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Original flat thiophene-benzothiadiazole-thiophene BODIPY dyes have been engineered without unsaturated linkers for solution processed solar cells.

500 600
Wavelength (nm)

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1



New Journal of Chemistry Page 2 of 12

Journal Name RSC

Deep-purple-grey Thiophene-benzothiadiazole-
thiophene BODIPY Dye for Solution-processed Solar
Cells

Cite this: DOI: 10.1039/X0XX00000X

Received ooth January 2012,
Accepted ooth January 2012

Antoine Mirloup,® Nicolas Leclerc,” Sandra Rihn,® Thomas Bura,’ Rony Bechara,
Anne Hébraud,” Patrick Lévéque,” Thomas Heiser,“ Raymond Ziessel***

DOI: 10.1039/X0XX00000X

www.rsc.org/

In this work we explore the synthesis of extendedtdifluoro-4-bora-3a,4a-diaza-s-indacene
dye (BODIPY) engineered from thiophene-benzothiadie-thiophene modules linked in the
3,5-substitution positions. We found that this Hyglsoluble dye absorbs until 800 nm in
solution and up to 900 nm in thin films. An effadi charge transfer absorption band was
found around 479 nm. The hybrid dye emits at 778 with a quantum yield of about 6%.
Similar electrochemical and optical gaps were deteed about 1.36 eV. When deposited in
thin films the dye exhibit an ambipolar nature witiell-balanced hole and electron mobilities.
Bulk heterojunction solar cells based upon this Giended with [6,6]phenyl§ 7 butyricacid
methylester (P6&BM or PG;;BM) provide a power conversion efficiency of about P@6fter

a mild thermal annealing.

options for the design of even more efficient andtainable
materials. Along this line of using small-molecukss organic
donors several types of dyes have been scrutinized

1. Introduction

The engineering of photoactive dyes for applicaiiororganic
(opto)-electronics and photovoltaic devices is dtinparameter
challenge. The most innovative materials involvethbthe
optimization of the functional units responsible tbe colour
and for the hole transport and the optimization itf
combination with electron acceptor moiety in a ncalar (or
supramolecular) bulk heterojunction (BHJ) suitalite the
targeted applicatioh? Because of significant issues related
the availability of innovative dyes, the photoskdpi the
charge carrier mobility, the light harvesting prdjes, boron
dipyrromethene dyes (BODIPY’s) are generally regdrdas
highly promising and loosely studied candidates

photovoltaic applicationdVery recently, we became interestedithienosilole?*

classified as oligothiophenésdiketopyrrolopyrrole (DPP,

squarain€, hexabenzo-coronenés, merocyaniné, donor-

acceptor oxoindan®and thiadiazolo-bithienyl dy€s. Boron

dipyrromethene (BODIPY) dy&$ are characterized by
outstanding chemical and photochemical stabilitiesgdox

activity and optical features that can easily bi#otad by

chemical transformation, allowing them to be use®&MHJ solar

tgells*and dye sensitized solar celtd®’

A logical progression in the design of novel dysahle in BHJ
solar cells is to use the molecular items presetdw-band-gap
polymers systems such as thieno[Bjthiophene'® N-

t&lkyldithienopyrrole'® thiazolothiazole-thiophen®,
benzodithiophen&  benzothiadiazol&

in the construction of BODIPY dyes Containing [j‘i’ggphene blthlophenelmldé4 Not only should this unit contribute in the
heterocyclic ring system linked in the 3,5-subsititu positions hole transporting properties, but it should alsargntee the
via unsaturated linkers. These green absorbing a%gsg> 700 ablllty of hlghly coloured materials when linked the 3,5-
nm) display attractive optical and interesting gear Positions of the BODIPY.

transporting properties and were highly efficierften blended We have now designed dy& (Scheme 1) based on
with PG5;BM (electron acceptor) in bulk heterojunction (BHJpisthiophene-benzothiadiazole modules accordinthéopush-
solar cells® Our interest in this specific design relies onfiaet Pull-push BODIPY format associated to the buildivfghighly
that large-scale synthesis of purified compoundsilcccbe coloured dyes. This design principle popularizedliea is
achieved in a minimum of synthetic steps. attractive due to its modular nature. In the presisign the
In the course of such work it appears importardeoipher the hole transporting subunits were directly attached the
key elements to understand the system, find newthstin

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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BODIPY core avoiding unsaturated (alcyne or viniykers.
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Scheme 1. General synthetic sketch for the preparation of dye 6.

2. Experimental Part

2.1. General methods

All reactions were performed under an atmospheralrafd
argon using standard Schlenk tube techniques. Wdintdcals
were used as received from commercial sources sursiegec
otherwise. THF was distilled from sodium and benzomime
under an Ar atmospher#d NMR (400.1 MHz) anc®C NMR
(100.5 MHZz) spectra were recorded at room tempezdtt) on
a Bruker Advance 400 MHz spectromet’H NMR (300.1
MHz) and *C NMR (75.5 MHz) ora Bruker Advance 30
MHz spectrometertH NMR (200.1 MHz) anc**C NMR (50.5
MHz) or a Bruker Advance 200 MHz spectrometer u:
perdeuteriated solvents as internal standards. mudiagraphic
purifications were performed using silica gel-63 um). TLC
was performed on silica gel plates coated with fluoesd
indicator.

Absorption spectra were recorded on a Schimadzi-3000
absorption spectrometer. The steatigte fluorescenc
emission and excitation spectra were obtained bygus
HORIBA JOBIN YVON FLUOROMAX 4. All fluorescence
spectra were corrected. The fluorescence quantetd @exp)
was calculated from eq 1.

I ODg; 1
(1) gbax-‘p = qﬁRaf -{R ; on TJ_ER .
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The novel dyé was prepared according to Scherr

\ ,
Sn<
XS
1) n-BuLi, DIPA N
2) SnMe;ClI T s
% -~ .
THF, 35% N
NS
(0] o—
3 4

Here, | denotes the integral of the corrected dprisspectrum
OD is the optical density at the excitation wavgkbnandn is
therefractive index of the medium. The referenceems used
were rhodamine 6GI( = 0.78) in air equilibrated water ai
Tetramethoxydiisoindomethemtfluoroboiate @ = 0.51).
Luminescence lifetimes were measured on an Edinfk
Instruments spectrofluorimete equipped with a R92
photomultiplier and a PicoQuant PDL &D pulsed diode
connected to a Gwinstect G- 8015G delay generator. No
filter was used for the excitation. Emission wawefins were
selected by a monochromator. Lifetimes were declhnso
with FS900 software using a lig-scattering solution
(LUDOX) for instrument respons

Potentials were determined by cyclic votammetry
deoxygenated C€l, solutions, containing 0.1 M TBAFg, at a
solute concentration range of ca 1 mM and at rteft@ls are
given versus the saturated calomel electrode (S@R)
standardized vs ferrocene (Fc) as internal refereassuming
thatEy, (Fc/F&) = +0.38 V AEp = 60 mV) vs SCE. The error
in half-wave potential is + 10 mV. Where the redox proce
are irreverible, the peak potentialE,, or E;;) are quoted. All
reversible redox steps result from -electron processes unless
otherwise specified.

2.2. Preparative work

This journal is © The Royal Society of Chemistry 2012
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Materials. Compounds 1?3, 2* and 5** were synthesized powder (102 mg, 83%fH NMR (CDCk, 400 MHz):5 2.48 (s,

according to the indicated literature procedure.

Compound 3. Compoundl (0.9 g, 3.03 mmol), compouna
(3.3 g, 12.8 mmol) and THF (25mL) were placed ih0® mL
flask. The solution was degazed with argon for 20utes and

3H), 3.41 (s, 6H), 3.59-3.61 (m, 4H), 3.73-3.75 @Hi), 3.89-
3.91 (m, 4H), 4.30-4.32 (m, 4H), 6.34 ¢d,= 4.1 Hz, 2H), 6.82
(d,%3 = 4.2 Hz, 2H), 6.95 (FJ = 4.3 Hz, 2H), 7.32 (FI = 7.7
Hz, 2H), 7.43 (d3J = 7.8 Hz, 2H), 7.63 (£J = 7.5 Hz, 2H),

then [Pd(PP},] (0.35g, 0.3 mmol) was added. The solutioid.83 (d,3J = 4.0 Hz, 2H), 7.87 (d¥J = 7.9 Hz, 2H), 8.13 (¢J

was stirred and heated to reflux for one day. Aftepling
down, the mixture was washed with water and extichatith
ethyl acetate. Organic extracts were dried overydrdus
magnesium sulfate or absorbent cotton, and theesblwas
removed on a rotator evaporator. The crude produas
purified by column chromatography (silica gel, soitz 80/20
cyclohexane/AcOEt). The product was then recryigedl in
acetone to obtain a red powder (570 mg, 43%i).NMR
(acetone d6, 300 MHz3 3.32 (s, 3H), 3.54 (t’,’J = 5.2 Hz,
2H), 3.68 (1,23 = 5.2 Hz, 2H), 3.87 (£J = 4.6 Hz, 2H), 4.34 (1,
3J = 4.6 Hz, 2H), 6.46 (£J = 4.2 Hz, 1H), 7.25 (dfJ = 5.1
Hz, 3J = 3.7 Hz, 1H), 7.63 (ddfJ = 5.1 Hz,%J = 1.0 Hz, 1H),
7.84 (d,%) = 7.7 Hz, 1H), 7.82 (fJ = 4.2 Hz, 1H), 7.99 (&J
= 7.7 Hz, 1H), 8.17 (dd®J = 3.7 Hz,%J = 1.0 Hz, 1H).**C

= 4.1 Hz, 2H), 8.38 (83 = 4.2 Hz, 2H)**C NMR (CDCE, 75
MHz): & 21.6, 29.8, 59.3, 69.6, 71.0, 72.1, 73.2, 106210,
123.9, 124.2, 126.1, 126.4, 126.8, 127.2, 129.9,0,3130.8,
131.9, 1355, 140.4, 152.6, 152.8, 167.3. EIMSz I(%):
1114.1 ([M], 100). Anal. Calcd for &HsBF,NeOsSs (Mr =
1115.17): C, 58.16; H, 4.07; N, 7.54; Found: C987H, 3.82;
N, 7.38.

2.3. Device preparation

Bulk heterojunction devices were elaborated usigg @ as
electron donor and R@BM or PG;BM as electron acceptor.
Chloroform and chlorobenzene (CB) were used aestdwvith
typical dye6 concentrations ranging from 3 to 10 mg/ml. For
all CB mixtures, DIO with volumic concentration ging from

NMR (acetone d6, 75 MHz)3 59.6, 70.7, 72.0, 73.4, 74.7,0.3 to 0.5 % were tested. The standard devicetamigvas the

105.5, 125.3, 126.1, 126.9, 127.5, 127.7, 128.8.5,2128.8,
129.4, 140.8, 153.8, 154.0, 168.9. EIMS, m/z (%48.9 ([M],
100). Anal. Calcd for @H;gN-O3S; (Mr = 418.55): C, 54.52;
H, 4.33; N, 6.69; Found: C, 54.33; H, 4.47; N, 6.42
Compound 4.0.426 mL of a solution oh-BuLi at 2.5 M in
hexane were added dropwise in a solution of digpgiamine
(0.164 mL, 1.17 mmol) in 10 mL of distilled THF at8 °C.
The solution was warmed up to -40 °C for 30 min #reh was
cooled again at -78 °C. A solution of compouh(D.41 g, 0.97
mmol) in 5 mL of THF was then added at -78 °C. Thgture
was stirred at room temperature for 12 h. The reacivas
quenched with a saturated solution of J&H The mixture was
washed with water and extracted with ethyl acet@mganic
extracts were dried over anhydrous magnesium sulfat
absorbent cotton, and the solvent was removed ootaor
evaporator. No further purification is possible finis stanic
compound and the conversion yield was estimatetHoMMR
around 35%*H NMR (CDCk, 300 MHz):8 0.44 (s, 9H), 3.41
(s, 3H), 3.61 (t3J = 4.9 Hz, 2H), 3.74 (£J = 4.5 Hz, 2H), 3.89
(t, 33 = 4.9 Hz, 2H), 4.31 (8J = 4.6 Hz, 2H), 6.33 (FfI1=4.2
Hz, 2H), 7.28 (d3J = 3.5 Hz, 1H), 7.63 (d®J = 7.6 Hz, 1H),
7.81 (m, 2H), 8.14 (dJ = 3.5 Hz, 1H).

following: ITO/PEDOT:PSS(~40 nm)/active layer/AlQ
nm). For the most promising results, the cathods kealaced
by a Ca(20 nm)/Al(120 nm) bilayer. Indium Tin Oxideated
glass with a surface resistance lower thar0)2€q was used as
transparent substrate. Substrates were cleanecra@ly by
ultrasonic treatments in acetone, isopropyl alcohahd
deionized water. After an additional cleaning fdr Binutes
under ultra-violet generated ozone, a highly cotigdac
polyethylene dioxythiophene: polystyrene-sulphonate
PEDOT:PSS was spin coated (1500 rpm: 40 nm) from &..
aqueous solution and dried for 30 minutes at 120Mder
vacuum before being transferred to the nitrogeledilglove
box. The chloroform or chlorobenzene molecule/PCBN.
solutions were stirred for at least 24 hours atbb&fore spin-
coating. The relative dy@ PCBM weight ratio was varied from
1/1 to 1/2. The active layer spin coating condisiqone fast
and one slow program) were also varied to changeattive
layer thickness. Both spin coating programs inctlitleo steps
with the following parameters: step 1 (2000 rpmQ E2conds
and 600 rpm/s) and step 2 (2500 rpm, 60 seconds680d
rpm/s) for the “fast” program and step 1 (1200 r@t,seconds
and 200 rpm/s) and step 2 (2000 rpm, 120 seconds280

Compound 6.Compound4 (160 mg, 0.275 mmol), compoundrpm/s) for the “slow” one. Finally, a 120 nm thigkuminum

5 (48 mg, 0.110 mmol), distilled toluene (10 mL) atnfo-

layer with or without a pre-20 nm thick calcium émywas

tolyl)phosphine (7 mg, 2lumol) were added in a Schlenckthermally evaporated and used as cathode. The aladtive
tube. The solution was degazed with argon for 4%.miarea was 12 mmwhile each sample included four independent
[Pdy(dba)] (5mg, 5.5umol) was then added and the mixtureliodes. Current versus Voltage (J-V) charactedstigere

was heated at 110 °C for 3 h. After cooling dowrg mixture
was washed with water and extracted with dichlorivaee.
Organic extracts were dried over anhydrous magnesiuifate
or absorbent cotton, and the solvent was removed artator
evaporator.
chromatography (silica gel, solvent:
dichloromethane/ethyl acetate). The obtained prodias then
recrystallised in dichloromethane/pentan to obtainpurple

This journal is © The Royal Society of Chemistry 2012

measured using a source measurement unit Keitdleé9 ander
darkness and under AM1.5G (100 mW#rilumination. The
standard illumination was provided by Sun 3000 (ABE
Technologies) solar simulator and the illuminatpower was

The crude product was purified by colunset using a calibrated silicon solar cell. The phiottaic cells
90/1@laboration after substrate preparation and theacherizations

were performed in nitrogen ambient.

J. Name., 2012, 00, 1-3 | 3
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3. Results and discussion 3.2. Spectroscopic characterization

The absorption, emission and excitation spectrgheftrimer

5 s » ) thiophene-benzothiadiazole-thiophene (T-Bz3Tand the final
Molecules 1,7 2% and 5% were prepared according tocompound6 are shown in Figures 1 and 2. The absorption
procedures found in literature. The first step ¢sigsof a Stille spectrum of3 shows two intense peaks. The first absorption
coupling reaction betweehand2. This reaction is carried outzround 320 nm corresponds to mar* transition with an
under standard conditions using palladium(0) catalyand extinction coefficiente about 28,000 Mcm®’. The second
leads to trimei3 with 43% yield. In a second step the Stanni&osorption peak, around 479 nm is broader andkiylia
group is introduced by the formation of the litiei@tthiophene charge transfer band (CT) due to the presencestrbag donor

in the last freex-position of thiophenes thanks to LDA, whicr‘(the thiophene subunit) and a strong acceptor (tre
then reacts with trimethyltin chloride leading tongpound4.  penzothiadiazole moiehyin the trimer. The: value of the CT
The obtained crude product is not purified, as &N pand is weaker than ther* transition one by about 15,000"M
compounds are not quite stable on silica gel, haccbnversion 1l Excitation at 450 nm gave the emission spectriith

is estimated by'H NMR spectroscopy (around 35%). Thenaximum at 631 nm, this emission being independaft
resulting mixture is then engaged in another SwiIpling excitation wavelength (Figure 1). The excitationecpum
reaction with the dibromo-BODIPY%. The fraction of3 that matches the absorption spectrum, a result excludiru
did not react to form the stannic compouhds recovered and aggregation or the presence of impurities. Theel@tkes shift
can be recycled. The target compouiiis obtained in 83 % (about 5,000 cff) and a long lifetime (about 10 ns) confirm th -
yield. The proton NMR is a diagnostic for the dedimolecule. cT nature of this transition. However, there wasnilmence of

In particular, the proton NMR spectra displays temton the solvent (THF, dichloromethane, toluene) on the
patterns in the aromatic window as would be exgkétem a  spectroscopic characteristics 8fand its quantum yield was
first order spectrum and proves that the molecuts & zround 62 %. The radiative rate constant is latigen the non-

symmetry axis bisecting the tolyl and the HFagments. The ragijative rate constant confirming the efficiendytioe process
short polyoxoethylene chains also display four abtristic (Taple 1).

patterns in the 3.5 to 4.5 ppm range. All othertireianalysis
(BC, EI-MS and elemental analysis) are in keepindh viite
molecular assignment.

The rationale to use polyoxoethylene short chasnbaised on
previous observations: i) highly pure material colbé prepared
due to polarity imported by the oxygen atoms; iighh
solubility in most common solvents and iii) goodimfability
and increase of dye stability.

3.1. Synthesis and characterisation

Table 1. Spectroscopic data f@rand6 in THF.

Compd Aabs € Aem (023 T kra} knrb) ASSC) FWHM 9
) (nm) (M™.cm?) (nm) (hex, NM) (ns) (10's" (10'sY (cm) (cm™®)
320 0.62
3 (479 for CT 15,500 631 ’ 10.5 5.90 3.62 5030 4200
band) (@450)
0.06
6 737 93,800 778 (@680)") 1.3 4.55 71.8 720 1900
a) k was calculated fromp, = o k.t

Ky +knr

1-oF
kr

c) ki was calculated fronk,,,. =

c) Stoke shifts

d) Full width at half maximum; e) using tetramethdixsoindomethene-difluoroboraté® (= 0.51) as reference.

Figure 1. Absorption (orange trace), emission (green trace) and excitation
(dashed line) spectra of 3 in THF.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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The absorption of the final compouBdFigure 2) shows thre
peaks. We can notice the presence of the structpesk
around 320 nm due to the presence of thiophenemiats,
overlapping with (§-S,) of the BODIPY? The peak
corresponding to the CT absorption band is now doan537
nm andits ¢ value is approximately twice as high as the

found for3 (¢ about 50,000 Mcm). The absorption spectru
also shows an intense peakaground 90,000 I‘cm?) at 737
nm corresponding to ther-n* transition ($%—S;) of the
BODIPY unit in keeping wh previous spectral analysis. T
weak Stokes shift (715 ctyp and the short lifetime (around
ns) confirm that the exited state is likely a satglvith little

reorganization in the excited state. The quantuetdyis this
time around 6 %. Once morghere was no influence of tl
solvent (THF, dichloromethane, tolugnen the fluorescenc
characteristics and the excitation spectrum matchiey well

the absorption spectrum in all cases. Notice thagtive to
compound5, the non-radiative rate caast is larger than th
radiative rate constang, result in keeping with the energy ¢
law for dyes absorbing at low excitation ene®®
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= 40000
30000
20000

10000
0

500 600 700 800
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Figure 2. Absorption (orange trace), emission (green trace) and excitation
(dashed line) spectra of 6 in THF.

The thin film absorption spectrum & (Figure 3)shows a
broadpeak at 798 nm with a bathochromic shift of abdutén
compared to the spectrum in solutimd suggests the exister
of strongn-n stacking interaction® The low energy absorptic
edge leads to an optical band gz#pl.37 eV, which is low ir
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Figure 3. Absorption spectra of 6 in solution in THF (orange trace) and in thin film
(black trace).

3.3. Redox properties

Cyclic voltammetrydata obtained 03, 5, and6 in solutionare
shown in Figure 4The spectrum 05 shows only a reversible
reduction at 0.79 V and no oxidatic in the accessible redox
window (up to 1.7 V), whilghe trimer3 shows one reversible
reduction at1.37 V and one irreversible oxidation at +0.95
The voltammogram o6 corresponds to a combination of b
moieties:it shows three reversible reductions-0.80 V, -1.32
V and -1.40 V anane irreversible oxidation at +0.71 From
the splitting of the reduction wave -1.37V we may infer that
the two T-Bz7 side arms are not equivalent toward reduc
processes. ThHOMO level isestimated to -5.43 eV whereas
the LUMO is around -4.08 eVl.he electrochemicdand-gap is
thus equal to 1.35 g\a value in keeping with the optical g
determined abovgl.37 eV in Table <.

Fc*/Fc

100 -400 -900 -1400 -1900

Potential (mV)

1100 600

Figure 4. Cyclic voltammetry spectra of 5 (black trace), 3 (orange trace) and 6
(green trace).

Table 2. Experimentally determined energetic levels for comp 6.

comparison to most reported organic low k-gap materials

Electrochemical
gap

HOMO level LUMO level Optical gap

and matches the optimal value predicted by Queisisa® for

-5.43 eV -4.08 eV 1.35eV 1.37 eV

homojunction solar cells.

This journal is © The Royal Society of Chemistry 2012

3.4. DFT calculations

J. Name., 2012, 00, 1-3 | 5



Page 7 of 12 New Journal of Chemistry

Density functional theory (DFT) calculations haveseh larger angle has a strong impact on the volume mieduby the
performed using SPARTAN 10 at the B3LYP/6-311+Gv¥de dyes.

of theory in vacuum on dy@ and are compared below to thos&he calculated HOMO and LUMO orbitals are more
obtained previously on another BODIPY dye named TR#localized for dyes than for TB2 (Figures 6 and 7). Even
constructed with bis-thienylhexyl side arms (FiguB®* though the absolute values of the frontier energyels
Comparison with TB2 is motivated by: i) the similaolecular obtained by DFT (given in the SI) may not be actyranergy
structure; ii) its high efficient in photon to etdcity level shifts induced by changes in the moleculancstire are
conversion in solar cells; iii) its ambipolar chargiobility in  more reliable. For dy®& and TB2, the differences in frontier
thin films. orbital energy levels are close to those found arpmntally by
cyclic voltammetry. The DFT LUMO level for dy@is found
0.3 eV above the one of TB2 while cyclic voltammegrave
LUMO values of -4.08 eV and -3.86 eV for dgeand TB2,
respectively. Also, the DFT HOMO level for dyeis found
0.1eV below that of TB2, which is again close te theasured
values (-5.43 eV and -5.32 eV for dg@nd TB2, respectively).
In a previous stud§,the LUMO level of TB2 and PGBM
were measured by cyclic voltammetry at -3.86 an@94V,
respectively. Based on the present DFT calculatéor cyclic
voltammetry measurements, the energy offset betwthen
LUMO level of dye6 andthe LUMO level of PGBM may
hinder exciton dissociation B is to be used as electron donor
material in donor/PgBM blends. Yet, the relatively large spar
in reported PGBM LUMO level values may reflect the
influence of the degree of fullerene aggregatiortten LUMO
value, which varies with blend composition and ssing
conditions and is difficult to anticipate. Also,nee a deep
HOMO level is a prerequisite for air stable devieesl a high
open circuit voltage, it remains interesting to @stigate the
photovoltaic properties @/PCs;:BM blends and to evaluate the
impact of the exciton dissociation bottleneck adlves its
potential for chemically stable high performanckscells (see
below)3!

Figure 5. Conformation of dye TB2 (Top) and 6 (Bottom) and as calculated by DFT
in vacuum.

The tolyl group is less twisted in the case of éy&5° for 6
and 90° for TB2) relative to the BODIPY core due tte
absence of methyl groups in positions 1 and 7 efB®DIPY
core. Both T-Bz-T segments (d¥ and T-T segments (TB2)
show a high degree of planarity but are slightlyrentwisted
relative to the BODIPY core for dy&(20°) than for TB2 (10°).
This small twist angle difference is most likely edio the
different links between the BODIPY core and theofhiene-
based segments used for both dyes and has a héglefect
on the conjugation. The direct linking in compouhdhduces
more steric crowing with the proton in the 2,6-piosis relative
to the double bond case (TB2) where the steric tcains is
partially released. The most pronounced conformatio
difference between the two dyes is the orientatamgle
between the two thiophene-based segments that idgasas
120° for dye6 while it is more than twice smaller for TB2. This
difference is again mainly due to the single C-Qdbetween
T-Bz-T and the BODIPY core (dy6). We expect that this

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Figure 6. HOMO (Top) and LUMO (Bottom) orbitals for dye 6. (top) and TB2 L4 12
(bottom) as calculated by DFT in vacuum. 12% i N
o « 08 \
io.e ’i \9‘5\%
g :‘/0.5
idos Eﬁ P_D \ N,
:0.4 :;'az Tos h
02 02
0 Ther b ™ r 0 ™ T T T T "
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Figure 8. Transfer characteristics in saturation regime obtained for electrons
(left) and holes (right) on a pristine film. Ip is the drain current and Ug is the gate
voltage. The drain voltage was 100 V and — 100 V for electrons and holes,
respectively.

3.7. Photovoltaic devices elaboration and characteation

Bulk heterojunction devices were elaborated witlstandard
ITO/PEDOT:PSS/active layer/Al or Ca-Al structuréneTactive

! layer has been deposited by spin coating from acgsoiutions
Figure 7. HOMO (Left) and LUMO (Right) orbitals for TB;as calculated by DFT in Of cor.npou'nd6 and PCBM qerlvatlves' Sever.al conditions,
vacuum. including different solvents, different concentoais, the use of
two different PCBM derivatives (either RBM or PGBM)
and variations in the donor/acceptor weight rakiaye been

) ) . tested. Some representative device properties warenarized
The morphology of the dy&/PCBM films was investigated byin Table 3 (more details about the experimentaddens can

AFM' ) Two reprgsentative topography images of a 'IrBe found in the Supporting Information). Typical rrant-
including a 1/2 ratio of dyé/PC;,.BM (see SI) before and aftervoltage curves are displayed in Figure 9. Surpgisin the
annealing show no clear morphology differencesdatitng that elaboration process has only a minor impact onnieasured

thg thermal annegllng sttep does .not change dedply ;Bower conversion efficiency (PCE), which remainssel to 1.2
microphase separation. It is worth noting the lmughness of % independently of the solvent nature and of thiterfene

the films (maximum height valug around. 1.4 nm), athdoes derivatives used. The major performance limitingtdas are a
not change after thermal annealing confirms thatBODIPY low fill factor (close to 33%) and rather low sheitcuit

derivative does not crystallize during the theramrahealing. current density. The latter is much below expectatif we

consider the rather broad absorption band and &igimction
coefficient of 6. The fill factor in turn is linked to the low
parallel resistance (R.,) measured under illumination (inverse
slope at short-circuit current). Increasing theivactlayer
thickness by using more concentrated solutionsitmece light
absorption did lead only to a weak increase in v
performances (similar fill factors but slightly higr short-
circuit currents were obtained) (see Table S2).

are given in the SI). Although field-effect trartsis probe The low FF (or low parallel resistance) could amage from
charge transport in very specific conditions (patato the either fast charge carrier recombination (geminatenon-

dielectric mterfgce gno! undgr high charge ca@msnms), the geminate) or field-assisted exciton dissociationthe former
results can give insight into the correlation beiwethe case, increasing the electric field by reverseibgathe device

molgcular strupture and Ch?‘T?Je transport  propetties would lower the sweep-out time, minimize the lo$scloarge
particular, the field-effect mobilities can be caoangd to those carriers by recombination and give rise to highestpcurrents

of TBZ'.WhiCh we take as a refer.er.lce. (defined as the difference between light and dankent at a
Interestingly, compoundé exhibits a rather uncommongiven voltage). The weak thickness dependencesofilttfactor

amb?'?‘,"ar rllature with weII-ba!anced ,hOI? and .e.tm:tr and shunt resistance points out that charge ekiraatay not
mobilities (Figure 8 and S2). This behavior is sorprising . e major bottleneck, despite the relatively loharge
given the deep LUMO level of this dye and considgri

previous observations done on TB2, which preseatekipolar
charge transpoft.The electron and hole mobilities 6fare in
the lower range of IHcn? V1.sT which is significantly lower
than those observed for TB2, but does not necéssampede
its utilization as donor material in a BHJ solall.ce

3.5. AFM measurements

3.6. Mobility measurements

Charge transport is another important issue thadsdo be
addressed when designing new molecules for phdtmeol
applications. We therefore used dyas semiconducting layer
in thin film transistors and extracted the fieldeet charge
carrier mobilities from the transfer characteristiin the
saturation regime on pristine films (the device ralateristics

carrier mobilities. This conclusion is also inliméth the weak
offset between the LUMO levels of dyeand PCBM, which
suggests the current D/A interface energetics tarifavorable
to exciton dissociation. On the other hand, thenegecuit
voltage V. varies between 0.6 and 0.7 V, which is well below
the value expected according to the frequently otesklinear

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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dependence of ) on the difference between the acceptc
LUMO and the donor HOMO level in BHJ devices (As$ugn
a PCBM LUMO level of -4 eV and an energy lasE due to
recombination of ~ 0.3 V, leads to a value well\abdV)?®

High recombination

rates or poor charge generatap

possible reasons for this discrepancy. Distinguaighietween
both processes mentioned above is not trivial agglires
utilization of advanced time-resolved measuremerfitsese
however lie beyond the scope of the present article

15 4

Current Density (mA/cm?)
o

10 |

e

el

-

-1 -0.5 0

Voltage (V)

0.5

Figure 9. Current density versus voltage in the dark (open symbols) and under

standard AM1.5G (100 mW/cmZ) illumination (closed symbols) for the last

conditions of Table 3.

Table 3. Selected thin-films compositions and depositionditions with associated OPV performances

Ratio BODIPY dye PCE
Acceptor (6/PCBM) concentration Solvent Cathode Voc (V) Jsc (mA/@m FF (%) Rshunt (Q)
PGs:BM 1/1.5 5 mg/mL CHG Al 0.69 5.2 0.32 1.15 1700
PGs:BM 1/2 3 mg/mL CHJ Ca/Al 0.62 5.8 0.35 1.56 1550
CB+0.3 vol
PC,BM 1/2 10 mg/mL % DIO? Al 0.61 7.4 0.28 1.2 1250
a) CB denotes for chlorobenzene and DIO denotes,&diiodooctane
b) Annealed for 10 minutes at 60°C prior to cathddposition
¢) Annealed for 10 minutes at 80°C and at 100°Gforinutes.
3.8. Comparison with related BODIPY based devices.
Table 4. Selected OPV data for analogous BODIPY-based
molecules and polymers depicted in Figure 10.
: Jsc Voc o Hn e
Cmpd Device (mA.cm?) (V) FF n (%) (V.em™2.s?) (V.em™2.s™)
6 ITO/PEDOT:PSS/6:PCe:BM/Ca/Al 5.8 0.62 035 | 1.26 ~10*? ~10*?
782" ITO/PEDOT:PSS/TB2:PCe;BM/Ca/Al 14.3 0.70 0.47 4.7 ~10°? ~10°?
IS ITO/Ca/A:PC;:BM/M00,/Ag 8.3 0.99 040 | 3.22 4.1x10°" 2.3x10™"
B ITO/Ca/B:PC;;BM/Mo00s/Ag 7.5 0.93 037 | 256 1.2x10°" 6.0x10°"
c* ITO/PEDOT:PSS/C:PCe:BM/AI 6.9 0.74 038 | 217 9.7x10° -
D* ITO/PEDOT:PSS/D:PCq,BM/AI 4.8 0.80 0.51 2.0 3.0x107 -
3 ITO/PEDOT:PSS/E:PCs;BM/Ca/Al 2.65 0.88 0.26 | 0.62 - -
F’ ITO/PEDOT:PSS/F:PC;,BM/Al 7.87 0.31 039 | 095 1.5x10°° 7.7x10°°

2Values obtained by OFET measurements on pure imlat@alues obtained by SCLC measurements on blendsR@:BM, © Values obtained by TOF
measurements on pure materials.

8| J. Name., 2012, 00, 1-3
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CeH13z

TB2

Figure 10. Chemical structures of related BODIPY framewastsglies in bulk heterojunction solar cells.

By comparison of BODIPY based small

molecules arzknzothiadiazole “pull” unit. This is an interegtimpproach,

Page 10 of 12

polymeric materials it appears that ambipolar caargnsport which also contributes to the increase of photosogition
has been observed in both categories and the &&eéld by either in solution or in the thin film. This stromdpsorption and
TB2 which also display the highest photon to curremédox activity of this dye enable the preparatioh balk

conversion. This behaviour is surely due to thepde&MO
level usually measured in BODIPY based materialsweébver,
a further comparison on the basis of values foumtitérature
(and reported in the above table) is hazardoushayg are
provided by different techniques, including spackarge
limited current (SCLC) on blends, time of flight @F) or
OFET on pure materials. In most cases the shartiticurrent

heterojunction with thin films blended with
[6,6]phenylGo7butyricacidmethylester R8M (n= 61 or 71).
Promising efficiencies around 1.25% were obtaindtgse
reproducible efficiencies are weakly depending dme t
composition, thickness of the films and naturehaf ¢lectrodes.
The synthetic routes outlined here provide the sdaopfurther
tune the performance of the solar cells by postfionalization

(Jso) is rather high reaching 14.3 mA/&nm the best case butof the 2,6 or f§,p-pyrrolic positions) with electron donating

the fill factor FF) remains modest (Table 4).
comparison between those materials must be takém caire
because the structures of devices (standard versuested
cells), the metallic electrodes, the interfaciayeles and the
device active areas are significantly different.

4. Conclusion

We have synthesized a new deep-purple-grey 4,dedit4-
bora-3a,4a-diaza-s-indacene dye (BODIPY) incorpagatwo
thiophene-benzothiadiazole-thiophene units  bridgingn
unsubstituted BODIPY core at the wings. In the tetatc

Furthemodules suitable to increase the driving forcepfootoinduced

electron injection in the PCBM acceptor.
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