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Synthesis, characterization of bay-substituted perylene diimide based
D-A-D type small molecules and its applications as a non-fullerene electron

acceptor in polymer solar cells

Abstract

We report a series of bay substituted perylene idénbased donor-acceptor-donor (D-A-D) type
small molecule acceptor derivatives such as SH, S-lll and S-1V, for the small molecule based
organic solar cell (SM-OSC) applications. The etmttrich thiophene derivatives such as, thiophene,
2-hexylthiophene, 2,2'-bithiophene, and 5-hexyl-bjighiophene, were used as donor (D) and
perylene diimide was used as an acceptor (A). Thehesized small molecules were confirmed by
FT-IR, NMR, and HR-MS. The small molecules showddenand strong absorption in the UV-vis
region up to 750 nm, it reduced the optical bangd ga< 2 eV. The calculated highest occupied
molecular orbital (HOMO), lowest unoccupied molecubrbital (LUMO) were comparable with the
PG:BM. Scanning electron microscope (SEM) studies icawfd the aggregation in the small
molecules S-I to S-IV. Small molecules showed trarstability up to 300 °C. In bulk heterojunction
organic solar cell (BHJ-OSCs), S-I based devicengltba maximum power conversion efficiency
(PCE) of 0.12% with P3HT polymer donor. The PCE wlaslined with respect to the number of

thiophene units and the flexible alkyl chain in bay position.

Keywords: Perylene diimide; Donor-Acceptor; Small moleciien-fullerene; Suzuki coupling.

1. Introduction

Perylene diimide (PDI) based conjugated small mdésc and polymers have received
considerable attention in the academic researchrahgtrial application such as, organic field effe
transistors (OFETSs), fluorescent solar collectelsctro-photographic devices, laser dyes, and OSCs,
due to their cost-effective, stability, easy molacuengineering process for excellent physical,
optical, and electronic properties2]. In the OSCs field, fullerene derivatives are moglely used

as an acceptors. Though modified fullerene accepased OSCs showed excellent results, price,



solubility, low absorption properties, necessitated need for non-fullerene accept8ts[Various
non-fullerene acceptors such as rylene diimide JRD&phthalene diimide (NDI), and perylene
diimide (PDI) based copolymers or small moleculy pcceptors, diketopyrrolopyrrole and
benzothiadiazole based acceptdsst]. Even though a sizeable non-fullerene acceptoesused,

PDls are the most widely studied non-fullerene ptars in the OSCs.

In the recent past extensive research and revigglegrare reported on the PDIs in OSCs and
OFET field. In 2011, Zhou et al., conveyed D-A typelymers which containing the vinylene,
thiophene, dithieno[3,2b:2’,3’-d]pyrrole, fluorendibenzosilole, and carbazole units as donors and
perylene diimide unit as acceptors and achieved R@Be between 0.11-0.299j [in all polymer
solar cells with P3HT polymer donor but the devimaricated with PT-1 polymer donor by using the
mixture of solvents showed a maximum PCE of 2.23Wilarly, in 2013, Zhou et al., isolated regio-
regular and regio-irregular D-A type copolymersRiDl and bithiophene, the device based on the
copolymers achieved a PCE of 0.45 and 0.95% rdsplcin conventional device structure, on the
other hand the PCE was boosted to 1.55 and 2.8y #%dpectively in inverted device structure. Zhan
et al reported a 1.08% PCE for the fused dithidnptiene and PDI based D-A type polymer with
PTTV-PT polymer in all polymer solar cell8][ In 2015, Dai et al reported thienylenevinylermndr
and PDI acceptor based D-A type co-polymer andeaeki a PCE of 1.0% with PBDTTT-CT
polymer donor 10]. The main setback to PDI polymers is very low P@&Eh minimum

reproducibility.

To rectify the setbacks of PDI polymer acceptonsouss small molecule based acceptors are
reported. The significant type of PDI small molesul as follows, N-substituted
symmetrical/asymmetrical PDI's, bay substituted snondiimides, and ortho-substituted PDI4][
Out of the above PDI based small molecules, N-#ubsti PDIs showed a lower PCE in the range
from 0.01 to 0.18% with P3HT polymer dond2]. Even though ortho-substituted PDIs showed a
maximum PCE of 3.62%8] with PBDTT-FTTE polymer the production difficultgads to new type
of PDIs. Bay substituted PDIs based small molecplag a vital role in the non-fullerene acceptors.

In the PDI based small molecule D-A-D or A-D-A typmall molecules showed better results due to



the effective intramolecular charge transfer (ICIQT enhanced the absorption near to infrared
region. Some of the bay substituted symmetricalsPibbwed a maximum PCE of 3.17% with P3HT
polymer donor 14]. The highest PCE is comparable with the P3HT R6gBM based device under

similar condition. The introduction of electron higroup in the PDI core directly influenced the
HOMO and LUMO energy levels of the PDI core. Hente, easy way to tune the photo-physical
property was introduction of electron rich grouptte bay position. Similarly, ortho or bay bridged
PDIs showed the PCE between 0.90-2.35% with P3H{ney donor 5], but with other polymer

donors such as PPDT2FBT it showed a maximum PCE28f6. Hence, it was clear PDI based small

molecule acceptors showed better PCE, reprodugibilan the PDI based polymer acceptors.

Fascinated by the foresaid result, in this paperep®rt the synthesis, characterization and
photophysical studies of bay substituted D-A-D tygiel small molecules. We studied the effect of
bay substitution in UV-vis absorption, electrocheahi properties, HOMO, LUMO energy level,

thermal stability and surface morphology.

2. Experimental Section

2.1 Instruments and measurements.

Fourier transform-infrared (FT-IR) spectra wereorgled by the KBr disc method using
Shimadzu IR Affinity-1S spectrophotometer. FT-IRespa were recorded in the transmittance mode
over the range of 500-4000 ¢mUV-vis spectra were recorded with the Hitachi 21Q
spectrophotometer. UV—-vis experiments were camigtdfor the spin cast thin film (2400 rpm) with
the same instrument. Fluorescence spectra wereumeelady using Hitachi F-7000 fluorescence
spectrophotometetH and™*C NMR spectra were recorded on Bruker 400 MHz spewter using
CDCl; as the solvent. The electrochemical behaviouhefdmall molecules were studied by using
CH Instrument. Cyclic voltammogram was recordethiree electrode workstation, which containing
the Platinum wire as working electrode, a standaidmel electrode, and Pt disc as counter electrode
0.1 M tetrabutylammonium hexafluorophosphate ,{BtF;) in dichloromethane (DCM) as the
supporting electrolyte at a scan rate of 50 MV TEhermogravimetric analysis (TGA) was conducted
under the inert nitrogen atmosphere with a SDT Q680ument. The sample was heated at a heating
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rate of 20 °C mift in the temperature range from 35 to 800 °C. HR4p8ctroscopy was recorded

by using Jeol GCMS GC-Mate.

2.2 Fabrication of BHJ-OSCs

The BHJ-OSCs were fabricated using the following nfiguration:
ITO/PEDOT:PSS/P3HT:S-I to S-IV /LiF/Al. The ITO-cleal glass substrates were ultrasonically
cleaned with detergent, purified deionized wategtene, and isopropyl alcohol. The 40 nm thick
PEDOT:PSS (Clevios PH1000) layer was spin-coatdd tre pre-cleaned and UV- ozone treated
ITO substrate followed by annealing in air at 180fdr 30 min. The P3HT: S-I to S-IV blend was
prepared in chloroform (CF), at a 1:1, weight ratith a total blend concentration of 15 mg L
The blended solution was filtered with a 0.45 mnFEThydrophobic) syringe filter and the active
layer was spin-coated over the PEDOT:PSS modifi€2l anode and dried at room temperature for 1
h. Lithium fluoride (LiF) (0.5 nm) and aluminum (A¢athodes (100 nm) were deposited on top of the
active layer under vacuum less than 5.0 % id@r to yield an active area of 9 riper pixel. The
evaporation thickness was controlled by a quarystal sensor. The film thickness was measured
with a a-Step 1Q surface profiler (KLA Tencor, San Jose,)CPhe performance of the BHJ-OSCs
were measured using calibrated airmass (AM) 1.5@&r simulator (Oriel Sol3A Class AAA solar
simulator, models 94043A) with a light intensity 80 mW crif adjusted using a standard PV
reference cell (2 cm x 2 cm monocrystalline silicmtar cell, calibrated at NREL, Colorado, USA)
and a computer controlled Keithley 236 source measnit [L6]. All device fabrication procedures

and measurements were carried out in air at roompéeature.

2.3 Materials.

High purity analytical grade (A.R) chemicals wergrghased and used as received from the
reputed chemical suppliers. 1, 7-dibromo-perylee9310-tetracarboxylic dianhydride (Br-PTCDA),
N,N’bis-(2,6-diisopropylphenyl)-1,7-dibromoperyle3el:9,10-tetracarboxylic acid diimide (Br-PDI-
IA), thiophene boronic acid pinocol esters (T-ITtdV) were prepared from the previous reported

work [17-19].



2.4 General procedure for the synthesis of 1,7-disubstituted PDI small molecules S| to S
V.

Synthesis of small molecules was shown in Big.In a 3 neck round bottom (R. B) flask
0.433 g of Br-PDI-IA (0.5 mmol) was dissolved in 8L of dry THF and purged with Nor half an
hour. To this 2 mole % Pd(PRh(0) catalyst was added. The temperature was r&isb@ °C and 5
mL of 2 M aqu. KCO; was added. Finally, to the above reaction mixtiverse thiophene boronic
acid pinacol ester derivatives (T-1 to T-1V), 1 mimeas added and refluxed overnight under inert N
atm. After, cooled to room temperature, 5 mL of HEBI was added and the mixture was extracted
with CH,CI,, dried over Ng5Q, and concentrated. The residue was purified byurool
chromatography using 20% DCM as eluent and findlig,titled products S-I to S-IV were obtained.
Appearance, percentage of yield, molecular fornM&.), NMR and HR-MS data for the individual

compounds were given below.

2.4.1 Analytical data for the small molecule S-1.
Violet colour powder, yield-57% M.F+gH4eN204S;. 'H NMR [400 MHz, CDC}, 6=7.26

ppm, s], 8.76 (s, perylene H, 1H), 8.34-8.32 (dyleme H, 1H), 8.21-8.19 (d, perylene H, 1H), 7.53-
7.52 (d, thiophene H, 1H), 7.51-7.47 (t, thiophéheH), 7.40 (broad s, thiophene H, 1H), 7.35-7.33
(d, benzene 2H, 1H), 7.22-7.21 (m, benzene 1H, 2HB-2.71 (sep, methylene H, 2H), 1.18-1.16 (d,
methyl H, 12H),*C NMR [100 MHz, CDC}, $=77.16, 3 peaks], 163.39, 163.34, (C=0), 145.67,
143.57, 136.27, 135.18, 133.85, 133.58, 130.48,3430129.86, 129.72, 129.57, 128.98, 128.70,
128.49, 127.69, 124.13, 122.44, 122.19, (aromatiban), 29.22, 24.07, 24.00, (isopropyl carbon).

HR-MS calculated mass 874.29 and found mass 874.10.

2.4.2 Analytical data for the small molecule S-11.
Green colour solid, yield-53%, M.FsgH70N20,4S;. 'H NMR [400 MHz, CDC}, 6=7.26 ppm,
s], 8.65 (s, perylene H, 1H), 8.25-8.22 (s, pemyléh 2H), 7.41 (t, benzene H, 1H), 7.27-7.25 (d,

benzene H, 2H), 7.17-7.11 (d, thiophene H, 1H)9®®0 (d, thiophene H, 1H), 2.81-2.77 (sep,



methylene H, 2H), 2.72-2.68 (m, methylene H, 2H$411.61 (t, methylene H, 2H), 1.47-1.41 (m,
methylene H, 6H), 1.18-1.10 (m, methylene H, 12H§1-0.80 (t, methyl H, 3H)'*C NMR [100
MHz, CDCh, §=77.16, 3 peaks], 163.46, 163.42, (C=0), 149.8%,. 7Y 140.91, 136.24, 135.41,
134.04, 130.06, 130.11, 129.66, 129.61, 127.44,8829.24.09, 122.31, 122.10, (aromatic carbon),
31.55, 31.48, 30.34, 29.21, 28.66, 24.06, 23.985224.03 (hexyl amine carbon). HR-MS calculated

mass 1042.48 and found mass 1042.15.

2.4.3 Analytical data for the small molecule S-I11.

Green colour solid, yield-57.8%, M.FgflsgN,O,S;. 'H NMR [400 MHz, CDC}, 6=7.26
ppm, s], 8.78-8.75 (d, perylene H, 1H), 8.46-8.86 [perylene H, 2H), 7.50-7.46 (t, benzene H, 1H),
7.34-7.05 (m, benzene and thiophene H, 6H), 2.78-&ep, methylene H, 2H), 1.25-1.17 (d, methyl
H, 12H). *C NMR [100 MHz, CDC}, $=77.16, 3 peaks], 162.28 (C=0), 144.61, 141.03,6¢39
135.49, 135.08, 132.07, 129.46, 128.70, 127.55,0627124.36, 124.13, 123.53, 123.10, 121.45
(aromatic carbons), 28.68, 28.17, 23.06, 22.98.NHR-calculated mass 1038.27 and found mass

1038.12.

2.4.4 Analytical data for the small molecule S-1V.

Green colour solid, yield-48%, M.F7H74N>0,S,. 'H NMR [400 MHz, CDC}, 6=7.26 ppm, s],

8.77 (s, perylene H, 1H), 8.46-8.44 (d, perylend H), 8.37-8.35 (d, perylene H, 1H), 7.35-7.33 (d,
benzene H, 1H), 7.30-7.29 (d, thiophene H, 3H)8-7Z.17 (d, thiophene H, 1H), 7.04-7.03 (d,
thiophene H, 1H), 6.71-6.70 (d, thiophene H, 1H312.75 (m, methylene H, 4H), 1.67-1.69 (m,
methylene H, 2H), 1.32-1.18 (m, methylene H, 12H).7-1.16 (d, methylene H, 12H), 0.90-0.87 (t,
methyl H, 3H),*C NMR [100 MHz, CDC}, 6=77.16, 3 peaks], 163.35, 163.33, (C=0), 146.70,
145.67, 141.34, 133.89, 133.54, 130.43, 129.70,6828.28.54, 125.07, 124.34, 124.28, 124.12,
122.44, 122.19, (aromatic carbon), 31.57, 30.23212928.75, 24.00, 24.01, 22.56, 14.08 (hexyl

amine carbon). HR-MS calculated mass 1206.45 amadfonass 1206.24.



3. Results and Discussion

3.1 Synthesisand characterization

The synthetic pathway to the Br-PDI-IA and divetb@®phene boronic acid pinocol ester
derivatives T-I to T-IV were followed from the piieus reports 17-19]. In the first step thiophene
boronic acid pinocol ester derivatives were syneesfrom the diverse thiophene derivative in the
presence of n-butyl lithium and 2-isopropoxy-4,4B,8etramethyl-1,3,2-dioxaborolane at -78 °C in
dry THF solvent under the iner,ldas atmosphere. In the second step Br-PDI-IA waggred by the
N-alkylation between Br-PTCDA and 2,6-diisopropylare in propionic acid as described in
previous literature in good yields. Finally, smaiblecule S-I to S-IV were synthesized by Suzuki
coupling method between the diverse thiophene horwid pinocol ester derivatives and Br-PDI-IA.
The small molecules were easily soluble in mogheforganic solvents, especially in the DCM and
CHCl;. 'H NMR and™C NMR spectra were performed in CQ@blution at room temperature. From

data obtained from the HR-M84 and™*C NMR, the product formation was confirmed.

3.2 FT-IRanalysis

Functional group of the small molecules and stgrtimaterials were confirmed by FT-IR
spectra. In the FT-IR spectra of the small molex@d to S-IV, the aromatic C-H stretching appeared
at 2958 cril, aliphatic C-H stretching appeared in between cm, C=0 in plane asymmetric
stretching appeared at 1706 tnC=0 out-of-plane symmetric stretching appearesvéen 1701-
1705 cni, C=C stretching frequencies appeared between 1668-cni', C-N stretching frequencies
appeared between 1394-1398tand the C-S bending frequencies appeared betwak8: 1056 crn
! Vibrational frequency comparison for the smalll@coles S-I to S-1V with Br-PDI-IA showed the
drastic change in the functional group stretchiregiencies40]. It confirmed the formation C-C

coupling bond in the perylene diimide core.

3.3 'H and °C NMR analysis



'H NMR and**C NMR spectra were performed in CRGolution at room temperature.
Apparently in the'H NMR spectra of small molecules, except S-II, toenplete appearance of the
perylene protons as one pair of singlet and twospaidoublet in the range of 8.0-9.0 ppm. In cafse
S-lI, the'H NMR spectra showed two pairs of singlet whichénalifferent intensity of the peaks in
the same range. The appearance of peryelene priotahe slight upper field than compared with
parent perylenediimide as one singlet and two drahltonfirms the electron rich thiophene group
was inducted into the perylene core structure. Zeediisopropylphenyl proton signals which have
one pair of triplet and doublet peak bearing theesintensity observed in the range of 7.3-7.5 ppm.
In the case of S-1 thiophene protons were appeasetvo doublets and a triplet signals bearing the
same intensity observed in the range of 7.2-7.5.ppnthe case of S-lll due to the number of
thiophene unit increasing the appearance of thiophmotons as two doublets and a triplet signals
bearing the same intensity was observed in theerahd@.0-7.3 ppm. S-Il and S-IV showed specific
one pair of doublet signal in the range of 6.87 pand 6.72 ppm respectively, because of the
presence of hexyl group in theposition to the oligothiophene&1]. Similarly aliphatic methylene
protons of small molecules were appeared as atsapiitle higher field between 2.71-2.64 ppm than

the Br-PDI-IA (2.79-2.69 ppm).

In the**C NMR spectra of small molecules, C=0 peak appeenetmonly over the range of
160 ppm. Coupling carbons appeared in the rangeeleet 135.1-135.4 ppm and the aliphatic carbons
are appeared in the range between 31 ppm to 14 Aprthe number of thiophene increases, their
peaks and peaks of perylene derivatives were qyegth in range over 120 ppm. Along with
disappearance of 120.9 ppm peak for C-Br presetieifC NMR spectra of the starting material Br-
PDI-IA, appearance of new peaks in the region &.1335.4 ppm were consistent with carbon-

carbon bond formation betweerposition of thiophene and PDI core.

3.4 UV-visanalysis
Absorption spectra of the small molecules S-I v Svere measured in CHE(1.0 x 10° M)
as well as thin film are given in Figa and their data were presented in TdblAs compared to the,

Br-PDI-IA, the small molecules S-I to S-IV, showdte UV-vis absorptions with a bathochromic



shift. The red shift was more intense with respgecthe number of thiophene unit, which was
attributed to the intramolecular charge transféwben the donor and acceptor. The small molecules
S-1 to S-IV showed three absorption bands, firshcbappeared between 288 to 348 nm was
recognized to the-n* transition of the PDI core and thiophene, secbadd appeared between 413 to
482 nm was assigned to the electronigSS transition which confirms the donor thiophene
substituents in the bay position, and the thirddbappeared between 567 to 620 nm was attributed to
the $-S; transition of the conjugated thiophene moiety. muwst intense absorption band of S-1 and
S-1l were appeared at 610, and 620 nm respectigatythe other hand, S-Ill and S-IV showed the
most intense peak at 337, and 348 nm respectively due to extended conjugation of the
bithiophene moiety. Among the thiophene (S-1 and) &nd bithiophene (S-lll and S-1V) based small
molecules, S-1ll and S-IV showed more red shifts thnay be due to the,S; transition of more
conjugated bithiophene moiety. The introductiomexyl groups into the thiophene donor, such as S-
Il and S-IV showed red shift with compare to S-da®-lll. This argument was supported to the
highly flexible and donating character of alkyl chaength. The optical band gaps of the small
molecules were calculated from the following equatfl) by substituting the onset absorption edge
of the small molecules. The optical band gaps efdmmall molecules S-I to S-IV in solution state
could be estimated to be 1.93, 1.85, 1.74 and &\6Pespectively. Solid state absorption spectra of
small molecules S-1to S-1V in thin film was meamstiby coating a fine layer of the small molecules
S-l to S-IV over the glass plate (Figb) and the corresponding data were given in Table
Absorption spectra in the film state showed thelamtrends and comparable to the solution spectra.
In the thin film form small molecules S-I to S-IWMi@ved two absorption bands, first absorption band
appeared between 415 to 491 nm, which was attdbistehe &S, transition and the second band
was appeared between 571 to 650 nm, which wabutttd to the $S; transition respectively. There
was negligible difference in they-S; transition between the solution and solid statsogiiion
spectra, but due to close packing lesstransition band showed broad absorption toward$ipher
wavelength region22]. The broadening and red-shift of the bands redutmall band gap. The
optical band gaps of the small molecules S-I t& $althin film could be estimated to be 1.86, 1.72,
1.64, and 1.58 eV from the absorption edges of thevis spectra.

9



E;” = (1240/Onset absorption edge) eV......... 1).(

3.5 Fluorescence property analysis (FL)

The fluorescence spectra (FL) of small moleculds&S-1V in CHCE were recorded upon
the different excitation wavelength and the coroesiing emission values were given in the Tdble
FL spectra of the small molecules S-1 and S-1I carapively showed more intense peak, than the S-
[l and S-IV. The FL spectra of S-Ill to S-IV shodiextremely weak fluorescence due to the efficient
intramolecular charge transfer between the PDI dana thiophene acceptor was shown in Ba.
Bathochromic shift was observed in the FL spedith@® small molecules from S-I to S-1V which was
shown in Fig.3b. Emission peaks for the small molecules S-I t&/ ®bserved at 661, 701, 722, and
756 nm respectively. Stokes shift were calculatednfthe difference between the absorption and
emission peak of small moleculez3]. Stokes shift values of the small molecules 8-BtIV were
94, 113, 112, and 136 chmespectively. Stokes shift values were increasiél i@spect to the number
of thiophene and hexyl group. The high electronadioig thiophene moiety not only increased the
absorption in the UV-vis spectra, but also declirtled fluorescence than compared with parent
perylenediimide dyes due to the extended conjugaifathe thiophene and efficient charge transfer

between the donor and acceptor.

3.6 Cyclic voltammetry (CV) analysis

CV analysis for the small molecules were perfornredCM with 0.1 M BuNPF; as a
supporting electrolyte at a scan rate of 50 rif\insan electrochemical workstation which contaibhs P
wire as working electrode, Pt disc as counter eddet and Ag/AgCI reference electrode was given in
Fig. 4 and the corresponding data were presented in dbé& 2. The onset oxidation and reduction
potential could be used to estimate the HOMO antOJenergy level respectivel®4]. The onset
oxidation potentials of the small molecules S-ISdV were 1.64, 1.49, 1.47, and 1.33 eV and the
corresponding HOMO energy levels were -5.77, -5:6 80, and -5.46 eV, respectively by assuming

that the energy of Fc/Favas -4.8 eV. Onset reduction potential of the smallecules S-1 to S-IV

10



were -0.27, -0.26, -0.22, and -0.21 eV and theutaled LUMO energy levels were -3.86, -3.87, -
3.91, and -3.92 eV respectively. The LUMO valueshefsmall molecules were close to the universal
PGs:BM acceptor 8]. The electrochemical band gaps of the S-1 to $#Uld be estimated to be 1.91,
1.75, 1.69, and 1.54 eV. From the above resulta wlear that the small molecules showed lower

band gaps and comparable LUMO level withsJB8/ acceptors.

3.7 Thermogravimetric analysis

Thermogravimetric analysis of the small molecuted,to S-IV were measured in a nitrogen
atmosphere at a heating rate of 20 °Chfiem 30 to 800 °C was given in Fi§. Thermogravimetric
analysis confirmed that the small molecules S-Btt/ exhibited good thermal stability. The 5%
weight loss of the small molecules S-1 to S-IV oeating were 302, 392, 310, and 430 °C
respectively. So that the small molecules S-IV stable up to 430 °C. The high thermal stability of
the small molecule was due to the rigid perylene @youp P4]. Thermal stability was amplified

with respect to number of thiophene units and adkin.

3.8 Morphology analysis

Morphology of the small molecules were evaluatedhim thin film. Thin films of the small
molecules were prepared by a drop casting methedawglass plate in CHC$olution (0.1 mg mt)
and the morphologies of microstructures were cheraed by SEM corresponding image was shown
in Fig.6. Thin films of the small molecules S-I to S-1V ghedl highly ordered structures. The SEM
images displayed all of the small molecules codfitiently self-assemble into one-dimensional
microstructures with different morphologies. Srmablecules S-I and S-Il were aggregated in flower
like clusters structures with an average width.a@fdm and lengths up to 2 um were obtained. Closer
investigation of these larger clusters indicateat thhey were constructed of bundles of tiny nano-
sheets. But in the case of S-llI, it showed a likdl structure with random shallow traps. Although
small molecules S-IV self-assembled into bundle-likicro sheets, with an average size of 2-3 um.
Aggregation property of the PDI resulted improvid surface roughness. Aggregation was also one

of the important parameters which would enhancetfieient charge transport propergg].
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3.9 Energy level comparison

Energy level diagram was constructed and comparnethé small molecule with the standard
P3HT donor the corresponding diagram was givengn# It was clear that the LUMO energy levels
of the S-I to S-IV (~3.9 eV) were almost closetthie standard PEZBM (~ 4.2 eV) acceptor. Hence
the small molecules S-I to S-1V with the low electhemical band gap and comparable LUMO would

be a very good acceptor material for the OSC agiptin [26].

3.10 Photovoltaic properties analysis

The current—voltage (J-V) curves of small moleci8esto S-1V as the sensitizers in BHJ-OSCs as
cast film was shown in Fi@, and corresponding open-circuit voltagedVshort-circuit current 3,

fill factor (FF), and the PCE are shown in TaBl&'he data from the photovoltaic study revealed tha
the V,. and J. of S-I was maximum, which resulted the highest REEB.12%. The JJ follows the
order of S-1 (0.98 mA cif) > S-lIl (0.73 mA cnf) > S-lIl (0.26 mA crif > S-IV (0.16 mA crif).
Obviously, the ¢ of dyes do not exceed 1 mA érwhich is probably due to the narrow and short
absorption spectra that limited the use of longelewgths energy. Compared with S-1l and S-1V, the
Jc of S-1 and S-lll were a little larger, which mag bue to the stronger aggregation of star shaped
PDI small molecules, which can produce relativetyrenexcited state electrons. Meanwhile, thef)
small molecule S-I are higher than the rest ofstimall molecules, this may be due to the transmissio
ability of electrons in the molecule is also relaly strong. The ¥, of the small molecules S-I to S-
IV were gradually decreased along with the ordeiSafl (0.43 V), > S-lll (0.42 V) > S-IV (0.39 V),

> S-| (0.36 V), which was attributed to the facatthheir HOMO-LUMO band gaps were broaden
gradually, and the excitation of sensitizers istreely difficult. Control device was fabricated der
identical condition in the following order, ITO/ POT:PSS / P3HT: P&EBM/ LiF /Al and the device
based on the P3HT: RBM was showed a maximum PCE of 3.70% with,adf 0.63 V, J. of 9.55
mA cmi? and a FF of 62%. Even though the performanceePthl small molecule was very low but
it was comparable to the some of the previous teft, 27-30]. The performance enhancement was

under progress.

4. Conclusions

12



In summary, bay substituted D-A-D type perylenesdasmall molecule dyes, S-1to S-IV were
synthesized and characterized by FTIRNMR, **C NMR, UV-vis, FL and HR-MS studies. Small
molecules S-I to S-IV showed the broad absorptidrich extended up to 750 nm with good molar
absorption coefficient, which ultimately reducee thand gap value to < 2 eV. The high electron
donating oligothiophene derivatives not only insezhthe absorption in the UV-vis spectra, but also
declined the fluorescence than compared with papenylenediimide dyes due to the extended
conjugation of the thiophene ring. The intramolecuwharge transfer between the electron donating
thiophene and electron accepting perylene diimidee aesulted weak fluorescence. The small
molecules showed excellent thermal stability uB®0 °C. The energy levels of RBM and small
molecules S-1 to S-IV were showed close resemliias,the high thermal stability, good UV-vis
absorption and higher molar absorption coefficiant] lower band gap with good molar absorption
coefficient, was superior to RBM. As a cast film, in BHJ-OSCs small molecule SHowed a
maximum PCE of 0.12% with P3HT polymer donor. Rerimeg small molecules showed lower PCE
than the S-I. PCE was declined with respect to rernolb thiophene units and alkyl chain due to the

larger aggregation in solid state. The performangmentation was under progress.
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L egendsfor Figure

Fig. 1 Scheme for the synthesis of small molecules SS-1d.

Fig. 2 (a) UV-vis absorption spectra of small molecules 8-6tIV in CHC} solution. ) in thin

film.

Fig. 3 (a) FL spectra of small molecules S-1to S-1V in ChIQ x 10° M) (b) bathochromic shift in

FL spectra

Fig. 4 (a) Cyclic voltammograms of small molecules S-I antl &) S-Ill and S-IV in DCM solution

with 0.1 M BuNPF; as supporting electrolyte, at a scan speed of\6@&h{vs. Fc/F¢)
Fig. 5 TGA graph for the small molecules S-I to S-IV acan rate of 20 °C minutes
Fig. 6 SEM images of small molecules S-1to S-IV

Fig. 7 Energy level comparison diagram for small moles8d to S-IV

Fig. 8 Photovoltaic properties of small molecules S-$t®/ with P3HT polymer donor in BHJ-OSCs

Table 1 UV-vis data for the small molecules S-I to S-IVGHCL solution (1 x 16 M) and film.

max

e=x100 LA™ A A% AR pam g

Small A% in (sol) g 9
-1 -1 .
mol.cm®  (fim)  (sol) (sol) (fim) (SO0 (flm)
molecule nm
\ eV
(sol) nm nm nm nm €
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S-l 288,413,567 85,3.4,8 415,572 661 641 664.93 1.86
S-ll 289,433,588 17,7.9,12 435,592 701 670 720L.85 1.72
S-ll 337,466,610 19,10,8.2 471,631 722 713 475174 1.64

S-IvV 348, 482,620 22,17,7.6 491,650 756 765 7841.62 1.58

emi

Sol-Solution,e-molar absorption coefficient,® -absorption wavelengthi, ..., -emission maximum,

A It -absorption onset

Table 2 Electrochemical properties comparison for the §malecules S-1to S-1V in DCM.

Small red E HOMO LUMO Ede Eopt

red-2 red-1 oxi-1 oxi-2 nset onset 9 . 9 §

molecule evV. eV (evp  (evy (eV) (eV)
S-| -0.71 -0.33 176 1.88 -0.27 1.64 5.77 -3.86 1.91 .931
S-ll -0.84 -0.32 164 172 -0.26 1.49 -5.62 -3.87 1.75 .851
S-ll -0.73 -0.28 155 181 -0.22 1.47 -5.60 -3.91 1.69 .741

S-Iv -0.58 -0.27 140 182 -0.21 1.33 -5.46 -3.92 154 621

a. HOMO = — (4.8 — |, Fc/F¢ +EZ, ) b. LUMO = — (4.8 — |, Fc/F¢ +E*) c. Redox potential

for small molecules were measured in DCM with 0. BMINPF; with a scan rate of 50 mVls(vs.

Fc/FS). d. = (1240/ absorption edge) eV in solution.

Table 3 Photovoltaic performances of PDI based small moéc S-1 to S-IV with P3HT polymer

donor in BHJ-OSCs under the illumination of 1.560 ImW cnf. (ITO/ PEDOT:PSS / P3HT: S-1to

S-IV/ LiF /Al)

Small molecule V. J.(MACm?  FF (%) PCE (%)

S-l 0.36 0.98 34 0.12

S-li 043 0.26 14 0.01
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ACCEPTED MANUSCRIPT

S- 042 0.73 21 0.06

S-IvV 0.39 0.16 25 0.02
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