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Abstract
Effect of Fluorine Substitution on
Photovoltaic Performance of DPR
basedCopolymer for Polymer
Solar Cell

Lee, Jin Yong
Department oMaterials Science and Engineering

SeoulNational University

Low bandgap conjugated copolymers composed of thioptemeed
diketopyrrolopyrroleand benzene with/without fluorination were synthesized
to investigate the effect of fluorine substitution on their photovoltaic
properties. With increasing the number of substituted fluorine atom on
benzene, both HOMO and LUMO energy levels of the copetyane lowered
and its crystallinity is increased. The fibril size of copolyme¢;:B®! blend
becomes smaller as the number of substituted fluorine increases. As a result,
the copolymer with two fluorine substitution exhibits deeper HOMO energy
level (5.30 eV), leading to higherVoc (0.72 V), and also enhanced
crystallinity (polymer chain packing), leading to higles (12.4 mA cm?) as
compared to monoand norfluorinated ones. The copolymer with two

fluorine atoms shows a promising power conversiomwriefficy of 5.63%.

Keywords: polymer solar cell, diketopyrrolopyrrole, conjugated polymer,
fluorination
Student Number. 2013-22480
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1. Introduction

As sources ofalternative energy are increasingly recognizedbéo more
important in recent years, dar energy can potentially provide a clean,
sustainable alternativi® fossil fuels to meet the global growing needs for
energy' Polyme solar cells (PSCs) arepomisng alternative for producing
clean and renewablenergybecause of the possibility of a production on
flexible and largearea substrates by solution processingich should
dramatically reduce the manufacturing cd8tRecent reports of efficiencies
appoaching and exceeding 10%ave continued tadraw interest in this
research field™®

A fundamental key to operafeSCsis that light absorption results in the
formation of excitons inorganic semiconducting materials. Exciton is
coulambicly bound electron hole paand the coulombic binding energy is
approximately 0.3 eVIo separatehe generated excitomnto free charge
carriers, exciton should diffuse tdhe interface between electrpnlling-
material (acceptor) and heprilling-material (donor) At the interface the
energy offset between the donor and acceptor LUMO energy level is utilized
to dissociateexcitons™®*® Therefore, he most widely utilized device structure
of PSCsis bulk heterojunction (BHJpecause jgtimized BHJ structurehas
large degree of interlayer contact between donor and acceytmh helps
exciton reach to dontacceptointerface within its diffusion lengti:**

In past decade#, seemed very difficult to achievbe power convesion

efficiency (PCE for an industrializationof the solar cellsHowever, the



record high efficiency has continually increased to its current value of higher
over 8% due to synergetic advancement in the understanding of the physics of
PSCs, device optimization, and developingf new materials>*’ One of the
most successful approaches to achieve high efficiency polymer solar cells is
to develop low bandgap conjugated polym&f8 Synthesis of alternating
copolymers composed of electrdonating (D) and electreaccepting(A)
units has been considered as the most promising method to develop low
bandgap polymers, and more importantly this method provides large
flexibility in tuning the moleculaenergy levels of the copolym&r®

Among various electreaccepting unitsdiketopyrrolopyrrole (DPP) has
attracted much attention because of easy synthesis, high molar absorptivity,
highly conjugated structure, strong - pnteraction and strong electron
deficiency. Hence, many DRfased DA type low bandgap polymers have
recenty been developed, and the devices fabricated from -REd
polymers have currently achieved tREE up to 79%>%* Particularly, broad
absorption up to the neafrared region and high charge carrier mobility are
significant features of DRPBPased polymey, leading to high short circuit
current (sc) and high fill factor (FF) of PSC device. However, most of DPP
based polymers have exhibited I&ycs due to higHying highest occupied
molecular orbital (HOMO) energy levét®

The molecular energy levelsf conjugated copolymers depend upon
several factors including molecular weight, chain planarity, strength of
electrondonating and electreaccepting power in copolymer, and electronic

properties of substituent, etc. Among these factors, the substitdtituorine



atom in conjugated copolymers has recently been a promising method to
control the energy levels, because (1) it can lower the HOMO energy level of
copolymers, which results in an increased egiecuit voltage Yoc) because

Voc is proportionalto the difference between the HOMO energy level of
donor polymer and the lowest unoccupied molecular orlditdMO) energy

level of acceptar®®’ (2) it facilitates inter/intramolecular interaction due to
strong dipole of €F, which leads to high chargmarrier mobility and well
developed fibril structure in active layer of PSCs, contributing to both
enhancement afc and FF8 %

Recently, PSCs composed of-® type polymers with fluorinated
electrondonathg unit (D) have been report&t? Li et al introduced fluorine
atom on biphenyl unit in DRBiphenyl copolymer to lower the HOMO and
LUMO energy levels. As a result, a medium bandgap (1.70 eV}doBfner
affords a highVoc of 0.93 V and a PCE of 4.1% in solar cells with, B&.%°
Very recently,Jo et al reported the effect of fluorination on photophysical
properties of conjugated copolymers and their photovoltaic performances,
suggesting that fluorination on D unit in B type conjugated copolymer is a
promising method to achiewigh performare solar cell§" **

In this work, we synthesized low bandgap conjugated polymers composed
of DPP as electreaccepting (A) unit and benzene with/without fluorination
as electrordonating (D) unit to examine the effect of the number of
substituted fluorine on their photovoltaproperties. The copolymers with
fluorinated benzene exhibit high¥scs due to deeper HOMO energy levels

than the copolymer with neffuorinated benzene and also higllegs due to



enhanced molecular ordering. The copolymer with two fluorine atom
substitition exhibits the highest PCE of 5.63% witWs of 0.72 V and asc
of 12.4 mAcm 2, which are higher than the values of copolymers with mono

and nonsubstituted fluorine.



2. Experimental Section

2.1. Materials

All reagents and solvents were purchased from Sigldech, TCI and Acros,
and used without further purification. [6;BhenylC;;-butyric acid methyl
ester (P@BM) was obtained from American Dye Source. Poly3,4
ethylenedioxythiophene):poly(styrene dohate) (PEDOT:PSS) (Clevios P
VP AI 4083) was purchased from H. C. Stark and passed through a 0.45 m

PVDF syringe filter before spinoating.

2.2. Synthesis oimonomers

2.2.1. Synthesis of3,6-di(thien-2-yl)pyrrolo[3,4 -c]pyrrole-1,4(2H,
5H)-dione (1)

A 500 mL threeneck flask connected to a condenser was charged with a stir
bar and teramyl alcohol (250 mL). Sodium metal (2.56 g, 108 mmol)
immersed in mineral oil was thoroughly washed with hexanes and cut into
small pieces. The sodium metal piecesensiowly added to the reaction
mixture over a 1.5 h period while the temperature was slowly increased to
120 °C. After all the sodium metal pieces were dissolbihphene2-
corbonitrile (11.9 g, 108 mmol) was added to the reaction. As dimethyl
succinate(5.29 g, 36.2 mmol) was added dropwise to the reaction mixture
over 1 h, the solution turned dark red. The reaction contents were stirred at
120 °C for 2 h, and then precipitated into acidic MeOH (400 mL MeOH and

20 mL conc. HCI). Filtration of the suspéms through a Buchner funnel



yielded the producas a dark red soli(0.10 g 83%). This product was used
in subsequent reactions without further purificatidd. NMR (300 MHz,
CDCl): d(ppm)11.20 (s, 2H), 8.14 (d, 2H), 7.90(d, 2H), 7.23 (t, 2H). m/z
(MS-EI) calcd:300 found:300.

2.2.2. Synthesis of 2,5bis(2-decyltetradecyl)3,6-di(thiophen-2-
ylpyrrolo[3,4 -c]pyrrole-1,4(2H,5H)dione (2)

In adry threeneck250 mL round bottom flask was charged witi{7.0 g,
23.3mmol), and K,CO; (9.0g, 69.9mmol) were dissolved imnhydroud\,N-
dimethylformamide (DMF)Y250 mL), and heated t@20 °Cunder argon for 1

h. And then2-2-decyltetradecylbromide (7.74 g, 58.3 mmol) was added
dropwise, and the reactiamixturewas further stirred and heated ovefigt

130 °C. The reaction mixture was allowed to cool dowmdom temperature
poured into water, and stirred for 30in. The product was extracted with
chloroform, then washed with water, and dried over magnesium sulfate.
Removal of the solvent afforddle crude product which was further purified
using column chromatography on silica gel using a mixture of hexane and
chloroform as eluent, giving the product as a purple solid. (11.0g, 53'8%).
NMR (300 MHz, CDC}): d (ppm) 8.88 (d, 2H),7.62 (d, 2H),7.27 (d,2H),

4.03 (d, 4H),1.91 (m, 2H), 1.301.21 (m,80H), 0.890.87 (m, 12H).m/z
(MS-EI) calcd:972, found:972
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2.23. Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-
decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (3)
N-bromosuccininide (1.26g, 7.08 mmol) was added slowly to a solution of
the compound2 (3g, 3.08mmol) in CHGI (100mL). The solution was
protected from light and stirred at room temperature for 48 h. The reaction
mixture was poured into water (100 mL) and extracted with GHUie
organic layer was dried over magnesium sulfate and the solvent was
evaporated undereduced pressurdRurification by flash chromatography
(20 % hexanes in CH@lyielded a purple solidl(7g, 52%). *H NMR (300

MHz, CDCk) : U 863{(dh2hl), 7.22 (d, 2H),7.52 (d, 2H)3.98 (d, 4H),

1.88 (s, 2H)1.30/1.21 (m,80H), 0.890.87 (m,12H). m/z (MSEI) calcd:

1128 found:1128

2.2.4. Synthesis of 1,4-bis(5-(trimethylstannyl)thiophen-2-yl)
benzene §)

Tetrakis(triphenylphosphine)palladium(0) (140 mg, 0.21 mmol) was added
to a solution of 14libromobenzene (2.00 g, 8.48 mmol) and 2
(tributylstannyl)thiophene (6.49 g, 17.38 mmol) in toluene (30 mL) at room
temperature under an argon atmosphere. The mixture was refluxed for 24 h
and cooled to room temperature. The reaction mixture was purified using
silica gel chromatography. The protlwas obtained as pure crystals (1.81 g,
88%) by recrystallization from acetone. To the product (1.81 g, 7.47 mmol)
in anhydrous THF (30 mL) at78 °C, 2.5 M ofn&BulLi in hexane (6.4 mL,

16.4 mmol) was added dropwise for 30 min. Then, the solution wasefurt



stirred for 30 min at room temperature. The solution was cooled83C
again before 1.0 M of trimethyltin chloride in THF (16 mL, 16.4 mmol) was
added. After warming up to room temperature and stirring overnight, the
resulting mixture was poured mtvater and extracted with diethyl ether. The
organic phase was collected and dried over MgS@e final product was
purified by recrystallization from acetone to yield the compotiad a green
solid (2.5 g, 59%)*H NMR (300 MHz, CDCJ): d (ppm) 7.60 (s, 4H), 7.41

(m, 2H), 7.17 (m, 2H), 0.39 (m, 18H). m/z (MB) calcd: 568, found: 568.

2.2.5. Synthesis of(5,5-(2-fluoro-1,4-phenylene)bis(thophene5,2-
diyl))bis(trimethyl -stannane) b)

Following the same synthetic procedure as the compdutedcribed above,
1.00 g of 1,4dibromo2-fluorobenzene, 3.09 g of -@ibutylstannyl)
thiophene, 3.2 mL ohABuLi (2.5 M in hexane), 8.0 mL of trimethyltin
chloride (1.0 M in THF) are used to syntizesthe compoun8. The product
was obtained as light blue solid (1.2 g, 59%) NMR (300 MHz, CDCY)): d
(ppm) 7.59 (m, 2H), 7.39 (m, 3H), 7.16 (m, 2H), 0.39 (m, 18H). m/z-BY)S
calcd: 586, found: 586.

2.26. Synthesis of(5,5-(2,5-difluoro -1,4-phenylene)bis(thiophene
5,2-diyl))bis(trimethyl - stannane) 6)
Following the same synthetic procedure as the compdudescribed above,

0.60 g of 1,4dibromo2,5difluorobenzene, 1.73 g of-@ibutylstannyl)
thiophene, 1.6 mL ohABuLi (2.5 M in hexane), 4.0 mL of trimethyltin



chloride (1.0 M in THF) are used to yield the compo6ras deep blue solid
(0.6 g, 58%)'H NMR (300 MHz, CDC}): d (ppm) 7.60 (d, 2H), 7.40(m, 2H),
7.21 (m, 2H), 0.40 (m, 18H). m/z (MSl) calcd: 604, found604.

2.3. Synthesis of polymers

2.3.1. Synthesis ofpPhDPP
1,4-Bis(5-(trimethylstannyl)thiophe2-yl)benzene (59 mg, 0.1 mmol) and

3,6-bis(5-bromao-2-thienyl)-2,5dihydro-2,5-di(2"-decyltetradecyl)
pyrrolo[3,4c]pyrrolel,4-dione (117 mg, 0.1 mmpivere dissolved in a mixed
solvent of toluene (10 mL) and DMF (1 mL). After the solution was flushed
with N2 for 20 min, tris(dibenzylideneacetone)dipalladium(0) (4.74 mg, 5.15
umol) and tri(etolyl)phosphine (3.14 mg, 10.30 umol) were added. The
reaction mixture was stirred for 5 h at 150 °C in a microwave reactor,
followed by endcapping using bromothiophene and-@ibutyltinthiophene.

After cooled to room temperature, the mixture was poured into methanol. The
crude product was filtered through a Sethithimble and then subjected to
Soxhlet extraction successively with methanol, acetone, ethyl acetate, hexane,
and chloroform. The polymer was recovered from chloroform fraction, and
the fraction was precipitated into acetone to afford the prqp&ttDPF as a

dark purple solid (100 mg, 40%). M 98.9 kDa, N, = 141.1 kDa, PDI

1.43*H NMR (500 MHz, CDCJ): d (ppm) 8.938.61 (m, 2H), 7.627.55 (m,
6H), 7.1% 7.04 (m, 4H), 3.97 (d, 4H), 1.94 (s, 2H), 1.PSB5 (br, 92H).
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2.3.2. Synthesis ofplFPhDPP
Following the same procedure as pPhDPP described above, 64 mg-(#-(5,5'

fluoro-1,4-phenylene)bis(thiopher 2-diyl))bis(trimethylstannane) and 123
mg of 3,6bis(5-bromo2-thienyl)-2,5dihydro-2,5-di(2"-decyltetradecy})
pyrrolo[3,4c]pyrrolel,4-dione areused to afford the product (p1FPhDPP) as
a dark purple solid (125 mg, 47%)..M 126.1 kDa, N} = 172.4 kDa, PDI =
1.37*H NMR (500 MHz, CDC}J): d (ppm) 9.108.72 (m, 2H), 7.517.35 (m,
5H), 7.19 7.04 (m, 4H), 3.96 (d, 4H), 1.94 (s, 2H), 1-.P35 (br,92H).

2.3.3. Synthesis ofp2FPhDPP

Following the same procedure as pPhDPP described above, 67 mg-of (5,5'
(2,5difluoro-1,4-phenylene)bis(thiophere 2-diyl))bis(trimethylstannane)
and 125 mg of 3#®is(5bromo2-thienyl)2,5dihydro-2,5di(2"-
decyltetragcyl)-pyrrolo[3,4c]pyrrolel,4-dione are used to afford the product
(p2FPhDPP)s a dark purple solid (140 mg, 51%), M 127.2 kDa, N, =
178.3 kDa, PDI = 1.48H NMR (500 MHz, CDC)): d (ppm) 9.018.93 (m,
2H), 7.427.35 (m, 4H), 7.157.04 (m, 4H), 4.00(d, 4H), 1.94 (s, 2H),
1.25 0.85 (br, 92H).

11
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2.4. Characterization

The chemical structures of compounds were identifiedHbjNMR (Avance
DPX-300) using echloroform (CDC}) as solvent antetramethylsilanéTMS)

as internal reference. High resolution mass spectrometry (HRMS) analysis
was performed on a double focusing mass spectrometer (resolution 60,000,
m/z range at full sensitivity 2,400) to measure accurately molar masses of
compounds.Thermogravimetric analysis (TGA) were performed on a TA
modulated TGA 2050 at a heating rate of 10 °C “Mmiander nitrogen.
Molecular weight of polymer and its distribution were measured by gel
permeation chromatography (GPC) (Polymer Labs GPC 220) usi@i;@s

an eluent. The optical absorption spectra were obtained by avigV
spectrophotometer (Shimadzu t3800). Electrochemical cyclic voltammetry
(CV) were conducted on a potentiostat/galvanostat (VMP 3, Biologic) in an
electrolyte solution of 0.1 M tetbutylammonium hexafluorophosphate
acetonitrile. Pt wires (Bioanalytical System Inc.) were used as both counter
and working electrodes, and silver/silver ion (Ag in 0.1 M AgNOlution,
Bioanalytical System Inc.) was used as a reference electrode. TNEOHO
energy levels of polymers were calculated by using the equation: HOMO (eV)
= [Ew Euo(ferrocene) + 4.8], where Eis the onset oxidation potential of

the polymer and f(ferrocene) is the onset oxidation potential of ferrocene
Ag/Ag’. The crystallinity of polymer was measured by-aay diffractometer
(M18XHF-SRA, Mac Science Co.)usingCyKa« = 0. 154 nm) radi a
optimized geometries of compounds were obtained by the density functional

theory (DFT) calculation at the B3LYR&LG(d,p) level using Gaussian 09

13



software. Thickness of the active layer was measured by an atomic force

microscope (Nano Xpert2).

2.5. Device fabrication and measurements

2.5.1. Materials

ITO-patterned glass was used as an anode in PSC device. The sheet resistance
of the ITO was less than M/square. P&BM were obtained from NanG

and used aseceived PEDOT:PSS (Clevios P VP Al 4083) was purchased
from H.C. Stark and passed through 4500m PVDF syringe filter before

spincoating.

2.5.2.Fabrication and characterization of photovoltaic cells

The polymer solar cells were fabricated with a conventional configuration of
glass/ITO/PEDOT:PSS/polymer:RP8M/Ca/Al (Figure 2.1) Prior to device
fabrication, the ITGcoated glass was cleaned with acetone and then isopropyl
alcohol for 30 min. After complete drying, the [F&ated glass was treated
with UV- ozone for 20 min. A thin layer of PEDOT:PSS was smmated with

40 nm thickess on the IT@oated glass and annealed at 150 < for 30 min. A
2 wt% solution of polymePG;;BM blend was dissolved io-dichlorobenzene

or o-dichlorobenzene with -thloronaphtalene (CN) as an additive. The
solution was stirred at 110 € for 6 h and rspbated on the top of
PEDOT:PSS at 1000 rpm for 30 s. Calcium (25 nm) and aluminum (100 nm)
was thermally evaporated on the top of the active layer under vacuuri®(< 10

Torr). The effective area of cell was ca. 0.06 inifhe current density

14



voltage (V) characteristics were measured with a Keithley 2400 seurce

meter under AM 1.5G (100 mW/&nsimulated by a Newpof®riel solar

simulator. The light intensity was calibrated using a NREtified
photodiode and a light source meter prior to each measurentenexternal

quantum efficiency was measured using a dioclamplifier with a current
preamplifier under short circuit current state with illumination of
monochromatic light. The space charge limited current (SCL®)curves

were obtained in the dark iog holeonly devices
(glass/ITO/PEDOT:PSS/polymer:P8M/Au), and hole mobilities were
calculated using the MetGurney square lasl= ( 9 8N, where U
i's vacuum pesr mihtet idviietlyect&ri ¢ constant of
carrier nobility, V is the effective applied voltage, and L is the thickness of

the film. The morphologies of polym®&GC;;BM blends were observed by a
transmission electron microscope (TEM) (JEOL 2000 FX MARK 1)

operating at 80 kV of acceleration voltage.

15



Figure 2.1 Schematic illustration of general structure of PSC device.
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3. Results and Discussion

3.1. Synthesis and Characterization

The whole synthetic routes for preparation of the monomers are shown in
Scheme2.1. Three polymers, pPhDPP1FPhDPP and p2FPhDPP, were
synthesizedvia the Stille coupling reaction in toluene/DMF with JRitba)

as a catalyst, as shown in Scheth& The chemical structures &,6-
di(thien-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H, 5H}dione (1), 2,5bis(2-decyt
tetradecyh3,6-di(thiophen2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione (2),
3,6-bis(5-bromothiopherR-yl)-2,5-bis(2-decyltetradecyl)pyrrolo[3;4]
pyrrole-1,4(2H, 5H)-dione (3), 1,4-bis(5(trimethylstannyl)thiophes2-yl)
benzene (4) (5,5-(2-fluoro-1,4-phenylene)bis(thiopher®,2-diyl))bis
(trimethytstannane) (5) (5,5%(2,5difluoro-1,4-phenylene)bis(thiophene
5,2-diyl))bis(trimethy} stannane) (63re identified byH NMR, as shown in
Figure 3.1- 9, respectively The molecular weights (M of pPhDPP,
plFPhDPP and p2FPhDPP are 98, 126.1kDa and 127.2 kDa with
polydispersity indexes (PDI) of 1.43, 1.37 and 1.40, respectively, as
measured by GPC, ahown in Figure3.10- 12 andlisted in Table3.1. When
thermal stability of copolymer was measured B$A under nitrogen
atmosphere, the onset temperatures at 5% wightof all three polymers
were nearly the same (412 °C) (FiglBd 3, indicating that the polymers is

thermally stable for its application to PSCs.
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Figure 3.1 Chemical structure arti NMR spectrum oB,6-di(thien-2-

yl)pyrrolo[3,4-c]pyrrole-1,4(2H, 5H}dione

C12H25

C10H21/Sd a . f

a
b
\/No

CioH2s
Ci2oHzs

Chemical Shift (ppm)
Figure 3.2 Chemical structure antH NMR spectrum oR,5-bis(2decyk

tetradecyh3,6-di(thiophen2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione

18



gSr2Hzs €
CioHas c

CioHa24
CizH2s

Chemical Shift (ppm)
Figure 3.3 Chemical structure ral *H NMR spectrum of 3®is(5

bromothiophef2-yl)-2,5-bis(2decyltetradecyl)pyrrolo[3;4]pyrrole-1,4
(2H,5H)}dione
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Figure 34 Chemical structure andH NMR spectrum of 1,4-bis(5

(trimethylstannyl)thiophei2-yl) benzene
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Figure 35 Chemical structure antH NMR spectrum of5,5-(2-fluoro-1,4-

phenylene)bis(thiopher 2-diyl))bis(trimethylstannane)
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Figure 3.6 Chemical structure antH NMR spectrum of5,5-(2,5-difluoro-

1,4-phenylene)bis(thiophereg 2-diyl))bis(trimethylstannane)
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Figure 3.7 Chemical structure anti NMR spectrunof pPhDPP.
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Figure 3.8 Chemical structure anti NMR spectrunof p1FPhDPP.
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Figure 3.9 Chemical structure ariti NMR spectrunof p2FPhDPP.
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Figure 3.10 GPC trace of pPhDPP eluted wiilk (reference: polystyrene
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Figure 3.11 GPC trace of pFPhDPP eluted witlCF (referencepolystyreng.
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