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Abstract

End groups plays very important role to tune the properties and performance of small molecule acceptors.
In this study, theoretical analysis was performed to find the reason why two similar molecule differ in end-group
showed much different performance in organic solar cells. 1,1-dicyanomethylene-3-indanone based small molecule
acceptor (DC-1DT2Tz) showed higher transition dipole moment as compare with malononitrile based small
acceptor (MN-IDT2Tz). DC-IDT2Tz showed lower exciton binding energy as compare to MN-IDT2Tz. As well
as, DC-IDT2Tz showed lower reorganization energy and higher transfer integral as compare with that of MN-
IDT2Tz. All the theoretical descriptors are explaining reason behind the higher efficiency of DC-IDT2Tz. Studying
theoretical parameters can help to check the performance of organic semi-conductor before synthesis. This
work will be helpful for experimental scientists to screen the compounds and to select best one for synthesis.

Key words: Organic solar cells; small molecule acceptors; PTB7-Th; exciton binding energy.

Introduction

Recently, bulk heterojunction (BHJ) organic
solar cells (OSCs) has gained huge fame. Organic solar
cells possess distinct advantages such as easy
synthesis of active layer materials, flexibility, light
weight and large area fabrication. More importantly,

properties of active layer materials (donor and
acceptor) can be easily tuned'2. Fullerene derivatives
have remained most successful electron-accepter
material for long time*®. However, they also possess
few non-avoidable the drawbacks such low light
absorption ability, limited chance electroptical

properties, expensive synthesis and film brittleness’.

This is an open access article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/)
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Therefore, designing of alternative acceptors is
ultimate need.

From recent few years, performance of non-
fullerene acceptors (NFAs) has been significantly
improved. Comparative to competitors, they have
unique advantages such as easily tunable chemical
structures, low cost synthesis and strong absorption
in broad range®4 Non-fullerene small molecule
acceptors are designed by suitable combination of
electron-rich and electron-deficient groups. These
groups controls the energy levels of target
molecules™ 518,

Indaceno[2,1-b:6,5-b]dithiophene (IDT)
based acceptors are among the successful non-
fullerene small molecule acceptors. In 2018, our group
has reported a small molecule acceptor (DC-1DT2Tz)
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based on IDT as middle building block, thiazole as n-
spacer and 1,1-dicyanomethylene-3-indanone (DC) as
terminal electron-deficient group®. The solution
processed BHJ OSCs based on PTB7-Th:DC-IDT2Tz
showed a PCE of 5.81%. From getting inspiration from
this study, another small molecule acceptor was
synthesized by using malononitrile as terminal
electron-deficient unit. Structures of both small
molecule acceptors are given in Figure 1. However,
newly synthesized small acceptor (MN-1DT2Tz)
showed lower performance (3.95%). A detail
computational analysis was performed to find the
reason behind it. So, that avoid the synthesis of
unsuccessful materials and give a design rule future
work.
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Figure 1. Structure of MN-IDT2Tz and DC-IDT2T.

2. Experimental and Computational detail
2.1. Experimental detail
2.1.1. Materials

Unless stated otherwise, all the solvents and
chemical reagents used were obtained commercially
(derthon chemical company, China) and were used
without further purification.

2.1.2. Produce :
Synthesis of compound 3 :
A two necked round-bottom flask was added

compound 1 (265mg, 1.38mmol), compound 2 (813mg,
0.66mmol) and toluene (60mL). The mixture was
deoxygenated with nitrogen for 20 minutes, and then
Pd(PPhs)s (35mg, 0.03mmol) was added. The mixture
was refluxed for 48 hours and then cooled to room
temperature. 150 mL of KF saturated solution was
added and stirred for 30 minutes. The mixture was
extracted with CHCl, (3x100 mL). The organic phase
was dried over anhydrous MgSOs. After removing the
solvent, the residue was purified by column
chromatography on silica gel with CH,Cl,/ethyl acetate
(33:1) as an eluent yielding a yellow solid (830 mg,
89%). 3: 'H NMR (400 MHz, CDCl5):5 = 10.0(s,2H),
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8.32(s, 2H), 7.60(s,2H), 7.22-7.18 (m, 8H), 7.14-7.11 (m,
10H),2.60 (m, 8H), 1.61-1.57 (m, 8H), 1.32-1.29 (m, 24H),
0.9(m, 12H) ppm.

Synthesis of MN-IDT2Tz :

3(575 mg, 0.51 mmol), malononitrile (136 mg,
2.05 mmol), and basic aluminum oxide (2.2 g) in
anhydrous toluene (60 mL) was heated to 110 °C and
stirred for 2h. The reaction mixture was then cooled to
room temperature, and the basic aluminum oxide residue
was removed by filtration and thoroughly washed with
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toluene. The solvent of the filtrate was removed by
rotary evaporation, and the crude product was purified
via column chromatography over SiO, with CH,Cl, as
the eluent. Yielding MN-IDT2Tz asa violet solid (200
mg, 48%). MN-IDT2Tz: *HNMR (400 MHz, CDCly):
0=8.15(s,2H),7.86 (s, 2H), 7.62(s,2H), 7.55 (s, 2H), 7.17-
7.10(m, 16H), 2.59-2.56 (m, 8H), 1.61-1.57 (m, 10H), 1.32-
1.29 (m, 22H), 0.88-0.85 (m, 12H) ppm. MS (MALDI-
TOF-MS): Calculated for C7gH7zsNgS4, 1224.5, found:
1225.2.
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Figure 4. Mass Spectrum of MN-1DT2Tz

2.1.3. Methods

'H NMR spectra was obtained using a Bruker
Advance 111 400 (400 MHz) nuclear magnetic resonance
(NMR) spectroscope. UV-vis absorption spectra were
tested on Lambda 950 (Perkin Elmer Instruments Co.
Ltd, USA). Cyclic voltammetry (CV) was done on an
electrochemical workstation with working electrode Pt
plate, counter electrode Pt wire and standard calomel
electrode (SCE) as reference electrode. The CV curves
were recorded versus the potential of SCE, which was
calibrated by the ferrocene-ferrocenium (Fc/Fc*) redox
couple, which absolute energy level is 4.8 eV below
vacuum.

HOMO = -5,80 eV -

Current/A
N

~
LUMO = -3.48 eV

T T T !
-2 -1 o 1 2
Potentialy

Figure 5 cyclic voltammogram of MN-IDT2Tz.

2.1.4. Fabrication and characterization of
photovoltaic cells :

Device fabrication and photovoltaic
characterization were done according to reported

method™®.
2.2. Computational detail :

Single molecule geometries were optimized
using Gaussian 09 at ®B97XD/6-31G(d,p) level of
theory. Success of optimization was checked by
absence of imaginary frequency. Binding energy of
dimmers, transition dipole moment and electron
coupling (transfer integral) were also calculated at
same level of theory. lonization potential (IP), electron-

affinity (EA) and optical gap ( Eg ) were calculated

using M06/6-31G(d,p). Reorganization energy (1) was
calculated using B3LYP/6-31G(d,p). To simplify the
calculations, alkyl chains were replaced by a methyl

group.
3. Results and Discussion

3.1. Synthesis, electronic and optical properties :

Synthesis steps of MN-IDT2Tz are given in
scheme 1. In first step, Stille coupling reaction between
2-bromothiazole-5-carbaldehyde and compound 1
resulted the intermediate compound 3. Knoevenagel
condensation reaction of malononitrile with compound
3 afforded the final product MN-IDT2Tz in high yield.
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Scheme 1. Synthetic route of MN-IDT2Tz.

The electrochemical behavior of DC-IDT2T
was studied using cyclic voltammetry (CV). MN-
IDT2T exhibited irreversible reduction wave and
quasireversible oxidation wave shown in Figure S4.
HOMO and LUMO energy levels are calculated from
onset oxidation and reduction potentials. HOMO and
LUMO valuesare -5.80 and -3.48 eV respectively. Band
gapis 2.32.

UV/vis spectra of MN-IDT2Tz in chloroform
solution (10 M) and in thin solid film show in Figure
6. It showed strong absorption in the 450-650 nm
region with a maximum extinction coeflicient of
0.90x10°> M*cm™ at 578 nm. In thin film, MN-IDT2T
showed broader absorption band relative to that in

solution but absorption intensity is lower.
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Figure 6. UV-vis absorption spectra of MN-IDT2Tz
in chloroform solution and in thin film.

3.2. Photovoltaic performance and film morphology
characterization :

Organic solar cells were fabricated using

PTB7-Th:MN-IDT2Tz as active layer material. The
typical current-voltage curves of the OSCs under the
illumination of 100 MW cm~2AM are shown in Figure
7. The device showed broad photocurrent response
in 300-800 nm, which should be attributed to the
absorptions of both PTB7-Th and MN-IDT2Tz. The
maximum EQE value of PTB7-Th:MN-IDT2Tz reached
50% at 600 nm.
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Figure 7. J-V curves (a) and EQE spectra (b) of
PTB7-Th:MN-IDT2Tz.
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A detail study was performed to understand
effect of different factors on photovoltaic parameters.
We have used three solvents. From Table 1, it is clear
that chlorobenzene (CB) is much better choice than
chloroform (CF) and o-dichlorobenzene (ODCB).
Solvent change significantly altered the all parameters.
It is also known that the weight ratios of donor and
acceptor in active layers play important roles in the
performance of OSCs. So, active layers of solar cells
were made by using dilerent weight ratios of PBT7-
Th and MN-IDT2Tz. It was found that a weight ratio
of 1:1.5 showed the maximum photovoltaic response
(3.95%). Effect of donor/acceptor ratio is not so
prominent. It affected all the parameters. A balance
combination of photovoltaic parameters provided top
PCE value. Thermal annealing showed a significant
alteration in photovoltaic performance (Table 3).
Device showed maximum PCE of 3.75% at 100 °C.
Further increase of temperature did not show beneficial
effect and PCE underwent small decrease.

Table 1. Effect of solvent on photovoltaic

performance
Solvent | Voc(V) | Jsc(mA/cm?) | FF | PCE
CF 0.95 4.29 3129 | 1.46
CB 0.98 7.09 3399 | 270
0O-DCB 101 3.95 4219 | 192

Table 2. Effect of donor: acceptor ratio (PTB7-
Th:MN-IDT2Tz) on photovoltaic performance

D/IA Voc(V) | I (mAlem?) | FF | PCE
151 0.98 715 378 | 347
11 0.99 7.65 4430 | 381
115 1.01 8.35 4160 | 395
1:2 1.01 7.97 4006 | 363

i 4.1nm

0 Height 5.0 pm

59
Table 3. Effect of annealing temperature on
photovoltaic performance
Annealing [ Voc Jsc FF PCE
(°C) (V) | (mA/cm?) (%)
No 0.96 757 3303 | 272
a0 0.97 8.78 36.14 | 350
100 0.97 897 3801 | 375
120 0.97 890 3704 | 363
140 0.99 8.44 3812 ] 361

Overall comparison of photovoltaic
performance of MN-IDT2Tz and DC-IDT2Tz isgiven
in Table 4.

Table 4. Photovoltaic performance of MN-IDT2Tz
and DC-IDT2Tz

Acceptor Voc Jsc FF | PCE
V) | (mA/em?)

PTB7-Th:DC-IDT2Tz |0.82] 10.81 |65.54 [5.81*

PTB7-Th:RD-IDT2Tz |1.01 8.35 41.60 | 3.95

* taken from reference™®

Given that the morphologies of blend films
are directly related to device performances. Grazing
incident X-ray difiraction (GIXD) and atomic force
microscopy (AFM) were used to evaluate the film
morphology. AFM height and corresponding phase
images are shown in Figure 8. From figure it can be
seen that the surface of PTB7-Th:MN-IDT2Tz is
uniform and smooth with root-mean-square (rms)
surface roughness values of 1.15 nm. That may be
beneficial for exciton dissociation and charge
transport.

0.0 phase 5.0 pm

' Figure 8. AFM height and phase images of the PTB7-Th:MN-1DT2Tz
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Figure 9. 2D patterns of grazing-incidence wide-angle X-ray scattering (GIWAXS) measured on pure film of
PTB7-Th (a) and BHJ films of PTB7-Th:MN-IDT2Tz (b) Out-of-plane and in-plane line cuts from respective
GIWAXS patterns for PTB7-Th:MN-IDT2Tz.

The microstructures of the optimized pure
and blend GIms were further characterized by grazing-
incidence wide-angle X-ray scattering (GIWAXS).
GIWAXS provides understanding of crystallinity and
orientation of donor as well as acceptor in blend film.
GIWAXS patterns of neat PTB7-Th and PTB7-Th:MN-
IDT2Tz blend and the corresponding line-cuts of are
shown in Figure 9. PTB7-Th showed a (100) difiraction
peak in in-plane (IP) direction at 0.45 A~' and a (010)
didraction peak in the out-of-plane (OOP) direction at
1.25 A-', After being blended with MN-IDT2Tz, chain
packing behavior remained same. n—n stacking
difiraction in OOP direction indicates Face-on

orientation. The face-on orientation is benedcial for
vertical charge transport and corresponding OPV
performance.

The electron and hole mabilities of the devices
were estimated from space-charge-limited current
(SCLC) method (Figure 10). The structures of hole-
only and electron-only devices were ITO/ PEDOT:PSS/
PTB7-Th:MN-IDT2Tz/Au and ITO/TIPD/PTB7-
Th:MN-IDT2Tz/Al respectively. Devices exhibited a
hole mobility of 3.89x10° cm?V-'S~'and an electron
mobility of 2.48x108cm?V-'S~!. However, the electron

mobility of DC-IDT2Tz is higher (4.96x107 cm?V-'s™).
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Figure 10. Typical J-V curves based on the
hole-only and electron-only devices devices
based PTB7-Th:MN-IDT2Tz.

The change of terminal electron-deficient
group from 1,1-dicyanomethylene-3-indanone (DC-
IDT2Tz) to malononitrile (MN-IDT2Tz) has
significantly reduced performance. So, a detail
theoretical calculations were performed to find reason
behind it.

3.3. Intrinsic Charge Transfer and exciton binding
energy :

Many oligomers'®2 and polymers? 2/-3

showed intramolecular charge-transfer (ICT) character
due to the presence of multiple building blocks with
different electron affinities. Insertion of atoms or
groups with high electron-affinity extract charge from
other parts of molecule. As mention in above section,
DC-1DT2Tz showed more disperse charge distribution.
Thiswill result a higher local electron density gradient
and will lead to higher transition dipole moment (Apige).
Compared with MN-IDT2Tz, DC-IDT2Tz showed

higher Apg. That can lead to more polarized exciton
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and is more likely to produce a better separated hole
and electron, which experiences less coulombic
attraction and, hence, is more likely to become free
charge carriers. Electronic transition from ground state
to first excited states makes a dominant contribution
to the light absorption in the long-wavelength range.
So, increase of electron density gradient is efficient
way to increase the light absorption ability of small
molecule acceptors.

Exciton dissociation is most critical part in
the working mechanism of organic solar cells. The
electrostatic forces that holds the electron and hole
together is called binding energy. The fundamental
transport gap and the optical gap are used to find the
exciton binding energy:

_rt 0
E,=E; -EJ = (1)
In above equation, Eg is optical gap and it is the

excitation energy of the first singlet excited state (S1).
Following equation was used to determine the

fundamental transport gap ( E; ):

E! =IP-EA=(2)

where the ionization potential (IP) is calculated as
energy difference between cationic and neutral state,
electron affinity (EA) is calculated as the energy
difference between the neutral state and anionic state.

IP=E,-E,=(3)
EA=E,—E_ = (4)

As compare to MN-IDT2Tz, DC-IDT2Tz showed
higher ionization potential (IP) and electron-affinity
(EA) values. E; values decrease because of more

increase in EAas compare to IP. On overall basis, DC-
IDT2Tz showed lower exciton binding energy as
compare with MN-IDT2Tz.

Table 5. Dipole moment difference between first excited state and ground state (Apge), lonization potential IP,

electron affinity EA, band gap ( ES ), optical gap ( Eg ) and exciton binding energy.

Molecule Apge (Debye) IP (eV) EA(eV) ES (eV) Eg V) Ep(eV)
MN-IDT2Tz 0.1256 6.14 2.67 349 1.98 151
DC-IDT2Tz 0.1609 6.25 2.80 3.45 2.15 1.30
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Local =—r stacking between terminal acceptor
units of FREAs has been well studied®*°. DFT was
used to calculate the optimized molecular geometries
of dimers at the uB97XD/6-31G(d,p) level. The
corresponding intermolecular binding energies were
calculated by correction of the basis set superposition
error (BSSE) according to the literature method*®
(Figure 11). DC- IDT2Tz showed bimolecular binding
energy of -26.56 kcal/mol, while MN-IDT2Tz showed
bimolecular binding energy of -21.74 kcal/mol.
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Benzene of 1,1-dicyanomethylene-3-indanone is
responsible for better intermolecular m—r interactions
between DC-IDT2Tz molecules. However, rhodanine
do not has benzene ring as well as has steric hindrance
result from ethyl group, so it led lower n—r interactions
between MN-IDT2Tz molecules. The results are
demonstrating that the terminal electron-deficient unit
can effectively regulate the local intermolecular n—n
interactions, thus influences the electron mobilities
and impact the eventual photovoltaic performance.

] ] DC-IDT2Tz T
?-L e o
R L\_ |[ -_-._.-_ e S 1 =t ":\.‘-:‘;:;_
d_:;:-"t L 2656 kealimol (— i

Figure 11. Intermolecular binding energies of dimmer of MN-IDT2Tz and DC-IDT2Tz

3.4. Reorganization energy and transfer integral :

Reorganization energy and transfer integral
are two important descriptors for charge mobility.
Lower reorganization energy and higher transfer
integral lead to higher charge mobility. Reorganization
energy for electron transfer can be calculated using
following equation.

A-=Ex(Q) - Ep(Qp) +E_(Qy)-E_(Q.)=(5)

{} ciral
{0.5irsl
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Where @ imo/Homo and B iwomomo correspond to

the HOMOs and LUMOs of two consecutive
molecules when there is no contact between adjacent

molecules. |:O is the Fock operator with unperturbed

molecular orbitals for the dimer of a fixed pathway.
The reorganization energy is directly associated with

0, zite2
@1 iasoiHOMO >

(1. sitg2
¢1i21.r0;H0_1.r0> Z ( <

Hoee)

4% )= (6)

where Eo(Qo) and E—(Q-) are the corresponding
energies of optimized neutral and anionic structures.
Eo(Q-) isthe neutral energy of the optimized anionic

structure of the molecule, and E—(Qo) is the anionic
energy of the optimized neutral structure.

Transfer integrals were directly calculated
from frontier molecular orbitals (FMOs)*% 4,

{0 zirel

I\.p |Jn‘.:'..
Lmrc,errc¢ Orinopmomo®s >

the geometrical distortion of a chemical substance.
Reorganization energy of DC-IDT2Tz (0.158 eV) was
much lower than that of MN-IDT2Tz (0.181 eV). As
well as DC-IDT2Tz showed higher transfer integral
(0.192 eV) that is much higher than that of MN-IDT2Tz
(0.178 eV). That is clearly indicating the higher
electron-mobility for DC-IDT2Tz.
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Table 6. Reorganization Energy (A) and Transfer

Integral (t)
Acceptor A(eV) t(eV)
MN-IDT2Tz 0.181 0178
DC-IDT2Tz 0.158 0.192

4. Conclusions

In summary, DC-IDT2Tz showed more
disperse charge distribution and more local electron
density gradient as compare with MN-IDT2Tz. DC-
IDT2Tz showed higher transition dipole moment as
compare with MN-IDT2Tz. DC-IDT2Tz showed lower
exciton binding energy as compare to MN-IDT2Tz.
Aswell as, DC-IDT2Tz showed lower reorganization
energy and higher transfer integral as compare with
that of MN-IDT2Tz. All the theoretical descriptors are

7. Abbreviations

63

explaining reason behind the higher efficiency of DC-
IDT2Tz

5. Scope of future work :

This work will be helpful for experimental
scientists to screen the compounds and select best
one for synthesis. This study will pave path for further
development. Studying theoretical parameters can help
to judge the performance of materials before synthesis.
These parameters further can be validated to enhance
their usefulness.
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PTB7-Th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b ]dithiophene-2,6-diyl-alt-
(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]

DC-IDT2Tz A molecule based on Indaceno[2,1-b:6,5-b]dithiophene (IDT) as middle part, thiazole
(Tz) as m-spacer and 1,1-dicyanomethylene-3-indanone (DC) as terminal electron-
deficient group

MN-IDT2Tz A molecule based on Indaceno[2,1-b:6,5-b]dithiophene (IDT) as middle part, thiazole
(Tz) as m-spacer and malononitrile (MN) as terminal electron-deficient group

J-V curve current—voltage curve

EQE External quantum Efficiency

PCE Power conversion efficiency

Voc open circuit voltage

Jsc Short-circuit current

FF Fill factor

AFM Atomic force microscopy
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