't — LS0:PC, BM
~| T T L) Ll _/l T T T T
5 10 15 20 25 30 5 10 15 20 25 30

20 (degree)

Fig. 4. XRD patterns of (a) the small molecule films and (b) small molecule:PC71.BM blend films.

26 (degree)

Fig. 5. AFM topography, phase morphology, and TEM images of blends films with SVA treatment: (a) (f) (k) LS0:PC7:BM, (b) (g) (I) LS1a:PCx1BM, (c) (h) (m)
LS1b:PC71BM, (d) (i) (n) LS2:PC71BM, and (e) (j) (0) LS3:PC7:BM.

LS1b, 2.56 <10 *and 3.38 <10 *cm?V 's'forLS2,3.12 <10 *
and2.40 <10 “*cm?V/ 's ™! for LS3, respectively. After treated with
SVA, most devices showed more balanced carrier transport, accounting

mobilities of the blend films are calculated to be 2.50 <10 *and
1.06 <10"* cm?V 's™! for LSO, 1.99><10* and 9.46 ><10°
cm?V s ! for LS1a, 3.15 ><10 *and 2.37 <10 *cm?V !s ! for
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for the improvement of FF after SVA treatment. However, the device
based on LSla exhibited more unbalanced carrier transport and sig-
nificantly low hole mobility, indicated that charges cannot be effec-
tively extracted before recombination in the LS1a blend films, which
might be one of the reason causing the low FF of LS1a based devices.

3.4. XRD and morphology analysis

The crystalline nature of the pristine small molecule films and small
molecule:PC7:BM blend films was characterized by X-ray diffraction
(XRD) analysis. As shown in Fig. 4, the small molecule films displayed
high crystallinity with (100) diffraction peak at 20 = 4.99% 4.77<
4.71< 4.56< and 5.12< and corresponding to a digo-spacing of 17.71 A,
18.50 A, 18.73 A, 19.39 A and 17.23 A for LSO, LS1a, LS1b, LS2, and
LS3 respectively. Compared to LSO, alkylthio substituted LS1a exhibited
slightly larger digo-spacing, which could be ascribed to the insertion of
S atom induced enlargement of side chains. For the films based on LS1a,
LS1b, and LS2, with the alkyl chains length increasing on terminal
groups, the digo-spacing also gradually became larger. Owing to no sp®-
hybridized atom on terminal groups in LS3, LS3 film showed minimized
di00-spacing among these films. After small molecules blended with

PC71BM, the blend films also exhibited obvious (100) diffraction peak
with20=5.14<4.75<4.85<4.64<and 5.22< corresponding toad 100~

spacing of 17.17 A 18.58 A, 18.20 A, 19.04 A and 16.91 A for LSO:
PC7lBM, LS1a: PC7lBM, LS1b: PC7lBM, LS2: PC7lBM, and LS3: PC71BM
respectively.

Atom force microscope (AFM) and transmission electron microscope
were conducted to further characterize the micromorphology of the
getive layer. The morphology images of the blend films with SVA
treatment were displayed in Fig. 5. The root-mean-square (RMS)
roughness values are 0.89, 1.25, 0.86, 1.05, and 1.07 nm for
LSO:PCHBM, LSla:PCnBM, LSleC71BM, LSZ:PCHBM, and
LS3:PC7:BM blend films, respectively. Among these blend films, the

Gl RGIERA RRAE AR Sg AT HRS Al HRRESES AR ROMSS Y
ability. The worse film morphology of LS1a:PC7;BM blends could be a
R RSP RSB ML SR BRI 08 A0

mixed morphology. For LS0:PC7;BM blends, there are large floc-like
acceptor domains in the TEM images (Fig. 5(k)). For LS1a:PC;,BM and
LS3:PC7;BM blends, the TEM images (Fig. 5(1) and (o)) showed
crowded and large domains, caused by the inferior miscibility of donor
and acceptor, which is unbeneficial for exciton separation and charge
transfer. This lead to the low FF of LS1a:PC7,BM based devices and low
Jsc of LS3:PC7;BM based devices. From Fig. 5(n), it can be observed

definitely donor and acceptor interfaces in the image, similar with the
figures reported in the literature [48]. For LS1b:PC7;BM blends, the

film showed good donor-acceptor miscibility, which is beneficial for

exciton separation and carrier transport.
4, Conclusion

In summary, five small molecule donor materials, named as LSO,
LS1a, LS1b, LS2,and LS3, were designed and synthesized with different
alkyl side chains and terminate groups. By replaced alkyl side chains
with alkylthio side chains, LS1a showed higher energy levels and car-
rier mobility than LSO. Besides, through the simulated dihedral angles
by DFT, it could be confirmed that inserting sulfur atom to side chains
could increase molecular planarity. Influenced by different terminal
groups, LS1bshowed the lowest HOMO energy levelamong LS1a, LS1b,
LS2, and LS3, indicating critical and effective energy levels modulation
by rational end group selection. By altering side chains and end groups,
these small molecules display a marked difference in aggregation be-
haviors, which can also be demonstrated by the film morphology when
they are blending with PC7;BM. These differences synthetically con-

Dsadiyes 7L RS

8.38%, which provides directions on designing small molecules for
OSCs.
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