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Research highlights:

1) 3 new small molecules based on new 2D-NDT donor core are explored for the bulk-
heterojunction organic solar cell.

2) Effect of intermolecular interaction in 2D-NDT(Ester), and 2D-NDT(Amide), was
observed and affected the overall device performance.

3) Power conversion efficiency up to 1.22 % achieved for 2D-NDT(Ester),.
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Abstract: We present design and synthesis of three new symealeand linear A-D-A typer-
conjugated donor small molecules (2D-NDT(TRDID-NDT(Ester) and 2D-NDT(Amidey)
containing two dimensional naphthodithiophene (NRihit as the central donor core, end-
capped with electron deficient unit such as thi8ptf]pyrrole-4,6-dione (TPD), 2-ethylhexyl 2-
cyanoacetate (Ester) and 2-cyano-N-(2-ethylhexgtmunide (Amide) group respectively. We
characterized these small molecules and furtheesiinyated the optical, electrochemical,
morphological and photovoltaic properties. Whenusoh—processed bulk heterojunction
organic solar cells are fabricated using these Ismmallecules, the morphology of 2D-
NDT(Estery or 2D-NDT(Amide) and [6,6]-Phenylg-butyric acid methyl ester (R@M)
blend film was optimized using 1,8 Diiodooctane @ladditive. DIO additive promotes the
formation of nanoscopically well-connected molecullomains in the active blend film. A
device based on (1%DIO, 1:1) 2D-NDT(Estd?¥C;:BM exhibited highest the efficiency of
1.22% with a short-circuit densitys@Jof 3.75 mA/cmi, an open circuit voltage ¢y of 0.91 V
and fill factor (FF) of 35.50. Similarly for (1% DI, 1:3,) 2D-NDT(Amide)PC;;BM device
efficiency of 0.55%, with ¢ of 2.36 mA/cm, Vo of 0.64 V and FF of 36.95 was observed.
Whereas for (1:2) 2D-NDT(TPRPC;:BM device, due to the improper blending and phase
separation between donor and acceptor efficiensyicted to 0.33% withsJof 1.66 mA/cn,
Voc 0f 0.73V and FF of 27.2.

Keywords: 2D-NDT, Small Molecules, Organic solar cell, Intedecular interactions.

1



[y

O 00 N o u b W N

[ = S Y
N B O

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

1. Introduction

Organic solar cells (OSCs) have emerged as onedirtest ways of technology for production
of electricity through the abundant and eternabuese of sunlight to fulfill the energy demand
of the growing world [1-2]. OSCs have numerous adizges such as low production cost, high
flexibility and light weight with ease of solutiqmrocessability [3-4]. Bulk heterojunction (BHJ)
OSCs, where active layer typically composed of domaterials such as D-A conjugated
polymers or small molecules (SM) and fullerene ptme(PCBM) have delivered high power
conversion efficiencies (PCE) as a result of métiesi development in device engineering
(interface modification by Interfacial modifiers by using interlayers) and molecular energy
levels alignments through structure modification7]5 Undoubtedly SM possesses advantages
over polymers [8], also shows potential to delilee high PCEs than polymeric solar cells,
which have opened new pathways for research anelamwent for SM OSCs.

Current enhancement in PCE of SM OSCs is mainlyaniced by rational design and synthesis
of novel SM as photoactive materials. At glance, 8&signs of linear analogs are generally
comprised of either Br-A-n-D or A-n-D-n-A skeleton, [9-12] being as most effective molecul
motifs, where donor (D) and acceptor (A) are sepdrédyn-conjugated spacer units. Among
these two strategies, &D-n-A is appeared to be the effective one for obtgnihe high-
performance photovoltaic material. In the recerdargea new class of two-dimensional (2D)
photovoltaic materials are developed, where aldre vertical axis of molecular framework,
thienyl conjugated side chains are introduced tatben the spectral coverage (for high, and

to enhance charge transport ability (high hole ditgpi for improving the device
performance[13]. Similar 2D conjugation concepaplied and explored for BDT molecular
framework. For instance, an alkylthienyl-substitlteenzo(1,2:4,54’)dithiophene (BDT-TH)
donor unit has emerged as an efficient 2D conjugetor block for small molecules. Chen

al. have demonstrated the excellent utility of 2D-BXbre for DR3TBDTT-HD and
DR3TBDTT donor small molecules in OSCs applicatiqid]. Similarly Sunet al have
prepared new 2D nematic liquid crystalline BTR dmablecule, where higher thickness of 400
nm active layer, shows PCE around 8% with fill ématip to 70%, which is quite appreciable
[15]. Furthermore, Liuet al showed an application of SMPV1, 2D small molesutethe single

junction and tandem solar cells, where PCE arouadd10% were recorded respectively [16].
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These results also assure the future mass scatkigiian of 2D materials for commercial

applications.

Among the rigidly fused polycyclic aromatic systemsaphthodithiophene (NDT) shows
desirable OSC properties, which have linear (IN[AI/) and zigzag shape isomers (zNDT) [18].
zNDT unit shows unique properties, such as ideaMd@Cenergy level, balance charge transport
ability, and high space utilization than BDT [1@onsidering the vertical expansion of NDT
using alkyl thienyl moieties could expand the cgajion framework and increase the charge
transport ability due to improvedz intermolecular interactions. Such example of goaesion

of zNDT based molecules are rarely studied andoeggdIfor SM [20]. Here in, we present a new
2D NDT donor core, coupled with strong acceptoertbi3,4c]pyrrole-4,6-dione (TPD) to obtain
new small molecule 2D-NDT(TPR)TPD is one the successful acceptor in polymeriarsells
due to its excellent photovoltaic properties [2]-28d rarely used with 2D NDT based small

molecules for photovoltaic applications.

The resultant small molecule, 2D-NDT(TRD3how limited solubility in common organic
solvents. To improve the solubility we replaced D acceptor group with 2-ethylhexyl 2-
cyanoacetate (Ester) and 2-cyano-N-(2-ethylhexgtmuoide (Amide) to obtain 2D-NDT(Ester)
and 2D-NDT(Amide) respectively. The structural variation of ested amide acceptor end
group can influence the photoactive layer by thermolecular interactions between donor and
acceptor [24]. These intermolecular interactionglfbgen (H)-bondingz-z stacking and dipole-
dipole interactions) determine the molecular pagland orientation of molecules, also affect the
optical and electrical properties of the photoactiayer, thus relates to device performance.
Fused thiophene based D-A conjugated small molsccbataining ester and amide acceptor
units have recently gained considerable attentigntd their efficient light harvesting, effective
n-r stacking, superior charge transfer behavior ahar s@ll performance. For instance, Keh

al. developed donors comprised of dithioenosilole (P@&ntral core and-conjugated spacers
end-capped with different acceptors, such as 2{etkyl 2-cyanoacetate and 2-cyano-N-(2-
ethylhexyl)acetamide acceptor units, where thedattolecule is capable of forming strong H-
bonding [25]. A similar type of small molecules Witithieno thiophene (DTT) core was
synthesized by Xiaet al [26]. Furthermore, Stupgt al. synthesized DPP core based symmetric

and asymmetric donor molecules end-capped withr ast amide end groups respectively [27].
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So far small molecules based on 2D NDT donor calplgh ester and amide acceptor group are
rarely studied and explored for OSCs applicatidnsorder to evaluate the effect of ester and
amide acceptor group on molecular interactions@ratovoltaic performance in 2D NDT based

small molecules, we synthesized a new 2D NDT basaall molecules as 2D-NDT(Estggnd

2D-NDT(Amide), with ester and amide end group respectively.

In this contribution, we explored the use of new [IRDT donor moiety to construct 2D small
molecules. Combining 2D NDT with TPD, ester and danacceptor obtained new 2D small
molecules as 2D-NDT(TPBR) 2D-NDT(Ester) and 2D-NDT(Amide) respectively (Fig.1).
These small molecules were used to fabricate BHJ @&ices, (1:1) 2D-NDT(EsterPC;:BM
blend device were prepared using a 1,8-diiodooct@i®) additive, which proved to be
effective and exhibited a PCE of 1.22%. Whereas(108) 2D-NDT(Amide):PC;;.BM blend
device with DIO additive PCE of 0.55% and for (12D)-NDT(TPD):PC;1BM device, PCE of
0.33% was observed. Design, synthesis and photeghroperties of these three new small

molecules are studied and presented.

Fig. 1. Chemical structures of 2D-NDT(TPRRD-NDT(Ester) and 2D-NDT(Amide).
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2. Results and discussion
2.1. Materials preparation and thermal properties

The synthesis of small molecules is shown in Sch&ma-(2-Ethylhexyl)thiophene (1) was
obtain by alkylating thiophene with 3-(bromomethgptane, using n-butyl lithium, which was
further converted to (5-(2-Ethylhexyl)thiophen-3-grimethylstannane derivative (2) and reacted
with 3-bromothiophene to obtain 5-(2-EthylhexylB2bhithiophene (3) in toluene by Pd(RRh
catalyzed reaction. Compound 3 was selectively brated using N- bromosuccinimide (NBS)
to obtain bromine functionalized derivative 2'-Bb-(2-ethylhexyl)-2,3'-bithiophene (4).
Compound 4 was reacted with compound 9 undej(PRi).Cl, catalyzed reaction in
chlorobenzene (CB) to obtain compound 10 which wather converted to stille derivative,
compound 11. The target compound 2D-NDT(TP@as synthesized via stille cross-coupling
reaction of compound 11 and compound 13 usingdBd)/P(o-tolyl; as a catalyst. Further
compound 11 was treated with 5-bromothiophene-Batdehyde under Pd(PHhcatalyzed
reaction in toluene to obtain compound 12, TheiKbgevenagel condensation, intermediate 12
was reacted with 2-ethylhexyl 2-cynoacetate accept@resence of catalytic triethyl amine in
dry chloroform to obtain 2D-NDT(Ester) whereas for acceptor 2-cyno-N-(2-
ethylhexyl)acetamide strong base such as piperidimatalytic amount under similar condition
was required to produce 2D-NDT(Amigde)rhe molecular structures of small molecules were
confirmed by'H and**C NMR (Fig. S2-S9). The thermal properties of 2DINDPD),, 2D-
NDT(Ester} and 2D-NDT(Amide) were investigated by thermogravimetric analysiGA) and
differential scanning calorimetry (DSC) Fig. S1.eThGA curve reveals good thermal stability
with onset decomposition temperature, 5% weighs () occurring at 295°C for 2D-
NDT(TPD),, whereas 2D-NDT(Esterpnd 2D-NDT(Amide) shows decomposition temperature
at 331°C and 350°C respectively under a nitrogen atmosphere. DSCpedsrmed at the ramp
rate of 10°C/min, the melting endotherm for 2D-NDT(TPD)ccurs at 128.17C, and upon
cooling it exhibit crystallization exotherm at 76.7C, whereas for 2D-NDT(Estershows
exothermic peak at 19& and sharp endothermic peak at 2Q3respectively, which indicates
the tendency to crystallize for 2D-NDT(TRDand 2D-NDT(Estep) 2D-NDT(TPD) shows
lower exothermic and endothermic processes tempetaivhich could be assign to different

packing mode for this molecul&or 2D-NDT(Amide} no prominent peaks were observed,
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during heating and cooling cycle, which could beridged to the amorphous nature of 2D-
NDT(Amide), . The DSC results indicate, 2D-NDT(TRDand 2D-NDT(Estep) molecules

shows higher crystalline nature as a result of erlastermolecularz-z interaction. Varied

packing modes provide reasonable explanation ftierdnt DSC behavior for these small

molecules.
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Scheme 1Synthesis routed to obtain 2D-NDT(TRP2D-NDT(Ester) and NDT(Amide).

X =0, 2D-NDT(Ester),

X=NH, 2D-NDT(Amide),
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2.2. Optical and electrochemical properties

The absorption spectra of 2D-NDT(TR@D-NDT(Ester) and 2D-NDT(Amide) in chloroform
and thin solid film are shown in Fig. 2a and b. alada is summarized in Table 1. In dilute
solution (10> mol L") 2D-NDT(TPD) shows absorption profile from 350-500 nm, with a
maximum absorption pealq ) at 443 nm¢ = 108600 L Mcm™) whereas ester and amide
compounds shows broad absorptions range betwee®s&b5@m due to intramolecular charge
transfer (ICT) from donor NDT to acceptor eithetee®r amide. A closer observation of spectra
showed vibronic shoulder around 360-380 nm. 2D-NE3tér) shows maximum absorption at
478 nm ¢ = 236000M™ cmi), while changing from ester to amide in 2D-NDT (i), shows
maxima at 461 nm (105000 Mcni). This hypochromic shift (~17nm) in the absorption
maxima could be the result of weak electron acogptiendency of amide than ester group. In
thin film state, 2D-NDT(TPD)shows absorption peak at 480 nm with shoulder p&&d2 nm.
The red shift of 37 nm from solution to a thin fiemd prominent vibronic peak, indicate strong
intermolecular -t stacking of molecules in the thin film state. Eftfeof intermolecular
interaction due to oxygen and nitrogen can be gedémn film state spectra for ester and amide
compound. As both molecules have a different degreeéntermolecular interaction, the
molecular ordering and stacking order is signiftbaaltered. The maximum absorption of 2D-
NDT(Estery was 519 nm which red-shifted by 41 nm, along wlit& intense vibronic peak in
lower energy region, could be the result of plarfmremework and enhanced intermolecutar
stacking [28-29]. For 2D-NDT(Amidg) broad absorption (Peak maxima at 479) without any
significant vibronic peak was observed with redftsbf a 18 nm. Probably 2-ethylhexyl side
chain disturbs the molecular planarity and thas; overlapping [30-31], which is strongly
influenced by hydrogen bonding in case of amidg.[Z&e optical band gaps were found to be
2.1, 1.9 and 2 for 2D-NDT(TPB) 2D-NDT(Ester) and 2D-NDT(Amide) respectively. To
estimate the molecular energy levels of 2D-NDT(TRRP-NDT(Ester) and 2D-NDT(Amide)
cyclic voltammetry (CV) measurements were carriedusing Ag/AgCl reference electrode in a
0.1 M solutions of BiNPF; in acetonitrile solution at room temperature unalgjon with scan
rate of 50 mV* Fig. 2c. The CV instrument was calibrated using farrocene/ferrocenium
(Fc/FC) redox couple as an external standard. The omsenpal of the Fc/Faedox couple was
found to be 0.4 V relative to the Ag/AgCI refereredectrode. HOMO/LUMO were calculated
from the onset oxidation and reduction potentiaioading to the equations HOMO = -&&set

7
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+ 4.4) and LUMO = -e(E% <+ 4.4). From onset potential value, the HOMO epdegel was
found to be -5.36, -5.46 and -5.4 eV, whereas LUNM&3 found to be -3.58, -3.61 and -3.57 eV
for 2D-NDT(TPD), 2D-NDT(Ester) and 2D-NDT(Amide) respectively. Optical band gap of

2.1, 1.9 and 2 eV was observed respectively.
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Fig.2. (a) UV-vis absorption spectra of 2D-NDT(TRD2D-NDT(Ester) and 2D-NDT(Amide)
in chloroform solution. (b) UV-vis absorption specbf 2D-NDT(TPD), 2D-NDT(Ester) and
2D-NDT(Amide), in thin film state. (c) Cyclic voltammograms of UXs absorption spectra of
2D-NDT(TPD), 2D-NDT(Ester) and 2D-NDT(Amidey in chloroform. (d) Energy levels of

small molecules with PGBM.



1 Table 1 Photophysical and electrochemical data for smalkecules.

2
A max & by ¢y ©p) E onset E®nset hole electron
Molecule Sol e (x 10 M L e onset /HOMO /LUMO mobility mobility
(m) emy  Fmom m &) ey (eV) (1o (1o
2D-NDT(TPD), 443 1.08 480 570 2.1 0.86/-5.26  -0.82/-3.58  6.62x10 5.07x1CP
2D-NDT(Ester), 478 2.36 519 624 1.9 1.06/-5.46  -0.79/-3.61  2.97x10 8.08x1C°
2D-NDT(Amide), 461 1.05 479 609 2 1.0/-5.4  -0.83/-3.57 5.20%10 7.04x1CP
3
4  ®Measured in chloroform solutiof.Spin-coated film from chloroform solutiohOptical band
5 gap, " = 1240/fense)film. @ Potential determined by cyclic voltammetry in ONMIBusNPF;-
6 CHiCN. HOMO =-e(B*nset4.4). LUMO = -e(Bnset4.4). " hole mobilities (i) and electron
7 mobility (ue ) measured by SCLC technique.

8 2.3. Photovoltaic properties

9 To check the utility of 2D-NDT(TPD) 2D-NDT(Ester) and 2D-NDT(Amide) in OSCs,
10 photovoltaic devices were fabricated using smallemdes as donors and PBBM as an
11 acceptor in chlorobenzene or chloroform solutiomgsconventional device architecture of
12 ITO/PEDOT/small molecules:RE€BM/LIF/Al. Different weight ratios (D:A) of systemsvere
13 tested under a simulated AM 1.5 G illumination 60ImW cn¥, to find the optimal device ratio
14  combination. The detailed Photovoltaic performaatemall molecules is summarized in Table
15 2 and corresponding+{V) curves are shown in Fig. 3a. For (1:1) 2D-NDT(7#PC;:BM active

16  layer blend ratio PCE of 0.29 % with. &f 1.58 mA/cmi, Vo of 0.71 and FF of 25.61 was
17  observed. Further increasing the blend ratio t@)(delivered the highest PCE of 0.33% with
18 improved J. of 1.66 mA/cm, Vo of 0.73 and FF of 27.20. This PCE enhancemeritrigated

19 to the improved device parameters,{\: and FF). Increasing the PCBM content to (1:3) and
20  (1:4) affected the ¢J and FF, s} dropped from 1.54 to 1.38 mA/émlong with reduced FF of
21 27.01 and 26.02, thus PCE reduced to 0.3% & O;2@%6reas V. was nearly similar. For 2D-
22 NDT(Ester}, using (1:1) blend ratio gave highest PCE of 0.84ith J.of 2.78 mA/cni, Vo of

23 0.98 and FF of 30.72. Further increasing the bieid to (1:2), PCE changes to 0.64 %, with
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Ve Of 0.98, FF of 31.69, and reduced df 2.05 mA/cri was observed. Increasing the blend
ratio to (1:3) and (1:4), PCE dropped to 0.51 ar3®®% respectively with concomitant decrease
in Jc.and V,g whereas FF was nearly similar, which could berdsailt of high PCBM content.
Reduced PCE for these devices were attributededather J.values obtain for these devices.
Additive treatment was given to (1:1) 2D-NDT(Estd?)C1BM to improve the efficiency. Using
0.5% DIO, PCE reaches to 0.97% with improvegod 3.29 mA/cm and FF of 31.22, with
reduced V. of 0.95V. Increasing to 1% DIOsJand FF were elevated to 3.75 mAfcand
35.50, PCE reaches to a maximum of 1.22% wighd¥ 0.91. Further increasing DIO to 1.5 and
2%; Jc. and FF were dropped with similapd/PCE changes to 1.07 and 0.81% respectively. For
2D-NDT(Amide), system, (1:1) and (1:2) blend ratio system, shawerage PCE of 0.25 and
0.30%. Further increasing the blend ratio to (h&)hest PCE of 0.35 % withsJof 1.81
mA/cn?, Vo 0.64 and FF of 30.79 was obtained. For (1:4) bleid, PCE dropped to 0.33 %
as a result of reduced.df 1.66 mA/cn and Vi 0.62, whereas FF of 32.62 was observed. In
order to further improvise the device performaral) was used for optimized blend ratio of
(2:3). For 0.5 % DIO, (1:3) 2D-NDT(AmidgPC;:BM system, PCE was reached to 0.41%,
with improved ¢ and FF. For 1% DIO, device parameters were imgt@red PCE elevated to
0.55% with higherslof 2.36 mA/cni and FF of 36.95, whereasMemain unchanged to 0.64V.
Further increasing DIO to 2%, all the device par@msewere reduced and PCE was dropped to
0.33%.

External quantum efficiency (EQE) Fig. 3b was meedufor best devices, the observed
wavelength range for the EQE spectra of the devies® consistent with UV data (from 300-
600 nm). For (1:2) 2D-NDT(TPR)PC:BM device shows a maximum value of 14% at 360 nm.
Whereas (1:1) 2D-NDT(EsterPC;;.BM device, shows EQE almost at every wavelengthn wit
highest 23% at 380 nm. 1% DIO (1:1) 2D-NDT (Est&®;;BM device system, shows improved
EQE of over 27% at 380 nm. For (1:3) 2D-NDT(AmigdeX:;:BM device, 17% EQE at 380 nm
was observed which was improved to 21% at 380atfter addition of 1% DIO . Observed EQE

explains the improvedJfor additive processed devices.

10
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Fig. 3.(a)J-V curves of (1:2) 2D-NDT(TPR)PC;:BM, (1:1) 2D-NDT(Estery:PC;:BM and
(1:3) 2D-NDT(Amide):PC;1BM. (b) EQE spectra of the corresponding devicah wiaximum
PCEs.



Table 2.Photovoltaic performances of small molecules baséat cells.

Active layer Jsc (MA/cnT) \(/\?)C FF (%) I?O/CO)E

(1:1) 2D-NDT(TPD):PG;BM_CB 158 071 2561  0.29
(1:2) 2D-NDT(TPD):PG;BM_CB 1.66 073 2720  0.33
(1:3) 2D-NDT(TPD}:PG;BM_CB 1.54 073 2701  0.30
(1:4) 2D-NDT(TPD):PG;BM_CB 1.38 072 2602 026
(1:1) 2D-NDT (EsteryPG;:BM_CF 278 098 3072 084
(1:2) 2D-NDT(Ester.PC;:BM_CF 2.05 098 3169 064
(1:3) 2D-NDT (EsterPG;:BM_CF 176 093 3124 051
(1:4) 2D-NDT (EsteryPC;:BM_CF 155 080 3130  0.39
0.5% DIO, (1:1) 2D-NDT(Estex)PC;:.BM 3.29 0.95 31.22 0.97
1.0% DIO, (1:1) 2D-NDT(EstesPCr1BM 3.75 091 3550  1.22
1.5% DIO, (1:1) 2D-NDT(EstesPCr1BM 3.63 092 3201  1.07
2.0% DIO, (1:1) 2D-NDT(Estex)PC;:.BM 2.79 0.92 29.61 0.81
(1:1) 2D-NDT(Amide):PG;BM _CF 1.49 063 2684 025
(1:2) 2D-NDT(Amide}:PC;:.BM _CF 1.67 061 2989  0.30
(1:3) 2D-NDT(Amide):PG;BM _CF 1.81 064 3079  0.35
(1:4) 2D-NDT(Amide}:PG;:.BM _CF 1.66 062 3262 033
0.5% DIO,(1:3)2D-NDT(Amide}PGC;:BM 1.83 064 3504 041
1.0% DIO, (1:3) 2D-NDT(Amide)PCBM 2.36 064 3695 055
1.5% DIO, (1:3) 2D-NDT(Amide)PCBM 2.13 065 3590  0.50

2.0% DIO, (1:3) 2D-NDT(Amide)PC;1BM 1.67 0.62 3238  0.33
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To gain molecular ordering of the small moleculesaisolid state, thin film-X-ray diffraction
(XRD) analysis on Si-wafer were performed and shawhig. 4. The pristine film display low
angle diffraction peak atf2= 4.58 arising from the (100) plane, correspondmthed-spacing

of 19.27 A. The much stronger peak intensity of RDT(TPD), indicate high crystallinity and
ordered molecular arrangement. The high crystaflioould be beneficial for carrier mobility,
which would lead to highersJand FF as consequence of effective transport aliecton of
charge carrier in OSC devices. 2D-NDT(Est@nstine film shows low diffraction angled sharp
peak at 2 = 5.18 arising from the (100) plane, corresponding to dhgpacing of 17.05 A,
whereas 2D-NDT(Amide)show the broad peak with low intensity at 2 4.066 for the d-
spacing of 21.070 A. The stronger intensity andsimeak of estesuggest high crystallinity
with ordered molecular domain compared to amorplemage molecule. Peaks at the lower
angle are generally attributed to the main plarfesyall molecules segregated by alkyl chains.
Thed spacing calculated by Bragg equation for 2D-NDTBs (17.05 A) is smaller than 2D-
NDT(TPD), (19.27 A) 2D-NDT(Amine) (21.070 A), which indicate effective interdigitete
packing in ester, than amine and 2D-NDT(TPDplecules.

—— 2D-NDT(TPD),
—— 2D-NDT(Ester),
—— 2D-NDT(Amide),

Intensity (a.u.)

20

Fig. 4. XRD pattern of 2D-NDT(TPD) 2D-NDT(Ester) and 2D-NDT(Amide) on Si-wafer.
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2.4. Morphology

To gain inside into photovoltaic performance dstadtomic force microscopy (AFM) of the
optimized active layer was measured as shown in Fig-or (1:2) 2D-NDT(TPDBQ)PC;:BM
blend systems, small aggregates of PCBM domaindeaseen with root mean square (RMS)
roughness values of 0.68. Higher crystallinity BFRDT(TPD), resulted in improper miscibility
of donor-acceptor at the nanoscale, which mightehaffected the PCE for 2D-NDT(TPD)
device. For (1:1) 2D-NDT(EsterPG;1BM device, good interpenetrating morphology withsrm
of 2.71 nm was observed. Small domains size ofratdid-20 nm were seen, generally required
for effective charge generation and transfer t@peesve electrodes [32]. It also explains the
higher J. and V. obtained for this device. Whereas in 1% DIO (RDyNDT(Ester):PCG:1BM
device optimal rms of 0.98 nm, with nanoscale molpyly and phase separation, which is
comparable to exciton diffusion length is observHue increased roughness of the surface is an
indication of self-organization of small moleculedaPCBM domains in the blend, promoted by
addition of DIO, which in turn enhances the ordesédicture orientations in active layer film
state, essential for promoting exciton dissociateo charge separation towards respective
electrodes. This nano-optimized, desired morphologgroved 4. and FF of this device and
resulted in highest efficiency. For (1:3) 2D-NDT(#&ta):PC;;.BM device, higher rms of 3.47
nm and larger phase domains likely a result ofstiheng aggregation due to the intermolecular
hydrogen bonding of amide molecule was observeryd_aggregated domains of PCBM restrict
the charge generation and percolation towardse$yeective electrodes which restrict thgadd
FF, thus lower PCE for these devices. In 1% DIG)2D-NDT(Amide}:PC;:BM device, after
addition of DIO, significantly reduced domain siaed lower rms of 0.38 nm was observed;
highly homogeneous system with optimized (D-Agipenetrating network might have formed
for this system, which ensured the efficient peatioh channels for charge transport. Thus

improved J. was observed for this device.
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1% DIO
(1:2) 2D-NDT(TPD),;:PC;BM  (1:1) 2D-NDT(Ester),:PC;BM  (1:1) 2D-NDT(Ester),:PC-,BM
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Fig. 5. AFM images of (1:2) 2D-NDT(TPR)PC;1BM, (1:1) 2D-NDT(Ester):PC;1BM and
(1:3) 2D-NDT(Amide):PC;;BM blend films.
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2.5. Charge mobility

To evaluate the influence of charge carrier mgpibh photovoltaic performance, hole and
electron mobility of (1:2) 2D-NDT(TPDR)PC;:BM, 1% DIO (1:1) 2D-NDT (Estep)PC:BM and
1% DIO (1:3) 2D-NDT(AmideyPC;1BM device, were measured by space-charge limited
current (SCLC) method, using the device architeciliO/PEDOT:PSS/active layer/Ma@dg

for holes and ITO/ZnO/active layer/LiF/Al for eleshs, respectivelyJ-V Characteristics of
hole-only and electron only devices are shown @ BilO and results are summarized in table 1.
(1:2) 2D-NDT(TPD):PG,1BM device exhibits low hole mobility.f) of 6.62 x 10 cn? V* S*
and electron mobility.() of 5.07 x 1¢ cn? V! S*, with unbalanced electron to hole rati@/gn

= 765.86), which explain the lower efficiency ofshievice. Higher.() of 2.91 x 10 cnf V*

St and fe) of 8.08 x 10 cn? V! S* was observed for 1% DIO (1:1) 2D-NDT(EstePC1BM
device. The higher electron mobility could be atited to the better planarity and improved
molecular packing of 2D-NDT(Esterjnolecule in the photoactive layer [33-34] Well-drated
electron to hole ratiout/un = 2.78), an important pre-requisite for achievirighhefficiency,
which also explains improvedJand FF for this device [35] These mobility valua® in
agreement with UV and XRD result. The UV absorptaond XRD indicate 2D-NDT(Ester)
molecule shows strongerz molecular stacking in the solid state. Closed mbr packing
favors better charge transport properties along faworable film morphology, [26] explains the
higher performance for 2D-NDT(Esterlevice. For 1% DIO (1:3) 2D-NDT(AmidePC;1BM
device, lower 4,) of 5.20 x 1¢ cnf V! S and fi) of 7.04 x 1¢ cnf V! S* with unbalanced
ratio (ud/un = 135.38) was observed, than 2D-NDT(Estenplecule based device. The lower
charge carrier mobility for 2D-NDT(Amidg)molecule can be attributed to disturbeg-rz
stacking and random molecular ordering induced tbgng intermolecular hydrogen bonding

between the amide molecules [25].
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3. Conclusion

We developed, new 2D NDT donor based small molec@®-NDT(TPD), 2D-NDT(Ester)
and 2D-NDT(Amide) comprise of A-D-A main framework, with 2D-NDT coend capped
with TPD, ester and amide acceptor units. The nubdscshow good thermal stability, spectral
coverage, and sufficiently higher HOMO energy leveFor OSCs based on (1:2) 2D-
NDT(TPD),:PC;:BM device, an improper blending of donor and atmegomponent, has
limited the J.and FF, also low and unbalanced charge mobilityresisicted PCE to 0.33 %. In
case of ester molecules, 2D-NDT(Este®ntrolled molecular interaction, that maintain tig
crystallinity, effectiver-z stacking along with the intermolecular compattiikvith PCBM in
active blend were observed. For (1:1) 2D-NDT(BsteC;1:BM device, PCE of 0.84% was
observed. Further treating with 1% DIO of (1:1) RIDT(Ester):PC;1BM device, highest PCE
of 1.22% was achieved, as a consequence of phpaeatsl morphology and balanced charge
mobility. Whereas, in 2D-NDT(Amide) hydrogen bonding dominated the other intermobacul
interaction, also cause aggregations which givetosunfavorable morphology, limits the charge
generation and charge transfer in active layer.(E®) 2D-NDT(Amide):PC;;BM device, PCE
of 0.35% was observed, further with 1% DIO (1:3)-RDT(Amide),:PC;;BM devices PCE
reached to 0.55%. This preliminary work demonssrdibat this kind of two-dimensional small
molecules offers a good strategy to design new guadtaic small molecule based donor
materials, further optimization of the morphology an active layer would greatly improve the
performance of the devices.
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4. Experimental
4.1 Materials and general methods

All the moisture sensitive reactions are carriec idry vessel under nitrogen ANatmosphere,
unless stated otherwise, starting materials wetairmdd from Aldrich, across and used without
further purification. Anhydrous THF, toluene and labform were distilled over
Na/benzophenone prior to use. Chemical shifts weperted ag values (ppm) relative to the
internal standard tetramethylsilane (TMS). The U¥-absorption spectra of films or solutions
were obtained using a Shimadzu UV-2550 spectropheter. Photoluminescence (PL) spectra
of films were obtained using an FP-6500 (JASCO)erimogravimetric analysis (TGA) was
carried out with a TA Instrument Q-50 at a scanmig of 10°C min™ under a N atmosphere.
Differential scanning calorimetry (DSC) experimemsre performed on a TA Instrument (DSC
2910) at a heating rate of 10C min* under a N atmosphere. Cyclic voltammetry (CV)
measurements were made using a VersaSTAT3 (METH&gtechemical Analyzer under
argon at a scan rate of 50 mV at room temperature, where a Pt wire and Ag/Ag&leaused
as counter and reference electrodes, respectiVbl/reference electrode was calibrated with the
ferrocene/ferrocenium (Fc/Pcredox couple (4.4 eV below the vacuum level) aseaternal
standard. The samples were prepared in chlorofatotign with 0.10 M tetrabutylammonium
hexafluorophosphate (n-BMPFs) as the electrolyte. The surface morphology wassued
using a Digital Instruments Multimode atomic foroeicroscope (AFM) controlled by a
Nanoscope llla scanning probe microscope 20 cdetrol

2-(2-Ethylhexyl)thiophene (1)

Under the protection of N n-butyllithium (2.53 mL, 2.5 M), was added dropwito the solution
of the dry THF solution (20 mL) containing thiopleefl gm, 11.8 mmol) af’G. After stirring it
for 30 mins, 3-(bromomethyl)heptane (2.53 mL, 1mthol) was added and warm to room
temperature for overnight. The reaction was pouretb water and extracted with
dichloromethane. The extracted organic phase weash wath brine, dried over MgSQand
concentrated to get crude product as brown liquid¢ch was further vacuum distillate to obtain
pure compound 1 as colorless oil (0.750gm, 32#%)NMR (400 MHz, CDGJ): § 7.13 (d, 1H),
6.93 (d, 1H), 6.77 (d, 1H), 2.78 (d, 2H), 1.3 (nk{)90.89 (t, 6H)."*C (100MHz, CDCkL): &
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144.37, 126.52, 124.93, 122.89, 41.46, 33.82, 328384, 28.81, 25.48, 25.15, 22.98, 14.11,
10.80.

(5-(2-Ethylhexyl)thiophen-2-yl)trimethylstannane (2

In a dried, 2-neck round bottom (100 mL) under phetection ofN, n-butyllithium (1.22 mL,
2.5M) was added dropwise to the dry THF (20 mLus8oh of compound 1 (0.5 gm, 2.54 mmol)
at -78°C for 0.5 hr. Then SnBCI (3.31 ml, 3.3 mmol) was added to the reactiortane at -78
°C . The reaction mixture was further stirred at g8 for 1 hr and then warm to room
temperature for overnight. Reaction was poured wdter and extracted with dichloromethane.
Organic phase was wash with brine, dried over Mg&@l concentrated to obtain brown crude
liquid (0.68 gm, 75 %)*H NMR (400 MHz, CDCY): 5 6.97 (d, 1H), 6.83 (d, 1H), 2.76 (d, 2H),
1.31-1.24 (m, 9H), 0.84 (t, 6H), 0.34 (s, 9HC (100 MHz, CDGJ): & 150.31, 134.87, 126.52,
124.92, 41.46, 32.89, 29.97, 28.88, 26.96, 23.82,46 10.80, -8.25.
5-(2-Ethylhexyl)-2,3'-bithiophene (3)

A mixture of compound 2 (0.5 gm, 1.39 mmol), 3-bothmophene (0.2 gm, 1.25 mmol),
Pd(PPh)4 (0.08 mg, 5 mol%) were added to a 50 mL flameetitigo-neck flask and subjected
to three vacuum/argon fill cycles,Megassed dry Toulene (10 mL) was added and thiiraix
was stirred for 15 min flushing NN The reaction mixture was heated to reflux forte4After
completion of the reaction, Toulene was removecdeumeduced pressure and the crude product
was purified by column using a hexane as an ela#otded compound 3 as colorless liquid
(0.24 mg, 70%)*H NMR (400 MHz, CDCJ): & 7.33 (m, 3H), 7.02 (d, 1H), 6.69 (s, 1H), 2.75(d,
2H), 1.31 (m, 9H), 0.9 (t,6H}C (100 MHz, CDG)): § 144.24, 136.74, 134.73, 128.75, 126.51,
125.61, 122.88, 122.40, 41.44, 34.17, 32.34, 228618, 22.99, 14.13, 10.82.
2'-Bromo-5-(2-ethylhexyl)-2,3'-bithiophene (4)

Compound 3 (0.093 gm, 0.33 mmol) was dissolvedOnmlL of Chloroform:Acetic acid. NBS
(0.059 gm, 0.33 mmol) was added in portion andt@acovas allow to stir in dark at room
temperature for overnight. The resultant brown sofuwas then diluted with 30 mL of water
and extracted with dichloromethane. Organic phaas washed with brine solution and dried
over anhydrous MgS{) evaporated to obtain brown crude. Purification bglumn

chromatography using silica gel with hexane aslaen¢ gave (0.065 gm, 55%) compound 4 as
yellow liquid. '"H NMR (400 MHz, CDCY): § 7.22 (d, 1H), 7.17 (d, 2H), 6.66 (d, 1H), 2.69 (d,
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2H), 1.32 (m, 1H), 1.27 (m, 8H), 0.84 (t, 3HJC (100 MHz, CDGJ): § 145.44, 139, 129.67,
128.46, 128.21, 127.82, 126.28, 112.53, 108.091(4 B4.15, 32.38, 28.86, 25.61, 22.98, 14.09,
10.82.

2,7-bis(5-(2-ethylhexyl)-2,3’-bithiophene-2-yl)naptho[1,2-b:5,6 b’]dithiophene (10)

In a 100 mL two neck flask, Compound 9 (0.330 grb80mmol), compound 4 (0.460 gm, 1.2
mmol, 2.2 eq) and dichlorobis-(triphenylphosphiradgdium(il) (0.020 gm, 0.029 mol) were
added and subjected to three vaccum/nitrogenyfdles. Nitrogen degassed chlorobenzene (15
mL) were added and content were stirred for 15 amder nitrogen. The reaction mixture was
heated to reflux for 24 h. Further reaction wasnghed with 30 mL of water and compound was
extracted with dichloromethane. Organic layer washed with brine, dried over Mg@nd
concentrated under reduced pressure. The resuttiogn crude was purified by column
chromatography eluting with hexane to afford comqubto afford compound 10 as yellow solid
(0.310 gm, 67%)*H NMR (400 MHz, CDCY):  7.73 (dd, 2H), 7.75 (dd, 2H), 7.43 (d, 2H), 7.35
(d, 2H), 7.14 (d, 2H), 6.79 (s, 2H), 2.76 (t, 4H)6 (M, 2H), 1.26 (m, 16H), 0.86 (t, 12HjC
(100 MHz, CDC}): 6 145.95, 138.74, 136.90, 135.64, 134.69, 130.99,2p 128.17, 125.40,
123.95, 123.34, 120.95, 110.57, 40.79, 33.83, 32839, 25.03, 22.56, 13.71, 10.44.

2,7-bis(5-(2-ethylhexyl)-2,3-bithiophene-2-yl)naptho[1,2-b:5,6 b’]dithiophene distanane
(11)

To solution of compound 10 (0.319 gm, 0.40 mmol)TiHF (10 mL) at -78°C, 2.5 M n-
butyllithium in hexane ( 0.386 mL, 2.4 equ) was edidropwise under Natmosphere. After 30
min, trimethyl tin chloride (0.965 mL, 2.4 equ) wadded in one portion and stirred for 30 mins
at -78°C. The reaction mixture was warmed to room tempegaand stirred for overnight. The
reaction was quenched with 20 mL of water and tleenpound was extracted with
Dichloromethane. The organic layer was washed W@hmL brine and dried with anhydrous
MgSQO,. Organic layer was concentrated under reducesymeto obtain brown liquid, which
was used directly for next step 0.41 g (91%).NMR (400 MHz, CDC}): & 7.78 (d, 2H), 7.68
(d, 2H), 7.37 (s, 2H), 7.17 (d, 2H), 6.86 (s, 2B)0 (s, 2H), 2.66 (d, 4H), 1.45 (m, 2H), 1.18
(m, 16H), 0.80 (t, 12H), 0.35 (s, 18HYC (100 MHz, CDCJ): § 145.04, 138.37,137.11, 135.27,
134.76, 134.33, 126.63, 126.52, 125.66, 125.37,2P2824.46, 122.51, 122.42, 121.20, 41.35,
34.12, 32.34, 28.81, 25.52, 22.98, 14.11, 10.838-8
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2D-NDT(TPD),

In 100 mL flame dried flask, compound 11 (0.165 @§1,47mmol), compound 13 (0.121 gm,
0.353 mmol), Pgldba} (7 mg, 5 mol %) and B{Tolyl)3 (5 mg, 10 mol %) were added and
subjected to three vacuum 4 Rl cycles. Previously N2 degassed chlorobenzgfemL) was
added and heated to reflux for 24 hr and was midtby TLC. After completion of reaction, it
was quenched with water and organic layer was ebedawith chloroform. Organic layer was
concentrated under reduced pressure. The resulérgbrown crude was purified by column
chromatography using (4:1) CF: hexane to obtaitk dad solid compound. (80 mg, 42%MH
NMR (400 MHz, CDC}): 5 7.89 (s, 2H), 7.74 (dd, 2H), 7.69 (dd, 2H), 7.862H), 7.48 (d, 2H),
6.95 (s, 2H), 6.67(s, 2H), 3.49 (d, 4H), 2.70 (H),41.78 (m, 2H), 1.3-1.22 (m, 34H), 0.84 (t,
24H).13C (100 MHz, CDdJ): 6 163.04, 162.57, 146.17, 138.86, 137.47, 137.28,7173 133.99,
133.20, 132.43, 131.18, 127.70, 125.77, 125.57,58B25122.58, 121.43, 42.58, 41.36, 38.18,
34.14, 32.34, 30.54, 28.80, 28.53, 25.51, 23.8@423.01, 14.12, 14.04, 10.86, 10.43.
2D-NDT-CHO (12)

A solution of compound 11 (0.37 gm, 0.33 mmol) &loromothiophene-2-carbaldehyde (0.176
gm, 0.92 mmol), PdPRB)a (0.05 equiv) in dry toluene was refluxed and stirfer overnight. The
reaction mixture was cool to R.T. and diluted wtH,Cl,. The organic layer was washed with
water and brine; dried over Mg$Qand concentrated in vacuum. The crude compourgl wa
purified by flash column chromatography using thixtore of hexane/CKCl, (1:1.5) as the
eluent to afford the corresponding product as & ded solid (0.16 gm, 48% vyieldJH (400
MHz, CDCL): § 8.9 (s, 2H), 7.78-7.74 (m, 2H), 7.72-7.67 (m, 3A¥3 (s, 2H), 7.31 (s, 2H),
7.21-7.18 (m, 3H), 6.92-6.91 (d, 2H), 6.66-6.652H), 2.28 (d, 4H), 1.4-1.1 (m, 18H), 0.89 (t,
12H).13C (100 MHz, CDd): 6 182.42, 146.09, 146.01, 142.17, 139.30, 137.2%,183 134.53,
134.06, 133.32, 133.04, 129.11, 128.12, 127.46,7429.25.55, 125.32, 124.55, 122.58, 121.43,
41.36, 34.09, 32.33, 28.79, 25.51, 22.99, 14.1861l0

2D-NDT(Ester),

A solution of compound (12) (0.08 g, 1 equiv.) &zdthylhexyl 2-cyanoacetate (0.155 gm, 10
equiv.) in dry CHG| was refluxed overnight with catalytic amounts akthylamine. The
reaction mixture was cool to R.T. diluted with &H,. The organic layer was washed with water

and brine; dried over MgS©and concentrated in vacuum. The crude compoursdpwafied by
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flash column chromatography using chloroform aseflient to afford the corresponding product
as a dark red solid (0.075 gm, 69% yiefd#). (400 MHz, CDC}): & 8.1 (s, 2H), 7.76-7.61 (m,
6H), 7.45 (s, 2H), 7.36 (m, 2H), 7.22-7.21 (d, 261p3-6.92 (d, 2H), 6.67 (d, 2H), 4.06 (d, 4H),
2.7 (d, 4H), 1.6 (m, 4H), 1.25 (m, 32H), 0.89-0(F924H).*C (100 MHz, CDGJ): § 163.02,
146.22, 146.17, 145.92, 138.91, 137.29, 134.25,2034.34.12, 133.44, 133.20, 129.49, 127.56,
125.77, 125.58, 125.34, 124.74, 122.61, 121.478B1%8.90, 41.40, 38.80, 34.14, 32.32, 28.92,
28.82, 25.52, 23.77, 23, 22.94, 14.13, 14.03, 0184l

2D-NDT(Amide),

A solution of compound (12) (0.08 gm, 1 equiv.) @dyano-N-(2-ethylhexyl)acetamide (0.271
mg, 20 equiv.) in dry CHGIlwas refluxed overnight with catalytic amountsredthylamine. The
reaction mixture was cool to R.T. diluted with &H,. The organic layer was washed with water
and brine; dried over MgSQand concentrated in vacuo. The crude compoundpwaged by
flash column chromatography using chloroform aseflient to afford the corresponding product
as a dark red solid (0.035 gm, 37% yief#. (400 MHz, CDC)): & 9.8 (br, 2H), 8.2 (s, 2H),
7.79-7.69 (dd, 4H), 7.55-7.54 (m, 2H), 7.45 (d, 2HB3 (d, 2H), 6.93 (d, 2H), 6.66 (d, 2H), 6.1
(d, 2H), 3.29 (d, 4H), 2.7 (d, 4H), 1.3-1.24 (mH}B0.88-0.79 (t, 24H)*C (100 MHz, CDCJ):

0 160.96, 146.51, 145.29, 144.42, 138.60, 135.53,643 127.89, 125.94, 125.59, 125, 121.79,
117.71, 99.92, 43.76, 41.64, 39.67, 34.36, 32.532(8 29.11, 29.05, 25.74, 23.20, 14.38, 14.29,
11.09.

4.2 Solar cell fabrication and characterization

OSCs comprising a BHJ photoactive layer of smallemaes: 6, 6- phenyl-butyric acid
methyl ester (P@GBM) were prepared on a ITO-coated glass substratie & structure of
ITO/PEDOT: PSS/ NDT(TPDR)or NDT(TPDTT)}:PC;:BM/ LiF/Al. Prior to use, the patterned
ITO-substrates were cleaned with deionized wateetaae, and isopropyl alcohol using
ultrasonication, followed by treatment with UV omor(PEDOT:PSS) (Al 4083, H. C. Starck)
was spin-coated (2600 rpm, 40 s) onto the cleah@ddlass at a thickness of 40 nm and dried at
140°C for 20 min in atmosphere and then transferreal énglove box filled with N Blends of
NDT(TPD), or NDT(TPDTT) and PG;BM (Nano-C, USA) with different weight ratios (from
1:1 to 1:4 w/w) were solubilized overnight in ctdbenzene (20 mg n) filtered through a
0.45 mm poly(tetrafluoroethylene) (PTFE)filter asubsequently spin-coated (thickness, 60—-70
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nm) onto the PEDOT:PSS layer of the ITO. The rasyifiims were dried at room temperature
for 20 min under Mand then under vacuum for 12 h. The devices wemgteted by deposition
of a 0.5 nm layer of LiF and a 120 nm Al layer. $bédayers were thermally evaporated at room
temperature under high vacuum at QL0orr. The active area of every device was 9°nife
current density—voltagel{V) characteristics of the photovoltaic devices weieasured in the
dark and under 1 sun illumination at AM 1.5G usangplar simulator (Newport) at 100 mWtctm
2 adjusted with a standard PV reference (2 x Z)cm mono-crystalline silicon solar cell
(calibrated at NREL, Colorado, USA) with a Keithl2¢400 source-measure unit. The external

guantum efficiency (EQE) was determined using afolix K3100 spectrometer.
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Material synthesis

2,7-Bis(trimethylstannyl)naphtho[1,2-b:5,8dithiophene (9) [1], 1-Bromo-5-(2-ethylhexyl)-
4H-thieno[3,4€]pyrrole-4,6(31)-dione (13) [2], 2-Ethylhexyl 2-cyanoacetate [3], 2-Cyano-N-
(2-ethylhexyl)acetamide [3nd Thiophene-2,5-dicarbaldehyde [4] were syn#eeisaccording

to the procedures reported in the literature witihs modification.
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Resear ch Highlights

3 new small molecules based on new 2D-NDT donor core are explored for the bulk-
heterojunction organic solar cell.

Effect of intermolecular interaction in 2D-NDT(Ester), and 2D-NDT(Amide), was
observed and affected the overall device performance.

Power conversion efficiency up to 1.22 % achieved for 2D-NDT(Ester)s.



