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Abstract

Two simple semiconducting donor—acceptor—accedeA(—A) modular, small molecule,
non-fullerene electron acceptors, 2-(4-(diphenytajphenyl)-3-(4-((2-oxo-3-chromen-3-
yhethynyl)phenyl)buta-1,3-diene-1,1,4,4-tetracanirde (P2) and 2-(4-(3,3-dicyano-1-(4-
(diphenylamino)phenyl)-2-(4-((2-oxok2chromen-3-
yhethynyl)phenyl)allylidene)cyclohexa-2,5-dien-lidene)malononitrile R3), were
designed, synthesized and characterized for apipiicain solution-processable bulk-
heterojunction solar cells. The optoelectronic phdtovoltaic properties d?2 andP3 were
directly = compared  with those of a  structural analng 3-((4-((4-
(diphenylamino)phenyl)ethynyl)phenyl)ethynyldzZzhromen-2-one K1), which was
designed based on a D-A format. All of these newenas comprised an electron rich
triphenylamine (TPA) donor core (D) and electroriident chromen-2-one terminal core
(A). In the simple D-A system, TPA and chromenorerevthe terminal functionalities,
whereas in the D—AA system, tetracyanoethylene (TCNE) and tetracgamodimethane
(TCNQ) derived functionalities were incorporated A&s units by keeping the D/A units
constant. The inclusion of ;Awas primarily done to induce cross-conjugationhimitthe
molecular backbone and hence to generate low bapl tgrgets. The physical and
optoelectronic  properties were characterised by raullet—visible (UV-Vis),
thermogravimetric analysis, photo-electron spectypg in air and cyclic voltammetry.
These new materials exhibited broadened absor@pettra, for instance panchromatic
absorbance in case &3, excellent solubility and thermal stability, andeegy levels
matching those of the conventional and routinelyedusdonor polymer poly(3-hexyl
thiophene) (P3HT). Solution-processable bulk-hgtection devices were fabricated with
P1, P2 and P3 as non-fullerene electron acceptors. Studies enptiotovoltaic properties

revealed that the best P3HP3-based device showed an impressive enhanced power



conversion efficiency of 4.21%, an increase of atbtwo-fold with respect to the efficiency
of the best P3HTP1-based device (2.28%). Our results clearly dematesthat the D—A-A
type small molecules are promising non-fullererextebn acceptors in the research field of

organic solar cells.

Keywords: solution-processable; triphenylamine; chromen-2-ofilk-heterojunction;

donor—acceptor—acceptor; solar cells

1. Introduction

There is a constant demand for the developmeneméwable technologies as humanity is
progressing through 2lcentury. The survival of the human race is oftesoaiated with the
supply of endless energy resources, and the natesalrces such as wind, sunlight and
water can provide a definitive answer. Of such ratvesources, sunlight or solar power
seems to be a strong candidate given the facbtirasun is still in its young age. Utilization
of solar energy or photovoltaic effect can in faet dated back to Becquerel's 1839 work
when he observed similar effects while studyinguilig electrolytes [1]. However,
developmental work to fabricate solar cell devisemted with Tang’'s 1989 work [2] and
provided a proof of concept that a variety of oigaimorganic or even tandem solar cells can
be a reality in the near future. Since then, aerarof solar cells have been designed,
fabricated, and have shown that the solar poweradds the way to go as far as renewable
technologies are concerned. Among such solar ceftganic, or otherwise termed bulk-
heterojunction, solar cells [3] and dye sensitigzethr cells [4] are the most studied, well
understood and widely accepted strategies. Asddiudk-heterojunction (BHJ) devices are
concerned, two types of developments — materiatk dmvice fabrication — have attracted

considerable attention over the past two decadeerelfore, it is apparent that this technology



is worth studying and developing given the facttthach devices do promise multiple
advantages such as light weight, low cost andblety [5—7].

A typical BHJ architecture is an interlaced netwark organic donor and acceptor
semiconducting materials which is formed during idevfabrication mainly via solution
processing. Conventionally, semiconducting dondyrpers, such as poly(3-hexylthiophene)
(P3HT), and acceptors, such as fullerene derivatiegther [6,6]-phenyl-g-butyric acid
methyl ester (P§BM) or its G;; analogue (P@BM), have been employed to attain a strong
understanding of material design and device mogml[5-7]. As a result, conjugated
polymers and small molecules as alternative donarg] non-fullerene acceptors as
alternative accepting functionalities have beenettgyed over time. It is judicious to point
out that the fullerene derivatives have been extelysused as acceptor materials due to their
intrinsic properties such as high electron affinigptropy of charge transport, and the ability
to form favourable nanoscale networks with a vgregtdonor materials [8—10]. Despite the
fact that fullerene acceptors are dominant in #search field of organic photovoltaics and
have been widely explored, they are visibly afflctctwith a number of potential limitations
such as weak absorption in the visible spectrunoy photo-stability in air, and restricted
electronic tuning via structural modification, t@ame a few [11,12]. Moreover, a large
electron affinity can result in low open-circuit ltage [13]. Such disadvantages with
fullerenes provide a strong support to the fact @gernate structural formats must be
designed and developed, for instance non-fulleemeeptors, which not only exhibit most of
the properties that make fullerene acceptors appebut must satisfy the requirements such
as efficient absorption over visible spectrum, #roe solubility, high charge carrier mobility

and matching energy levels with those of a vardtgonors.



It is evident that past few years have seen a dramsarge in the development of non-
fullerene acceptors. High power conversion efficke(PCE) numbers, typically ranging 11—
12%, have been reported so far for organic solds t®sed on non-fullerene acceptors
[14,15]. Though this advancement is encouragingentives remain to develop materials
which will not only have better properties thanldutnes, but will also have crucial
characteristics such as solubility, chemical aredrttal stability, and matching energy levels
with donors. Moreover, a newly designed non-fulker@cceptor should be compatible with
the commercially available polymeric donors sucP@siT. As per our understanding of this
research area, we theorize that a potential nderfule acceptor must be a conjugated
structure, either via the conjunction of a varietybuilding blocks (primarily donors and
acceptors) or should possess a rigid, extendediuisg backbone. The advantages of using
donor/acceptor, or otherwise termed push/pull, tionalities lie in the fact that the
combination of such formats can reduce the opbealdgap, broaden absorption in the entire

visible region of the solar spectrum, and tune gnévels.

Having said this, we and others have been sucdessfeamonstrating the use of a number of
push/pull formats to design a number of potentiah-fullerene electron acceptors where
such targets have displayed promising device pedoce [16-34]. We realised that
functionalites such as triphenylamine (TPA), dd@trrolopyrrole  (DPP),
naphthalenediimide (NDI), and more recently, fumadlities which contain cyano groups,
such as dicyanoindenedione, tetracyanoethylene E)Cahd tetracyanoquinodimethane
(TCNQ), are promising building blocks (donors aldeptors), and have been used in recent
past. However, their amalgamation can be donevari@ty of fashions. In this contribution,
we wish to report a new combination where we hasedua new acceptor unit, 2-

chromenone, along with the terminal donor TPA. @ilethree targets were designed based



on TPA- and chromenone-functionalized moleculatesys of the types D-A and D+AA.

In the simple D-A system, TPA and chromenone weeetérminal functionalities, whereas
in the D—-A—A system, TCNE and TCNQ derived functionalitiesrevencorporated as ;A
units by keeping the D/A units constant. It hasrbeBown in the literature that cross-
conjugation is an efficient strategy to design loighest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gap molecusystems [35—37]. Moreover,
the presence of cyano group in a molecular backbmare promote the formation of a
crystallite architecture and can increase elecaffinity, thereby favouring efficient charge
transport and broadening absorption profile towarttsnger wavelength region, near infrared
in particular. Such advantages are likely respdasibr generating a focused interest in
designing of chromophores based on accepting goitsprising cyano groups, and are an
inspiration to pursue research on the developmieméw and potential non-fullerene electron

acceptors.

Fig. 1 reveals the molecular structures of new nate 3-((4-((4-
(diphenylamino)phenyl)ethynyl)phenyl)ethynyldzhromen-2-one R1), 2-(4-
(diphenylamino)phenyl)-3-(4-((2-oxo-2chromen-3-yl)ethynyl)phenyl)buta-1,3-diene-
1,1,4,4-tetracarbonitrile P2) and 2-(4-(3,3-dicyano-1-(4-(diphenylamino)pherAj4-((2-
oxo-2H-chromen-3-yl)ethynyl)phenyl)allylidene)cyclohex@®@zlien-1-ylidene)malononitrile
(P3), whereP1 was based on the D-A type, aR@ and P3 were based on the D+AA
modular design. The optoelectronic and photovolpeaperties ofP2 and P3 were directly
compared witiP1. It was observed that the introduction of TCNE a@i@NQ functionalities
in P2 andP3, respectively, resulted in strong intramolecullaarge transfer transition when
compared withP1l The introduction of TCNQ in particular exhibitedbroader absorption

profile extending up to 1000 nm, primarily ascribiedthe stronger electron withdrawing



nature of TCNQ relative to TCNE. Bof®2 andP3 exerted low optical band gaps and low
lying HOMO energy levels when compared wifl. All of the investigated materials
displayed high chemical and thermal stability, @xdellent solubility. Solution-processable
BHJ devices were fabricated wil, P2 andP3 as non-fullerene electron acceptors. Studies
on the photovoltaic properties revealed that thst IRSBHT: P3-based device showed an
impressive enhanced power conversion efficienc4.21%, an increase of greater than two-
fold with respect to the efficiency of the best A3HP1-based device (2.28%). To our
knowledge, there are no reports on the connectedl afs TPA and 2-chromenone
functionalities where such functionalities have rbesed to design non-fullerene acceptor
formats comprising either TCNE or TCNQ units. Owsults indicate that these 2-
chromenone-based small molecules are potentialptmsefor efficient organic solar cells
using a commercially available donor polymer P3Hid @an further be explored with a
variety of donors. The present work is a contiraraf our efforts made in the design and

development of small molecular chromophores foanig photovoltaic applications [38—41].

>Fig. 1<

2. Experimental details

2.1. Materials, methods and device details

All the reagents and chemicals used, unless otkerspecified, were purchased from Sigma-
Aldrich Co., Bengaluru, Karnataka, India, and wesed without any purification. AR grade
solvents were purchased from Finar chemicals Liitedia and used as receivétl and
3C NMR spectra were recorded at 300, 400 or 500 Midzindicated. The following
abbreviations were used to explain multiplicitiss= singlet, d = doublet, t = triplet, q =

quartet, m = multiplet, br = broad, dd = doubletofiblets, and dt = doublet of tripletdC



NMR spectra were recorded at 75 or 101 MHz, asatdd.'H and**C chemical shifts were
calibrated using residual non-deuterated solverdnasternal reference and are reported in
parts per million §) relative to tetramethylsilane & 0). All experiments were performed in
deuterated chloroform (CDg}l ESI was used to ionize samples with a sprayagelt The
mass spectrometry measurements were performed esivey Fourier transform-based high
resolution mass spectrometry or via atmospherisguiee chemical ionization (APCI)
experiments which were carried out on FTMS, ionibgdAPCI from an atmospheric solids
analysis probe (ASAP). FTIR spectra were recordsmhgu Thermo Nicolet Nexus 670
spectrometer in the form of non-hygroscopic KBilgtsl The UV-Vis spectra were recorded
using a Shimadzu UV-1800 spectrophotometer at remnperature. The TGA experiments
were carried out using Q-500 TGA instrument wittragen as a purging gas. The samples
were heated to 800 °C at 10 °C/minute under nitmogfenosphere. AFM topographic maps
were performed directly on the active layers of P3R1/P2/P3 blends using an Asylum
Research MFP-3D-SA instrument. The AFM was runmtermittent contact mode (tapping
mode) using MicroMasch NSC18 tips (typical resorfaequency ~100 kHz, typical probe
radius ~10 nm and typical aspect ratio 3:1). Trassion electron microscopy samples were
prepared by solvent evaporation on a holey carlraoh @and micrographs were produced
using a JOEL 1010 100 kV TEM.

Though the general details of spectroscopic measnts and characterization were reported
previously [42], specific details of device fabtioam are reported herein. Indium tin oxide
(ITO)-coated glass (Kintek, 15 Ohms per square) wlaaned by standing in a stirred
solution of 5% V/v) Deconex 12PA detergent at 90 °C for 20 minuté® MO-coated glass
was then successively sonicated for 10 min eachstilled water, acetone and isopropanol.
The substrates were then exposed to a UV—ozone eeaom temperature for 10 min.

UV/ozone cleaning of glass substrates was performeitlg a Novascan PDS-UVT,



UV/ozone cleaner with the platform set to maximuenght. The intensity of the lamp was
greater than 36 mW/chat a distance of 10 cm. At ambient conditionsdhene output of
the UV cleaner is greater than 50 ppm. Aqueoustisolsl of PEDOT/PSS (HC Starck,
Baytron P Al 4083) were filtered (0.2 um RC filtand deposited onto glass substrates in air
by spin coating (Laurell WS-400B-6NPP lite singlafer spin processor) at 5000 rpm for 60
s to give a layer having a thickness of 40 + 5 ilhe PEDOT/PSS layer was then annealed
on a hotplate in a glove box at 145 °C for 10 nkiar OPV devices, the newly synthesized
organicn-type materials and P3HT were dissolved in indigiduals by magnetic stirring.
Blend ratios and solution concentrations were date optimize device performance. The
solutions were then combined, filtered (0.2 um R&r) and deposited by spin coating onto
the ITO-coated glass substrates inside a glove Ot coated substrates were then
transferred (without exposure to air) to a vacuwaperator inside an adjacent nitrogen-filled
glove box. Samples were placed on a shadow maskray. The area defined by the shadow
mask gave device areas of exactly 0.2°.cBeposition rates and film thicknesses were
monitored using a calibrated quartz thickness noomitside the vacuum chamber. Layers of
calcium (Ca) (Aldrich) and aluminium (Al) (3 pelietof 99.999%, KJ Lesker) having
thicknesses of 20 nm and 100 nm, respectively, weeporated from open tungsten boats
onto the active layer by thermal evaporation atsgmees less than 2 x i0mbar. A
connection point for the ITO electrode was maderianually scratching off a small area of
the active layers. A small amount of silver pafi\(er Print 1l, GC Electronics, part no.: 22-
023) was then deposited onto all of the connegboints, both ITO and Al. The completed
devices were then encapsulated with glass and @w&d epoxy (Summers Optical, Lens
Bond type J-91) by exposing to 365 nm UV light desia glove box for 10 min. The
encapsulated devices were then removed from the ddox and tested in air within 1 h. The

OPV devices were tested using an Oriel solar sitoufgted with a 1000 W xenon lamp



filtered to give an output of 100 mW/énat simulated AM 1.5. The lamp was calibrated
using a standard, filtered silicon (Si) cell froraceell Limited which was subsequently cross-
calibrated with a standard reference cell tracedblehe National Renewable Energy
Laboratory. The devices were tested using a Ksitl#é00 Sourcemeter controlled by
labview software. Film thicknesses were determim&dg a Dektak 6M Profilometer.

2.2. Synthesis and characterization

Compound P1 was synthesized by reacting 4-((4-ethynylphenigieyl)-N,N-
diphenylaniline (compoun®) with 3-iodo-2H-chromen-2-one using Sonogashira coupling
reaction in dry tetrahydrofuran (THF) (Scheme 19npoundsP2 andP3 were synthesized
by reactingP1 with TCNE and TCNQ, respectively (Scheme 2). Tinalfcompounds were
purified using silica gel chromatography, charaeest spectrally, and their physical
properties were investigated. The materials wespamed in moderate to high yields and
were found to be highly soluble in a variety of eentional organic solvents such as
chlorobenzene, chloroform, dichloromethane and etmdu High solubility of organic
materials is an essential criterion for the faliraza of solution-processable organic
photovoltaic devices and newly designed mateirdlsP2 and P3 fulfil this criterion. The
compounds2, 3 and4 were synthesised following the procedureported in the literature

[43-44].

>Scheme 1<

>Scheme 2<
2.2.1 Synthesis of N,N-diphenyl-4-((4-((triisopropylsilyl)ethynyl)phenyl)ethynyl )aniline (5)

To the stirred solution of compoudd2.00 g, 7.07 mmol) in dry toluene (30 mL) was atlde
4-iodotriphenylamine (2.62 g, 7.07 mmol), and tesutting reaction solution was stirred for

15 min under nitrogen atmospheid,N—diisopropylethylamine and catalytic amounts of



bis(triphenylphosphine)palladium(ll) chloride andpper iodide (ca. 5 mol% each) were
added to the reaction mixture. The reaction mixtwas stirred overnight at room
temperature. After the completion of reaction (Tix@nitoring), solvent was removed under
reduced pressure and the crude product was purifgedilica gel column chromatography
(eluent: hexane) to afford compoub@s a colourless liquid (3.30 g, yield: 91%). FTifeat;
cmh): 3441, 2942, 2864, 2210, 2152, 1706, 1513, 14835, 1281, 1017, 835, 753, 696,
673, 507 H NMR (400 MHz, CDCJ) § 7.42 (s, 4H), 7.37 (d = 8.8 Hz, 2H), 7.29-7.27 (m,
4H), 7.12 (dJ = 7.4 Hz, 4H), 7.08 (t) = 7.3 Hz, 2H), 7.00 (d] = 8.8 Hz, 2H);"*C NMR
(101 MHz, CDC}) ¢ 148.0, 147.1, 132.5,131.9, 131.5, 129.3, 125.3,512122.1, 115.6,
106.7, 92.5, 88.4, 29.6, 18.6, 11.3. ESl-mass (ni#)": 525; HRMS calculated for
CaHaoNSi [M+H]": 526.29245; found: 526.29362.

2.2.2 Synthesis of 4-((4-ethynyl phenyl)ethynyl)-N,N-diphenylaniline (6)

The compounds (1.00 g, 1.90 mmol) was dissolved in dry THF (1Q)nand tetran-
butylammonium fluoride (1.10 mL, 3.80 mmol, 0.1 k THF) was added slowly at room
temperature. The reaction was monitored by TLC luali of the starting material
disappeared. After evaporation of solvent undeuced pressure, the residue was dissolved
in dichloromethane, washed with water followed bgin®, and purified by column
chromatography (silica gel; hexane: DCM 9:1) teadftitled compound (681 mg, 70%) as
an off-white solid; mp: 161-162 °C; FTIR (neat; §m3442, 2925, 2205, 1587, 1518, 1486,
1316, 1277, 842, 758, 696, 53# NMR (400 MHz, CDCY) 6 7.44 (s,4H), 7.37 (d] = 8.8
Hz, 2H), 7.29-7.27 (m, 4H), 7.12 (@= 8.6 Hz, 2H), 7.08 (t) = 7.3 Hz, 2H), 7.01 (d] =
8.8 Hz, 2H), 3.15 (s, 1H}*C NMR (101 MHz, CDCJ) § 148.1, 147.0, 132.5, 132.0, 131.2,
129.3, 125.0, 124.1, 123.6, 122.0, 121.4, 115.57,988.1, 83.3, 78.7; ESl-mass (m/z)

[M+H]™ : 370; HRMS calculated forgH»oN [M+H]": 370.15903; found: 370.15971.



2.2.3 Synthesis of 3-((4-((4-(diphenylamino)phenyl)ethynyl)phenyl)ethynyl)-2H-chromen-2-
one (P1)

Compounds (0.50 g, 1.3 mmol) and 3-iodd2chromen-2-one (0.375 g, 1.3 mmol) were
added to the mixture dfl,N-diisopropylethylamine (5 mL) and dry THF (10 mLf) raom
temperature. The reaction mixture was subjectedeteeral vacuum/nitrogen cycles and
catalytic amounts (ca. 5 mol %) of tetrakis(tripyiphosphine)palladium (0) and copper
iodide were added. The reaction mixture was stifoe®0 min at room temperature followed
by stirring at 65 °C for 24 h. The solvent was evraped under reduced pressure and the
crude solid was filtered through Celite using dacbhimethane. The organic layer was washed
with water followed by brine, dried over anhydradg SO, and recovered to get a crude
mass which was subjected to column chromatograplsilca using DCM: hexane (7: &)
afford titled targefP1 as a yellow solid (0.49 g, 70%); mp: 209.1-209.9 FTIR (KBr; cm

1): 3038, 2206, 1737, 1588, 1513, 1488, 1286, 1883, 755, 696:H NMR (500 MHz,
CDCl) & 7.95 (s, 1H), 7.55-7.52 (m, 3H), 7.51-7.47 (m,,3H38-7.35 (m, 3H), 7.32-7.26
(m, 5H), 7.13 (dJ = 9.0 Hz, 4H), 7.07 () = 7.3 Hz, 2H), 7.01 (d] = 8.8 Hz, 2H)*C NMR
(101 MHz, CDC}) ¢ 159.19, 148.17, 147.03, 144.74, 132.57, 132.20,863 131.34, 129.39,
127.72, 125.07, 123.65, 122.05, 18.88, 116.81,4P15112.96, 95.59, 92.25, 88.26, 84.92;
ESl-mass (m/z) [M+H] 514; HRMS (APCI): calculated for :@H,4NO, [M+H]" (m/z)
514.1802; found = 514.1795.

2.2.4 Synthesis of 2-(4-(diphenylamino)phenyl)-3-(4-((2-oxo-2H-chromen-3-
yl)ethynyl)phenyl)buta-1,3-diene-1,1,4,4-tetracarbonitrile (P2)

To a solution ofP1 (100 mg, 0.19 mmol) in dry DCM (10 mL) was addedNEZ(74 mg,
0.58 mmol) at room temperature. The reaction mextwuas stirred at room temperature for 4
h. The progress of reaction was monitored by TL&erAcompletion of reaction the solvent

was evaporated off and the resulting dark brown smass purified by column



chromatography (silica gel; hexane: DCM 3: 7) timaf titled P2 as a brown solid (112 mg,
90%); mp: 196-198 °C; FTIR (KBr; chx 3435, 2854, 2223, 1730, 1586, 1488,1337,756,
700, 528H NMR (500 MHz, CDCY) § 8.02 (s, 1H), 7.72 (dl = 8.9 Hz, 4H), 7.65 (d,]) =

9.3 Hz, 2H), 7.58 (t,J = 8.5Hz, 1H), 7.53 ( d] = 6.7 Hz, 1H), 7.40 (qJ = 7.78 Hz, 4H),
7.30 (ddJ = 6.5 Hz, 7.6 Hz, 2H) 7.29 (d,= 7.3Hz, 2H), 7.23 (d, J = 7.4 Hz, 4H), 6.90Jd,
= 9.1 Hz, 2H);"*C NMR (125 MHz, CDGJ)) ¢ 167.28, 163.14, 158.85, 153.91, 153.59,
146.21, 144.36, 133.00, 131.83, 130.11, 129.39,0428126.95, 125.03, 121.00, 118.62,
118.04, 116.94, 113.41, 112.69, 112.11, 111.72,151P3.74, 88.58, 87.45; ESIl-mass (m/z)
[M+H]" 642, HRMS (APCI): calculated fors@4,4NsO> [M+H]™ (m/z) 642.1925; found =
642.1912.

2.2.5 Yynthesis of 2-(4-(3,3-dicyano-1-(4-(diphenylamino)phenyl)-2-(4-((2-oxo-2H-chromen-
3-yl)ethynyl)phenyl)allylidene)cyclohexa-2,5-dien-1-ylidene)malononitrile (P3)

CompoundsP1 (100 mg, 0.19 mmol) and TCNQ (119 mg, 0.58 mmoljersuspended in
1,2- dichlorobenzene and the resulting reactiontumexwas stirred at 100 °C for 12 h. The
progress of reaction was monitored by TLC. The emiwas evaporated under reduced
pressure and the crude residue was purified bymoolahromatography (silica gel; eluent:
DCM) to affordP3 as a bluish-black solid (97 mg, 70%); mp: 340-38@2FTIR (KBr; cm

1): 3038, 2206, 1737, 1588, 1513, 1488, 1455, 13986, 1045, 837, 755, 696, 530
NMR (400 MHz, CDC}) ¢ 8.00 (s, 1H), 7.67—7.49 (m, 7H), 7.39—7.28 (m, , 7HR4—7.12
(m, 7H), 7.02-6.99 (d] = 7.6 Hz, 1H), 6.95-6.93 (d,= 8.9 Hz, 2H)*C NMR (101 MHz,
CDCl3) 6 170.92, 159.09, 153.97, 153.73, 151.79, 150.06,1B4 145.42, 135.38, 134.53,
134.07, 133.48, 133.43, 133.07, 130.09, 129.76,1828127.91, 126.77, 126.28, 126.10,
125.21, 119.37, 118.78, 117.12, 114.18, 114.10,811212.30, 112.27, 93.98, 88.21, 87.77,
75.18; ESI-mass (m/z) [M] 717; HRMS (APCI): calculated for,@,gNsO> [M+H]™ (m/z)

718.2238; found = 718.2224. [Note: For experimesypactra, see Supporting Information].



3. Results and discussion

3.1. Optical and electrochemical properties

The optical properties oP1, P2 and P3 were investigated by measuring their UV-Vis
absorption spectra in chloroform solution (Fig.add in pristine as-cast films (Fig. 3). The
longest wavelength absorption maximuin.4{) exhibited byP3 in solution was red-shifted
when compared with the solutidg.x of P1 and P2. Thin-film spectrum ofP3 indicated
better light harvesting properties than eitR& or P1, and an obvious red-shift of ~30 nm
remained foP3. Two sets of absorption bands (<420 nm and >45Dimmmase o2 andP3
can be assigned to-* transition and the intramolecular charge trangf@T) transition,
respectively, thus indicating that incorporation additional acceptor units, TCNE and
TCNQ, can indeed be utilized for absorbing a largerount of the solar spectrur®3
exhibited a substantial bathochromic shift of thesei absorption wavelength, typically
termed as panchromatic absorbance, when compai® tehich is mainly attributed to the
presence of the strong electron withdrawing TCNQ@. Wwverall, P2 andP3 showed better
light harvesting properties when comparedPio[film Anax of P1 424 nm;P2 431 nm, 523
nm; andP3: 345 nm, 661 nm]. According to the spectra showrkig. 3, the absorption
spectra ofP2 and P3 complements well with the main absorption of P3380-610 nm),
thus indicating that blend films can have more taable optical absorption throughout the
entire visible spectrum and even tailing into tleaminfrared region. The optical bandgaps
estimated from the thin film spectra B2 and P3 were 1.65 eV and 1.34 eV, respectively,
which were narrower than the optical band gapb{= 2.43 eV), an observation that further
corroborates the strong accepting capacity of TGj@n the fact that the other parts, for

instance D and A, of the molecular backbone weake alhus, the use of the D+AA design



can indeed be helpful for controlling absorptiorofpee, fine tuning energy levels and

presumably enhancing BHJ performance.

>Fig. 2<

>Fig. 3<

Theoretical density functional theory (DFT) caldidas using the Gaussian 09 suite of
programs and the B3LYP/6-311pG(d,p)//B3LYP/6-31G&¥el of theory [45] indicated that
the HOMO densities of all the materials were pofmdaover TPA functionality. In case of
P1, the HOMO density was extended across the ceptrahyl unit whereas the LUMO
density primarily resided over the terminal chror2eane functionality. In case &2 and
P3, the LUMO densities were spread along theAAbackbone, sparing the phenyl rings of
the TPA unit, thus representing an efficient segtieg of orbital densities. Such
dissociations of theoretical densities can be cmmed ideal for ICT transition between donor
and acceptor fragments. In contrast, the HOMO ddiO densities oP1 seem to hold the
entire molecular backbone, a result indicating arpexpression of ICT. It is important to
point out here that the ester group of chromen-{onctionality does play a crucial role in
tuning the optoelectronic properties of the dygsoreed herein. It is apparent from dipd
where the LUMO density was completely delocalisadhe ester group. Even is caseP@f
andP3, it is evident that the ester group does share thdO distribution, albeit to a lesser
extent. For theoretical density distributions, deg. 4 and Section S1 (Supporting
Information (Sl)). The time-dependant DFT (TD-DRBIculations further indicated that the
dipole moment in the case Bf3 (19.2943 Debye; field-independent basis) was latigan
the dipole moments oP2 (14.0198 Debye) anél (4.2926 Debye), thus indicating an

efficient intramolecular charge transfer transitioncase ofP3. Furthermore, the computed



absorption spectra showed the major transition peakl65.27 nm, 623.99 nm and 722.25
nm, respectively, foP1, P2 andP3. The transition peak in case BB was observed to be
red-shifted more than the transition peakP@fwhich in turn was more red-shifted thRf, a
result that gives support to our experimental fugdof optical absorption. For the computed

absorption spectra, see Section S2, Sl.

>Fig. 4<

As such, the experimental estimation of the HOM@rgies was carried out using photo
electron spectroscopy in air (PESA) and the LUM@rgies were calculated by adding the
optical band gap (film spectra) to the HOMO val(ies PESA curves see Section S3, Sl).
The LUMO levels ofP2 andP3 were deepest when compared with the LUMO leveP bf
This suggests the influence of additional acceplimgtionality in tuning the overall energy
levels. A similar drop of LUMOs was also observetiles conducting DFT calculations
(Theoretical LUMOs oP1, P2 andP3 were -2.72 eV, -3.67 eV and -3.97 eV, respectively
result that provides a good support to our expartaiefindings. These theoretical and
experimental findings strongly indicate that theAR-A format really plays a crucial role for
density segregation, efficient light-harvesting,datuning optical energy levels when
compared with the D—A format. The energy level daag (Fig. 5) indicated that the band
gaps of these materials are all in the range reduif acceptor materials for BHJ devices.
The electrochemistry experiments revealed that blo¢hcompound$2 and P3 undergo
reversible reduction processes, thus suggesting sheability asn-type materials in BHJ
devices (see Section S4, Sl). The HOMO and LUMCelewetermined from cyclic-
voltammetry experiments were found to be consistetit the energy levels estimated using
PESA. We further believed that not only should argasemiconductors be soluble and

chemically stable, they should also be thermaliplst in order to allow device processing



such as annealing. Keeping this criterion in mind,conducted thermogravimetric analysis.
Thermogravimetric analyses revealed that all theerrads are thermally stable chromophores
and can endure annealing conditions at a highepeesture, if required (See Section S5 (SI)

for TGA curves).

>Fig. 5<

3.2. Photovoltaic properties

Once it was established that new materials displgyemising optoelectronic properties and
are potential acceptors with energy levels matchimgse of the classical electron donor
P3HT, solution-processable BHJ devices were fataicaBHJ architectures typically deliver
higher device power conversion efficiencies by maging the surface area of the interface
betweenp- andn-type materials in the active layer. The BHJ dewacehitecture used was
indium-tin  oxide  (ITO)/poly(3,4-ethylenedioxythiophe):  polystyrene  sulfonate
(PEDOT:PSS, 38 nm)/active layer (~60 nm)/Ca (20/AM)LO0 nm) where the active layer
was a 1: 1 blend of P3HPLVP2/P3, respectively, spin-cast fromdichlorobenzene on top
of the PEDOT: PSS surface. It is apparent that lh@se a simple device architecture to
observe initial performance and fabricating comdisi of BHJ devices. Control devices based
on P3HT: PGBM were also fabricated. A promising and high PGE.@1% was achieved
when P3HT:P3 blend film (1: 1) was spin-coated fromchlorobenzene solution. By
contrast, the maximum PCEs obtained from the dewased o2 andP1 were 3.75% and
2.28%, respectively, when fabricated under sinutarditions.

We usedo-dichlorobenzene as the processing solvent as sheotihigh boiling solvent is
preferred for optimal performance and to avoid fation of large-scale crystals on active
surfaces. The optimized donor: acceptor weightratas found to be 1: 1 where the BHJ

devices gave encouraging performance. Other d@woeptor combinations, for example 1.



2 (P2 andP3), afforded poor device outcome, thus indicatingf tir 1 blend is optimum for
the current study of P3HT and non-fullerene acaspt®Ve realized that this inferior
performance (1: 2 combination) may be attributedot® film quality where we physically
observed roughness on active surfaces. The PEB-based devices (donor/acceptor 1: 1) is
higher than that of its counterpar®2 and P1, primarily in terms of the enhanced short
circuit current densityJg), which might be attributed to the broader absorpprofile of P3
which in fact can facilitate the harvesting of m@alar photons. Thé&2-based devices
afforded reasonable outcome too, almost two-fofitiehcy when compared witR1-based
devices, thus indicating that the incorporationaaf additional acceptor functionality, for
instance TCNE or TCNQ in the present study, in\emgiD—A system is advantageous not
only for tuning optoelectronic properties but f@vete outcome too. This validates the use of
D—-A;—A modular format as a favourable structural cohdepthe design and development
of efficient non-fullerene acceptors when compameth the D—A format. The maximum
PCE reached 3.08% for a device based on P3HIBRC when fabricated under similar
conditions. For current—voltage}4V) curves see Fig. 6 and Table S1 (Sl) represents

comparative photovoltaic data.

>Fig. 6<

The incident photon to current conversion efficieii®CE) curves of the best BHJ devices

based orP2 andP3 under monochromatic light are shown in Fig. 7. Parthe IPCE shows

a maximum of ~46% at 510 nm whereas R& the IPCE spectrum shows a much broader
response covering most of the visible region (400-8m) and to the near IR region with a

maximum value of ~60% at 700 nm. The IPCE spedtrthe® devices closely resemble the

blend film spectra of corresponding active layétig.(7), thus demonstrating that both donor



and acceptor domains contributed to the photocumgeneration. Better BHJ performance
and the higher peak IPCE in caseR¥ can be held responsible by the synergetic effect o
better light-harvesting and the use of stronger QGirived acceptor when compared with
P2 reported herein. ThE1l-based device afforded poor IPCE characteristidsetoeported.
The broadness of these IPCE sped@in particular, indicates these non-fullerene atmep
can definitely be matched with a variety of elentdmnors, such as conjugated polymers and

small molecules, in order to achieve charge geiwerater a broad range of wavelengths.

>Fig. 7<

The physical microstructure of the blend surfacess vexamined using atomic force
microscopy (AFM) in tapping mode. Fig. 8 displalie topographic and phase images of 1:1
blends ofP2 andP3 with P3HT (1:1w/w). P2 appears to have a granular morphology with
surface roughness of ~3.7 nm, whereas blend fillR&ppears to be smooth with better
phase separation and with a root-mean square (RM@hness of 1.2 nm. It is apparent that
both the materials blended well with their donorumi@rpart and that the superior
morphological properties dP3-based blend have had a greater effect on effigievizen
compared with th®2-based blend. Superiority 83-based blend surface was also confirmed
by the transmission electron microscopy (TEM) asiglywhere we were able to observe a
finer texture, a finding that usually results inatevely higher values oflsc and FF, when
compared with theP2-based blend (Fig. 9). It was also evident that Ak analyses
supported our physical observation of the blenfases. To gain an insight into the effective
charge carrier mobilities, the space charge limaiggtent (SCLC) method was applied to get
information about the charge transportation in tevices. The electron-only devices,

consisting of active layer sandwiched between a Zo@ted ITO electrode and LiF/Al



counter-electrode as the hole-blocking contactewabricated as per the sketch depicted in
Section S6, SI. From the current density as a fonatf voltage data (Section S6 (Sl)), the
electron mobility in the trap-free SCLC region che estimated using the Mott-Gurney
equation, [(J = 9¢{1)/8 x (V4/d®); wheree is the dielectric constang, is the charge-carrier
mobility, d is the sample thickness, and V is thpled voltage]. Using this expression, the
electron mobilities of the order of f@n#/Vs were observed for bo®2 andP3. It is vital to
point out that the mobilities of the obtained ordex well within the mobility range exhibited
by PG:BM (typically ranging 16-10* cn? V! s%). Evidently, the observance of good

electron mobility further supports the design pipre of these new materials.

>Fig. 8<

>Fig. 9<

It is judicious to mention that though the PCE nensbsteadily improve with the use of non-
fullerene acceptors combined with high performirapal polymers and small molecular
solids, we believe in continued emphasis on sydiemeaterial design and developing those
non-fullerene acceptors which can interweave wék whe commercially available donors,
such as P3HT, hence demonstrating their foremastbslity to be an efficient acceptor.
Having said this, and taking into account the pP-#based acceptors reported in the
literature, it is justifiable to say that the devioutcome reported herein provides strong

support and incentive for the current researchesiya

4. Conclusions
We have been able to demonstrate the successfudfus®—-A—-A modular format in BHJ

solar cells. The new materid®2 andP3 were designed and synthesized based on thg-b—-A



A format and their optoelectronic and photovoltaioperties were directly compared with a
structural analogu@l1, which was based on a simple D—A modular desigwak observed
that P2 andP3 exhibited superior properties, such as light-hsiing, enhanced photocurrent
density and overall device performance, when coetpavith P1. Overall, P3 performed
better than any of the three materials reportedihelt is notable to mention that not only are
P1, P2 andP3 the first examples in the literature which comgnsomising building blocks,
such as TPA and terminal chromen-2-one, but thecdeparameters outlined herein are

among the highest numbers reported in this clagsabérials.
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Figure and Scheme Captions

Fig. 1. Molecular structures of the newly designed anditmsized non-fullerene electron
acceptorsPl, P2 andP3.

Scheme 1.Synthetic protocol adopted to synthesiP& Reagents and conditiang)

trimethylsilylacetylene  (TMSA), Pd(PBRCI/Cul, EtN, RT, 20 h, 98%; II)

(triisopropylsilyl)acetylene (TIPS), Pd(PHICI/Cul, EtN, 4 days, reflux, 97%; Ill ) K,CO,,

THF: MeOH (1: 1), RT, 4 h, 82%; IV) Pd(PPR).Cl,/Cul, N,N-diisopropylethylamine
(DIPEA), dry Toluene, RT, 12 h, 91%; V) tetra-n-butylammonium fluoride [Elg)sNF], dry

THF, RT, 1 h, 70%; VI) Pd(PPb),/Cul, DIPEA, dry THF, 65 °C, 24 h.

Scheme 2Synthesis of compound® andP3.

Fig. 2. Absorption spectra of compound&l, P2 and P3 in their chloroform solutions
(equimolar solutions of 10 pM concentration).

Fig. 3. Absorption spectra of compounBg, P2 andP3 for pristine as-cast films (films were
spin-casted at 2500 rpm for 1 min to give a filnckhess of ~ 65 nm).

Fig. 4. Theoretical density distribution for the HOMOsf{)eand LUMOs (right) ofP1, P2
andP3.

Fig. 5. Energy level diagram showing alignments of difféereomponents of BHJ device
architecture.

Fig. 6. Characteristic current-densitg voltage {-V) curves for the best BHJ devices based
on PYP2/P3in blends with P3HT under simulated sunlight (2 cm? AM1.5G). Device
structure is: ITO/PEDOT: PSS (38 nm)/active layar/Q0 nm)/Al (100 nm). The active
layer thicknesses were in the range of 60—65 ninwitv = 1: 1.

Fig. 7. IPCE spectra of the best performing devices desdrin Fig. 6.

Fig. 8. AFM images of 1: 1 blend films with P3HT spin-cé&stm o-chlorobenzene at 2500
rpm atop annealed ITO/PEDOT: PSS substrates. Taphgr (left) and phase images (right)
for P3HT:P2 (upper) and P3HTP3 (lower) are depicted.

Fig 9. TEM images for 1: 1 blend of P3HP2 (left) and P3HTP3 (right) showing superior
mixing of donor and acceptor domains in cas&®®when compared witliP2-based blend.
Scale bar of 50 nm is represented.
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Section S1

Theoretical density distribution for various enesggtes:
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Tabular form of enerqgy levels of theoretical densit distributions:

Dye | HOMO LUMO HOMO-1 | LUMO+1 [HOMO-2 |LUMO+2
(ev) (ev) (eV) (ev) (eV) (eV)

P1 -5.63 -2.72 -6.19 -1.81 -6.85 -0.98

P2 -6.06 -3.67 -6.55 -3.13 -7.37 -2.65

P3 -5.89 -3.97 -6.61 -3.38 -6.70 -2.75




Section S2

Time-dependant DFT (TD-DFT) calculations depictingcalculated dipole
optical absorption curves:
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Dipole moments (Debye):
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Section S3

PESA curves
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Cyclic-voltammetry data:

Section S4

10.0 4
5.0-
< 0.0-
=
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& -9.0+
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(&)
-10.0 -
-15.0 -
15 10 05 00 05 10 15
Potential Vs SCE in DCM (V)
LUMO = | HOMO = (ev) =
Compound E(Onset)(V) E (onsen (V) (ev) -[E ox+4.8] (HOMO-
Ox red -[E eqt4.8] LUMO)
0.71 -0.85 -3.95 -5.51 1.56
P1
1.01 -0.13 -4.67 -5.81 1.14
P2
0.84 -0.32 -4.48 -5.64 1.16
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Section S5

Overlaid TGA spectra d?1, P2 andP3 showing their thermal stability
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Table S1 Photovoltaic cell parameters for P3HT1/P2/P3blends
Dye Testing Blend Voc Jsc FF Best | Average PCE
conditions | film V) (mA/cm?) PCE | (+ std devf
thickness (%) (%)

P1 1: 1 P3HT |62 1.03 5.70 0.39| 2.28 2.19 (z 0.06
P2 1: 1 P3HT |63 0.93 6.78 0.59| 3.75 3.64 (= 0.08
P3 1: 1 P3HT | 60 0.83 8.95 0.57| 4.21 4.09 (x0.11
PC¢:BM | 1: 1 P3HT | 63 0.56 8.66 0.63| 3.08 2.98 (= 0.06
P2 2: 1 P3HT |62 0.70 3.58 0.51| 1.27 1.11 (x0.12
P3 2: 1 P3HT |64 0.58 7.43 0.37| 1.60 1.49 (x 0.08

2 As-cast blend (P3HTPLYP2/P3 1: 1);® A standard P3HT: PGBM device afforded 3.08%
efficiency, thereby indicating the reliability ofiodevice fabrication strategy;BHJ devices
with specified weight
ITO/PEDOT:PSS (38 nm)/active layer/Ca (20 nm)/A@Ihm) with an active layer thickness

of around 60 nmY A total of ten devices were made for each comhnatcell area = 0.2

cn’?

ratio (donor:

acceptor

1: 2pverall

device structure
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Section S6
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SCLC details Device sketch of the electron-only devices (uppkat was used to study
SCLC method and the current—voltage characterifltieger) that were applied to the Mott-
Gurney equation to calculate electron mobilitiesha blend films of P3HTP2 and P3HT:
P3.

Experimental spectra

FT-IR of compound 5:

4114

210

1017
= 52 TS

[ '

72 1315

4

1381
pi-T v 1

609 -"'!;13

AD00.0 3600 3200 2300 2400 2000 1500 1600 1400 1200 1000 800 600 4500
Ti-

'H NMR of compound 5:



_/JJ _}.".J N .';'.qu.‘\_

A s

65 60 55 S0 45 40 35 30 25 20 15 10 05 00
3C NMR of compound 5:
L4 ZVEnze 2 = " ot
gseazgs § 5 3 -
I3 NAAANAS = 2 $ 3 2 E
| |
il
o |
\ “I \ | | !
| I, | |
50 140 130 120 110 100 9% 8 M 60 50 40 30 20 10

FT-IR of compound 6:




131E 758
[ W

g U ] | |

151§

65 | 1557
1438

400000 3600 2200 200 24000 20000 1500 1600 1400 12000 10000 SO0 60D 4500

m-1

'H NMR of compound 6:

AN RO

@)

3C NMR of compound 6:



148,145
1470

132,553
132,00
131261
129.39%
nad

14
3.62¢
096
404
115544

i Moo

91.790

NN.112
83360

7R.762

50 140

130 120

110

100 %0

70

FT-IR of compound P1:

Hiﬂiﬂ’xl'ﬁi‘:%

]
i

0 -
483

1315

I u 1255

e

1455

1
73‘7“\ 1551513

1045

&r

ADD0.0 3600

3300 2500 2400 2000

1500 1600 1400 1200

-1

1000

500

600 4500

'H NMR of compound P1:




L6669
sloe

BSO'L
oL
YROL
e
oL

6STL.

rS6'L

7.00

1720

740

760

7.80

8.00

3CNMR of compound P1:
g
=3

P1

676'r8
LLT'SS.

20 10

30

kL b 1) st | b Bl A .t i, | el

70

05C ¢

L6S’S /
6V6° I
e8P SII

IS 911
EL8' 81
61" 1T
Salyad|
059" €T
£90°STI

120

STL LTI
S6E° 671
IreIel
0S8 IE]

L5 7ol

LTeesl
0T 651

I
150 140 130

160

(AP WO R A A




FT-IR of compound P2:
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3C NMR of compound P2:
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FT-IR of compound P3:
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Resear ch Highlights

Thefirst effort to utilize chromen-2-one for generating non-full erene acceptors
Generation of D-A1-A module using chromen-2-one, and
tetracyanoethyl ene/tetracyanoquinodimethane units

Comparison of D-A1-A and D-A designs for optoelectronic and photovoltaic
properties

Use of chromen-2-one/tetracyanoquinodimethane combination for improved light-
harvesting

One of the materias (P3) demonstrated highest efficiency of 4.21%



