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Highlights:

e Novel small molecules using indoline as electron donor for efficient organic solar cells

e The differences in efficiency can be explained by the differences in light harvesting and

charge recombination.

e The pi-bridge results key to achieve high photocurrent and slow charge recombination

kinetics.

e No clear correlation between charge mobility, film morphology and solar cell efficiency.



ABSTRACT

In this work we have synthesized and characterized four indoline-based small organic molecules
for their use as electron donor moiety in bulk-heterojunction solution processed organic solar
cells combined with PC70BM as electron acceptor. Our results show a wide range of light to
energy efficiencies from 0.8 to 3.5% under standard measurement conditions. An initial analysis
suggests that the main limitation is the device photocurrent due to the device film thickness. Yet,
charge transfer dynamics were studied to correlate charge loss mechanisms to n-bridge structural
variations and, moreover, mobility measurements were also carried out to fully explain these

device limitations.



1. Introduction

Bulk-heterojunction organic solar cells (BHJ-OSC) have been intensively studied over the past
decades [1-10]. In one hand, from the scientific point of view, organic solar cells still present
many unsolved questions that drive the entire field, for example the processes involved in charge
generation, charge recombination, energetic disorder and device loss mechanisms. On the other
hand, the promise to obtain an efficient, non-toxic and cheaper technology for solar-to-energy
conversion moves forward the search and design of new materials and device architectures.[11-
16]

Current record efficiency, for single junction solution processed devices made using individual
light absorber polymers, is close to 10%. Moreover, recent results in the use of small organic
molecules instead of polymers in solution-processed devices have also demonstrated efficiencies
as high as 8-9%[ 14, 17, 18] and the latest record efficiency reaching efficiencies close to 10%
[19, 20], under standard measurement conditions. Yet, most reported standard efficiencies for
semiconductor polymers are often between n=6-7%[21-23] and for small molecule based

devices, between nN=5-6%][24-27] using solution processed methods.

We present herein a complete study that starts with the synthesis of indoline based small
molecules as electron donor moiety for organic solar cell (smOSC). Additionally, it analyses the
device efficiency, charge recombination processes and mobility that limit the device

performance.

The introduction of donor-n-acceptor dyes in OPV has been extensively studied in the past [28-
31] and it has several advantages for their use in solar cells. First of all, the presence of a charge
transfer band allows greater light harvesting of the sun spectra with molecular extinction

coefficients as high as 100.000 M cm™. Second, it is feasible to tune the molecule energy levels



and thus to obtain HOMO values as low as -5.22 eV that may lead to devices with high open
circuit voltage, V., a high LUMO level that facilitates the charge dissociation at the
donor/acceptor interface and, third the n-bridge molecular backbone conformation can be also
tuned to determine the molecular optical absorption onset[23, 32, 33] and their semiconductor

properties.

Scheme 1. Molecular structure of all indoline donor based small molecules LC151, LC163,

VC63 and VC64.

All molecules used in this study (Scheme 1) were synthesized using the indoline moiety as
secondary electron donor unit due to its good donating ability and stability among other chemical
groups, more frequently used donors such as triphenylamine. Indoline based molecules have
been previously reported in both smOSC and Dye-Sensitized solar cells[34, 35]; however this
kind of asymmetric structures are, in comparison, less explored in the smOPV field.[35-41] In
order to make a more comprehensive study, all of these molecules were designed using the same

donor (indoline) and acceptor moiety (dicyanovinyl); and, on the contrary, the n-bridge structure



was changed. We aim to compare and learn the effects in final device characteristics provided by
the modification of the m-bridge of the LC151 structure that will influence the charge mobility
and the charge recombination dynamics; For example, inserting a new thiophene unit (LC163)
promoting the intramolecular n-delocalization and also broadening the absorption range. We also
replaced the thiophene m-bridge for a 4,4-dihexyl-4H-cyclopenta[1,2-b:5,4-b"|dithiophene moiety
(VC63) to study the variation on light harvesting efficiency (LHE) of the molecule related to the
presence of other conjugated system, which in turn, the presence of the pendant alkyl chains may
improve the planarity of the molecule along film contributing in a more ordered aggregation and

also favoring the m-delocalization.[42] The LHE is defined in Equation 1.

-T'o (L)

LHE (A)= 1-10 1)

Where I' is the number of moles of light absorber per unit area and ¢ is the absorption cross

section in units area/mol obtained from the molecular extinction coefficient

Finally, a new strategy is proposed adding an auxiliary acceptor (benzothiadazole)[37, 38]
between the donor and the n-bridge obtaining a D-A-n-A (VC64) architecture to further promote
the intramolecular electron transfer and, thus, obtain a narrower band gap maintaining a deeper
HOMO level, and, finally increase the stability due to a more effective electron dispersion from

the indoline nitrogen units.[43] These results on the devices are analyzed further in this work.



Scheme 2: Synthetic route of LC and VC molecules (Reaction conditions: (i) Pd(PPhs)s, 2 M
K,COj; aqueous solution, THF, 12 h, 80°C; (i) Malononitrile, B-alanine, dichloroethane, 12 h,
reflux; (iii) n-BuLi, THF, B(OCHs)s, -78°C> Pd(PPh3)4, 2 M K,COs3 aqueous solution, THF, 6 h

80 °C.

2. Experimental

Materials

The following materials were used to synthesize all molecules: N,N-Dimethylformamide (DMF),
phosphorytrichloride, 1,2dichloromethane, chloroform and THF were distilled before use.
Pd(PPh3)4, N-bromosuccinimide (NBS), potassium carbonate, malononitrile, 4-tert-
butylpyridine (TBP) and n-Butyllithium (2.0 M in hexane) were purchased from Sigma-Aldrich.

For device fabrication: PC;0BM was used as received from Solenne and Poly(3,4-



ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) from HC StarckBaytron P.
Indium Tin Oxide (ITO) was purchased PSiOTec, Ltd., UK and blends were prepared in a

Chloroform stock from Sigma-Aldrich.

Synthesis and characterization

The synthesis of LC and VC dyes are shown in the scheme 2. The intermediates 1[34], 3[43],

6[43] and 7[44] were prepared according to the literature.

Aldehyde precursors of final dyes were carried out using Suzuky coupling reacting the boronic
acid of the n-bridge moiety and 7-bromo-4-(p-tolyl)-1,2,3,3a,4,8b-

hexahydrocyclopenta[bJindole.

Knoevenagel condensation with malonitrile under basic conditions led to LC151, LC163, VC63

and VC64.

For materials characterization. UV-Vis absorption spectra were measured in a 1 cm path-length
quartz cell using a Shimadzu model 1700 spectrophotometer. Steady state fluorescence spectra
were recorded using Spec model Fluoromax-3 spectrofluorometer using a 1 cm quartz cell. 'H
NMR spectra were recorded at 400MHz on a Bruker 400 Avance NMR spectrometer with X-
WIN NMR software. 'H NMR spectra were referenced to tetramethylsilane. ESI mass spectra
were recorded on a Water Quattro micro (Water Inc., USA). Cyclic voltammetry experiments

were carried out with a PC-controlled CH instruments model CHI620C electrochemical analyzer.

Synthesis of LC151. A solution of 5-(4-(p-tolyl)-1,2,3,3a,4,8b-hexahydrocyclopenta[b]indol-7-

yl)thiophene-2-carbaldehyde(3)(100 mg, 0.27 mmol), malononitrile (55.18 mg, 0.83 mmol) and



B-alanine (1.48 mg, 0.016 mmol) in a mixture of 1.2 dichloroethane (10 mL) and ethanol (10
mL) was stirred under reflux overnight. The reaction mixture was cooled at room temperature;
the precipitate was filtered off and washed thoroughly with ethanol providing the compound. 'H-
NMR (400 MHz, CDCI3) dy: 7.68 (s, 1H): 7.59 (d, J=4.2Hz, 1H), 7.37 (dd, J=8.3Hz, 2Hz, 2H),
7.25 (s, 1H), 7.16 (d, J=2Hz, 4H), 6.77(d, J=8.3Hz, 1H), 4.87 (m, 1H), 3.83 (m, 1H), 2.33 (s,
3H): 2.08 (m, 1H), 1.88 (m, 2H), 1.72 (m, 2H), 1.56 (m, 1H). 13C NMR (100 MHZ, CDCI3
ppm) 3: 159.07, 150.70, 150.01, 140.96, 138.91, 136.14, 133.23, 131.79, 130.02, 127.12, 123.18,
121.98, 121.83, 121.43, 115.05, 114.18, 107.14, 76.75, 69.71, 44.98, 35.33, 33.34, 24.31, 20.89.
MS-ESI (m/z): [M] calculated for C30H23N3S2: 407.1459, found: 407.1451. ("H-NMR/"*C

NMR and HRMS spectra are shown in the ESI).

Synthesis of 5'-(4-(p-tolyl)-1,2,3,3a,4,8b-hexahydrocyclopenta[b]indol-7-yl)-[2,2'-
bithiophene|-5-carbaldehyde(5). 7-bromo-4-(p-tolyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole (1) (0.30 g, 0.917 mmol) was added to a round flask with 30 mL
of THF and was stirred under nitrogen atmosphere at -78 °C. "BuLi 2 M in hexane (0.41 mL,
1.08 mmol) was added and the mixture was stirred for 15 minutes at -78 °C. After that, B(OMe);
(0.15 mL, 1.375 mmol) was added and the reaction was stirred overnight at -78 °C. The crude (1)
was warmed at room temperature. In another Schlenk, Pd(PPhs)s (0.094 g, 0.025 mmol), 5'-
bromo-[2,2'-bithiophene]-5-carbaldehyde (0.225 g, 0.82 mmol), K,CO3 2M (3.8 mL), 5'-bromo-
[2,2'-bithiophene]-5-carbaldehyde (4) and THF (20mL) was added and the reaction was stirred at
70 °C for 7 hours. Then water was added. The crude was extracted into CHCls, and the organic
layer was dried over NaSQOy. The residue was purified by column chromatography (Hexane/Ethyl

acetate 9.5:0.5) to obtain a red solid (0.220 g, 55% yield).



'H-NMR (400 MHz, CDCl3) 8y: 9.82 (s, 1H), 7.64 (d, J=3.9Hz, 1H), 7.33 (s, 1H), 7.27 (dd,
J=8.4Hz, 3.9Hz, 2H), 7.19 (d, J=3.9Hz, 1H) 7.16 (m, 4H), 7.09 (d, J=3.9Hz, 1H) 6.84 (d,
J=8.4Hz, 1H), 4.81 (m, 1H), 3.83 (m, 1H), 2.32 (s, 3H), 2.04 (m, 1H), 1.90 (m, 2H), 1.77(m, 1H)
1.66 (m, 1H), 1.56 (m,1H). °C NMR (100 MHz, CDCls) &: 182.56, 148.90, 148.73, 148.18,
148.05, 141.04, 140.14, 137.77, 135.95, 132.19, 130.07, 127.51, 125.72, 123.50, 122.54, 121.99,
120.65, 107.64, 69.55, 45.49, 35.35, 33.87, 24.63, 21.03. MS-ESI (m/z): [M + Na]" calculated for
C,7H»3NOS,Na: 464.1113, found: 464.1108. (lH-NMR/13 C NMR and HRMS spectra are shown

in the ESI).

Synthesis of LC163. A solution of 5 (180 mg, 0.41 mmol), malononitrile (81.14, 1.22 mmol)
and B-alanine (2.19 mg, 0.024 mmol) in a mixture of dichloroethane (15 mL) and ethanol (15
mL) was stirred under reflux overnight. The reaction mixture was cooled at room temperature;

the precipitate was filtered off and washed thoroughly with ethanol providing the compound.

"H-NMR (400 MHz, CDCl3) 8: 7.70 (s, 1H): 7.59 (d, J=4.3Hz, 1H), 7.36 (d, J=4.0Hz, 1H), 7.33
(s, 1H), 7.28 (dd, J=8.3Hz, 2Hz, 1H), 7.21 (d, J=4.3Hz, 1H), 7.16 (m, 4H), 7.12(d, J=4.0Hz, 1H),
6.82(d, J=8.3Hz), 4.82 (m, 1H), 3.83 (m, 1H), 2.32 (s, 3H): 2.06 (m, 1H), 1.89 (m, 2H), 1.77 (m,
2H), 1.67 (m, 2H). °C NMR (100 MHz, CDCls) &: 150.38, 149.83, 149.57, 148.93, 140.36,
139.69, 135.83, 132.64, 132.25, 131.59, 129.89, 128.66, 125.71, 123.59, 123.23, 122.37, 122.13,
120.65, 113.75, 107.36, 69.41, 45.22, 35.16, 33.59, 29.70, 24.40, 20.83. MS-ESI (m/z): [M]
calculated for C30H,3N3S,: 489.1328, found: 489.1321. (‘"H-NMR/">C NMR and HRMS spectra

are shown in the ESI).
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Synthesis of VC63. A solution of 6 (80 mg, 0.13 mmol), malononitrile (35 mg, 0.38 mmol) and
B-alanine (1 mg, 0.007 mmol) in a mixture of dichloroethane (6 mL) and ethanol (6 mL) was
stirred under reflux overnight. The reaction mixture was cooled at room temperature; the
precipitate was filtered off and washed thoroughly with ethanol providing the compound. 'H-
NMR (400 MHz, CDCls) &y: 7.64 (s, 1H), 7.45 (s, 1H), 7.36 (s, 1H), 7.31 (dd, J=8.3Hz, 2Hz,
1H), 7.16 (s, 4H), 7.04 (s, 1H), 6.83 (d, J=8.3Hz, 1H), 4.83 (m, 1H), 3.84 (m, 1H), 2.33 (s, 3H),
2.07 (m, 1H), 1.88 (m, 7H), 1.68 (m, 2H), 1.18 (m, 16H), 0.80 (t, J=6.8Hz, 6H), °C NMR (100
MHz, CDCl;3) &: 166.12, 154.40, 152.89, 149.72, 148.98, 139.64, 135.92, 134.70, 132.32,
132.07, 129.90, 125.69, 124.11, 122.23, 120.65, 115.71, 115.26, 115.12, 107.45, 69.71, 69.44,
54.12,45.21, 37.84, 35.21, 33.58, 31.55, 29.57, 24.52, 24.38, 22.59, 20.84, 14.00. MS-ESI (m/z):
[M + Na]" calculated for C43H47N3NaS,: 692.3104, found: 692.3104. (‘H-NMR/"*C NMR and

HRMS spectra are shown in the ESI).

Synthesis of VC64. A solution of 7 (120 mg, 0.24 mmol), malononitrile (48 mg, 0.73 mmol) and
B-alanine (1.29 mg, 0.014 mmol) in a mixture of dichloroethane (10 mL) and ethanol (10 mL)
was stirred under reflux overnight. The reaction mixture was cooled at room temperature; the

precipitate was filtered off and washed thoroughly with ethanol providing the compound.

'H-NMR (400 MHz, CDCly) &y: 8.23 (d, J=4.3Hz, 1H), 8.06 (d, J=7.7Hz, 1H), 7.85 (d,
J=4.3Hz, 1H), 7.82 (m, 2H), 7.76 (dd, J=8.3Hz, 2Hz, 1H), 7.71 (d, J=7.7Hz, 1H), 7.18 (m, 3H),
6.99 (d, J=8.3Hz, 1H), 4.88 (m, 1H), 3.94 (m, 1H), 2.34 (s, 3H), 2.09 (m, 1H), 1.94 (m, 2H), 1.81
(m, 1H), 1.62 (m, 2H). *C NMR (126 MHz, CDCl3) &: 152.70, 151.70, 150.37, 149.31, 139.73,

139.15, 136.41, 135.59, 135.01, 132.26, 129.89, 129.41, 128.39, 127.78, 126.33, 125.70, 125.40,

11



122.13, 120.75, 114.38, 113.57, 107.36, 69.45, 45.37, 35.29, 33.62, 29.71, 24.43, 20.86. MS-ESI
(m/z): [M + Na]" calculated for C3,H,3NsNaS,: 564.1287, found: 564.1277 ("H-NMR/"’C NMR

and HRMS spectra are shown in the ESI).

Device fabrication and characterization

Pre-patterned Indium Tin Oxide (ITO) 5 Ohm/square sodalime glass substrates were first rinsed
with acetone to remove the residual photoresist layer. The substrates were then placed in a teflon
holder and sequentially sonicated in acetone (1 % 10 min) and isopropanol (2 X 10 min), and
finally dried under a nitrogen flow. The ITO substrates where ozone-treated in a UV-ozone
cleaner for 30 min in ambient atmosphere, and subsequently coated in air with a layer of filtered
(0.45 pm, cellulose acetate) solution of Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(4500 rpm 30 seconds followed by 3500 rpm 30 seconds). The PEDOT:PSS film was dried at
120 °C under inert atmosphere for 15 min. Active layers were spin-coated (8000 rpm) in air over
the PEDOT:PSS layer from a 20 mg/mL (total concentration) solution of donor derivative and
PC7BM with a ratio 1:2 in weight. The solvent annealing step was carried out straight after
deposition of the active layer by exposing the films to a saturated vapor atmosphere of
dichloromethane in a controlled volume closed vessel. The vessel (100 mL) was filled with 10
mL of CH,Cl, and left sealed for 5 min prior to the SVA step to ensure the saturation of the
atmosphere. The substrates were exposed to the solvent vapors from 30 seconds to several

minutes by placing them in the solvent vessel. [45]

The cathode layer was deposited by thermal evaporation in an ultra high vacuum chamber (1-10°

mbar). Metals were evaporated through a shadow mask leading to devices with an area of 9 mm?.

12



LiF (0.6 nm) and Al (80 nm) were deposited at a rate of 0.1 A/s and 0.5-1 A/s respectively. In the
case of hole only and electron only devices the solar cells were prepared as explain above but for
hole only devices the structure was ITO/PEDOT:PSS/donor:PC70BM/Au and for electron only
devices the structure was ITO/ZnOnp/donor:PC70BM/Al. Regarding to the ZnO nanoparticles
(np) the uniform layer (~ 35 nm) was deposited also by spin coating (2000 rpm) from a 10
mg/mL solution in isopropanol. All device efficiencies values correspond to masked devices

. . 2
with an active area of 9mm"~.

For device characterization. The UV-Vis absorption spectra of films were measured using a
Shimadzu UV-1700 spectrophotometer. The /-V characteristics of the devices were measured
using a Sun 2000 Solar Simulator (150 W, ABET Technologies). The illumination intensity was
measured to be 100 mW cm™ with a calibrated silicon photodiode (NREL). The appropriate
filters were utilized to faithfully simulate the AM 1.5G spectrum. The applied potential and cell
current were measured with a Keithley 2400 digital source meter. The current to voltage (IV
curve) was plotted automatically with a home-built Labview© software. The thickness of the

films was measured with a stylus profilometer Ambios Tech. XP-1, from a scratch made in the

middle of the film.

Results and discussion

The most relevant characterization parameters of all pristine molecules used in this study and its
corresponding absorption, fluorescence spectra, as well as, the electrochemical data are listed in

Table 1.

13



Table 1. UV-Visible, steady-state fluorescence and electrochemical data for LC151, LC163,

VC64 and VC63 in solution.

Molecule  hapg*(Nm)  hem*(nm) VS.EI;’SI’;(CY) (Eelg,") Enomo(€V) Erumo(eV)
LCIS1 540 (43720) 670 0.34 2.09 520 3.13
LC163 561 (45568) 763 0.23 1.88 511 322
VC63 580 (26506) 725 0.13 1.90 5,01 311
VC64  572(66666) 771 0.30 1.89 5,18 329

E,=Oxidation potential; Eq,=Energy for the energy transition between the lowest vibrational ground
state and the lowest vibrational excited state; Epomo=Highest Occupied Molecular Orbital and
Erumo=Lowest Unoccupied Molecular Orbital. *Absorbance and emission spectra were measured in
dichloromethane; In parenthesis, the molar extinction coefficient at Ay, (in M cm™). **The oxidation
potential was measured in 0.1 M tetrabutylammonium hexafluorophosphate in dichloromethane at scan

rate of 10 mV s™".

After the introduction of the fullerene, all blends were deposited over a substrate obtaining a 70

nm thick film from optimized conditions (see ESI). The Light Harvesting Efficiency (LHE) of

LC/PC7BM and VC/PC7,BM films were measured and shown in Figure 1.

14
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Figure 1. Light Harvesting Efficiencies (LHE) for a 70 nm thick film for optimized LC151,

LC163, VC63 and VC64/PC7,BM blends.

As can be seen in Figure 1, the maximum LHE shown corresponds to LC151 and VC64
molecules. The film thickness only allows a LHE of 57% in case of the VC64. Indeed thicker
films will enhance LHE to greater values close to 100% but compromises the charge mobility as
is described later on this work. Moreover, the comparison of the spectra give us the first
evidences that a stronger m-delocalization promoted by the cyclopentadithiophene (VC63) and
the benzothiadazole (VC64) increase the donor capability of the indoline; In both cases the

absorption spectra is shifted to a longer wavelengths.
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Figure 2. Measured current density versus voltage (IV) curves for optimized LC151, LC163,

VC63 and VC64/PC70BM complete devices at 1 sun (100 mW cm™) conditions.

The LC151/PC7BM devices resulted in the highest photocurrent efficiency (PCE), optimized
devices were fabricated as described in the experimental section, with an optimized solvent
vapor annealing (SVA) treatment of 120s. The obtained complete device of LC151/PC7BM
resulted in a PCE of 3.35% with a high V,. of 915 mV and a Ji. of 8.3 mA cm™ under standard
measurement conditions, as shown in the current-voltage curve (Figure 2). In case of LC163 a
prominent decrease of the PCE occurs, and the same with all the performance parameters, with a
reduction of the V. due to a shallower HOMO level. In VC63, similar to LC163, the PCE
drastically decrease reaching values below 1%, and also the FF. VC64 then, is placed as the
second best molecule for its use in this kind of devices; however it should be take into account

that even the LUMO level becomes closer to fullerene’s and the photocurrent should be

16



promoted, the final J is lower than LC151, probably due to nanomorphology (AFM images are

shown in ESI) and, consequently, recombination dynamics variations.

Table 2. Performance parameters of optimized devices of LC151, LC163, VC63 and
VC64/PC70BM fabricated under same conditions and same thickness (~70 nm). The values were

obtained under sun-simulated (AM 1.5G) 100 mW cm™ light irradiation.

Molecule Jc (mAcm™) Ve (mV) FF (%) PCE (%)
LC151 8.33 915 43.79 3.34
LC163 5.44 753 41.88 1.72
VC63 3.05 729 38.33 0.85
VC64 6.42 809 49.98 2.45

Js. = Short-circuit current density; V,.= Open-circuit voltage; FF = Fill factor; PCE = Photocurrent device
efficiency.

Complementarily, the measured Incident Photon-to-Current Efficiency (IPCE) depicted in
Figure 3 shows broad spectra along the UV-Vis region, especially for LC163, VC63 and VC64
that shift to the red as the number of sulfur units increase as happened in the LHE measurements.
It is important to notice that all the attempts to improve the intramolecular charge transfer
noticeably decrease the photon conversion efficiency, probably due to the increase of the dipole
moments that disfavor the mobility.[46] On the other hand, all the calculated Ji. from the IPCE

spectra are in perfect agreement with the measured J. from /-V curves.
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Figure 3. Incident photon-to-current efficiency of LC151, LC163, VC63 and VC64 complete

devices.

The charge density and charge lifetime for these devices were measured using Charge
Extraction (CE) and Transient Photovoltage (TPV) measurements respectively using same
experimental set-up as reported before.[47-49] These measurements will serve us to understand

some key limitations of these devices under operation conditions.

18



LC151
LC163 !’
V(63

&

o
)
H>oO

3

Charge density (e/cm x10'")

N
(=]

[N}
(=]

‘ L L ‘ L L ‘ L L ‘ T T T T ‘ T T T T
0 200 400 600 800
Cell Open Circuit Voltage (mV)

Figure 4. Measured extracted charges at different light induced device open circuit voltage of

LC151, LC163, VC63 and VC64 smOSC.

As can be seen in Figure 4, the charge extraction follows a linear trend from 0 V (no
illumination) to values close to illumination intensities approaching 1 sun that correspond to the
maximum V. observed for each solar cell, and from that value until the measured maximum V.
the exponential distribution appears, indicating that the charge storage capability of the bulk-
heterojunction thin film is only given at a narrow range very close to 1 sun illumination and
where the non-geminate recombination could be considered the most remarkable charge loss
mechanism.[47, 50] In contrast, the linear correlation between the measured charge and the
observed voltage corresponds to the geometrical capacitance, hence, at this point the device
works as a capacitor and the charges are stored at the electrodes interface creating a noticeable

electric field as is usually observed in very thin film devices.[51]
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Figure 5. Charge life-time (ex: 570 nm) at different corresponding charge densities of LC151,

LC163, VC63 and VC64 smOSC.

The data for the charge lifetime for all different solar cells at given charge density (from the CE
measurements) is shown in Figure 5. As can be seen, LC151 device presents the slowest charge
life-time, which is consequent with devices having higher V. and, in this particular case, higher
overall efficiency. Slower recombination dynamics are also in favor to more efficient charge
collection. If the free carriers (polarons) recombination kinetics are too fast the polarons will
recombine during their transport to the electrodes and, hence, the devices will have much lower
efficiencies. Nonetheless, this is only true if the charge mobility values for actual devices are
comparable, otherwise, the relation between device efficiency and non-geminate recombination

kinetics becomes in a higher degree of complexity.
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In this work, the hole and electron mobility values were calculated from hole and electron only
device IV curves, respectively. The devices are forced to work within the Space Charge Limited
Current (SCLC) conditions reached at very large potentials as shown in Figure 6. For example,
in the particular case of LC151/PC7BM devices, SCLC is reached after 3 V where the curve
under light and dark are superimposed, both SCLC curves are fitted to the Murgatroyd equation,
a variation of the Mott-Gurney equation that includes a field-dependent factor (Equation 2)[52]
where p (cm® V' s7) is the mobility coefficient, d (cm) is the film thickness, Ve (V) is the

12 x71/2
V/

applied voltage,  (cm ) is the Poole-Frenkle factor and € (go€,~3) is the media permittivity.
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Figure 6. Current-voltage curves for a hole-only device of LC151/PC7BM under sun-
simulated irradiation (100 mW cm™) and in the dark. The fitting to Equation 1 is shown as a

solid line.
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The corresponding hole mobility,uy,, and the electron mobility, ., for each type of solar cells are

listed in Table 3.

Table 3. Hole and electron mobility data for LC151, LC163, VC63 and VC64 complete

devices.

h" mobility (ch'zs'l) e mobility (V cm'zs'l)
LC151 2.0+0.8-107 2.840.8-107
LC163 1.0£0.2-10 4.6+£0.4-10°
VC63 2.3+1-107 4.6+1.5-10*
VC64 4.5+2-107 4.9+1.4-10*

All the devices show a significant low hole mobility (u=10"7 V cm™s™) when compared to other
examples reported in the scientific literature for both, small molecules and low-bandgap
polymers that usually display hole mobility values close to p=10" V cm™ s™.[53-55] Thus, the
hole mobility values can be considered as one of the main limiting factors for these devices
efficiency affecting the solar cell fill factor (FF)[56-58]. Yet, it is clear form our results that there
are not a significant relationship between the low hole mobility data and the measured charge
life-time. In addition, VC63/PC;(BM and VC64/PC;,BM blends present electron mobility values

one order of magnitude lower than LC151/PC;0BM and LC163/PC7,0BM indicating that the
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formed nanostructure at the bulk-heterojunction disfavor the fullerene aggregation that serves as

percolation pathway for electrons to the selective contact.

In conclusion we have designed and synthesized a series of novel indoline-based small
molecules resulting in optimized device efficiencies close to 3.5% under standard measurement
conditions. All optimized devices have light harvesting efficiencies below 60% limited by the
thin thickness of the films obligated by the low mobility of the blend; indeed, one of the main
limiting factors to the final Ji.. Moreover, the study of complete functional devices shows that
active layers based on LC151 present the highest efficiency mainly due to higher V. and Jg. In
the particular case of VC64 the J is further improved by the presence of the auxiliary acceptor
(benzothiadazole moiety) as we assumed due to the proximity of LUMO energy levels of both
donor and acceptor molecules, however the final value remains slightly below LC151 probably
because of some unfavorable nanomorphologies variances. The charge extraction measurements
show similarities in electron densities at same voltages, and in addition all devices present
similar geometric capacitance. Nevertheless, the TPV measurements show significant differences
in the charge life-time, being the organic solar cells made using the LC151 molecule the slowest
in terms of charge recombination kinetics. Last but not least, the small molecules have hole
mobility values 3 orders of magnitude lower than the best semiconductor polymers and other
small organic molecules employed in organic solar cells. Indeed, this factor is also important and
explains partially the observed low FF and limits the final solar cells efficiency. Particularly, for
VC63 and VC64 the electron mobility values are also one order of magnitude slower suggesting
a weak intermolecular interaction with fullerene mainly caused by the presence of the alkyl
chains in case of VC63 and smaller homo-aggregates of VC64. Based on the overall results

presented herein we can conclude that for small organic molecules based on indoline as
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secondary electron donor the mobility is the major issue to achieve efficiencies beyond 5% as the
measured charges life-time using TPV show values in the order of more efficient organic solar

cells made either using semiconductor polymers or small organic molecules.
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Fig. S1.8 '°C NMR spectra of compound LC163 recorded in CDClL.
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Mass Spectrum SmartFormula Report

Analysis Info Acquisition Date  4/17/2013 1:30:50 PM
Analysis Name  DAData\130417T\130417_LC163-3_ 2 1-A6_01_785.d
Method tune_low_hplc-exactasimin-noe.m Operator ICIQ
Sample Name 130417_LC163-3_2 Instrument / Se# micrOTOF 10394
Comment 0.5 ppm CH30H
Acquisition Parameter
Source Type ESl lon Polarity Posifive Set Nebulizer 1.2 Bar
Focus Active Set Dry Heater 180 °C
Scan Begin 50 miz Set Capillary 4500V Set Ory Gas 8.0 l/min
Scan End 2000 miz Set End Plate Offsst ~ -500 W Set Divert Valve Source
Intens.
%1077
1.0
0.25 050 075 1.00 125 150 175 200 225 Time [min]
[ Tic+
Intc:ns. 486.1321 +ME, Line, 0.4-1.0min #24-58), Background Subtractad
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ool deTaste | | g . 4961592 d4emsmds |
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Fig. S1.9 HRMS (ESI) spectrum of compound LC163.
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Fig. $1.10 '"H NMR spectra of compound VC63 recorded in CDCl,.
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Fig. S1.11 °C NMR spectra of compound VC63 recorded in CDCl;.
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SmartFormula Report

Analysis Info Acquisition Date  7/28/2013 2:00:27 PM
Analysis Name  DAData\1307280M30729_VC63IHRMS_2_1-C1_01_8%6.d
Method tune_pos_standard-uplc-exactas.m Operator brukeri2
Sample Name  130729_VCE63HRMS_2 Instrument maxis impact 282001.00027
Comment 0.15 ppm CH30OH
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 1.2 Bar
Focus Active Set Capillary 4000 vV Set Dry Heater 180 *C
Scan Begin 50 miz Set End Plate Offset  -300V Set Dry Gas 6.0 Vmin
Scan End 1500 miz Set Collision Cell RF  700.0 Vpp Set Divert Valve Source
Intens.
w108 ey
1 A
—___/.f" -"\,__ . J ,,f' \w._ o
oo 0.5 1.0 15 20 25 Time [min]

— 130728 _VCBIHRMS_2 1-C,1_01_&55.d: BPC +All M3
— 130725 _VCE3HRMS_2_1-C,1_01_886.d: UV Chromatogram, 254 nm
I"he"{';. 652.3104 +MS, 04-0,7min #25-42, Background Subtracted
|
6
4
C B85,4355 £20.9234
£82.0310 1 ', 697.6575  700.3394 04,5404
. ' . i
B2 8850 BB7.5 £90.0 6925 £95.0 697 5 700.0 7025 705 0miz

Fig. S1.12 HRMS (ESI) spectrum of compound VC63.
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Fig. S1.13 'H NMR spectra of compound VC64 recorded in CDCls.
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Fig. S1.14 PC NMR spectra of compound VC64 recorded in CDCl;.



Analysis Info

Analysis Name
Method

Mass Spectrum SmartFormula Report

Acqguisition Date  9M%2013 2:21:03 PM
DADatal1309191130919_VCB4HRMS_3_1-A2_01_1701.d

fune_low_hplc-exactas3min-noe.m Operator ICIC

Sample Name 130919_VCE4HRMS_3 Instrument / Se micrOTOF 10384
Comment 0.1ppm MeOH
Acquisition Parameter
Source Type ESl lon Polarity Positive Set Nebulizer 1.2 Bar
Focus Active Set Diry Heater 180 °C
Scan Begin S0 miz Set Capillary 4500 Set Dry Gas 8.0 l'min
Scan End 2000 miz Set End Plate Offset -500 Set Divert Valve Source
Intens.,
X108
2
1 r T T T
0.2 10 15 2.0 25 Tirme [min]
[ TIC+
Intens. +M3. Ling, 0.4-0.8min #23-34), Background Subtractad
|
1.0 5641277
5 5E0.1011
5508396 5548338 5621094 | 558,568 5728235 5TE.JUB-4] |
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Fig. S1.15 HRMS (ESI) spectrum of compound VC64.
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S2. Square wave voltammetry plot
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S2.1 Cyclic voltammetry of LC151 and LC163.
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S2.2 Cyclic voltammetry of VC63 and VC64.



CV Measurements All these CV were recorded by PARSTAT 2273 (Princeton Applied
Research) in 0.1M tetrabutylammonium hexafluorophosphate in dichloromethane (DCM) at a
scan rate of 30mVs™. The working electrode consisted of a platinum wire and the counter
electrode a platinum mesh. The reference electrode was the silver calomel electrode (saturated
KCI). All solutions were degassed with argon for 5 minutes prior to measurement. The red and

. +
black scans were recorded in the presence and absence of Ferrocene/Ferrocene .
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S3. UV-Visible and emission spectroscopies
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S3.1 Steady-state fluorescence emission measurements of LC151 and

LC163.
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S3.2 Steady-state fluorescence emission measurements of VC63 and

VCo4.
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UV-Visible measurements. UV-Vis measurements were carried out on a Shimadzu UV 3600
spectrophotometer. For extinction coefficient determination, solutions of different concentration
were prepared in CH,Cl, (HPLC grade) with absorption between 0.1-1 of absorbance using a 1
cm UV cuvette. The emission measurements were carried out on Cary Eclipse fluorescence

spectrophotometer.

Steady-state fluorescence emission measurements. The thin films emission properties were
recorded using a Perkin-Elmer© fluorimeter with the appropriated holder for solid and film

samples.
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S4. Device optimization

Table S4.1. Device performance parameters of LC151.

w/w Thickness Jsc Voc FF PCE
ratio (nm) (mA/cm2) (mV) (%) (%)
1:1 57 5.62 934 46.09 242

57 (non-A) 541 889 43.93 2.11

2:1 55 3.13 959 32.64 0.98

55 (non-A) 3.48 934 32.81 1.07

1:2 55 7.48 915 45.24 3.09

55 (non-A) 6.76 859 41.75 242

42 6.75 925 46.88 2.92

48 7.49 925 45.34 3.12

57 7.67 920 46.15 3.26

65 8.32 915 43.79 3.34

86 7.75 915 41.45 2.94

120 5.81 894 32.66 1.70

1:3 59 522 915 47.61 2.28

59 (non-A) 4.53 890 46.02 1.86
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Table S4.2. Device performance parameters of LC163.

w/w Thickness Jsc Voc FF PCE
ratio (nm) (mA/cm2) (mV) (%) (%)
1:1 68 4.47 774 41.45 1.43
68 (non-A) 4.21 769 41.27 1.34

45 4.10 764 43.59 1.37

1:2 62 543 753 41.88 1.72
62 (non-A) 4.81 768 40.68 1.50

1:3 63 4.90 754 41.63 1.54
63 (non-A) 4.51 754 39.08 1.34

78 5.15 769 38.99 1.54

Table S4.3. Device performance parameters of VC63.

w/w Thickness Jsc Voc FF PCE
ratio (nm) (mA/cm2) (mV) (%) (%)
1:1 70 1.74 740 32.21 0.41
2:1 68 0.90 765 28.24 0.19
1:2 67 3.04 729 38.33 0.85
67 (non-A) 291 734 37.83 0.81

1:3 60 2.92 699 31.43 0.64
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Table S4.4. Device performance parameters of VC64.

w/w Thickness Jsc Voc FF PCE
ratio (nm) (mA/cm2) (mV) (%) (%)
1:1 59 4.80 859 40.76 1.68

59 (non-A) 4.45 854 40.66 1.54

2:1 62 2.78 849 45.77 1.08

62 (non-A) 2.60 854 43.81 0.97

1:2 65 6.42 864 43.98 245

65 (non-A) 5.40 860 43.69 2.03

81 5.81 769 39.76 1.78

1:3 66 3.29 849 27.14 0.76

66 (non-A) 2.90 814 28.65 0.68
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S5. AFM images

Figure S5.1. 3D AFM 1images of a) LCI151:PC;BM, b)

LC163:PC7BM, c¢) VC63:PC;,(BM and d) VC64:PC,;,BM.

AFM images were taken in order to detect some variations that could

correlate the differences between the devices (based on the four different
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molecules), the images depicted more roughness for LC163 (b) and
VC63 (c) compared to LC151 (a) and VC64 (d); however the difference
observed is not determinant to find a direct correlation between the
aggregates (the surface distribution) and the final device performance.
We assume in this study that these nanomorphology variations include

the individual molecule orientation and molecular packing.
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S5. Mobility measurements
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Figure S5.1. Hole only and electron only LC151 devices J-V curves at

space charge limited conditions.
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Figure S5.2. Hole only and electron only LC163 devices J-V curves at

space charge limited conditions.
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Figure S5.3. Hole only and electron only VC63 devices J-V curves at

space charge limited conditions.
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Figure S5.4. Hole only and electron only VC64 devices J-V curves at

space charge limited conditions.
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