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Graphical Abstract:

N

ITO/P3HTNG (1:1)/CalAl
n=1.16%; V,. = 1.08V

A novel solution-processable electron acceptor based on diketopyrrolopyrrole and
benzothiadiazole (N6) synthesized, exhibited excellent solubility and thermal stability, and
afforded 1.16% power conversion efficiency with high open-circuit voltage (1.08 V).
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A novel solution-processable electron acceptor based on
diketopyrrolopyrrole and benzothiadiazole building blocks was
designed, synthesized, exhibited excellent solubility and thermal
stability, and afforded 1.16% power conversion efficiency with
high open-circuit voltage (1.08 V) when tested with the classical
poly(3-hexylthiophene) electron donor in bulk-heterojunction
solar cells. The open-circuit voltage reported here (~1.1 V) is
among the highest values for a single bulk-heter ojunction device.

Aaron M. Raynof Akhil Gupta,®° Hemlata Patif, Ante Bilic' Sheshanath V.

incentives to develop new electron acceptors thidit mot only

overcome the insufficiencies associated with felhes but will also
exhibit properties such as strong optical absomptfghotochemical
stability and excellent solubility. One of the coommstrategies to
tailor properties of electron acceptors is to idtroe/accumulate
electron-withdrawing building blocks and to make elongated
conjugated system. Functionalities such as diketofmpyrrole

(DPP), naphthalenediimide (NDI) and perylene diiidPDI) not
only serve this purpose, but also demonstrate gbedmal and

cells has surged in the past decade. These orgafifc acquire a
huge potential for the fabrication of low-cost, xilde and light

alkyl chains on the nitrogen atoms of such fundcldies not only
enhances the solubility, but also helps to genesatellent films

weight photovoltaic devicesFrom the materials perspective, mordvithout crystallization. Such stated reasons erageirus to pursue

research has been focused on the design and demaedwf donor
materials’ Donor functionalities such as archetypal polymely(8-

hexylthiophene) (P3HT), conjugated polymers andlismalecules
have been investigated in conjunction with fullegnand their
soluble derivatives, such as [6,6]-phenyi-Butyric acid methyl

research for the development of new electron aoceptased on
DPP functionality. The present work is in contirniaatof our efforts
on the development of small molecular chromophdogsorganic
solar cells’

Herein we design,

theoretically calculate, synthesiand

ester (PG,BM), as electron acceptor materidl®ower conversion characterize a DPP-based chromophdté, (Fig. 1) where bulky

efficiencies (PCEs) exceed 10% mark for polymersiole and

peripheral DPP substituents are connected thraugmall-sized

fullerene acceptors.Latter are the choice of dominant electroR€NZoE][1,2,5]thiadiazole (BTD) functionality used as @ntral

acceptor materials in BHJ research as they prokida electron
mobility, large electron affinity, excellent sollity and ability to
form favourable nanoscale network with donor matefi However,
these high performing fullerene acceptors are ciiti with a
number of potential disadvantages, such as weabrgien in the
visible spectrum and restricted electronic tuninig structural
modification. Also, a large electron affinity cagsult in a low open-

circuit voltage V,0).° These inadequacies with fullerenes provide a

strong stimulus to develop non-fullerene electraneptors which
can exert broad absorption, good solubility, higharge carrier
mobility and matching energy levels with those ofdrs.

Recently, non-fullerene electron acceptors have biezeloped

core.

and PCEs exceeding 2% and 4% have been reportewy usi

conventional P3HT and non-P3HT donors, respectfelhis
progress is inspiring, however, there still remainplethora of

This journal is © The Royal Society of Chemistry 2012

Fig. 1 Molecular structure of the investigated non-fudlee electron acceptor
N6
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We envisioned that the connection of DPP and BT@®3HT; -4.80 eV from PESA) and the LUMO Kb (-3.71 eV) was
functionalities can provide highly conjugated chophore with found to be as large as ~1.10 eV, which is pramgigor achieving a
good planarity, high chemical and thermal stahilignd with high V. in solar cellsN6 was further tested for its thermal stability

adequate solubilityN6 was applied in solution-processable BHIC Fhat i can endure r'g'd device fabricating dtads such as
. . ) device annealing at a higher temperature. To chbekthermal
devices as an electron acceptor along with thesiclas polymer

) B stability, we conducted thermogravimetry (TGA) aditferential
donor P3HT. Solution-processable BHJ devices baseB3HTNG scanning calorimetry (DSC) analyses. Thermal aealysdicated

(1:1 w/w) exhibited PCEs as high as 1.16% with Righof 1.08 V;  that N6 exhibits good thermal stability, a finding thatpports
and theV, of ~1.1 V is among the highest value reported feemperature annealing of P3HNB devices at temperatures higher
solution-processed fullerene-free small moleculaganic solar than 100 °C (Fig. S4, ESIT).

cells’® N6 is the first non-fullerene electron acceptor ia biterature
with BTD as a core and DPP as arms.

CompoundN6 was successfully synthesized in 70% yigid
one step Suzuki coupling reaction between commbraaailable
bis-boronic acid pinacol ester derivative of BTI2,1,3-
Benzothiadiazole-4,7-bis(boronic acid pinacol éstgy, and 3-(5-
bromothien-2-yl)-2,5-bis(2-ethylhexyl)-6-(thien-2xyyrrolo[3,4-
c]pyrrole-1,4(H,5H)-dione @) using tetrakis(triphenylphosphine)
palladium(0) [Pd(PP§),] as catalyst (See Scheme M6 was fully
characterized by high resolution mass spectrom@4ifMS), *H
NMR and**C NMR spectroscopic technique$6 was found to be
highly soluble in a variety of solvents such as oobform, 0 : : : : , : :
dichlorobenzene and toluene (for instance, > 20nmhgin o- 300 400 500 600 700 B00 900 1000 1100
dichlorobenzene). High solubility of organic senmdacting Wavelength (nm)
chromophores is an essential feature for the fatiois of solution-
processable BHJ devices a8 fulfils this criterion. Fig. 2. UV-vis absorption spectra of pristine filiug F; dashed black curve),

1:1 blend with P3HTNG6 B; dotted black curve) and in chloroform solution
(N6 S; solid black curve).

12 Ty

Normalized absorbance

Pd(PPh;)/K,CO;
NN oon S vanelwater (3:1) Once established thal6 possesses promising optical and
;t%@fﬂg + 7 s > N6 electrochemical properties, we tested its efficany solution-
o © I /N 70% processable BHJ device6 was used as a non-fullerene electron
1 B’ S ° acceptor f-type) along with classical donor polymer P3Hbftype).

2 It is well known that BHJ architectures exert higHeCEs by
maximising the surface area of interface betweerpthandn-type
materials in an active layer. The BHJ device stmgctused was
ITO/PEDOT:PSS (38 nm)/active layer/Ca (20 nm)/AD@Lnm)
where the active layer was a solution-processeadbté P3HT and
solution and in thin solid film are shown in Fig. 12 solution,N6 N6, a 1:1 bllelnd spin-casted fromdmhlorobenzeng solution. \ffe
exhibits strong absorption with a maximum extinetiefficient of 2"d others" have shown that thermal annealing of DPP-based
54,916 M' cm® at 645 nm (8.47 x 1DM). As a thin film, N6 small molecule semiconductors can be advantagemusiblecular

reorganization, high V,. and superior device efficiency.
Consideration of such factors allowed us to anoeahctive films at

Scheme 1 Reaction strategy for the synthesidNg

The normalized optical absorption spectraNf in chloroform

showed a very broad absorption throughout the Ieigigion (400—
1000 nm) and tailing into the near infra-red regi@anchromatic

absorbance). Thin film absorption is red-shifted dspund 40 nm 1k2]0 océ fo.r 5.f.min and fthe devices (;/ve;]e fgbripateblld Blevices
when compared with its solution spectrum. Thin §lof blends of Showed significant performance and the device patars, Vo,

P3HT with N6 (in a ratio of 1:1 w/w) show quenching of the'short circuit current densitydd), fill factor (FF) and PCE, reached

photoluminescence (Fig. S1, ESIT), a finding tlsatdnsistent with 1'08. v, 2'06. mA/prﬁ 0.52 aqd 1'16.%‘. respec.tively. .These
literature reported non-fullerene electron acceptord indicates that faPricated devices yielded very hih, a finding that is consistent

an effective photo-induced charge transfer occubetteeriN6 and with the measured opti(_:al band gap between the LL@6 and
P3HT in the blend filns. the _HOMO of P3HT. It is notable that all the de\slc(_a total of ten
Density functional theory (DFT) calculations usihg Gaussian de€Vices were made) affordad, > 1 V and the device parameters
09 suite of progrant& and B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) reFI’O”r‘fd ;‘_e[]e'“vare for thehbesD‘PpF?fgorm:jng del‘l’“%@T 1 \I’ Is not
level of theory indicated that orbital densities avenly distributed on y.t e highesV/,c among the -based small molecuar apceptor
over the whole molecular backbone (Fig. S2, ESiffjnding that is Semiconductors, but also amongst the highest foglesijunction
consistent with literature reported non-fullererceeptor material$. solution-processable BHJ devices. Although the P®IHs the use
The highest occupied molecular orbital (HOMO) egenfiN6 was of non-fullerene eleptron e}cceptgrs have applroad%ﬁ the .DPP'
estimated using Photo Electron Spectroscopy in(RESA) (Fig. based acceptors St'.” lag n design and efficiertdgving said the
S3, ESIT) and the lowest unoccupied molecular arkitUMO) !att_er,N6-based devices yielded PCE among the top \_/alueBtEeb
energy was calculated by adding the optical bandgahe HOMO in literature for the DDP-based chromophores, timasiding strong

. : t and incentive for the present research.d¥evy the PCE for
value. The optical bandgap, estimated from thedangf the edge support a . ot
of longest wavelength in thin solid film, was 1.88. The estimated the.stucgled devices was low compareq to. the fui sed
HOMO and calculated LUMO energies were found t6586 and - devices? The lower performance was primarily due to the low

3.71 eV respectively. The difference between theMi@Dof donor short-circuit current and fill factor, which in tuwere lower due to
' ' charge recombinations and lower electron mobilitthe acceptor

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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materials in the active layer. Representative aiveltage {-V)
curve is shown in the Fig. 3.
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Fig. 3 Current—voltage curve for the best device baseN®and P3HT (1:1
w/w) under simulated sunlight (AM1.5, 1000 WjmDevice structure is:
ITO/PEDOT:PSS (38 nm)/Active layer/Ca (20 nm)/ADQLnm). The active
layer was ~52 nm thick.

The analysis of the incident-photon-to-current @rsion
efficiency (IPCE) measurement of the blend film Hwita
donor/acceptor weight ratio of 1:1 is shown in F&h, ESIT. The
blend film of best photovoltaic device showed bréREGE spectrum
from 400 to 1000 nm with an IPCE maximum of ~16%%&0 nm.
This suggests that both donor and acceptor compernerthe BHJ
blend made a considerable contribution to the IR@EJ,. Even
though the IPCE value is moderate, it is an intergsoutcome in

such materials exhibiting promising optoelectropioperties opens
up the way to develop such motifs (based on therale®BTD
functionality) and paves the way for such matertalde used for
other organic electronic applications such as aogfield-effective
transistors.

1

Fig. 4. AFM image for thin film of P3HTN6 blend annealed at 120 °C for 5
min (10 mg P3HT, 10 m{!6 in 1 mL o-dichlorobenzene, 3000 rpm/s for 1
min).

In summary, a novel non-fullerene electron accepti@; with
BTD as a central core and DPP as arms was desiggpthesized
and characterized\N6 possesses excellent solubility, thermal and
chemical stability, strong panchromatic absorbaaoe, appropriate
energy levels matching with those of classical dqralymer P3HT.
The solution-processable BHJ devices based on RNBHDBiend
after annealing at 120 °C for 5 min gave a PCE.56% and a very
high V, of ~1.10 V, which are among the highest valuesntep for
solution-processable photovoltaic devices using bB&d non-
fullerene acceptors. Our work clearly demonstratieat small

view of usingN6 with low band-gap conjugated donors such thatolecule acceptors, such &6, with promising optoelectronic

charge generation could be achieved over a broadjeraof
wavelengths, typically over the whole visible regi@iling into the
near infra-red region.

To examine the physical microstructure of the blsadace, we
used atomic force microscopy (AFM) in tapping moilke actual
surface morphology of the blend film of P3WMB (1:1 w/w) is
shown in Fig. 6. The blend appears to have bughiiorphology
with larger crystalline domains and better phasgassion with
surface roughness of ~3.2 nm. Physically, the bléims were
observed as smooth and with no cracks when spieddsom o-
dichlorobenzene (3000 rpm/s for 1 min) followed daynealing at
120 °C for 5 min. These processing conditions toegate blend film
are in good agreement with the AFM morphology &sube of low-
boiling solvents, such as chloroform, resulted ieryv poor
photovoltaic performance. Also, the finding thae tBHJ devices

properties have an excellent prospect to be afdtefront of non-
fullerene acceptor research and enriches the Vitwhiacceptors to
provide numerous possibilities for donor-acceptianding recipes
to seek high device performance.
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comprising N6 as an acceptor perform better with high-boiling

solvent is significant from a processing point @w. Blend film of
P3HTNG (1:1 w/w) was analyzed for the measurement of laoieé

electron mobilities using the transistor technidgdele and electron a

mobilities of the order of Idcn? V! st and 1¢° cn? V! st were
observed respectively. Electron mobility, in partér, was low
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mobility indicated that the presence 6 doesn'’t disrupt the hole- ’
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morphology.
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with moderate, albeit promising, PCE in solutiogessable BHJ
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