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Chapter 1

Introduction

Abstract

This chapter gives an overview of functional 7&-conjugated molecules comprising the
pyrrolopyrrole fused ring moiety. 1,4-Diketo-3,6-diarylpyrrolo[3,4-c[pyrroles (DPP) are strongly
fluorescent dye molecules that show high photochemical stability. Because of their bright optical
properties, the DPP molecules were initially mainly used as pigments. The DPP unit and its
isomers provide a planar w—conjugated unit featuring C=0 and N-H substituents. The heteroatoms
influence the properties of the m—electrons along the carbon backbone of the chromophore with its
alternating single and double bonds. This provides a means to tune optical and electronic
properties. Furthermore, the carbonyl and lactam groups can engage in intermolecular hydrogen
bonds, promoting formation of highly ordered, supramolecular networks. The aim of this thesis is to
investigate the relation between molecular structure of DPP related compounds and the electronic
structure, excited states, and photovoltaic properties. This introductory chapter gives an overview

over synthesis and properties of some DPP-based materials to date.
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1.1 Introduction

Diketopyrrolopyrrole derivatives were initially mainly applied as pigments.!-
Farnum?’ describes how in 1974 diketopyrrolopyrrole derivatives were first obtained as an
unexpected side product from the classical Reformatsky®!! reaction. In this experiment
benzonitrile 1,> ethylbromoacetate 2'® and zinc gave a red DPP product in low yield

without the formation of the expected product 3 (Scheme 1).

(Farnum method) Br/\)l\o/\ N
NZ H

Base

(Igbal method) = : )K/\fr Q \
; O
N
H

N o
(Reduction method) (0] Q N
R. o., —
S O
4 O 7
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Scheme 1. Farnum, Igbal and Closs-Gompper synthesis of the DPP core.

This dark red pigment DPP is insoluble in common organic solvents and shows
high thermal stability. Because DPP derivatives were showing promising results as highly
insoluble pigments, but could only be obtained in low yield from Franum’s method,
efforts were made in order to improve initial synthetic approach. In 1986 Igbal et al.!
proposed an innovative synthetic route to synthesize the DPP core. The condensation of
benzonitrile 1 together with succinate esters 4 in the presence of the base gave the target
DPP compounds in high (60-70%) reaction yields and the formation of the side products
was decreased (Scheme 1). The reactivity of the succinate esters 4 in this reaction increases
in order R = t-Am > t-Bu > i-Pr > Et > Me. A side reaction is ester-ester condensation.
Because the rate for this side reaction depends quadratically on ester concentration while
the desired reaction is first order in ester concentration, slow addition of the ester is
important to obtain the product in high yield. The Igbal method gives a possibility to

synthesize asymmetrical DPPs, when different aromatic nitriles are used.? Recent work of



Introduction

A. Shaabani showed that Farnum’s method can be improved using microwave-assisted
solvent free synthesis.™

A variation of the Igbal method involves tetrahydrogenated DPP 7 as intermediate.
The hydrogenated species can be converted to DPP by reduction with 2,3-dihydro-5,6-
dicyanobenzoquinone (DDQ).’>” The hydrogenated DPP can be obtained from
condensation of benzylamine and dimethylsuccinate.’”® Recently new routes towards
hydrogenated DPP analogs have been published.

An alternative route towards DPPs was discovered by Closs and Gompper® and is
similar to Igbal’s method. The Closs approach involves the condensation of the
succindiamide 6 with N,N-dimethylbenzamide diethylacetal 5 in the presence of the t-
BuOK (Scheme 1).

Ar o RNa, 1, Ar o R ao0ec Ar Alk-NH,, DCC, DMAP, TFA_ A\
/o Ar N Ar
R N

o 8 O 100 °C K Alk
Ar,-NIH,| DCC, TNr A
O 0O N, A [ 1o
A nYog N7~ Ar,NH N
Ar ' N A | —— A
N, O O AN \ S—ar N ar
o 14 15 An
10 12

Scheme 2. Langlas synthesis of N-arylated DPPs.

A different approach, developed by Langlas (Scheme 2), involves condensation of
the furo[3,4-c]furanones 11 with the various anilines (Ari-NH: or Ar.-NHz) in the presence
of the N,N'-dicyclohexylcarbodiimide (DCC) and trifluoroacetic acid (TFA). This method
gives an opportunity to synthesize not only compounds with generic structure 12,
carrying identical aryl substituents on the nitrogen atoms, but also structures 15 with
diffent aryl groups on the nitrogens of the lactam functionalities in the DPP. The synthetic
precursor furo[3,4-c]Jfuranone 11 can be prepared from benzoylacetic acid esters 8, via
oxidative dimerization” in the presence of sodium and iodine, followed by a thermal
cyclization reaction to the corresponding furo[3,4-clfuranone 11 or by thermal

decomposition of 10 in toluene.??
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Of the DPP moiety, several isomers and analogues are known. Here we mention the

pyrrolo[3,2-b]pyrrole-2,5-diones 19, which will be investigated further in this thesis.

0
N Cl Ay [ NA”n

EtO O ArNH,A7NH O pcl, AT
—_— R An\ oA Ar—N_ |
3 HN-Ar, O HN-Ar, € N-An Ar,
16 17 18 19 O

Scheme 3. .Synthesis of isomeric pyrrolo[3,2-b]pyrrole-2,5-diones (iDPPs).

In contrast to the above described pyrrolo[3,4-c]pyrrole-1,4-diones, synthetic
procedures for the pyrrolo[3,2-b]pyrrole-2,5-diones 19 are less well developed. The first
synthesis of symmetrical pyrrolo[3,2-b]pyrrole-2,5-diones (Ar, Ari, Ar: = aryl; Ar = Ar,
Scheme 3) has been reported in 1987 by Fiirstenwerth,? starting from pulvinic acid using
harsh reaction conditions in low reaction yields due to the formation of side products. A
number of symmetrical N-arylated (Ar, Ari, Ar: = aryl, Scheme 3) pyrrolo[3,2-b]pyrrole-
2,5-diones with various aryl substituents have been synthesized from aromatic ester
carbanions, generated by treatment with LDA, reacting them with aromatic oxalic acid-
bis(imidoyl)dichlorides 18 which can be synthesized in a one pot reaction from aromatic
amines, oxalyl chloride, and PCls.#% Asymmetrical pyrrolo[3,2-b]pyrrole-2,5-diones (Ar,
Ari, Ar: = aryl; Ar # Ari) can be prepared via the same synthetic strategy but using
asymmetrical oxalic acid-bis(imidoyl)dichlorides 18 which can be prepared in a few steps
starting from commercial ethyl-2-chloro-2-oxoacetate and different derivatives of aniline
(compounds 16-17) (Scheme 3).%

1.2 Structure, photophysical and optoelectronic properties of DPP

derivatives

1.2.1 3,6-Diphenylpyrrolo[3,4-clpyrrole-1,4(2H,5H)-diones. As mentioned before,
unsubstituted diphenyl DPPs have very low solubility in organic solvents. The
intermolecular hydrogen bonding that is possible in nonalkylated DPPs! can lead to the
formation of the two dimensional networks combined with Van der Waals*” and
electrostatic interactions between DPP cores, resulting in highly ordered domains. This
often results in enhanced hole and electron mobilities and makes DDP based materials
interesting for organic field effect transistors.?®3° 3,6-Diphenylpyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-diones were among the first DPP compounds to be developed and their optical

properties have been investigated in detail.
4



Introduction

The crystal structure and the influence of the packing effects on the solid state
fluorescence of some DPP derivatives were investigated by Langhals, Miziguchi, and

Shikamori (Figure 1).

\
O\ A(
N—° o\/(O N-© N0
\ ) )
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\ 0
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Figure 1. Structure of DPP derivatives investigated by H. Langhals (20) and J. Miziguchi (21-23).

The dye 20 investigated by Langhals and coworkers can exist as a solid in two
different polymorphs.®! The dye crystallizes from the solution in the orange form, which
can be transformed into the yellow form by heating a solid sample with a laser at 200 °C.
The thermodynamically stable yellow form shows intense solid state fluorescence while
the fluorescence form the orange form is very weak. The more intense fluorescence of the
yellow form compared to the orange was explained by the weaker interactions of the DPP
chromophores; the yellow form resembles more a dilute solution with isolated molecules.

The tert-butoxycarbonyl (t-Boc) protected DPP 21 was investigated by X-ray
analysis by Miziguchi and coworkers (Figure 1).3> The crystal structure of this dye shows
the herringbone structure along the a axis with intermolecular hydrogen bonds between
the -NH group of one molecule and the carbonyl group of a neighboring molecule. The
carbonyl functionality of the t-Boc group in this molecule is twisted 78.5° out of the plane
of the heterocyclic ring system.

The same group of researchers has investigated optical properties of the tert-butyl
(t-Bu) substituted DPPs (compounds 22-23) represented in Figure 1.3° It was shown that by
treating films of these compounds with acetone vapor the absorption spectra can be
shifted towards longer wavelengths. X-ray analysis has confirmed the presence of -NH-O
hydrogen bonds and the m-m stacking in the treated form. -NH--O hydrogen bonding
helps to align the transition dipoles in a head-to-tail fashion, leading to a bathochromic
shift of the absorption band.

A series of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrolo-1,4-dione N-alkylated
derivatives (24-35) with different nature of the substituents on the phenyl ring were
studied in detail by Lunak and coworkers (Table 1).3*
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Table 1.The structure of the diphenylDPPs investigated by Lunak.

Compound R R2 R R2 Compound
24 H H 30 H H
25 CN H 31 CN H ?
o™

2%  CN CN 32 CN oN - Tl No
27 H Cn 33 H Cn oy
28 O O 34 On O o, R;

29 CN Cn 35 CN (N

It was shown that the phenyl rings are rotated out of the plane spanned by the
bicyclic core of the DPP. For DPPs with electron donating substituents, the degree of the
rotation of the phenyl rings was found to decrease, whereas electron withdrawing (-CN)
groups (compounds 25, 26, 29, 31, 32, 35) increase the twist. Introduction of -CN groups
on the phenyl rings of the DPP unit causes a hypsochromic shift. N-alkylation induces a
22-59 nm blue shift of the low energy absorption band. The highest shift was found for di-
and mono-cyano compounds 32 and 31 (59 and 53 nm respectively). A small
hypsochromic shift was observed for unsubstituted derivative 30. In general, all N-
dialkylated derivatives (30-35) show high fluorescence quantum yields in toluene (16-
43%). The fluorescence decay is monoexponential with lifetime similar to the non-
alkylated precursors in DMSO. The low fluorescence quantum yield for compound 35 was

explained by the intramolecular charge transfer character.®

NS NS
S O
Y )
o N s” N
36 37

Figure 2. Structure of mono and dithio DPPs.

Another effort reported by the same group shows the influence of the introduction
of the thioketo functionality on packing and optical properties of the solid state.’® It was
shown by X-ray analysis that both molecules stack in a herringbone fashion along the b-
axis. Molecule 36 is asymmetric and characterized by a dipole moment of 1.1 D. It was also
shown that the absorption spectra of the solid state can be influenced by the solvent vapor
treatment through alterations in molecular packing in the solid state. Molecule 37 can exist
in three crystalline forms and was proposed as possible candidate for optical data storage
because the transformation from one crystal form to another can be achieved easily by

laser irradiation and involves changes in light absorption.%”
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n=0,R; =R, =nCcH,,, 38 Ro
n=1R; =R, =n-CsH;3 39
n=2 R, =R, =n-CH,, 4
n=1R;=nCH,3, R,=H, 41

n =1, R; = 2-ethylhexyl, R, = n-C;H,5, 42

Figure 3. Structure of thiophene substituted phenyl-DPPs.

Some thiophene substituted phenyl-DPPs reported by Kim and coworkers are
presented in Figure 3.% It was confirmed by X-ray analysis that all compounds with linear
n-hexyl side chains attached to the DPP core crystallize in the same (P21/c) space group.
The branching of the alkyl chain (compound 42) results in a crystal structure with C2/c
space group symmetry with reduced intermolecular overlap between the m-systems.
Differences in the packing of these molecules are also reflected by DSC characteristics. The
branching of the alkyl chain (compounds 39 and 42) reduces T (231 vs 164 °C) and T. (194
vs 77 °C) and increases solubility. The optical studies presented in this work show that the
absorption in the solution can be altered by the elongation of the m-conjugated backbone.
In the solid state, the nature (linear or branched) of the alkyl substituents also affects the
optical properties. It was shown that the absorption spectra of solid films are red-shifted
compared to the absorption in solution. The smallest red shift was observed for the
molecule 42 with the branched alkyl chain. The hole mobility of DPP dye 42 is 8.9 x 107
cm?/Vs and is the lowest among all the compounds. Thermal annealing of the solids of
these compounds resulted in an increase in hole mobility that was attributed to
modification of morphology and degree of crystallinity.

Because small changes in the structure of the diphenyl DPP result in strongly
altered optical properties, DPP compounds have also been tested as chemosensors with

optical readout. Qu and coworkers have reported DPP 43 and 44 for fluoride ion sensing
(Figure 4).3940
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Figure 4. Structure of phenyl-DPPs for fluoride ion sensing.

The sensing mechanism is attributed to intermolecular transfer of the proton on the
lactam N position of the DPP moiety to the fluoride ion. The deprotonation of the amide
functional group induces a red shift in the absorption. This can be detected even by naked
eye making these compounds promising candidates for colorimetric and ratiometric
Sensors.

Pyridyl-based molecule 45 (Figure 4) was used for optical hydrogen gas sensing.
This molecule can exist in two different crystal polymorphs depending on the method of
the crystal growth. The two polymorphs show different molecular packing (P2i/n and
P2:1/c space groups) and display different affinity for hydrogen gas.*!

A calorimetric and ratiometric fluorescent chemosensor for the detection of thiols
based on DPP (compound 46) was reported by Deng and coworkers.*> Michael addition of
thiols to the C=C bonds and chemical reaction with the -CN groups of the malonitrile
moieties result in a blue shift in the absorption and a 140-fold increase in the
photoluminescence (PL) intensity in solution. Because the PL bandshape is not dependent
on solvent polarity, this molecule is promising for ratiometric fluorescent molecular

probes.

1.2.2  3,6-Di(thiophen-2-yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-diones.  Dithienyl
substituted DPPs (Figure 5) represent another class of the pigments which were studied in
detail over the last decades. Substitution of the phenyl rings attached to the DPP core with
the more electron rich thiophene units results in the red shifted absorption in solution. X-
ray analysis of the thienyl-substituted DPPs shows that N,N-dialkylated derivative 47
crystallizes in monoclinic P2i/c space group. The thiophene rings are in an antiorientation
with respect to each other and nearly coplanar with respect to the plane of the central DPP
moiety (dihedral angle 6.37°).43

8
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R;=R,=n-C¢H,3 47 Rl = 2-octyldodecyl, 50

R, =R, = 2-ethylhexyl, 48 = 2-ethylhexyl, R, = CH;(OCH,CH,);, 51

R, = R, = CH,(OCH,CH,)y, 49 R1 1-CgH,, Ry = CHy(OCH,CH,),, 52
R, = R, = n-C,,H,,COOH, 53

Figure 5. Molecular structure (left) of the various symmetrical and asymmetrical N,N-dialkylated derivatives
(47-53) and the crystal packing of the compound 47. Reprinted with permission from (Naik, M. A;
Venkatramaiah, N.; Kanimozhi, C.; Patil, S. The Journal of Physical Chemistry C 2012, 34, 159-168.). Copyright
(2013) American Chemical Society.

In the very recent work of Naik a series of the symmetrical and asymmetrical
thienyl substituted DPPs (47-53) were studied in detail (Figure 6).%* It was shown that N,N-
dialkylation of the DPP has an influence on the solid state packing and the structural
order. All compounds in this study show red-shifted absorption in the solid state
compared to the absorption in solution and the largest bathochromic shift was observed
for the compounds 47 and 52 when going from solution to the solid. For molecule 47, the
large red shift of the absorption is explained by the more planar conformation of the -
conjugated backbone among all the compounds in this study. The largest red shift, for
molecule 52, was explained by noncovalent interactions involving the tetraethylene glycol
(TEG) chains.*

N,N-dialkylated derivative 53 with carboxylic acid functionality was studied by
Song and coworkers.** This amphiphilic molecule forms nanofibers in aqueous solutions
via supramolecular self-organization. Fiber formation was attributed to m-m stacking of the
DPP chromophores and hydrogen bonding as indicated by UV-vis and IR spectra. It is
important to notice that the formation of these fibers only takes place for certain

concentrations of the DPP dye.

=D 330 370
N — L UMO
E % % L
1 Pl
Lﬁ 2-ethylhexyl 57

-5.31 -5.34 — HOMO

-5.45

Figure 6. Molecular structure and energy level diagram for DPP derivatives 48, 54 and 55.
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Diazapentalene-like structures 54 and 55 prepared via thionylation using
Lawesson’s reagent** of the amide groups using similar approach reported by
Miziguchi®* are presented in the Figure 6.°! It was shown that chemical transformation of
DPP derivative 48 into derivative 54 results in decreased band gap (E; = 2.18 eV for 48 and
E;=2.04 eV for 54). Further chemical modification via introduction of thioalkoxy chains to
the DPP core (compound 55) results in an even smaller optical gap of 1.75 eV. In addition,
the introduction of the thioalkoxy chains results in a non-fluorescent derivative 55, while
derivatives 48 and 54 show 2.5 and 2.9% PL quantum yields.

Optical and electrochemical properties for some thienyl substituted thieno-DPPs 56-
61 (Figure 7) prepared via multistep synthesis including Suzuki,® Stille,® and Negishi**
couplings were studied in very detail by Biirckstiimmer et al.® Systematic investigation of
these compounds by varying the nature of the substituents on the thiophene ring showed
that strong electron donating substituents e.g. Me, and SMe (compounds 57 and 58)
induce a bathochromic shift of the absorption and emission maxima. Introduction of the
SMe group entails larger Stokes shift together with the reduced PL quantum yield from 22
to 14% compare to the compound 59 with the OMe substituent. In the case of compound
63 strong electron donating dimethylamino groups induce planarization of the
bithiophene units through extended conjugation. The PL quantum yield of this molecule is
strongly quenched and shows a significant Stokes shift of about 1322 cm-.

R,=H, 56
R, = Me, 57
R, = SMe, 58
R, = OMe, 59
R, = NMe,, 60
R,=CN, 61
s R, = n-CgH, , 62
Ry Ra=COEL 63

R, = 2-ethylhexyl

Figure 7. Molecular structure of thienyl substituted thieno-DPP derivatives 56-63.

The cyclic voltamperometry (CV) measurements showed that introduction of the

Me group (compound 57) has almost no influence on the reduction potential, but shifts the
oxidation potential to the lower values.

The DPP derivative 62 was studied in detail by Liu* in the self-assembled films.

The films with this molecule exhibit red-shifted low-energy absorption band compared to

the solution due to efficient -7 interactions in the solid phase. The quenching of the

fluorescence in the solid state was interpreted in terms of intermolecular electron transfer.

10
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The hole mobility measured in an organic field-effect transistor (OFET) was found to be
around 0.07 cm?/Vs with an on/off ratio of 10° and a threshold voltage of -2.4 V.

Compound 63% with an ester functionality was successfully applied in bulk
heterojunction (BHJ) solar cells. The blend with the [70]JPCBM as the electron acceptor
showed a power conversion efficiency (PCE) around 4% with an open circuit voltage (Voc)
of 0.94 V and external quantum efficiency (EQE) of about 50% for photon energies in the
optical absorption range of the molecule.

Introduction of the cyano functionality in the thieno-DPPs results in highly

crystalline ordered structures, as confirmed by X-ray analysis.>

Ry
NC._ g N C
Wan\
A\
o~ N
Ri
64 R, = 2-ethylhexyl, 65
R, = 2-ethylhexyl R, = 2-hexyldecyl, 66

R} = n-CygH,,, 67

Figure 8. Molecular structure of thieno-DPP derivatives 64-67 with —CN groups.

The dicyano derivative 64 shows hole mobilities of 0.7 cm?/Vs in the saturation
regime®! and on/off ratios of 10° in top-contact OFETs. By controlling by the temperature of
the substrate during the deposition, highly crystalline structures with large grain sizes can
be obtained. The dependence of the hole mobility on the deposition temperature was
provided and the best results were achieved for a substrate temperature of about 70 °C.

The quinoidal derivatives 65-67 (Figure 8) were also successfully applied in
OFETs.®% In contrast to molecules with cyano functionality described above, the
quinoidal molecules show n-type behavior in OFETs. The maximum obtained electron
mobility was for the molecule 65 with the branched alkyl chains. The mobility values from
the vapor processed films showed higher electron mobility (ue = 0.55 cm?/Vs and the on/off
ratio of 10°) compared to the solution processed films (u. = 0.35 cm?/Vs and on/off ratio of
105-10°). The structurally similar DPP derivative 67 shows similar mobility of pe = 0.50
cm?/Vs. These results indicate that the introduction of the quinodal fragments in the DPP
architectures is an effective way to improve the charge-transport properties in DPP-based
materials. Due to the strong electron accepting properties of the -CN group, thieno-DPP
derivatives show very low-lying LUMO levels, which promote stability of the reduced
form in air (oxygen).

Another group of the DPP derivatives with the electron withdrawing fluoride (-F)

or trifluoromethyl (-CFs) were reported by Kylberg®* and Sonar (Figure 9).9
11
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R; = 2-ethylhexyl, R, =R, =H, R, =CF,, 68
R;=n-CpHys Ry =Ry =R, =F, 69

Ry =n-CyHys Ry =R, =CF; Ry=H, 70
R;=n-C,Hys Ry=R,=H, R,=CF, 71

R; = 2-ethylhexyl, 72

Ry =n-C;,Hys, 73

CF3

Figure 9. Molecular structure of thieno-DPP derivatives 68-73 with the electron-withdrawing —F or —CFs

groups.

Introduction of the ethylene fragment (compounds 72-73) results in a red-shifted
absorption compared to the compound 71 of about 30 nm, due to the increased
conjugation length. Both ethylene derivatives 72-73 were applied in BHJ solar cells with
PCEs reaching around 3.4%.

Wan\ CaHi7
N__¢/ | 74 7 78 80
CgH
N S 6M13
O v R2 /
ey o0 ! )
R = 2-ethylhexyl 75 77 79 81

Figure 10. Molecular structure of thieno-DPP derivatives 74-81 for BH] solar cells.

Another group of the thienylDPPs (74-81) is presented in Figure 10. All these
molecules have been tested in BHJ solar cells and the corresponding photovoltaic device
characteristics are presented in the Table 2.64-6¢

Benzofurane substituted DPP derivative 77 showed the best performance in BHJ
solar cells. Structurally similar derivatives with the thienobenzene (78) or N-methylindole
(79) showed lower performance, which was attributed to a lower hole mobility and poor
film morphology of the blends. Of the three compounds 77-79, selenophene derivative 74
showed the best performance, which was attributed to the high degree of order in the
solid.
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Table 2. The photovoltaic device characteristics of the blends of [60]PCBM with various DPP based materials

74-81.
Ve Jsc FF PCE
Compound

V) (mA/cm?) (%) (%)
74 0.86 5.81 46 2.33
75 0.78 5.59 44 1.90
76 0.78 5.74 38 1.67
77 0.90 9.85 54 4.80
78 0.76 5.70 33 1.43
79 0.81 4.31 30 1.03
802 0.86 5.65 52 2.52
81a 0.81 6.57 45 2.37

2 [70]PCBM was used.

X-ray analysis for compounds 77-79 indicates that heteroatoms at the substituents

strongly influence the packing in the solid. Replacing the oxygen in the benzofuran

fragment with sulfur results in a strong repulsion between the two sulfur atoms due to

large Van der Waals radius. The nature of the electron rich unit has no influence on the

conformation of the alkyl chains. The alkyl chains have very similar conformation in

which the long branch (n-CsHy) extends along the molecular backbone while the short

branch (n-Cz2Hs) extends out of the backbone plane.

R
Ra s  N_O
Wan\ }
%Rz N
oNSR©/\©
R

2 -

R = 2-ethylhexyl, 82

R = 2-ethylhexyl, 83

\ \
G0
89 90

R=

/\}\/\/%\/\)\

Figure 11. Molecular structure of thieno-DPP derivatives 82-91 for BH] solar cells.

AR A
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R =2-octyldodecyl, 84

()
04

R = n-Cy g, 91

-octyldodecyl, 85
-hexyldecyl, 86
-butyloctyl, 87
2-ethylhexyl, 88

Figure 11 shows a group of materials which have been tested in BHJ solar cells
(compounds 82-90)% and OFETs (compound 91).* Triphenylamine, benzo[1,2-b;4,5-
b’]dithiophene and 1-pyrenyl-based derivatives (82-84) showed lower PCE values (Table

3) compared to the 2-pyrenyl-based structures (85-87). Different performance of the

photovoltaic devices is related to the different morphology of these materials. Grazing-
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incidence X-ray scattering analysis (GIXS) of the blends with [70]PCBM shows that low-
performing derivatives 81-84 form amorphous structures, while high performing

derivatives 85-87 are highly crystalline with the interplanar distance between two pyrene
units of 3.50 A.

Table 3. The photovoltaic device characteristics of the blends of [70]PCBM with various DPP based materials
82-89.

Voc Jse FF PCE
Compound

V) (mA/em?) (%) (%)
82 0.73 4.3 31 1.3
83 0.81 6.2 30 1.7
84 0.73 3.2 29 0.7
85 0.77 5.7 55 2.7
86 0.76 8.3 58 4.1
87 0.78 6.6 48 3.0
88 0.92 2.8 27 0.7
89 0.77 3.9 57 1.7

Substitution of the pyrene with phenantrene (compounds 89-90) results in lower
PCE values (Table 3). It was shown that introduction of the acetylene fragment via
Yamamoto”®”! coupling increases rigidity and the degree of the crystallinity, resulting in
higher PCE compared to the phenantrene derivative 89.

Figure 12 shows the molecular structure of the DPP-based small molecules (92-98)
mainly studied by Nguyen et al. and other groups. The molecules have an extended
conjugation length compared to the compounds presented in Figures 10-11. The addition
of the extra electron rich units results in an optical bandgap of around 1.5-1.7 eV and their

absorption spectrum has a better overlap with the solar spectrum.

R=n-CgH;, R;=H,X=85,92

R =10-(3,6,9-trioxadecyl), R; = n-C,H,5 X =5, 93
R=pn-CH; 5 Ry =n-CH 5, X=5,94

R =n-CpH,s Ry =0-CgH s, X =5, 95

R =t-Boc, R} =n-CgHy3 X =8, 96

R =2-ethylhexyl, R; = n-C g, X=Se, 97

R =2-ethylhexyl, R; =n-C;H;, X=5,98

Figure 12. Molecular structure of thieno-DPP derivatives 92-98 for the BH] solar cells.

The DPP derivative 927> shows nanoscopic fibrous structures when spun from
chloroform solution on Si/SiO: substrates. The size and the formation of the fibers is

strongly dependent on the concentration of the dye in the parent solution.

14
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The structurally similar amphiphilic DPP derivative 93* with the triglyme alkyl
chains, also shows self-organization. This chromophoric molecule can occur in different
crystalline phases and showed poor performance in BHJ solar cells with estimated PCE of
only ~0.7%. Similar device performance was obtained in the blends with derivative 94. The
PCE of 0.8% was obtained when this compound was blended with [70]PCBM.” However
the same molecule showed 0.016 cm?/Vs mobility in OFETs. It was shown that thermal
annealing helps to improve the OFET characteristics due to closer packing of this
molecule. Substituting the n-hexyl chains with n-dodecyl (compound 95) resulted in a
lower hole mobility by one order of magnitude.”

The DPP derivatives 96-98 have been studied by Nguyen and Mazzio.”>”*7° The t-
Boc protected DPP derivative 96 was applied in BH]J solar cells and shows the PCE of
2.3%. This molecule shows aggregation in the solid state which was confirmed by the
optical and AFM measurements. Similar molecule 98 with the 2-ethylhexyl chains showed
even higher PCE of 3.0% was obtained in the BHJ solar cells due to enhanced film forming
properties compare to the t-Boc protected analogue 96. It is known that thermal removal”
of the t-Boc protective groups can result in highly ordered structures together with
different optical”® and electronic properties.” However a heating experiment was not
performed in this research.

Finally substituting the outer thiophene rings with selenophene (compound 97)%
photovoltaic cells with PCE of 1.5% could be achieved.
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, Ry = 2-ethyhexyl, n=0, 107 A B
, Ry = 2-ethyhexyl, n=1, 108

Figure 13. Molecular structure of DPP-fullerene derivatives 99-108.

Figure 13 presents group of the DPP based materials with covalently attached
[60]PCBM as the electron accepting material. Excited state dynamics of the DPP-based
triads 99-100 with the two different aliphatic spacers between the fullerene cage and the
DPP chromophore have been studied in detail by Banerji et. al.®! In the case of the long
aliphatic spacer PL quenching by interaction between DPP and fullerene becomes less
efficient compared to the quenching in the same triad with the short spacer.

Similar DPP dyads with the different m-conjugation length and fixed length of the
aliphatic spacer were applied in organic solar cells as reported by Izawa et. al.> The
performance of the solar cells was increased with the number of the thiophene rings and
the maximum 1.1% PCE was obtained for the diad 103. However the triads (104-106) with
the same number of the thiophene units studied by Chen and Karsten showed poor
performance in organic solar cells with the PCEs not reaching higher than 0.5%.83% The
authors conclude that the most efficient PL quenching occurs in the triad with the shortest
aliphatic spacer (compound 104). The same authors have reported the synthesis and
optical characterization of the DPP triads (107-108) prepared by a Prato reaction.®>After
the excitation of these DPP-oligomers, energy transfer from the DPP fragment to the
tullerene takes place, followed by the charge separation and formation of the triplets.
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1.3 Aim and outline of the thesis

In this chapter an overview of DPP-based derivatives and their optoelectronic
properties was given. It is evident that this chromophore shows unique properties making
this molecule interesting target for our studies. The aim of the work described in thesis is
to investigate the relation between molecular structure of DPP related compounds and
their electronic structure, excited states, and photovoltaic properties in more detail. For
this reason several new and tailored DPP based small molecules and polymers were
synthesized and studied with optical spectroscopy and electrochemical methods. The
application of the DPP based materials was also tested in organic solar cells.

Chapter 2 shows detailed investigation of DPP derivatives with different numbers
of thiophene units in the main backbone and different linear or branched alkyl chains
attached on the N atom of the DPP. Optical studies at various temperatures in solution
and in the solid state provided information about the type (J or H) of aggregation by these
molecules. Quantum-chemical calculations were performed to simulate the bandshape of
the lowest absorption band in the molecular solids.

Chapter 3 focuses on bichromophoric molecules based on DPP moieties covalently
linked with different aliphatic spacers. Optical and electrochemical measurements at
various temperatures and in solvents of the different polarity provided information about
the excimer formation in these donor-acceptor materials. The length of the aliphatic spacer
has an influence on the folding of these molecules.

Chapter 4 shows synthesis of the isomeric DPP structures (iDPPs) with various
numbers of thiophene units together with optical characterization. Quantum-chemical
calculations together with the optical characterization show different symmetry of the
lowest excited state in the isomeric DPP derivatives.

Chapter 5 describes synthesis of four different linear and star-like small molecules
and characterization of their performance in bulk heterojunction (BHJ) solar cells. The
photovoltaic devices have been optimized using different processing solvents and
processing additives. The power conversion efficiency (PCE) of the device blended with
one of the small molecules presented in this chapter reaches 3.2 %.

Finally in chapter 6 four different DPP based small band gap polymers were
synthesized using various C-C coupling reactions and tested in BH] solar cells. It will be
shown that the morphology of the blend can be controlled using co-solvents. For the most
efficient polymer maximum PCE of 4.8% was obtained under simulated standard solar

light conditions.
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Chapter 2

Optical Properties of Oligothiophene
Substituted Diketopyrrolopyrrole
Derivatives in Solid Phase: Joint J and

H-type Aggregation

Abstract

Photophysical  properties  of  diketopyrrolopyrrole  derivatives  substituted — with
oligothiophenes are investigated. All compounds are found to be fluorescent both in solution and in
solid phase. At low temperatures in the solid, fluorescence originates from excimer-like excited
states. Comparison of absorption and fluorescence excitation spectra taken under matrix isolated
conditions and on solid films show the presence of both J and H-type absorption bands in the solid
phase. Quantum-chemical calculations, including exciton-phonon coupling to account for
deviations from the Born-Oppenheimer approximation, are performed to simulate the bandshape of
the lowest absorption band in the molecular solid. The joint presence of J and H-bands is explained
by the presence of two molecules in the unit cell. The Davydov splitting is substantial for molecules
with linear alkyl substituents on the nitrogen atom (on the order of 0.2 eV) but can be reduced to

almost zero by introducing branching at the f-carbon of the alkyl side chain.

This work has been published: M. Kirkus, L. Wang, S. Mothy, D. Beljonne, J. Cornil, R. A. J. Janssen, and S. C. J.
Meskers, J. Phys. Chem. A, 116, 30, 7927-7936, 2012, DOI: 10.1021/jp305097q



Chapter 2

2.1. Introduction

1,4-Diketo-3,6-diarylpyrrolo[3,4-c]pyrroles (DPP) are strongly fluorescent dye
molecules that show high photochemical stability. Due to their bright optical properties,
they are used as pigments!-® and fluorescent chemosensors.”® In the last decade it has been
discovered that DPP-based materials also possess interesting electrical and optoelectronic
properties. DPP based materials are used in e.g. organic field effect transistors (p-type),” "
ambipolar transistors,!*'® dye-sensitized organic solar cells, and bulk heterojunction solar
cells.?-2* The DPP moiety is a planar bicyclic structure that provides strong m-mt stacking of
these molecules; it contains two strong electron-withdrawing amide groups making it a
suitable building block for new small-band gap materials for photovoltaic applications.
Soluble derivatives can be made by attaching long linear or branched alkyl chains on the
lactam N atom positions of the DPP unit.

The present study focuses on the solid phase optical properties of DPP-
oligothiophenes. For 3,6-diphenyl-DPP derivatives, it is known that the optical properties
depend on how the individual molecules are positioned and oriented within the unit
cell.?>? For instance, for 3,6-diphenyl-DPPs comprising the thioketo functionality, the
optical constants and properties can differ widely for various polymorphs of the
crystalline state.?”-?

To account for the dependence of spectroscopic properties on the molecular
organization imposed by the solid state, molecular exciton theory has been developed.3-*
The theory takes into account coupling between transition charge densities associated with
transitions between the ground state and singlet excited states localized on individual
molecules within the crystal. This coupling, results in the formation of delocalized excited
states and collective spectroscopic transitions. In crystals containing only one molecule in
the unit cell, positive interaction energy between the transition charge densities of the
individual molecules results in a collective spectroscopic transition that occurs at the
photon energy higher than the corresponding transition of the isolated molecules.
Molecular assemblies showing such a hypsochromically shifted absorption band are
commonly referred to as H-aggregates.* Conversely if the interaction energy is negative, a
collective transition is predicted at photon energies lower than that for the corresponding
isolated molecules. Molecular assemblies with such red-shifted absorption bands are
classified as J-aggregates. 3,6-Diphenyl-DPPs can form intermolecular hydrogen bonds via
the N-H proton showing a bathochromically shifted lowest absorption band and thus are
an example of J-type behavior.** Apart from excited-state couplings, also the
intermolecular hydrogen bonding contributes to the red shift in these unsubstituted DPP

molecules.?>
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For crystal structures with n molecules in the unit cell, the maximum number of
allowed collective transitions equals n. For crystal structures with two molecules in the
unit cell, which is common for aromatic molecules, two optically allowed electronic
transitions are expected. Such molecular assemblies can in principle show both J- and H-
type bands. The difference in photon energy between the two allowed transitions is
referred to as the Davydov splitting (DS). The DS may be regarded as an experimental
observable. In doing so, it is important to note that the splitting is not completely
determined by the electronic motion. It can also be influenced by motion of the atomic
nuclei, especially in the case where the coupling between electronic and vibrational
degrees of freedom is strong in comparison to the strength of the excited-state
intermolecular electronic coupling. Depending on the particular material and vibronic
band under study, the magnitude of the DS can be strongly reduced by the included
Frank-Condon factors, accounting for the overlap between vibrational wave functions at
ground and excited states. The DS is also influenced by charge transfer interactions
between (neighboring) molecules.?

For DPP molecules containing thiophene substituents instead of phenyl groups,
spectroscopic properties change drastically upon going from solution to solid state.” Here,
we investigate the spectroscopic behavior of these molecules by varying the alkyl side
chains attached to the nitrogen atoms of the DPP moiety and the number of thiophene
rings. The chemical structures of the compounds studied are shown in Figure 1. We find
that these materials show simultaneously | and H-bands in their thin film optical spectra.
Changing the number of thiophene rings influences the distribution of intensity over the |
and H-bands. The DS varies with the branching of the alkyl side chains on the nitrogen
atoms of the DPP moiety.
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Figure 1. The molecular structure of DPP-oligothiophenes 1-10.

The results show that it is possible to engineer the optical and photophysical
properties of DPP based molecular materials. In particular it is possible to influence the
probability for photon absorption and the probability for radiative decay from the lowest
level in the excited state. This provides opportunities to optimize the efficiencies of light

emitting and photovoltaic diodes made from DPP based materials.
2.2. Results and discussion

2.2.1 Synthesis. The structure and synthesis of DPP-oligothiophenes 1-10 with
different linear and branched alkyl chains are shown in Figure 1 and Scheme 1,
respectively. Compounds 1-6 were synthesized in a one step alkylation reaction of 3,6-
di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione  using different linear and
branched alkyl bromides as the alkylating agents, K2COs as a base and a catalytic amount
of 18-crown-6 in DMF at 120 °C. It is well known that crown ethers are useful as a phase
transfer catalyst, coordinating some metal cations in their central cavity and making
inorganic salts more powerful nucleophiles in organic solvents. This helps to increase the

yields of the reactions and also reduces the reaction time.*
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Scheme 1. Synthesis of DPP-oligothiophenes 1-10. a) K2COs, R-Br, 18-crown-6, DMF, 120 °C; b) NBS,
chloroform, rt, 15 min.; c) 4,4',5,5"-tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane, Pd[PPhs]s, Aliquat 336,
NaxCOs (aq, 2 M), reflux, overnight; d) n-BuLi, 78 °C, 30 min., R-Br, reflux 2 days; e) NBS,
AcOH/chloroform, rt, overnight; f) Mg, 2-bromothiophene, Pd(dppf)CL, Et:O, RT, overnight; g) n-BuLi, 78
°C, 30 min., 2-isopropoxy-4,4',5,5"-tetramethyl-1,3,2-dioxa-borolane, rt, overnight; h) Pd[PPhs]s, Aliquat 336,
Na:COs(aq, 2 M), reflux, overnight.

DPP-oligothiophene 7 was synthesized by the bromination reaction of 3, followed
by Suzuki coupling with 4,4',5,5"-tetramethyl-2-(thiophen-2-y1)-1,3,2-dioxaborolane, using
Pd[PPhs]s as a catalyst. DPP derivatives 8-10 with two terthiophene fragments were
synthesized from dibromo DPP compounds 11 and 12 using two different boronic esters of
bithiophene, which where synthesized starting from alkylation reactions of thiophene,
bromination, Kumada coupling, and finally borylation of corresponding monoalkylated
bithiophene derivatives. The structure and molecular weight of final compounds 1-10
were confirmed through NMR spectroscopy and MALDI-TOF mass spectrometry

analyses.

2.2.2 Spectroscopy in solution at room temperature. The DPP derivates under
investigation show a dipole allowed optical transition in the visible-near infrared spectral
range corresponding to the electronic transition from the singlet ground state (So) to the
lowest excited singlet state (S1). We find that for DPP derivates containing the same
number of thiophene rings, spectroscopic properties in solution are the same within
experimental error. Figure 2 illustrates the molar absorption spectra for compounds 3, 7,

and 8 containing 2, 4, and 6 thiophene rings, respectively. As reported earlier, upon
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increasing the number of thiophene rings the onset of absorption lowers in energy and the
magnitude of the maximal extinction coefficient rises. This is consistent with enlargement
of the m-electron system in these molecules. The fluorescence of the compounds exhibits a
mirror image relation with respect to the corresponding absorption and can be assigned to
the 51—So transition. The fluorescence quantum yield (Table 1) is high for the molecules
with only two thiophene rings and drops rapidly with increasing number of thiophene
rings. In solution the derivatives show a strictly exponential decay of the fluorescence
intensity upon pulsed excitation. Decay times are in the nanosecond time domain.
Combining the results from the measurements of the fluorescence lifetime 7, and
quantum yield ¢, we obtain the rate constant for radiative (fluorescent) decay krnd = @/ %
in the S1 excited state (Table 1). We find that kra decreases with increasing number of

thiophene rings.

Fluorescnce Intensity (cps)

1 U I S T S

2.0 2.5 3.0 3.5
Photon energy (eV)

Figure 2. @ Absorption spectra in dilute 0-DCB solutions of DPP-oligothiophenes 3, 7, and 8 having a
different number of the thiophene units (2, 4, or 6, see Scheme 1); » Emission spectra in dilute 0-DCB

solutions of the compounds 3, 7, and 8 recorded with Aex= 520 nm, corrected for OD, OD <0.1.
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Table 1. Spectroscopic data on selected DPP-Oligothiophenes. Transition energies corresponding to maxima
in absorption (Emax), molar decadic extinction coefficients (emax), transition dipole moments (x), fluorescence
lifetimes (%), quantum yields (¢), and radiative and non-radiative decay rates from lifetime measurements
(krad, karad ) and from the Strickler-Berg Relation (kad®).

Absorption « Fluorescence «
krad®
Emax 104 X emax  p(S1<=So) 7 e krad B knrad
(eV) (M1 cm™) (D) (ns) - (ns1) (ns (ns)
)
3 2.23, 2.40, 3.63 3.4,26,12 5.6 6.0 (1.77 eV) 0.5 0.083 0.14 0.08
7 1.99,2.13, 3.52 45,3921 7.3 2.6 (19eV) 0.2 0.077 0.17 0.31
8 1.87,2.00, 3.14 6.2,5.7,2.2 9.0 0.8(1.59eV)  0.05 0.063 0.23 1.20

2 Recorded in 0-DCB solution at room temperature (293 K); ¥ Quantum yields were determined relative to
the fluorescence of Rhodamine 101 at 520 nm in ethanol 0.01 % HCI solution with OD <0.1.

In contrast, the radiative decay rate as predicted from the absorption spectra using
the Strickler-Berg relation® (k55 , Eq. 1) shows the expected increase in radiative decay rate

with increasing number of thiophene rings

kSB = 2.889x107 %22 (07 7| 8(171/) > N

The discrepancy between measured and predicted radiative decay rates indicates
that after solvent relaxation, the electronic nature of the excited state changes. We propose
that the relaxed excited state has more (intramolecular) charge transfer character with the
thiophene part acting as donor and the diketopyrrolopyrrole moiety acting as acceptor.
This assignment is consistent with the fact that the discrepancy between the predicted and
measured krnd increases upon increasing the donor character of the oligothiophene part by
increasing the number of thiophene rings. In addition, the molecules with six thiophene
rings show a larger Stokes shift in the polar 0-DCB solution than those with only two
thiophene rings, indicating the importance of solvent relaxation in inducing charge
transfer character in the Si state. The increase in the rate of non-radiative decay knrad upon
increasing the number of thiophene rings (Table 1) indicates the presence of decay
pathways related with the enhanced CT character of the relaxed excited state, e.g.

intersystem crossing to the triplet state.

2.2.3 Spectroscopy in frozen solution at low temperature. The spectra of the DPP-
oligothiophenes show a characteristic vibronic progression in the Si<-S0 and S1—So
transitions (Figure 3). The vibronic structure in the spectrum can be studied in more detail

by performing low temperature measurements in glassy 2-MeTHF solution. For
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compound 3, at 80 K we find a remarkable narrowing of the widths of the vibronic bands
(Figure 3a). The low temperature spectra show a rich fine structure and indicate that
several totally symmetric vibrational modes are active in the Frank-Condon geometrical

relaxation that occurs upon electronic excitation.

(@)

Intensity
Intensity

2?0 2‘.5 3.0 3?5 4.0 1‘.8 2‘.0 2‘.2 2‘.4 2?6 2?8
Photon energy (eV) Photon energy (eV)

Figure 3. ® Low temperature fluorescence (red line) and fluorescence excitation (black line) spectra of

compound 3 in frozen 2-MeTHF solutions (T =80 K, c = 10-¢ M); ¥ Enlargement of the 51-5 transition region

showing experimental (red lines) and simulated spectra (black dotted lines). The latter were calculated using

four totally symmetric modes (see Eq. 2 and Table 2), assuming a Lorentzian line shape of the individual

vibronic bands.

The spectra can be simulated using the following equation:*

4 r S"S,"S.PS,4
I(V)I Z 1 22 P23 Y4

n,m, p,q=0 [(v =V —(nv +mv, + pv3 + qV4)]Z +1?

alm pl! expl— S — Sy — S3— S4] (2)

This relation includes contributions of four normal modes (labeled i = 1-4) in the
geometrical relaxation with frequency v,and Huang-Rhys parameter Si describing the
strength of the coupling between vibrational and electronic degrees of freedom. For each
mode, up to four vibrational quanta are included in the simulation. The band shape is
assumed to be Lorentzian with bandwidth 7~ Parameters used in the simulation are listed
in Table 2. The 0.18 eV mode dominates the progression and is also visible in the room
temperature spectra. This mode is most likely associated with the change in bond length
alternation in the m-conjugated system upon electronic excitation. At low temperature, in
the frozen environment, we find a vanishingly small Stokes shift. This indicates that under
low temperature conditions, little charge transfer character is admixed to the lowest
excited state upon geometrical relaxation in the lowest excited singlet state. The

frequencies of the vibrations active in the vibronic coupling are virtually the same in
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ground and excited states. The Huang-Rhys parameter for the 0.18 eV mode changes

slightly for fluorescence excitation and fluorescence spectra (0.6 vs. 0.4).

Table 2. Vibration of frequencies ¥, and Huang-Rhyss factors Si for simulating the vibronic progressions in

the fluorescence and fluorescence excitation spectra of 3 in frozen 2-MeTHF solution.

Mode v (eV) Gif GifE
1 0.027 0.35 0.35
2 0.085 0.14 0.14
3 0.13 0.14 0.14
4 0.18 0.4 0.60

2.2.4 Spectroscopy in solid state. The absorption spectra of the DPP-
oligothiophenes 1-10 recorded on thin spin coated films differ from absorption spectra of
the corresponding molecules in solution (Figure 4). Differential scanning calorimetry
(DSC) on the molecular solids shows clear melting transitions indicating a micro-
crystalline nature of the solid. This is confirmed by optical microscopy on spin coated
tilms. Surprisingly, whereas in liquid solution variation of the alkyl side chain on the DPP-
oligothiophene does not lead to significant variation of the optical properties, the
characteristics of the Si1<-So spectroscopic transition show a marked dependence on the
nature of the alkyl side chain (Figure 4). The importance of the alkyl stereochemistry
indicates that the packing of the molecules in the solid has a strong influence on

photophysical properties of the solid.
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Figure 4. Absorption spectra of DPP-oligothiophenes 1-10 in dilute 0-DCB solutions (black lines) and as thin

solid films (red lines).

For 1 and 2, the two compounds that have a branch in alkyl chains at the
[-position, the absorption spectra in the solid and in solution differ very little. In the solid,
the onset of the Si<-So absorption band near 2.2 eV is slightly red shifted (~0.05 eV) in
comparison to solution. In the spectral region near 2.6 eV, corresponding to the higher
vibronic bands of the Si1<-So transition, the solid phase shows a higher absorbance.

For compounds 3-6 that either have a branch in alkyl chains at the y~position or are
linear, there is a clear red shift of the lowest vibronic band in the spectrum of the solid
phase relative to the solution spectrum. The red shift of the absorption maximum is the
defining characteristics of a J-aggregate. In addition to the red shift of the maximum, a
new weak band appears at 2.6 eV in the spectrum of the solid.

In contrast to the red shift observed for the small DPP-oligothiophenes, the solid
phase absorption spectra for the extended DPP-oligothiophenes 7-10 all show a blue shift
of the absorption maximum in comparison with solution spectra. For instance, for 7, the
absorption maximum shifts from 2.0 eV in solution to 2.2 eV in the solid. The onset of
absorption for the solid shifts to lower photon energy and occurs near 1.8 eV in the solid.

The blue shift of the maximum in absorption is characteristic of H-type aggregation.
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Likewise, for the molecules with six thiophene rings, viz. compounds 8-10, spectra indicate
H-type aggregation. Within this subset, the stereochemistry of the alkyl side chain has a
strong impact on the electronic transitions: for 9 the spectral shifts are smaller than for 8
and 10.

In Figure 5 left column, we illustrate a detailed analysis of the absorption spectra of
1, 2 and 6 in solid phase. For 6 the new band at high energy near E:= 2.56 eV is most
clearly resolved. We find that the absorption spectra can be decomposed into two
components indicated by the green and blue line.

The low energy component to the S1<-So absorption band of 6 (green line), can be
modeled by a 0-0 vibronic band with Gaussian shape centered on E:1=2.07 eV followed by
a Frank-Condon progression built upon a single totally symmetric vibrational mode with
frequency v=0.18 eV and Huang-Rhys factor S = 0.7. In order to reproduce the
experimental spectrum at higher photon energies, we need to introduce a new absorption
band indicated by the blue line, starting at E2 = 2.56 eV and including a Frank-Condon
progression (v =0.18 eV and S = 0.5). In the solution spectra (Figures 2 and 3) the 2.6 eV
transition observed in the solid does not appear. Hence we assign the 2.6 eV band in the
solid state spectrum to the transition from the ground state to an exciton level of

predominantly Si1<-So character.

Normalized absorption

2.0 25 2.0 25 3.0
Photon Energy (eV)

Figure 5. Left column: decomposition of the absorption spectrum of 1, 2 and 6 in solid state. The
experimental spectrum is shown in red; the two Davydov components in green and blue. The dashed black
line shows the absorption in dilute solution. The red dotted line shows the sum of the two Davydov
components. Right column: simulated spectra for three different molecular packings (Figure 7): A (a= 40,
B=65°), B (=500, f="70°) and C (=45, 5= 80°).
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To account for this simultaneous occurrence of | and H-type bands in the solid, at
2.07 and 2.56 eV respectively, we propose a crystal structure containing (at least) two
molecules in the unit cell. According to molecular exciton theory, this can give rise to two
electronically allowed, collective transitions in the solid. The occurrence of the two
transitions is further supported by fluorescence excitation spectroscopy on 6 (Figure 6).
The fact that both the 2.07 eV J-band and the 2.56 eV H-band occur in the excitation
spectrum for the solid phase fluorescence with the same intensity ratios as in the
absorption spectrum, strongly disfavors the explanation of the simultaneous occurrence of
J and H-type bands in terms of coexisting polymorphs in the solid. In this explanation, a J-
type polymorph would account for the occurrence of the fluorescence. The H-band of the
other non-fluorescent polymorph should then not appear in the excitation spectrum of the
fluorescent J-aggregate. Here it is implicitly assumed that energy transfer between the two
polymorphs does not occur. Yet even if such transter would be possible with efficiency
smaller than unity, the intensity ratios of | and H-bands in the excitation spectrum should
differ from that in absorption, which is not the case. The photon energies Ei and E:
associated with the | and H-bands for the solid phase spectra of molecules 1-6 as obtained

from spectra decomposition (as illustrated in Figure 5) are listed in Table 3.
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Figure 6. Fluorescence and fluorescence excitation spectra of 1-10 in thin film. Fluorescence recorded at 293
K (-0-) and at 80 K (-). Fluorescence excitation at 293 K (—0-) and at 80 K (-).

Table 3. Energies for the low and high band (Ei, Ez), Ratio of the integrated intensities of the low and high
band (I1/2) and the energy difference (4E) as obtained from spectral decomposition of the extinction spectra

taken on solid films.

E: E> AE12 N-alkyl
Compound @) vy eslh oy branchirz’g
1 2.17 2.40 0.2 0.23 B
2 2.20 2.43 0.5 0.23 B
3 2.11 2.62 0.6 0.51 V4
4 2.07 2.57 0.4 0.50 ¥
5 2.08 2.55 0.6 0.47 none
6 2.07 2.56 0.5 0.49 none
7 1.83 2.24 0.2 0.41 B
8 1.73 2.15 -0.1 0.42 none
9 1.73 2.03 0.2 0.30 B
10 1.70 2.15 0.0 0.45 none

We notice that for molecules 1 and 2, the DS measured as 4Ew equals ~0.2 eV,
smaller than for 3-6. This indicates a correlation between DS and the type of branching in

the N-alkyl side chain. Such a correlation may be rationalized in the following way.
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Branching in the side chain often is known to influence the packing of m-conjugated
molecules in aggregates? and the arrangement of mesogens in liquid crystals.** The
distance of the branching centre from the core of the molecule is often found to be of
importance. It seems therefore plausible that the branching of the alkyl side chain
influences the intermolecular arrangement with branching at the f-carbon atom of the
alkyl side chain inducing the smallest excitonic coupling. The same reasoning also
explains the better solubility of the fbranched variants.

Although compounds 2, 3, 7, 9 and 10 contain enantiomerically pure side chains, it
was found that solid films of these compounds show only very weak circular differential
absorption. For instance, for 3, we find dissymmetry ratios gl < 10* near the first
absorption maximum at 2.1 eV. Given such small effects and considering the likelyhood of

artificial contributions in solids, study of circular dichroism was not investigated further.

2.2.5 Quantum chemical model for the low energy exciton states in the molecular
solids. For the molecules under study no crystallographic structure determinations have
been reported. However for 2,5-dihexyl-3,6-diphenylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione, which may be considered as a close structural analogue of 5, the crystal structure is
known.*® The dihexyl-3,6-diphenyl DPP compound has a monoclinic phase and
crystallizes in the space group P21/c with two molecules in the unit cell; 2 = 13.48 A, b =
5.54 A, c=17.48 A, and = 90.2°. The molecules are ordered in layers with a herringbone
arrangement and nearest neighbor distances within the layer are short (see Supporting
Information). The molecular layers are located relatively far apart with the space between
the molecular layers occupied by the hexyl side chains. This type of molecular packing is
also reported for other N-substituted 3,6-diphenyl DPP molecules.**

To model the spectroscopic properties, we have taken the lattice parameters from
ref.** and place dipole oscillators on the lattice points (Figure 7a). Given the approximate
Can symmetry of the core of the molecules, the direction of the transition dipole moment
is confined to the plane of the n-conjugated core. The direction of x in the plane cannot be
determined from symmetry arguments alone but can be obtained from quantum-chemical
methods. Calculations were performed on the model compounds analogous to 1 in which
the alkyl side chains are truncated to methyl groups, viz. 2,5-dimethyl-3,6-di(thien-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione. The geometry was optimized using Density
Functional Theory (DFT) at the B3LYP/6-31g(d,p) level. Excited states and transition
energies from the ground state were calculated using the semi-empirical Hartree-Fock
ZINDO/S scheme on the basis of the optimized ground-state geometry. The Si<So
transition for the molecule in vacuo is predicted at 2.25 eV with ¢ = 9.8 D. Note that the
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next allowed transition is predicted at 4.4 eV. The transition charge density and transition
dipole moment for the S1<-So transition are illustrated in Figure 8. The transition dipole
moment is parallel to the straight line joining the carbon atoms 3 and 6 of the
pyrrolopyrrole fused ring system. Calculations on the analogous molecule containing four
thiophene rings resembling 7 predict the Si<-So transition in vacuo at 2.15 eV with u=14.5
D. The direction of the transition dipole moment relative to the DPP core is virtually the

same as for the smaller compound (Figure 8).
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Figure 7. @ Orientation of the transition dipole moments of the DPP molecules in solid phase used in the
calculation of the intralayer excited state dipolar couplings relative to the lattice vectors of the triclinic unit
cell; ® Schematic diagram for the orientation space of the transition dipole moments. Red areas indicate those
orientations for which the minimum interatomic distance is in between 2.5 and 4.0 A. The white area
corresponds to contact distances < 2.5 A. The star indicates the orientation of the dipole moments based
upon the crystal structure determination for a close structural analog.#3 A, B, and C indicate the geometries
used in simulation of the spectra in Figure 5. A indicates the orientation for which the intermolecular
coupling effectively vanishes. Calculations of: 9 energy of the higher (H-type) energy level. 9 Energy of the
lower J-type level; ® Ylog (Ij/Ix) with Iy and Iu the calculated intensities for the J- and H-state, respectively; 9
Calculated Davydov splitting.
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Figure 8. Distribution of the transition densities and orientation of transition dipole moment, as calculated at
the ZINDO/S level on DPP oligothiophenes. The size and color of the spheres represent the amplitude and

sign of the atomic transition densities, respectively.

The spatial arrangement of the transition dipoles within the triclinic unit cell is
illustrated in Figure 7a. The transition dipoles for the first and second molecule in the unit
cell are labeled g and . To describe the orientation of the transition dipole moment
relative to the lattice vectors a, b, and ¢ we introduce the angles « and S S describes the
angle between x and a, while ¢ is the angle between the projection of 4 in the bc plane and
the lattice vector b. From the structural data on the 3,6-diphenyl analogue of 5% we
estimate o =57° and = 59°. This orientation is indicated in Figure 7b by the asterisk.

We approximate the excited state intermolecular interaction by the interaction
between the transition densities within the same bc molecular plane, neglecting the
interlayer interaction. We further truncate the intralayer interaction to include only 15*15
unit cells, which yields close to fully converged exciton bandwidths. Assuming that the
first molecule of the pair is in unit cell ¢, and g indicates the unit cell in which the second
molecule of the pair is located. We can define pair wise interaction energies Vi, ,; where the
labels i and j denote the positions of the molecules under consideration within the cell 7

and( respectively.

gk, (DF () 3)

e e, T T
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where gi,(k) denotes the transition density on atom k associated with the lowest
electronic excitation of molecule i in unit cell 7, and F(r«) is the electron-electron
interaction potential. Here, the Mataga-Nishimoto potential is used.*® Summing over the
contributions of different unit cells to the interaction, we obtain three energy parameters
L1, L22, and Li2:

L;= Z;,Vg,q; (4)
7,

In the first step, we neglect vibronic coupling in our simulations. This
approximation holds in the limit the energy associated with the Franck Condon
geometrical relaxation in the excited state is much smaller than the crystal excitonic
bandwidth.* The relaxation energy is on the order Sihvi = 0.2 eV, while a rough estimate of
the electronic band width gives 0.5 eV (Figure 5). This shows that neglecting the vibronic
coupling is not fully justified, yet we argue that this approximation provides a valuable
insight. Therefore in the following paragraphs we separate nuclear and electronic motion
(Born-Oppenheimer approximation) and calculate the Davydov splitting from transition
density interactions between inequivalent molecules in the crystal structure. In the next
section, the influence of vibronic coupling between nuclear and electronic degrees of
freedom on the solid phase absorption spectra will be considered explicitly for a few
selected molecular arrangements.

After calculating the parameters L, the molecular exciton model can be solved
analytically,* giving the following expression for the two electronic energy levels labeled a
and b.

2 2
E _L11+L22+\/(L11—L22) +4L, 5)
T T 2

Here the plus sign applies to the level labeled a. The Davydov splitting DS can now
be obtained from |E. — Evl. The transition dipole moments for the transition from the

ground state to the a2 and b levels are:

Hy =ty sin(y/2)+ g cos(y/2) ©
Hy, = 1 sin(y/ 2)— gty cos(y 1 2)
where:
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L
y= arctan|:2 #} (7)
|L11 - L22|

Within the levels 2 and b, the one with the higher energy is assigned to the H-type
level, the lower to the J-type level. We neglect any gas-to-crystal energy shift arising from
the polarizability of the crystal.®® Given the magnitude of the transition dipole moments ux
and g for the H and | levels, we can calculate the ratio between the intensities of the
transitions to the | and H level: In/I; = | unl?/1 1512 The expressions 5-7 allow us to calculate
Ej, En, “Log (In/I)) and DS as a function of the angles aand S, see Figure 7c-f.

For f =0° the dipoles are oriented perpendicular to the bc plane (see Figure 7b).
This leaves angle ¢ undetermined. For this set of angles, the calculations predict the
energy level Eu to be shifted > 0.6 eV to higher energy relative to the isolated molecule.
The level Ej does not carry any oscillator strength and hardly shifts in energy. This
corresponds to typical H-aggregate behavior. For # = 90° we can distinguish two limiting
cases @=0° and a=90°. In the case (a=0°4=90° the dipoles are oriented head to tail
along the short b axis of the lattice. In this arrangement the negative energy associated
with the head-to-tail dipolar coupling will be larger than the positive energy from the face-
to-face dipolar interactions because of the short intermolecular distance along the b axis.
The predominance of the head-to-tail coupling makes that both the E; and Eu levels shift
down in energy by 0.4 and 0.5 eV, respectively. The Eu level takes most of the oscillator
strength. However, due to the shift of Exto lower energy, the predicted spectrum for this
orientation shows a red shifted absorption band and thus resembles that of a J-aggregate.
Note that this brickwork type arrangement has also been proposed for 2-dimensional
aggregates of cyanine dyes.” In the case (a= 90°, = 90°% the intermolecular interaction
along the short b axis is that of cofacially arranged dipoles and is positive. This is only
partly compensated by the negative contribution associated with the head-to-tail coupling
in the ¢ direction because of the larger distances. For this geometry the predicted spectra
thus resemble those for an H-aggregate.

Looking at the predictions for DS in Figure 7f, we notice that for each value of cwone
can always find a value of £ such that the magnitude of DS vanishes. Along this line with
DS =0 eV, the point (a=35°, f = 57°) is a unique set of ‘magic angles’ for which Ej and En
coincide with the excitation energy of the isolated molecule. This particular orientation for
which the intermolecular coupling effectively vanishes is indicated in Figure 7b by A. The
small values estimated for DS in 1 and 2, in combination with the small shifts in excited
state energies going from solution to solid phase indicate that the orientation of the
transition dipoles must be close to these “‘magic angles’.
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In summary, we find that by allowing for relatively small variations in the
orientation angles &and fin the molecular arrangement determined experimentally for a
diphenyl DPP compound® one can account for the variation in spectroscopic
characteristics of the thiophene DPP compounds with different N-alkyl side chains. The
slanted molecular arrangement found may be understood in terms of a maximization of
intermolecular donor-acceptor interactions between the electron rich aryl functionality

and the electron deficient DPP moiety, as proposed earlier.”!

2.2.6 Simulation of solid phase absorption spectra including vibronic coupling.
As mentioned above, for the DPP molecules in solid phase, the Davydov splitting DS
appears to be comparable in magnitude to the energy associated with nuclear geometry
relaxation in the excited state (= Shvvic with wib the vibration frequency of the normal mode
along which the relaxation predominantly occurs). Under these conditions, the Born-
Oppenheimer approximation of separating nuclear and vibrational degrees of freedom
does not hold. Efficient approximation schemes have been developed to include the
vibronic coupling into the simulation of optical spectra.’* Here we apply the so-called one-
particle approximation (OPA), which has been shown to correctly reproduce the
absorption spectra in the intermediate coupling regime (note that the simulation of the
emission spectra would, in contrast, require higher-order particle states.> The model relies
on the assumption that the electronic excitation behaves similar to a Holstein small
polaron® and that the nuclear distortion associated with the Si excited state is almost
completely confined to a single DPP molecule. In the OPA, some delocalization of the
lattice distortion is accounted for by including in the basis set electronic excitations of the
crystal in which one molecule is electronically excited to S: (either in the vibrational
ground state or vibrationally excited) and all other molecules are in the So vibrational
ground state.>** Absorption spectra can be simulated by numerically diagonalizing the
Holstein-like Halmiltonian using the zero and one-particle states as basis for the Si
excitation in the molecular crystal. Intensities follow from evaluation of the probabilities of
the transition from the ground state and the calculated excited states.

In Figure 5 we show simulated absorption spectra using the OPA for three different
orientations (¢, ) of the molecules in the unit cell. Note that only evaluation at selected
orientations is feasible because the spectra are obtained from a numerical diagonalization
of the Holstein Hamiltonian. The crystal structures used in the simulations were selected
on the basis of two criteria: (i) the shortest intermolecular contacts are in the range from 2.5

to 4 A, as expected for van der Waals crystals; and (ii) the unit cell angles are close to their
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values in the magic orientation structure (a = 35°, § = 57°) and the diphenyl dpp crystal
(a=57°, f=59°).8

For orientation A corresponding to (= 40°, f= 65°), the simulated spectrum shows
the highest absorption at a photon energy of 2.45 eV, which is blue shifted in comparison
to the absorption maximum of the isolated molecule (see Figure 5). Evaluation of the
separate Davydov components to this H-like spectrum shows that the two differently
polarized bands have almost equal integrated absorption intensity. The vibronic
progression of the two components in the simulated spectra is different. For the lower J-
type Davydov component, shown in green, the 0-0 band is the highest in intensity. For the
upper H-type Davydov component, the 0-1 band has the highest intensity. This intensity
distribution is common for H-type aggregates where the ‘forbidden” low energy
transitions derive their oscillator strength from the dynamic symmetry breaking induced
by the nuclear motion. Comparing the spectrum predicted for geometry A to the
experimental spectra for molecules 1-6, the closest resemblance is found for molecule 1
(See Figure 5 upper left column). The Davydov splitting predicted from the simulation for
geometry A, taken as the energy difference between the 0-0 components, is less than 0.05
eV.

Compared to A, we calculate for orientation C (= 45°, = 80°) a larger red shift for
the lower Davydov component carrying most of the optical intensity, combined with an
increased Davydov splitting and a low probability for the optical transition to the higher
Davydov electronic state. These features match best the experimental spectra obtained for
compounds 3, 4, 5, and 6. The optical spectrum predicted for geometry B (o= 50°, f=70°)
is closer to that of an isolated molecule in solution, with only a small red shift of the lower
Davydov component and a reduced Davydov splitting. This calculated spectrum
correlates most closely with the experimental spectrum for 2. In summary, the simulations
of the spectra including the coupling between electronic and nuclear motion, show that
small variations in the packing of the molecules in the unit cell can result in quite different
bandshapes, with varying contributions from blue-shifted H-bands and red-shifted J-
bands.

2.2.7 Fluorescence from solid phase. For the solid phase of the molecules 1-10,
photoluminescence is observed upon photoexcitation with photon energies corresponding
to the Si1<-So transition (Figure 6). We attribute this to the solid phase fluorescence, a
process compatible with the partial J-type character of the proposed molecular
arrangement. As mentioned above, the associated fluorescence excitation spectra match

closely to the absorption spectra of the solid. Generally, the fluorescence from the solid
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phase is red shifted in comparison with the luminescence from the corresponding
molecules in solution. For 1-6 we note an additional increase in the red shift upon cooling
the solid from ambient to liquid nitrogen temperatures. The large red shift may be
explained by formation of localized excimer-like excited states in which a pair of two
neighboring molecules positioned along the b-axis, form a physical dimer with
intermolecular separation much shorter than in the ground state.® The smaller molecular
separation in the excimer allows for better overlap of the m-orbitals and a larger stabilizing
admixture of charge transfer configurations (DPP*-DPP ") to the lowest excited state. The
strong variation in the red shift of the fluorescence with temperature indicates equilibrium
between delocalized collective excitations and localized excimer-like states, with the latter
being only slightly lower in energy than the former. Note that the magnitude of the red
shift itself cannot be taken directly as a measure of this difference in energy. For the highly
distorted geometry of the excimer, unfavorable Franck-Condon factors contribute to a red

shift of the corresponding emission band.

2.3 Conclusions

Substituted DPP-oligothiophenes show joint | and H-type absorption bands in the
solid phase. This indicates the presence of at least two molecules in the unit cell. Solids
show fluorescence compatible with the partial J-type character of the molecular assembly.
The J-type character can be accounted for by an arrangement of DPP oligothiophenes in
layers of cofacially oriented molecules with the transition dipole moments pointing
predominantly in the in-plane direction. This allows for a brickwork arrangement of the
dipoles. The exciton states of lower energy are in equilibrium with excimer-like excited
states. Our study shows that spectroscopic properties of the solids can be influenced by
varying aryl and alkyl substituents on the DPP core. Control over the probability for
radiative transitions between ground state and lower excited state levels in a molecular
material is of prime importance when optimizing the performance of light emitting and

photovoltaic diodes.
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2.4 Experimental

2.4.1 General methods. '"H NMR and *C NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer using the deuterated solvents (CDCls, DMSO-ds) and tetramethylsilane (TMS) as the internal
standard. The chemical shifts in the experimental part are reported in ppms (0) downfield from TMS (0 ppm)
using the residual CHCls peak in the CDCls as an internal standard (7.26 ppm and 77.00 ppm respectively
relative to TMS signal). The coupling constants are reported in Hz. Multiplicities are reported as s-singlet, d-
doublet, t-triplet and m-multiplet. The matrix-assisted laser desorption ionization time-of-light (MALDI-
TOF) mass spectrometry was performed on a perspective Biosystems Voyager-De Pro spectrometer using o-
cyano-4-hydroxycinnamic acid as a matrix. Materials were purchased from commercial suppliers and were
used without further purification, unless otherwise noted. All moisture and oxygen sensitive reactions were
performed under an argon atmosphere using flame-dried glassware. All reactions were monitored by TLC
analysis using GF 254 silica gel coated plates. Column chromatography was performed using silica gel (400
mesh). Non deuterated solvents except N,N-dimethylformamide (DMF) were purchased from Biosolve (the
Netherlands). Extra dry DMF (99.8%) was purchased from Acros and used in all experiments without
further drying. Deuterated solvents were bought from Cambridge Isotope Laboratories, United States and
used as received.

UV-vis absorption spectra were measured with a Perkin-Elmer Lambda 900 spectrometer using an
optical cell with an optical path length of 1 cm. Low temperature absorption spectra were acquired with and
Oxford DN-V Nitrogen Bath-cryostat (77K-RT). Fluorescence spectra were recorded using an Edinburgh
Instruments FLSP920 double-monochromator luminescence spectrometer equipped with a nitrogen-cooled
near-infrared sensitive photomultiplier (Hamamatsu). The spectra where corrected for the wavelength
sensitivity of the detection channel

Time-resolved photo-luminescence measurements were performed on an Edinburgh Instruments
LifeSpec-PS spectrometer, using a 405 nm (3.06 eV) pulsed laser (PicoQuant PDL 800B) operated at 2.5 MHz,
with pulse duration of 59 ps. For detection a Peltier-cooled Hamamatsu microchannel plate photomultiplier
(R3809U-50) was used. Each intensity decay curve was fitted to a single exponential.

Steady state photoluminescence spectra were recorded in air, at the room temperature, using an
Edinburgh Instruments FLSP920 double-monochromator luminescence spectrometer equipped with a
nitrogen-cooled near-infrared sensitive photomultiplier (Hamamatsu). All the spectra were corrected for the
spectral response of the monochromators and of the photomultiplier and for the optical density of the
sample at the excitation wavelength.

All reactions were carried out under an inert argon atmosphere using dry organic solvents.
Recycling GPC was performed on a LC system equipped with JAIGEL 2H and JAIGEL 2.5H columns and
UV-detector, using a preparative flow cell (path length 0.5 mm). Chloroform was used as the eluent and 3.5

mL/min flow was used in all RGPC experiments.

2.4.2 Chemicals. N-Bromosuccinimide (99%) (NBS), (5)-2-methylbutan-1-ol (99%), 1-bromo-3-
methylbutane (96%), 1-bromododecane (97%), 2-hexyl-1-decanol (97%), 2-isopropoxy-4,4’,5,5-
tetramethyldioxoborolane (98%), Aliquat™ 336, [1,1'-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) complex with dichloromethane were purchased
from Aldrich. NBS was recrystallized twice from cold water (10 g NBS/100 mL H:0). Diethyl succinate
(99%), 2-thiophenecarbonitrile (97%), potassium tert-butoxide (98+%), 2-methyl-2-butanol (99%),
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triphenylphosphine (99%), thiophene (99.5%, extra pure, benzene free), 2-bromothiophene (98%), potassium
carbonate (99+%), sodium carbonate (99+%), iodine (99+%), 18-crown-6 (99+%), 1-bromohexane (99+%), n-
butyllithium, 2.5M solution in n-hexane, AcroSeal® were purchased from Acros organics.
Tetrakis(triphenylphosphine)palladium(0) (99.9%) was purchased from Strem Chemicals, Inc. and used as
received. The catalyst was stored at -5 °C under argon and was weighed in the glove box. (5)-3,7-
dimethyloct-6-en-1-ol was purchased from Takasago and used as received. Pd on carbon (10 weight%) and
magnesium (turnings acc. to Grignard for synthesis) were obtained from Merck Chemicals.
Triphenylphosphine was recrystallized twice from n-hexane.

All reactions were monitored by TLC analysis using GF 254 silica gel coated plates. Column
chromatography was performed using silica gel (400 mesh). Non deuterated solvents were purchased from
Biosolve (the Netherlands). Deuterated solvents were bought from Cambridge Isotope Laboratories, United
States.

4,455 -Tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane,* (S)-1-bromo-3,7-dimethyloctane¥ were
synthesized as reported previously. (S)-1-bromo-2-methylbutane,®% 7-(bromomethyl)pentadecane®® were
prepared using the same procedure as that for (S)-1-bromo-3,7-dimethyloctane except that commercial (S)-2-
methylbutan-1-ol and 2-hexyl-1-decanol were used as a starting compounds respectively. '"H and 3C-NMR

spectral data were consistent with those reported in the literature.

2.4.3 Experimental procedures.

2,5-Bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]lpyrrole-1,4(2H,5H)-dione (D). 3,6-
Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.0 equiv., 5.3 g, 17.6 mmol), racemic 1-bromo-2-
hexyldecane (3.0 equiv., 17.0 g, 52.9 mmol), and K2COs (3.0 equiv., 7.3 g, 52.9 mmol) were dissolved in DMF
(100 mL). Catalytic amount of 18-crown-6 was added and the mixture was stirred at 120 °C overnight. The
reaction mixture was allowed to cool to room temperature, diethyl ether (500 mL) was added and the
mixture was washed with water (1 x 200 mL) and brine (2 x 100 mL). The organic phase was dried over
MgSOs and the solvent was evaporated. The crude product was purified by flash chromatography on silica
gel, using dichloromethane/n-heptane as the eluent, and subsequently recrystallized from ethanol yielded
the title compound as red crystals. Yield: 6.01 g. (46%). Tm = 68-69 °C. TH-NMR (400 MHz, CDCl): 0 8.87 (dd,
J=1.1Hz, 3.9Hz, 2H, Ar-H), 7.62 (dd, | = 1.0Hz, 49Hz, 2H, Ar-H), 7.26 (dd, | = 3.9Hz, 5.0Hz, 2H, Ar-H), 4.02
(d, J=7.7Hz, 4H, -NCH>-), 1.90 (m, 2H, -NCH2CH(CsH17)(CsHas)), 1.13-1.37 (m, 48H, -CH>-), 0.89-0.80 (m, 12H,
-CHs). BC-NMR (400 MHz, CDCb): d 161.73, 140.41, 135.18, 130.44, 129.82, 128.36, 107.93, 46.19, 37.71, 31.85,
31.74, 31.16, 29.98, 29.64, 29.47, 29.27, 26.17, 26.14, 22.64, 22.61, 14.09, 14.05. MALDI-TOF-MS: m/z 748.43
(100%), 749.43 (55), 750.43 (25), 751.44 (10).
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2,5-Bis((S)-2-methylbutyl)-3,6-di(thiophen-2-yl)pyrrolol3,4-clpyrrole-1,4(2H,5H)-dione  (2). The
preparation of (2) was carried out using the same procedure as that for (1) from 3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.0 equiv., 1.0 g, 3.33 mmol), (3.3 equiv., 1.65 g, 10.98 mmol) of (S)-
1-bromo-2-methylbutane, K2CO:s (3.3 equiv., 1.51 g, 10.98 mmol) and catalytic amount of 18-crown-6 in DMF
(20 mL). The crude product was purified by flash chromatography on silica gel, using dichloromethane/n-
heptane as the eluent, and subsequently recrystallized from cold DMF. Yield: 0.5 g. (34%). Tm = 187-188 °C.
H-NMR (400 MHz, CDCls):  8.96 (dd, ] =1.1Hz, 3.9Hz, 2H, Ar-H), 7.62 (dd, ] = 1.5Hz, 5.0Hz, 2H, Ar-H), 7.26
(dd, ] =3.9Hz, 4.9Hz, 2H, Ar-H), 3.91-4.03 (m, 4H, -NCH>-), 1.95-1.85 (m, 2H, -CH-), 1.41-1.53 (m, 2H, -CH>-),
1.12-1.25 (m, 2H, -CH>-), 0.88-0.92 (m, 12H, -CHs). BC-NMR (400 MHz, CDCls): & 161.67, 140.29, 135.50,
130.58, 129.58, 128.44, 107.74, 47.56, 35.39, 26.93, 16.56, 11.23. MALDI-TOF-MS: m/z 440.05 (100%), 441.06 (30),
442.06 (15), 443.06 (8).

2,5-Bis((S)-3,7-dimethyloctyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione (3). The
preparation of (3) was carried out using the same procedure as that for (1) from 3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.0 equiv., 4.47 g, 14.88 mmol), (3.3 equiv., 10.86 g, 44.64 mmol) of
(5)-1-bromo-3,7-dimethyloctane, K2COs (3.3 equiv., 6.17 g, 44.64 mmol) and catalytic amount (30 mg) of 18-
crown-6 in DMF (50 mL). The crude product was recrystallized twice from cold DMF. Yield: 6.3 g. (73%). Tm
=118-119 °C. 'H-NMR (400 MHz, CDCls):  8.89 (d, ] = 3.8Hz, 2H, Ar-H), 7.62 (d, ] = 5.0Hz, 2H, Ar-H), 7.25-
7.28 (m, 2H, Ar-H), 4.01-4.16 (m, 4H, -NCH->-), 1.70-1.77 (m, 2H), 1.43-1.58 (m, 6H), 1.06-1.36 (m, 12H), 0.98 (d,
] = 6.1Hz, 6H, -CHs), 0.84 (d, | = 6.6Hz, 12H, -CHs). BC-NMR (400 MHz, CDCls): o 131.30, 140.01, 135.16,
130.59, 129.68, 128.56, 107.75, 40.82, 39.16, 37.10, 36.73, 31.22, 27.93, 24.63, 22.68, 22.58, 19.49. MALDI-TOF-
MS: m/z 580.38 (100%), 581.39 (40), 582.39 (25), 583.40 (10).

2,5-Diisopentyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (4). The preparation of
(4) was carried out using the same procedure as that for (1) from 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
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1,4(2H,5H)-dione (1.0 equiv., 0.8 g, 2.66 mmol), (3.3 equiv., 1.32 g, 8.78 mmol) of commercial 1-bromo-3-
methylbutane, K2COs (3.3 equiv., 1.26 g, 8.78 mmol) and catalytic amount (10 mg) of 18-crown-6 in DMF (15
mL). The crude product was recrystallized twice from cold DMF. Yield: 0.33 g. (28%). Tm = 219-210 °C. 'H-
NMR (400 MHz, CDCls): 8 8.91 (dd, ] = 1.1Hz, 3.9Hz, 2H, Ar-H), 7.63 (dd, ] = 1.1Hz, 5.0Hz, 2H, Ar-H), 7.27
(dd, ] = 1.1Hz, 5.0Hz, 2H, Ar-H), 4.09 (t, ] = 8.1Hz, 4H, -NCH>-), 1.71-1.81 (m, 2H, -CH-), 1.61-1.67 (m, 4H, -
CHz-), 1.00 (t, ] = 6.5Hz, 12H, -CHs) 3C-NMR (400 MHz, CDCL): & 161.26, 139.95, 135.21, 130.61, 129.68,
128.55, 107.85, 40.86, 38.46, 26.44, 22.45, 22.30. MALDI-TOF-MS: m/z 440.01 (100%), 441.01 (35), 442.01 (18),
442.99 (10).

2,5-Dihexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]lpyrrole-1,4(2H,5H)-dione (5). The preparation of (5)
was carried out using the same procedure as that for (1) from 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (1.0 equiv., 3.0 g, 9.98 mmol), (3.3 equiv., 4.94 g 32.96 mmol) of commercial 1-
bromohexane, K2COs (3.3 equiv., 4.55 g, 32.96 mmol) and catalytic amount (24 mg) of 18-crown-6 in DMF (35
mL). The crude product was recrystallized twice from DMF. Yield: 3.8 g. (81%). Tm = 171-172 °C. 'TH-NMR
(400 MHz, CDCls):  8.92 (d, ] = 3.9Hz, 2H, Ar-H), 7.62 (d, | = 5.0Hz, 2H, Ar-H), 7.26-7.29 (m, 2H, Ar-H), 4.05
(t, ] =8.0Hz, 4H, -NCH>-), 1.74 (quintet, | =7.7Hz, | = 7.8Hz, 4H, -N-CH>-CH>-), 1.28-1.45 (m, 12H, -CH>-CH-
CH>-CHz), 0.87 (t, ] = 6.8Hz, 6H, -CHs). BC-NMR (400 MHz, CDCL): & 161.26, 139.92, 135.23, 130.62, 129.73,
128.54, 107.61, 42.18, 31.38, 29.88, 26.52, 22.53, 13.99. MALDI-TOF-MS: m/z 468.23 (100%), 469.19 (30), 470.19
(15), 471.19 (5).

2,5-Didodecyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (6). The preparation of
(6) was carried out using the same procedure as that for (1) from 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (1.0 equiv., 3.0 g, 9.98 mmol), (3.3 equiv.,, 821 g 32.96 mmol) of commercial 1-
bromododecane, K2CO:s (3.3 equiv., 4.55 g, 32.96 mmol) and catalytic amount (24 mg) of 18-crown-6 in DMF
(35 mL). The crude product was recrystallized twice from cold DMF. Yield: 5.8 g. (92%). Tm = 126-127 °C. H-
NMR (400 MHz, CDCl): 8 8.90 (dd, | = 0.7Hz, 5.0Hz, 2H, Ar-H), 7.62 (dd, | = 0.7Hz, 5.0Hz, 2H, Ar-H), 7.25-
7.28 (m, 2H, Ar-H), 4.05 (t, ] = 7.9Hz, 4H, -NCH->-), (quintet, | = 8.0Hz, | = 7.4Hz, 4H, -N-CHz-CH>-), 1.53-1.62
(m, 4H, -N-CHz-CH2-CH>-), 1.13-1.45 (m, 32H, -CH>-), 0.87 (t, ] = 7.0Hz, 6H, -CHs). BC-NMR (400 MHz,
CDCl): o 157.36, 136.02, 131.29, 126.66, 125.82, 124.62, 103.71, 38.26, 27.95, 26.00, 25.66, 25.60, 25.57, 25.38,
25.29, 22.92, 18.73, 10.20, 10.14. MALDI-TOF-MS: m/z 636.38 (100%), 637.38 (45), 638.38 (20).
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3,6-Di([2,2'-bithiophen]-5-y1)-2,5-bis((S)-3,7-dimethyloctyl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione

(7). To a solution of (12) (1.0 equiv., 0.6 g 0.81 mmol) and 44,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-
dioxaborolane (3.2 equiv., 0.54 g, 2.60 mmol) in toluene (15 mL) under nitrogen atmosphere were added
Aliquat®366 (3 drops) and aqueous Na:COs (2M, 10 mL) and the reaction mixture was degassed by argon
stream for 30 min at room temperature followed by addition of Pd[PPhs]s (5 mol%, 0.046 g, 0.04 mmol). The
reaction mixture was stirred overnight at 115 °C, cooled back to the room temperature, precipitated into
MeOH (200 mL) and filtered. The crude product was purified by column chromatography on silica gel,
using mixture of 30:70 (v:v) chloroform/n-heptane as the eluent, and subsequently recrystallized from cold
acetone. Yield: 0.42 g. (69%). Tm = 223-224 °C. 'H-NMR (400 MHz, CDCL): 5 8.91 (d, ] = 4.0Hz, 2H, Ar-H),
7.30-7.33 (m, 6H, Ar-H), 7.06 (t, | = 4.0Hz, 2H, Ar-H), 4.03-4.19 (m, 4H, -NCH>-), 1.72-1.83 (m, 2H), 1.46-1.70
(m, 6H), 1.12-1.41 (m, 12H), 1.04 (d, ] = 5.9Hz, 6H, -CHs), 0.83 (d, ] = 6.6Hz, 12H, -CH3). ®*C-NMR (400 MHz,
CDCls): 0 161.14, 142.75, 139.06, 136.47, 136.15, 128.23, 127.97, 126.24, 125.15, 124.87, 108.17, 40.90, 39.18, 37.18,
36.82, 31.30, 27.90, 24.71, 22.66, 22.58, 19.53. MALDI-TOF-MS: m/z 744.30 (100%), 745.31 (50), 746.30 (30),
747.32 (10).

2,5-Didodecyl-3,6-bis(5"-hexyl-[2,2":5',2"-terthiophen]-5-yl)pyrrolol3,4-clpyrrole-1,4(2H,5H)-dione
(8). The preparation of (8) was carried out using the same procedure as that for (7) except that 3,6-bis(5-
bromothiophen-2-yl)-2,5-didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (11) (1.0 equiv., 0.70 g, 0.88
mmol), 2-(5-hexyl-[2,2"-bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.2 equiv., 1.06 g 2.81
mmol), Aliquat®366 (3 drops), aqueous Na2COs (2M, 10 mL) and toluene (15 mL) were used. The reaction
mixture was degassed by argon stream for 30 min at room temperature followed by addition of Pd[PPhs]s (5
mol%, 0.05 g, 0.044 mmol). The reaction mixture was stirred overnight at 115 °C, cooled back to the room
temperature, precipitated into MeOH (200 mL) and filtered. The crude product was purified by column
chromatography on silica gel, using mixture of 50:50 (v:v chloroform/n-heptane as the eluent, and
subsequently recrystallized from cold toluene. Yield: 0.6 g. (60%). Tm = 231-232 °C. 'H-NMR (400 MHz,
CDCl): 6 8.93 (d, ] = 4.2Hz, 2H, Ar-H), 7.28 (d, | = 4.2Hz, 2H, Ar-H), 7.20 (d, | = 3.8Hz, 2H, Ar-H), 7.02-7.04
(m, 4H, Ar-H), 6.70 (d, ] = 3.6Hz, 2H, Ar-H), 4.07 (t, | = 3.8Hz, 4H, -NCH>-), 2.79 (t, | = 7.6Hz, 4H, -ThCH>-),
1.65-1.80 (m, 8H, -CH2>-CH>-), 1.17-1.49 (m, 48H, -CH>-), 0.83-0.93 (m, 12H, -CHs).  3C-NMR (400 MHz,
CDClL): o 161.20, 146.41, 142.61, 139.00, 136.45, 134.04, 138.98, 127.94, 125.81, 124.93, 124.56, 123.97, 123.76,
108.27, 104.98, 42.25, 31.84, 31.47, 31.43, 30.16, 29.95, 29.57, 29.53, 29.47, 29.36, 29.26, 29.17, 28.67, 26.83, 22.59,
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22.46, 13.97, 13.97, 13.92. MALDI-TOF-MS: m/z 1132.52 (100%), 1133.52 (80), 1134.52 (55), 1135.52 (30),
1136.52 (10).

2,5-Bis((S)-3,7-dimethyloctyl)-3,6-bis(5"-((S)-3,7-dimethyloctyl)-[2,2":5',2"-terthiophen]-5-

yDpyrrolol[3,4-clpyrrole-1,4(2H,5H)-dione (9). The preparation of (9) was carried out using the same
procedure as that for (7) except that 3,6-bis(5-bromothiophen-2-yl)-2,5-bis((S)-3,7-dimethyloctyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (11) (1.0 equiv., 0.46 g, 0.62 mmol), (S)-2-(5'-(3,7-dimethyloctyl)-[2,2-bithiophen]-
5-yl)-4,4’,5,5 -tetramethyl-1,3,2-dioxaborolane (20) (3.2 equiv., 0.86 g, 1.99 mmol), Aliquat®366 (3 drops),
aqueous Na2COs (2M, 10 mL) and toluene (12 mL) were used. The reaction mixture was degassed by argon
stream for 30 min at room temperature followed by addition of Pd[PPhs]s (5 mol%, 0.035 g, 0.03 mmol). The
reaction mixture was stirred overnight at 115 °C, cooled back to the room temperature, precipitated into
MeOH (200 mL) and filtered. The crude product was purified by column chromatography on silica gel,
using mixture of 40:60 (v:v) chloroform/n-heptane as the eluent and finally by recycling GPC (CHCls). Yield:
0.3 g. (40%). Tm = 158-159 °C. 1H-NMR (400 MHz, CDCL): o 8.89 (d, ] = 4.0Hz, 2H, Ar-H), 7.14 (d, ] = 4.0Hz,
2H, Ar-H), 7.06 (d, | = 3.5Hz, 2H, Ar-H), 6.92-6.94 (m, 4H, Ar-H), 6.63 (d, ] = 3.3Hz, 2H, Ar-H), 3.88-4.13 (m,
4H, -NCH2-), 2.67-2.83 (m, 4H, -ThCH>-), 1.02-1.82 (m, 48H), 0.85-0.92 (m, 28H). d BC-NMR (400 MHz,
CDCl): o 160.84, 146.41, 142.46, 138.73, 138.47, 136.66, 134.02, 127.88, 125.75, 124.66, 124.45, 123.65, 123.56,
123.48, 107.95, 42.22, 39.01, 38.80, 37.05, 32.44, 32.18, 31.54, 30.22, 29.99, 29.64, 29.88, 29.42, 29.10, 29.02, 27.86,
27.78, 26.44, 25.01, 22.33, 22.44. MALDI-TOF-MS: m/z 1188.58 (100%), 1189.58 (80), 1190.58 (60), 1191.58 (30),
1192.58 (15).

3,6-Bis(5"-((S)-3,7-dimethyloctyl)-[2,2":5',2"-terthiophen]-5-yl)-2,5-didodecylpyrrolo[3,4-clpyrrole-
1,4(2H,5H)-dione (10). The preparation of (10) was carried out using the same procedure as that for (7)
except that 3,6-bis(5-bromothiophen-2-yl)-2,5-didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (11), (1.0
equiv., 0.5 g, 0.63 mmol), (5)-2-(5'-(3,7-dimethyloctyl)-[2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (20) (3.2 equiv., 0.87 g, 2.01 mmol), Aliquat®366 (3 drops), aqueous Na2COs (2M, 10 mL) and
toluene (12 mL) were used. The reaction mixture was degassed by argon stream for 30 min at room
temperature followed by addition of Pd[PPhs]s+ (5 mol%, 0.036 g, 0.031 mmol). The reaction mixture was
stirred overnight at 115 °C, cooled back to the room temperature, precipitated into MeOH (200 mL) and
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filtered. The crude product was purified by column chromatography on silica gel, using mixture of 40:60
(v:v) chloroform/n-heptane as the eluent and finally by recycling GPC (CHCL). Yield: 0.33 g. (42%). T = 196-
197 oC. 'H-NMR (400 MHz, CDClL): 5 8.91 (d, ] = 4.0Hz, 2H, Ar-H), 7.18 (d, ] = 4.0Hz, 2H, Ar-H), 7.06 (d, | =
3.5Hz, 2H, Ar-H), 6.97-7.01 (m, 4H, Ar-H), 6.66 (d, | = 3.3Hz, 2H, Ar-H), 4.01-4.11 (m, 4H, -NCH>-), 2.70-2.87
(m, 4H, -ThCH>-), 1.63-1.82 (m, 6H), 1.10-1.57 (m, 56H), 0.81-0.94 (m, 22H). d *C-NMR (400 MHz, CDCls): &
160.86, 146.45, 142.42, 138.75, 138.40, 136.64, 133.98, 127.79, 125.59, 124.77, 124.31, 123.80, 123.56, 123.48,
107.96, 42.27, 39.29, 38.80, 37.02, 32.35, 32.26, 31.94, 30.02, 29.69, 29.64, 29.51, 29.45, 29.40, 29.30, 27.96, 27.83,
26.97, 24.68, 22.70, 22.61, 19.43, 14.13. MALDI-TOF-MS: m/z 1246.64 (100%), 1245.64 (85), 1246.64 (65), 1247.64
(32), 1248.64 (15).

3,6-Bis(5-bromothiophen-2-yl)-2,5-didodecylpyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione ~ (11).  2,5-
Didodecyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (6) (1.0 equiv., 2.0 g, 3.13 mmol) was
dissolved in dry chloroform (100 mL), covered from light with aluminum foil and NBS (2.2 equiv., 1.23 g,
6.91 mmol) was added in one portion. After stirring at room temperature for 36 h, the reaction mixture was
poured into cold (0 °C) water (200 mL) and extracted with chloroform (3 x 60 mL). The organic phase was
washed with brine (2 x 100 mL), dried over MgSO: and the solvent was evaporated under reduced pressure.
The dark-red residue was suspended in MeOH (30 mL), filtered and the remaining crystals were washed
with hot (60 °C) water (2 x 50 mL), cold MeOH (20 mL) and dried in vacuum. Yield: 1.80 g. (72%). '"H-NMR
(400 MHz, CDCls): 0 8.67 (d, ] =4.2Hz, 2H, Ar-H), 7.23 (d, | =4.2Hz, 2H, Ar-H), 3.97 (t, ] = 8.0Hz, 4H, -NCH>-),
1.65-1.74 (m, 4H), 1.13-1.44 (m, 36H), 0.82-0.88 (m, 6H). 3C-NMR (400 MHz, CDCls):  160.99, 138.92, 135.09,
131.53, 131.20, 118.91, 107.98, 42.25, 31.81, 29.88, 29.52, 29.44, 29.38, 29.21, 29.09, 29.02, 26.75, 22.55, 13.90.
MALDI-TOF-MS: m/z 794.20 (100%), 796.20 (60), 792.2 (45), 797.20 (25), 798.20 (10).

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis((S)-3,7-dimethyloctyl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-
dione (12). This compound was synthesized using NBS (2.2 equiv., 1.34 g, 7.57 mmol) from 2,5-bis((5)-3,7-
dimethyloctyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (3) (1.0 equiv., 2.0 g, 3.44 mmol)
as dark-red crystals by the same procedure described in the preparation of (11). Yield: 2.16 g. (85%). 'TH-NMR
(400 MHz, CDCls): 8 8.64 (d, ] = 3.8Hz, 2H, Ar-H), 7.21 (d, ] = 3.8Hz, 2H, Ar-H), 3.92-4.07 (m, 4H, -NCH>"),
1.44-1.76 (m, 8H), 1.08-1.38 (m, 12H), 0.99 (d, | = 5.9Hz, 6H, -CHs), 0.84 (d, | = 6.4Hz, 12H, -CHs). 3C-NMR
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(400 MHz, CDCL): d 160.86, 138.90, 135.25, 131.57, 131.03, 119.07, 107.80, 40.85, 39.12, 37.03, 36.71, 31.15,
27.93, 24.60, 22.67, 22.59, 19.50. MALDI-TOF-MS: m/z 738.13 (100%), 740.13 (60), 736.14 (50), 739.14 (40), 74.14
(20), 742.13 (10).

<sj/\/V\
\l 13

2-Hexylthiophene (13) was synthesized using slightly modified synthetic procedure as reported
previously.¢! To a solution of thiophene (1.0 equiv., 5.0 g, 59.42 mmol) in dry THF (80 mL), n-BuLi (1.2
equiv., 28.5 mL of a 2.5M solution in n-hexane, 71.31 mmol) was added dropwise at —78 °C. After stirring the
solution for 1.5 h at —78 °C the mixture was allowed to warm to room temperature and stirred for an
additional 45 min, cooled back to —78 °C and 1-bromohexane (1.1 equiv., 10.79 g, 65.36 mmol) was added in
one portion. After stirring under reflux for 2 days the reaction mixture was cooled to the room temperature
and 200 mL of water was added and organic phase was separated. The aqueous phase was extracted with
dichloromethane (3 x 50 mL) and the combined organic phases were washed with brine (2 x 100 mL) and
dried over MgSOs. The solvent was evaporated and the yellow crude product was purified by vacuum
distillation, to give pure thiophene (13) as a colorless liquid. Yield: 7.5 g. (75%). 'H and *C-NMR spectral

data were consistent with those reported in the literature.®2

)
\ 14

(5)-2-(3,7-dimethyloctyl)thiophene (14) was prepared using the same procedure as that for (13)
except that (5)-1-bromo-3,7-dimethyloctane was used as a starting compound. Colorless liquid was obtained
after vacuum distillation. Yield: 7.5 g. (56%). tH-NMR (400 MHz, CDCL): d 7.10 (m, 1H, Ar-H), 6.92 (m, 1H,
Ar-H), 6.78 (m, 1H, Ar-H), 2.76-2.91 (m, 2H, -ThCH>-), 1.66-1.75 (m, 1H), 1.46-1.58 (m, 3H), 1.10-1.36 (m, 6H),
0.87-0.93 (m, 9H). 3C-NMR (400 MHz, CDCL): & 146.10, 126.60, 123.74, 122.65, 39.30, 39.09, 37.06, 32.31, 27.97,
27.55, 24.69, 22.72, 22.63, 19.50.

B\<j/\/\/\

2-Bromo-5-hexylthiophene (15). A three-necked flask equipped with magnetic stir bar, additional
funnel, and bubbler was charged with 2-hexylthiophene (13) (1.0 equiv., 6.5 g, 38.62 mmol) and glacial acetic
acid (30 mL) under nitrogen atmosphere and cooled in the ice-bath in the dark. A cold (~0 °C) solution of
NBS (1.03 equiv., 7.08 g, 39.78 mmol) in chloroform (6 mL) was added dropwise over 15 min and the reaction
mixture was stirred overnight. The reaction mixture was poured into 200 mL of cold water (~0 °C) and the
aqueous phase was extracted with dichloromethane (3 x 50 mL) and the combined organic phases were

washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the yellow crude
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product was purified by flash column chromatography (SiO:, n-hexane) to give 2-bromo-5-hexylthiophene
(15) as a colorless liquid. Yield: 8.2 g. (86%). '"H and ®C-NMR spectral data were consistent with those

reported in the literature.®?

S
Br \I 16

(S)-2-bromo-5-(3,7-dimethyloctyl)thiophene (16) was prepared using the same procedure as that for
(15) except that (5)-2-(3,7-dimethyloctyl)thiophene (14) was used as a starting compound. Colorless liquid
was obtained after vacuum distillation. Yield 7.2 g. (89%). 'H-NMR (400 MHz, CDCls): 6 6.84 (d, | = 3.7Hz,
1H, Ar-H), 6.53 (d, ] = 3.6Hz, 1H, Ar-H), 2.69-2.82 (m, 2H, -ThCH>-), 1.61-1.68 (m, 1H), 1.40-1.57 (m, 3H), 1.09-
1.34 (m, 6H), 0.86-0.93 (m, 9H). BC-NMR (400 MHz, CDCls): & 147.86, 129.34, 124.19, 108.50, 39.27, 38.71,
37.00, 32.18, 27.97, 24.66, 24.56, 22.71, 22.62, 19.44.

5-Hexyl-2,2'-bithiophene (17) was synthesized using slightly modified synthetic procedure as
reported previously.® To a suspension of magnesium (etched with iodine) (3.0 equiv., 1.77 g, 72.80 mmol) in
anhydrous diethyl ether (20 mL) a solution of 2-bromothiophene (1.5 equiv., 6.01 g, 36.89 mmol) in 5 mL of
anhydrous diethyl ether was added dropwise under nitrogen at such a rate that a gentle reflux was
maintained throughout the addition. The solution of the Grignard reagent was refluxed for 4 h, then cooled
to room temperature and transferred to the dropping funnel via syringe. In the second three-necked flask
were placed 2-bromo-5-hexylthiophene (15) (1.0 equiv., 608 g 2459 mmol), [L1-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) complex with dichloromethane (1 mol%, 0.152 g,
0.18 mmol) and 30 mL of dry diethyl ether. The remaining solution was cooled in the ice-bath and the
previously prepared Grignard solution was added dropwise with stirring, keeping the temperature of the
reaction mixture between 0 °C and +5 °C. After completion of the addition of the Grignard reagent, stirring
was continued for 2 h at room temperature, cooled to 10 °C and quenched with 2N HCl solution (100 mL).
The aqueous phase was extracted with diethyl ether (3 x 50 mL) and the combined organic phases were
washed with brine (2 x 80 mL) and dried over MgSOa. The solvent was evaporated and the brown viscous
crude product was purified by column chromatography (SiOz, n-hexane) to give 5-hexyl-2,2"-bithiophene
(17) as a yellowish liquid. Yield 5.8 g. (94%). '"H and *C-NMR spectral data were consistent with those

reported in the literature.®*

(S)-5-(3,7-dimethyloctyl)-2,2'-bithiophene (18) was prepared using the same procedure as that for
(17) except that (S)-2-bromo-5-(3,7-dimethyloctyl)thiophene (16) was wused instead of 2-bromo-5-
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hexylthiophene (15) as a starting compound. Colorless liquid was obtained after purification by column
chromatography. Yield 4.2 g. (74%). 'H-NMR (400 MHz, CDCL):  7.17 (dd, | = 5.1Hz, ] = 1.1Hz 1H, Ar-H),
7.10 (dd, ] = 3.6Hz, ] = 1.1Hz, 1H, Ar-H), 6.98-7.00 (m, 2H, Ar-H), 6.70 (d, ] = 3.6Hz, 1H, Ar-H), 2.73-2.89 (m,
2H, -ThCH:-), 1.67-1.76 (m, 1H), 1.47-1.60 (m, 3H), 1.10-1.38 (m, 6H), 0.88-0.99 (m, 9H). *C-NMR (400 MHz,
CDCls): d 145.60, 137.97, 134.70, 127.64, 124.55, 123.67, 123.36, 122.95, 39.30, 38.89, 37.05, 32.27, 27.97, 27.79,
24.68,22.73, 22.63, 19.49.

2-(5'-Hexyl-2,2'-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (19). A stirred solution of
5-hexyl-2,2'-bithiophene (17) (1.0 equiv., 2.0 g, 7.98 mmol) in dry THF (30 mL) was cooled to -78 °C in a
three-necked 100 mL round-bottomed flask and n-BuLi (1.3 equiv, 4.15 mL of a 2.5M solution in n-hexane,
10.38 mmol) was added dropwise over 10 min. The reaction mixture was then stirred for an additional 1.5 h
at =78 °C, 30 min at room temperature and cooled back to —78 °C. When 2-isopropoxy-4,4’,5,5'-
tetramethyldioxaborolane (1.5 equiv., 2.44 mL, 11.97 mmol) was added in one portion and the reaction
mixture was stirred overnight at room temperature. The reaction was quenched by addition of 2N HCI (25
mL). The organic layer was extracted with diethyl ether (3 x 50 mL) and the combined organic phases were
washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the green viscous
crude product 2-(5'-hexyl-2,2'-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (19) was used in the
next step without purification. Yield: 2.60 g. (87%). 'H and *C-NMR spectral data were consistent with those

reported in the literature.®>

(S)-2-(5'-(3,7-dimethyloctyl)-[2,2'-bithiophen]-5-y1)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (20) was
prepared using the same procedure as that for (19) except that (S)-5-(3,7-dimethyloctyl)-2,2"-bithiophene (18)
was used instead of 5-hexyl-2,2"-bithiophene (17) as a starting compound. Colorless viscous dark green oil
was obtained after purification. Yield: 4.2 g. (74%). H-NMR (400 MHz, CDCls): & 7.50 (d, ] = 3.6Hz, 1H, Ar-
H),7.15 (d, J=3.6Hz, 1H, Ar-H), 7.04 (d, ] =3.5Hz, 1H, Ar-H), 6.68 (d, ] =3.5Hz, 1H, Ar-H), 2.72-2.87 (m, 2H, -
ThCH:-), 1.65-1.73 (m, 1H), 1.45-1.56 (m, 3H), 1.09-1.40 (m, 18H), 0.84-0.96 (m, 9H). 3C-NMR (400 MHz,
CDCls): d 146.32, 144.76, 137.95, 137.89, 134.60, 124.75, 124.16, 124.05, 84.08, 39.29, 38.84, 37.03, 32.26, 27.96,
27.80, 24.76, 24.67, 22.72, 22.63, 19.48.
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Chapter 3

Intramolecular excimer formation
between 3,6-di(thiophen-2-yl)pyrrolo[3,4-
c/pyrrole-1,4(2H,5H)-dione chromophoric

groups linked by a flexible alkyl spacer

Abstract

Bichromophoric molecules containing two 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (DPP) moieties linked via aliphatic spacers of different lengths are synthesized.
Optical absorption spectroscopy indicates that the molecules adopt an extended conformation in
solution. Fluorescence spectroscopy shows that photons are emitted from the locally excited singlet
state in an extended conformation. In sufficiently polar solvents quenching of fluorescence occurs
and fluorescence quantum Yyield (®rp) and fluorescence lifetime (tr) measurements indicate
formation of an intramolecular excimer as quenching mechanism. The redox potentials of the
molecules and the solvent polarity dependence of the quenching, indicate significant charge
transfer character of the excimer state. Photoinduced absorption measurements (PIA) indicate
enhanced intersystem crossing to the triplet state in polar solvents. Results indicate that in donor-
acceptor 7m-conjugated materials involving the DPP moiety, excimer-like interchain polaron pair
excited states could play an important role in the photophysics because of their close proximity in

energy to the lowest singlet excited state.
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3.1 Introduction

n-conjugated molecular materials are applied in a variety of optoelectronic devices
such as solar cells,'? light-emitting diodes,®” light-emitting field effect transistors,®
photodetectors'>> etc. Many studies have been undertaken to elucidate the nature of
optical excitations in molecular solids. In inorganic semiconductors, an optical excitation
or exciton is pictured as a loosely bound electron hole pair (Wannier exciton) in a
hydrogen-like state with large radius that can be two orders of magnitude larger than the
Bohr radius ao for atomic hydrogen. The energy needed to separate the electron and hole
forming the exciton in Si and GaAs, is small compared to the thermal energy kvT. In
contrast, for organic molecular semiconductors, an exciton is often viewed as a tightly
bound electron-hole pair in which the electron and hole are confined to the same molecule
(Frenkel exciton).

In the last decades experimental and theoretical investigations on ®-conjugated
polymers and molecules have yielded evidence that the Frenkel exciton description needs to
be extended, allowing also for some intermolecular charge transfer character in the excited
state. This yields a picture in which an exciton is modeled as a coherent superposition of
electron-hole pair states with the electron and hole on the same polymer combined with
states where the electron and hole are on neighboring molecular sites. The contribution of
pair states with electron and hole on neighboring molecules contribute to the charge-
transfer character of the excitation. Experimental evidence for charge transfer character of
photoexcitations in films of m-conjugated polymers has to come from luminescence
measurements. Comparing the luminescence from dissolved chains and solid film -
conjugated polymer, the luminescence from the films often shows an anomalous red shift
that is usually accompanied by reduction in luminescence quantum yield. In the films the
excited state responsible for the luminescence usually has a much longer lifetime and can
display a high sensitivity towards applied electric fields expected for a state with high
dipole moment.!¢-18

Detailed spectroscopic analysis and theoretical calculations on dimers of small
aromatic molecules, e.g. pyrene, also indicate a significant contribution of charge transfer
character to the lowest relaxed excited singlet states.’* After absorption of a single
photon, a pair of pyrene molecules can form an excimer, a dimer that owes much of its
stabilization to the presence of the excitation energy.?’* The stabilization contains
contribution from delocalization of the singlet excited state (exciton resonance) and from
delocalization of electrons over both molecules in the pair (charge resonance). The exciton

resonance describes contributions from electron-hole pair states localized on one molecule
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while the charge resonance describes contributions from electron-hole pairs with hole and
electron on different molecules.?*-2

An elegant experimental approach to study excimer formation, pioneered by
Hirayama,? is to link two m-conjugated molecules via a flexible spacer. In dichromophoric
molecules with a flexible spacer, excimer formation is an intramolecular folding process.
Hirayama et al. studied diphenyl, triphenyl, and di-o-tolyl aliphatic dimers and found a
strong dependence of the efficiency of excimer formation on the conformational properties
of the linker. In their case, excimer formation is only possible for aliphatic linkers with a
length of n = 3 carbon atoms, indicating that stabilization of the excimer by charge
resonance is only possible in very compact conformations. Later studies involving dimeric
molecules with chromophoric groups with a more extended m-system (naphthalene,?-
anthracene,!* pyrene,333 phenanthrene,>% carbazole, ! dibenzofuran,*
dibenzothiophene,®# and naphthalimide®) confirmed the importance of the
conformational dynamics and stability of the linker on the excimer formation but also
showed that with these extended m-systems the conformation of the linker is less
restrictive. In many systems, excimer formation occurs even in highly apolar solvents,
indicating that the excimer has a small dipole moment and is not highly polarized.*

Apart from the homodimeric excited state complexation involved in excimer
formation, bichromophoric systems with a flexible linker can also be used to study
heterodimeric complex formation in the excited state. Such intramolecular heterodimer or
exciplex formation can occur in systems containing an electron donating and an electron
accepting unit. In contrast to excimer formation, exciplex formation is often highly sensitive
to solvent polarity. It has been argued that in systems with sufficient driving force for
electron transfer, exciplex formation in a donor-linker-acceptor system with an extended
conformation can be initiated by photoinduced long-range electron transfer across the
linker followed by folding of the system driven by the electrostatic interaction between
ionized donor and acceptor unit.#~*° This “harpooning’ mechanism can explain the polarity
dependence and the fast decay of the initial local excite state. Experimental evidence for
the harpooning mechanism in donor-acceptor molecules with semiflexible spacers has
been reported.® Incidentally, the highly polarized and strong charge transfer character of
the exciplex state can result in fast intersystem crossing to the triplet excited state.5* This
latter process could have a negative influence on the performance of opto-electronic
devices made of m-conjugated polymers such as solar cells and light-emitting diodes.>

In recent years m-conjugated polymers with small band gap (~1.5 eV) have been
developed for application in polymer solar cells. A particular synthetic strategy to reach a

small band gap is to make an alternating copolymer of donor and acceptor units.>*% One

57



Chapter 3

particular type of donor-acceptor polymer involves the pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (DPP) moiety as acceptor and oligothiophene units as donor.>

Because of the donor-acceptor structure, one may expect that charge resonance is
important in the lower excited state and may also stabilize interchain, exciplex-like excited
states between the donor unit of one chain with an acceptor unit of another neighboring
chain. Spectroscopic studies of the microcrystalline solid of DPP based oligomers have
indeed shown red-shifted, exciplex-like emission, especially in cases where sollubilizing
side chains on the molecules were unbranched, allowing the molecules to come very close
to each other in the excited state.

In this study we further investigate excimer formation in molecules containing two
identical DPP chromophoric moieties connected via a flexible linker. The flexible linker
allows us to investigate the interconversion of Frenkel-type localized excited states into

excimers stabilized by charge resonance.

3.2. Results and discussion

3.2.1 Synthesis. The structure and synthesis of DPP-based target materials M0, D1,
D2 and D3 are shown in Scheme 1. Compound M0 was synthesized in one step alkylation
reaction of  3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione  using  1-
bromohexane, K2COs as a base and a catalytic amount of 18-crown-6 in DMF at 120 °C. It
was purified by the several crystallizations from cold DMEF. Usually DPPs with linear alkyl
chains can be recrystallized from the various organic solvents resulting in analytically
pure samples in high yield. The monoalkylation of the DPP with 1 eq. of alkyl halide using
the same reaction conditions as mentioned above did not give desired product 1. For the
synthesis of the intermediate compound 1 we have used a slightly modified procedure as

reported before,” resulting in an analytically pure intermediate compound 1 in 58% yield.
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Scheme 1. Synthesis of the DPP-based dimers D1, D2, D3, monomer MO. (a) K2COs, n-CsHis-I, DMSO, rt,
overnight; (b) K2COs, Br-(CHz)s-Br, 18-crown-6, DMF, 120 °C, overnight; (c) K2COs, n-CsHis-Br, 18-crown-6,
DMF, 120 °C, overnight.

For the last step of the synthesis of the target dimers D1, D2, D3 the same reaction
conditions were used as for MO0. All three dimers were purified by column
chromatography on SiO: and subsequently recrystallized from cold DMEF. In the case of
dimer D1 recycling GPC (RGPC) was used followed by recrystalization from DMF. The
structure and molecular weight of the final compounds M0, D1, D2 and D3 were

confirmed through NMR spectroscopy and MALDI-TOF mass spectrometry analyses.

3.2.2 Optical properties. Figure 1 shows the absorption and fluorescence emission
spectra of D1, D2, D3 and MO0 in dilute 0-DCB solutions at room temperature. The
transitions observed can be assigned to the allowed optical transition between the singlet
ground state (So) and the lowest excited singlet state (S1). The absorption spectra of the
dimers are nearly identical to the absorption spectrum of the monomer M0 with the same
absorption maxima around 2.39 and 2.23 eV and the absorption of dimers D1, D2 and D3
is not influenced by the nature of the spacer in these molecules. This shows that there is
hardly any interaction between DPP chromophores in the ground state. Absence of
significant ground state interaction between chromophoric units is not uncommon in
dimeric systems,®® but also systems with short spacers are known in which intramolecular

dimerization in the ground state is significant.”
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Figure 1. Absorption and emission spectra of the DPP-based dimers D1, D2, D3 and the reference
compound MO in dilute 0-DCB solutions at the room temperature (298 K). Fluorescence spectra recorded for

samples with the same optical density at the photon energy of excitation 2.36 eV.

Table 1. Fluorescence quantum yields (®r), fluorescence lifetimes (7r) of M0, D1, D2 and D3 in different
organic solvents and temperatures. Oxidation (Eox) and reduction (Erd) onsets and the electrochemical E€V

and optical E°rt band gaps and corresponding energies of HOMO and LUMO levels.

Toluene 0-DCB 2-MeTHF Benzonitrile CvV

EgOP

T T T Ted T Eoxt Eredf Enomos  Erumos — EgV

O O O T

(ns) (ns) (ns) (ns) (ns) V) V) (eV) (eV) (V) V)
MO 1.0 5.50 1 6.15 6.83 7.46 1 5.93 0.80 -1.43 -5.60 -3.38 222 215
D1 1.1 4.36 0.22 2.93 2.36 6.94 0.04 1.47 0.68 -1.47 -5.48 -3.33 215 215
D2 1.1 4.59 0.43 3.71 343 7.27 0.12 1.75 0.69 -1.46 -5.49 -334 215 215
D3 1 4.50 0.66 4.22 3.90 6.88 0.28 2.10 0.63 -1.56 -5.44 -324 220 215

2 Quantum yields were determined relative to the fluorescence of dilute M0 solution with OD < 0.1 at room
temperature; ¥ Recorded in dilute 0-DCB solutions at room temperature (298 K); ¢ Recorded in dilute 2-
MeTHEF solutions at room temperature (298 K); ¥ Recorded in dilute 2-MeTHF solutions at 80 K; ¢ Recorded
in dilute benzonitrile solutions at room temperature (298 K); / Half-potentials (V) vs Ag/AgCl calibrated
against Fc/Fc* from reduction and oxidation; 8 Exomorumo=[—(Eox/reD vs ag/agci—0.4] — 4.8 eV measured in 0-DCB

solutions at room temperature.

The fluorescence spectra for M0, D1, D2, and D3 in 0-DCB all show the same
bandshape with a maximum in the fluorescence intensity at 2.19 eV, indicating emission
from the singlet excited state of the DPP moiety. When recorded under identical excitation
conditions, the fluorescence spectra for M0, D1, D2, and D3 show a remarkable difference
in the intensity. For shortest spacer we find the lowest intensity at 2.19 eV. The dimers D1,
D2, D3 show fluorescence with bandshape that is virtually the same as for M0 without
any detectable additional red-shifted emission bands that could be assigned to an excimer.
In contrast, red shifted emission is common for dimeric molecules containing e.g. two

anthracene, naphthalene, pyrene or carbazole chromophoric groups.®7¢-62 We conclude
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that the fluorescence emitted by D1, D2 and D3 in 0-DCB originates from locally excited
states in an extended conformation of the dimeric molecule without any appreciable
interaction between the chromophoric groups. This also holds for other solvents
investigated (toluene, benzonitrile and 2-MeTHF). Quantum yields for fluorescence from
the locally excited states were determined relative to the monomer MO and are listed in
Table 1.

In apolar solvent (toluene) the fluorescence quantum yields for the dimeric DPP
molecules are approximately the same as for the monomer MO0. In more polar solvent, the
dimers show reduced quantum yields for fluorescence. The lowest PL quantum yield was
observed for the dimer D1 with the shortest aliphatic spacer in between DPP
chromophores in the most polar solvent investigated (benzonitrile). This observation
suggests that in the ground state the two DPP moieties in the dimeric molecule hardly
interact but that a photophysical pathway in the excited state involving charged,
intermediate states is opened in polar solvents leading to deactivation of the locally
excited singlet state.

In order to investigate the origin of the fluorescence quenching in these dimeric
molecules, time-resolved photo-luminescence measurements were performed in organic

solvents with different polarity (Figure 2).

10000 T T 10000 T T 10000 T T
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Figure 2. Time resolved PL lifetimes in different organic solvents of D1, D2 and D3 in different solvents
measured at 298 K.

The fluorescence lifetimes and the corresponding fluorescence quantum yields in
the different organic solvents are summarized in the Table 1. The reference molecule M0
shows mono-exponential fluorescence decay in all solvents investigated with an excited
state lifetime in the range 5.5-6.8 ns depending on the solvent chosen. These values are in
agreement with values reported earlier for some dialkylated DPP derivatives.®

The dimer D1 shows a significant reduction in excited state lifetime upon going
from apolar to polar solvents (Figure 2, left). A mono-exponential decay of the
luminescence was observed in apolar solvent (toluene) with the lifetime of about 4.36 ns.
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Upon increasing the polarity of the solvent (0-DCB) the lifetime of the luminescence is
strongly reduced and in the case of very polar solvent (benzonitrile) it becomes multi-
exponential. The initial part of the decay trace (t <5 ns) can be described with a lifetime of
about 1.5 ns. The multi-exponential shape of the fluorescence may be due to different
conformers of these molecules. For D2 and D3 the dependence of the decay of the
fluorescence on solvent polarity is qualitatively similar to the behavior for D1 (Figure 2,
middle, right).

' Toluene pg44D2 .

1.0+ A A A4 -
D3 .
0.8} -
~ o6} b3 -
=
& o-DCB

& 04} -
0.2} ]

0.0 L S

R 5 6

7(ns)

Figure 3. Relative quantum yield for D1, D2, and D3 in various solvents plotted versus excited state lifetime.

Dashed line indicated behavior expected for purely dynamic quenching.

The results from the fluorescence quantum yield and lifetime measurements at
room temperature are summarized graphically in Figure 3. The graph shows a correlation
between the quantum yield for the fluorescence from the locally excited state of the dimers
relative to the quantum yield of the monomer (®/®wmo) and the lifetime of the excited state
(7). Such a correlation is expected for a purely dynamical quenching process. The locally
excited state that is populated initially upon illumination in the dimer can emit a photon
rate constant knd but in addition may also undergo a dynamical processes leading to non-
radiative decay. The combined rate constant for all non radiative processes is denoted knrad.

For the time-integrated relative quantum yield for fluorescence we then expect:

q) — 1 krad — krad T 31
q)MO q)MO kmd +k

nrad

For the locally excited state we expect krad/Pwmo to be independent of the length of the
aliphatic linker. Hence a linear correlation between ®/®w and 7 is predicted, see the
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dashed line in Figure 3. Although qualitatively, the experimental (®, 7) data points follow
the predicted correlation, Figure 3 also shows that, especially for the dimer with smallest
linker (D1) there is a deviation from the predicted values. The measured quantum yield
for D1 is polar solvents is considerably lower than predicted from measured decay time.
The deviations from the simple dynamics quenching could be explained by the presence of
different conformers that do not equilibrate on the timescale of the decay of the excited

state.
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Figure 4. Fluorescence (left) and absorption (right) for a dilute solution of D1 in 2-MeTHF as a function of

temperature. Fluorescence spectra were recorded at the photon energy of excitation 2.36 eV.

To find further experimental support for a dynamic quenching process, we have
investigated the fluorescence properties of the dimers as function of temperature using the
glass forming solvent 2-MeTHF. In Figure 4 (right) the absorption spectrum for D1 is
shown for various temperatures. At low temperature the spectrum sharpens and the
wavelength of the maximum absorption intensity slightly shifts towards lower energy.
Lowering the temperature forces the chromophoric group to adopt the planar lowest
energy conformation for which the extent of m-conjugation is the largest. At low
temperature (80 K) in 2-MeTHF the absorption spectrum for the dimers are virtually
identical to those for M0* indicating that at low temperature the molecules adopt an
extended conformation. Upon cooling a 2-MeTHF solution of D1, the bandwidth for the
fluorescence narrows (Figure 4, left). The fluorescence intensity first decreases but the rises
steeply for temperatures approaching 80 K. At low temperature the Stokes shift is small
(~0.01 eV). At low temperature the fluorescence spectrum shows sharp features and the
bandshape and peak position is virtually the same as of the monomeric DPP
chromophore. This confirms that the fluorescence occurs from a locally excited state in the

dimer in an extended conformation.
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Figure 5. Fluorescence decay curves of D1 at the different temperatures and MO at 80 K (gray line, offset by
multiplication with factor 2) in dilute 2-MeTHF solutions using Eext.= 3.06 eV and Eem=1.94 eV.

Upon lowering the temperature of the solution, the fluorescence lifetime increases
and becomes almost identical to the lifetime of the M0 at 80 K (Figure 5). Combined with
the rise in quantum yield at low temperature, the rise in the lifetime of the locally excited

state shows that the quenching process assigned to electron transfer is inhibited.

Folded

Extended

Figure 6. Low energy extended (left) and folded (right) conformations for D1 obtained from molecular
mechanics minimizations using the MM2 force field. For each conformer, three views on molecule in the x, y,
and z direction are shown. The blue double headed arrows in the schematic representations indicate the
transition dipoles associated with the transition from the ground (So) to the lowest excited singlet state (Su).

For simplicity, the terminal hexyl side chains have been replaced by methyl groups.

To explain the spectroscopic data, we propose that in solution, the dimers adopt
predominantly an extended conformation. Molecular mechanics energy minimizations on
D1, illustrated in Figure 6, indicate that low energy conformations exist with the alkane
linker in the trans conformation and DPP chromophoric groups oriented obliquely. The

oblique orientation may be favorable in the ground state because it minimizes the
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quadrupolar electrostatic interactions between the DPP units. The importance of the
extended conformation of D1 shown in Figure 6 can be further supported by considering
the relative orientation of the transition dipole moments associated with the allowed
transition between So and Si state. For the DPP units under study, the transition dipole is
orientated parallel to the line joining the orprotons on the thiophene rings.** In the
extended conformation proposed, the transition dipoles of the DPP units make an angle
close to 90° with each other and are also approximately perpendicular to the line joining
the centers of the DPP moieties. In such an orientation the transition dipole-dipole
interaction between the DPP units is minimal resulting in a small Davydov splitting in the
excited state. This may then explain why the absorption and fluorescence spectrum of D1
differs so little from the monomer M0. We note that for the spacers with four and five
methylene units in the fully extended conformation, the oblique orientiation of the
transition dipole moments can still be maintained. Nevertheless with an even number of
carbon atoms in the spacer the DPP groups would be in a transoid orientation whereas for
the odd alkane spacers a cisoid orientation is expected for the fully extended ‘zig-zag’
conformation. This may affect the rates for electron transfer and/or the strength of the
interchromophoric coupling. Our limited dataset does not bear out such an odd-even
effect.

We ascribe the quenching of the fluorescence to formation of an excimer-like
excited state with a folded conformation. In the right part of Figure 6, a folded
conformation of D1is illustrated. In this conformation, the linker can retain its staggered
low energy conformation. m-stacking between the DPP groups is possible and the
diketopyrrolopyrrole core of one DPP moiety is in close contact with the thiophene ring of
the other. In the excited state this relative orientation of the DPPs, can be stabilized by

charge transfer interaction.
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Figure 7. Cyclic voltammograms of M0 and D1, D2 and D3 in 0-DCB measured at room temperature (298 K)
under N2 atmosphere. Potentials relative to Ag/AgCl calibrated against Fc/Fc*.

In order to estimate the energetic position of the charge-separated state (CSS) in the
dimers (DPP*-DPP"), the electrochemical properties of the dimers D1-D3 and the reference
compound MO0 were studied by cyclic voltamperometry (CV) (Figure 7) in order to make
an estimate of the energy of the charge transfer states of the dimeric molecule. For the
monomer M0 and the dimers D1-D3, CV was measured in o-dichlorobenzene (0-DCB)
solutions containing tetra-n-butylammonium hexafluorophosphate (TBAPFs, 0.1 M) at
room temperature under nitrogen atmosphere, see Figure 7. The corresponding redox
potentials are summarized in the Table 1. All compounds show reversible oxidation at
potentials slightly below 1 V vs Ag/AgCl. For molecules D1 and D2 the oxidation wave is
broadened and this can be ascribed to the influence of the first oxidized DPP moiety on the
oxidation potential of the second DPP moiety. All molecules also show reversible
reduction waves near -1.3 V. Incidentally we noted that upon scanning to voltages more
negative than 1.5 V a reversible electrochemical reaction is induced in the dimers, which
we attribute to dimerization of the DPP moieties.®> This reaction can be suppressed by
limiting the scan range to -1.5 V. Using oxidation and reduction potentials from the CV
measurements we calculate the energy of the solvated, CS states *‘DPP-DPP- using the
Weller equation (3.2).6667
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In this equation Eox(D) and Erd(A) are the redox potentials of the donor and the
acceptor. Ew represents the energy of the photoexcited state, R is the center-to-center
distance of the positive and the negative charges in the CS state, r* and r are the radii of
the positive and negative ions and ¢rr and ¢s are the relative permittivities of the reference
solvent, used during CV measurements (in this case 0-DCB) and the solvent for which the
energy of the solvated charge transfer states is being calculated (in this case toluene, 2-
MeTHF, 0-DCB, benzonitrile). Because the timescale for excimer formation is long
compared to the dielectric relaxation time of the solvents, the use of the static dielectric
constant seems justified.®*”° For the calculation of the radii of the positive and negative
ions r* and r the density of p = 1.36 g/cm?® was used from the reported crystallographic
data of 2,5-diallyl-3,6-diphenylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione.” The radii of the

positive and negative ions r* and r (4.75 A) were calculated from the equation 3.3:

. 3x10%*M
P = 3.3
47pN ,

In this formula M is the molecular weight of the model compound, p the density
and Na Avogadro's number. It is known that the electron transfer is favored in more polar
solvents because the solvent can stabilize the charge-separated state solvation and
screening of the ions.

In polar solvents the intramolecular electron transfer from the one DPP unit to
another DPP unit of the same dimer molecule occurs, resulting in positive and negative
ions. The energies of the CSS states of the dimers were estimated using Weller’'s equation
for solvents of different polarity using the redox potentials determined by CV
measurements in dilute 0-DCB solutions (Figure 7). For the extended conformation of the
dimers in toluene, the energy of the CS state (black squares) are higher than the emissive
S states for all dimers, see Figure 8. For solvents with higher polarity, e.g. 2-MeTHEF, o-
DCB and benzonitrile, the CSS is lower in energy that the Si state.
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Figure 8. Schematic energy levels of M0, D1, D2, and D3 in different organic solvents of the different
polarity calculated according to Weller equation 3.3 using Re= 11.25, 12.50 and 13.75 A for D1, D2, and D3
respectively corresponding to the fully extended conformation of the molecules (left). For the folded dimer 5

A distance was used in the calculations (right).

The energy calculated for the folded charge transfer state with Re=5 A is the same
for all three dimers and is almost independent of solvent polarity for this particular value
for Re. The energy predicted for the CT state with folded conformation (1.9 eV) is lower
than the energy of the Si state. In the right part of Figure 8, the evolution of the energy of
the charge separated state during the folding reaction is depicted. In toluene population of
the extended CS state by long rage energy transfer is energetically unfavorable. For the
polar solvents (0-DCB and benzonitrile) the extended CSS is thermodynamically
accessible. For D1 with the short alkyl spacer, long range electron transfer may be
expected to be relatively fast, so that efficient formation of the folded conformation with
the extended CSS as intermediate may be expected in polar solvent. In toluene formation
of the excimer like state could in principle occur via a different pathway, namely folding
of the dimer in the locally excited S: state followed by charge transfer occurring after the
cofacial stacking of the DPP moieties. This pathway requires that the time needed for
folding in the electrostatically neutral locally excited state is shorter or comparable to the
excited state lifetime of the DPP unit (5.5 ns Table 1). For 1,3-bis(2-pyrenyl)propane, the
rate of folding in excimer formation is 0.13 ns! in methylcyclohexane.”? Given the fact that
the DPP chromophore including its N-hexyl substituent (383 Da) is considerably larger
than the pyrenyl substituent (201 Da), we argue that the rate of folding in the locally
excited Si state of the DPP dimers is lower than the decay rate of the excited state, so that
excimer formation via folding in the charge neutral, local excited state is kinetically

disfavored. Folding in the CS state is driven by the electrostatic attraction between
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oxidized and reduced DPP subunits and can therefore be much faster than the diffusive

folding in the neutral, locally excited state.

20 L L L L L |
—— TOLUENE
—— BENZONITRILE
——o0-DCB
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ATITx 100

0.5 1.0 1.5 2.0
Photon energy (eV)
Figure 9. Photoinduced absorption spectra for D1 recorded in dilute toluene, 0-DCB and benzonitrile

solutions at room temperature upon excitation with 2.54 eV photons. The intensities have been corrected for

small differences in the optical density of the solutions at the excitation wavelength.

Finally we discuss the fate of the folded charge transfer state of the dimers. Using
near-steady state photoinduced absorption spectroscopy (PIA) the nature of long lived
excited state can be probed. In Figure 9 we show the PIA spectrum for D3 in various
solvent at room temperature induced by excitation with the photon energy of 2.54 eV via
the S1<-So transition. The spectrum obtained shows bands at 1.43 and 1.6 eV which we
interpret as the photoinduced Tn«—T:1 absorption of the DPP moiety under study.”® This
indicates that in polar solvents, efficient intersystem crossing (ICS) to the lowest triplet
state T1 occurs. The energy of T1 can be estimated at 1.1 eV based on triplet energy data for
the structurally closely related 2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione.”” This energy is considerably lower than the energies
estimated for the charge separated and charge transfer states for the dimers (see Figure 8).
We propose that in a polar solvent, efficient ICS occurs in the folded charge transfer state.
Efficient ICS is known to occur in donor-acceptor diads with flexible linker via the
intramolecular charge transfer state.’’® In charge transfer and charge separated states,
which have a radical pair character, various mechanisms contribute to fast intersystem
crossing, including hyperfine interactions between the electron and nuclear spin degrees
of freedom and spin-orbit coupling in the electron transfer steps leading to and from the
charge transfer state” In toluene, where the charge transfer state does not form, the radical
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pair mechanisms for ICS are not active and hence the quantum yield for triplet formation
is expected to be much lower. This explains the much lower photoinduced absorption
from the lowest triplet state for D1 in toluene. PIA measurements on D2 and D3 give

results comparable to those obtained for D1.

3.3 Conclusions

Dimers with covalently linked 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (DPP) units with aliphatic spacers can form non-fluorescent excited
states from the locally excited singlet state. The spectroscopically silent excited state was
identified as an intramolecular excimer-like state with significant charge transfer
character. Curiously the excimer-like excited state in the DPP-dimer molecule has a
number of characteristics in common with intramolecular exciplex states in covalently
linked donor-acceptor molecules: polarity dependent formation of the dimeric state and
efficient intersystem crossing to the triplet state. The DPP unit itself has already some
donor-acceptor character with the thiophene rings as donating and the pyrrolopyrrole
moiety as accepting units. Because of this CT character in the subunits, pronounced charge
transfer and strong polarization may be expected in the intramolecular dimer state
especially when the pyrrolopyrrole ring system of one DPP unit stacks on top of a
thiophene ring of the other DPP unit. Spectroscopic results for these model compounds for
ni-conjugated donor acceptor copolymers indicate that interchain polaron pair states in a
solid film of the polymers may play an important role in the photophysics because of the
close proximity in energy to the intrachain excited states. The interchain polaron pair
states may act as precursors for fully charge separated states in bulk heterojunctions of
DPP copolymers blended and could also give rise to fast intersystem crossing to the triplet

excited state of the polymer.
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3.4 Experimental

3.4.1 General methods. '"H NMR and *C NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer using the deuterated solvents (CDCls, DMSO-ds) and tetramethylsilane (TMS) as the internal
standard. The chemical shifts in the experimental part are reported in ppms (0) downfield from TMS (0 ppm)
using the residual CHCls peak in the CDCls as an internal standard (7.26 ppm and 77.00 ppm respectively
relative to TMS signal). The coupling constants are reported in Hz. Multiplicities are reported as s-singlet, d-
doublet, t-triplet and m-multiplet. The matrix-assisted laser desorption ionization time-of-light (MALDI-
TOF) mass spectrometry was performed on a perspective Biosystems Voyager-De Pro spectrometer using o-
cyano-4-hydroxycinnamic acid as a matrix. Materials were purchased from commercial suppliers and were
used without further purification, unless otherwise noted. All moisture and oxygen sensitive reactions were
performed under an argon atmosphere using flame-dried glassware. All reactions were monitored by TLC
analysis using GF 254 silica gel coated plates. Column chromatography was performed using silica gel (400
mesh). Non deuterated solvents except N,N-dimethylformamide (DMF) were purchased from Biosolve (the
Netherlands). Extra dry DMF (99.8%) was purchased from Acros and used in all experiments without
further drying. Deuterated solvents were bought from Cambridge Isotope Laboratories, United States and
used as received.

UV-vis absorption spectra were measured with a Perkin-Elmer Lambda 900 spectrometer using an
optical cell with an optical path length of 1 cm. Low temperature absorption spectra were acquired with and
Oxford DN-V Nitrogen Bath-cryostat (77K-RT). Fluorescence spectra were recorded using an Edinburgh
Instruments FLSP920 double-monochromator luminescence spectrometer equipped with a nitrogen-cooled
near-infrared sensitive photomultiplier (Hamamatsu). The spectra where corrected for the wavelength
sensitivity of the detection channel

Photoinduced absorption (PIA) spectra were performed at room temperature by exciting with a
mechanically modulated Ar-ion laser (Aex = 488 nm (2.54 eV)) pump beam and monitoring the resulting
change in the transmission of a tungsten-halogen probe light trough the sample (AT) with a phase-sensitive
lock-in amplifier after dispersion by a grating monochromator and detection, using Si, InGaAs, and cooled
InSb detectors. The solutions used during PIA measurements were prepared in glow-box under N2
atmosphere (with O2 and H20 concentrations <1 ppm) with an optical density of ~0.1 at Aexc= 488 nm (2.54
eV).

Time-resolved photo-luminescence measurements were performed on an Edinburgh Instruments
LifeSpec-PS spectrometer, using a 405 nm (3.06 eV) pulsed laser (PicoQuant PDL 800B) operated at 2.5 MHz,
with pulse duration of 59 ps. For detection a Peltier-cooled Hamamatsu microchannel plate photomultiplier
(R3809U-50) was used. Each intensity decay curve was fitted to a single exponential.

Steady state photoluminescence spectra were recorded in air, at the room temperature, using an
Edinburgh Instruments FLSP920 double-monochromator luminescence spectrometer equipped with a
nitrogen-cooled near-infrared sensitive photomultiplier (Hamamatsu). The solutions for PL measurements
were prepared in different solvents (toluene, 2-MeTHF, 0-DCB and benzonitrile), with an optical density ~
0.1 at Aex to avoid reabsorption artifact.”>76 All the spectra were corrected for the spectral response of the
monochromators and of the photomultiplier and for the optical density of the sample at the excitation
wavelength.

Cyclic voltamperometry (CV) measurements were recorded under an inert nitrogen (N2) atmosphere

using different scanning speeds. Tetrabutylammonium hexafluorophosphate (TBAP) solution (1M) in 0-DCB
71



Chapter 3

was used as the electrolyte. The working electrode was a platinum disk and the counter electrode was a
silver rod. Ag/AgCl reference electrode was used during the measurements with Fc/Fc* as an internal
standard using pAutolab II with a PGSTAT30 potentiostat. The energy level of the Ag/AgCl reference
electrode was taken to be 4.80 eV below vacuum level.”” The Ag/AgCl reference electrode was calibrated
using Fc/Fc* taken as 0.4 V Ag/AgCl

Recycling GPC (RGPC) was performed on a LC system with JAIGEL 2H column and an UV-
detector, using preparative flow cell with the path length of 0.5 mm. The samples were prepared by
dissolving the material in ~2 mL of chloroform followed by filtration before the injection to the system.

Chloroform was used as a mobile phase with the flow speed of 3.5 mL/min during all RGPC measurements.

3.4.2 Chemicals. Diethyl succinate (99%), 2-thiophenecarbonitrile (97%), potassium tert-butoxide
(98+%), 2-methyl-2-butanol (99%), potassium carbonate (99+%), 18-crown-6 (99+%), 1-iodohexane (98+%),
and 1-bromohexane (98+%) were purchased from Acros organics. 1,3-Dibromopropane (99%), 1,4-
dibromobutane (99%), and 1,5-dibromopentane (97%) were purchased from Sigma-Aldrich and used as

received.

3.4.3 Experimental procedures.

CeHiz O
N /A
S
N
W s
NH
(o]

2-Hexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione (1). To a stirred solution of 3,6-
di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.0 equiv., 1.14 g, 3.79 mmol) in dry DMF (10 mL)
was added potassium t-butoxide (2.73 equiv., 1.16 g, 10.36 mmol) in small portions at room temperature
under argon. The resulting dark purple solution was stirred for 4 h and then 1-iodohexane (1.65 equiv., 1.32
g, 6.26 mmol) was added over a 10 min period. After stirring the reaction mixture overnight (TLC control), it
was quenched with water and extracted with CHCIs (2 x 50 mL), the organic phase was washed with brine (3
x 30 mL), dried over MgSQs, filtered, and concentrated in vacuo. The residue was chromatographed on SiOz
(DCM) to afford title compound as a dark red solid. Yield: 0.80 g. (55%). '"H-NMR (400 MHz, CDCl): 6 9.33-
9.24 (br.s., 1H, N-H), 8.90 (d, ] = 3.8Hz, 1H, Ar-H), 8.34 (d, ] =3.8Hz, 1H, Ar-H), 7.66 (d, ] = 4.9Hz, 1H, Ar-H),
7.60 (d, ] =7.6Hz, 1H, Ar-H), 7.28 (d, ] =7.3Hz, 1H, Ar-H), 7.22 (d, | = 45Hz, 1H, Ar-H), 4.08 (t, 2H, -NCH>-),
1.79-1.71 (m, 2H, -N-CHz-CH>-), 1.46-1.21 (m, 6H, -CH>-CH>-CH>-CHs), 0.89 (t, ] = 6.8Hz, 3H, -CHs). 3C-NMR
(400 MHz, CDCls): d 162.15, 161.30, 140.53, 136.27, 135.53, 131.97, 130.98, 130.80, 129.75, 129.07, 129.02, 128.60,
108.53, 108.08, 42.23, 31.44, 29.91, 26.54, 22.55, 14.01.
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5,5'-(Propane-1,3-diyl)bis(2-hexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]lpyrrole-1,4(2H,5H)-dione)

(D1). 2-Hexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1) (3.2 equiv., 0.6 g, 1.58 mmol),
1,3-dibromopropane (1.0 equiv., 0.1 g, 0.49 mmol), and K2CO:s (5.0 equiv., 0.34 g, 2.47 mmol) were dissolved
in DMF (20 mL). Catalytic amount (15 mg) of 18-crown-6 was added and the mixture was stirred at 120 °C
overnight. The reaction mixture was allowed to cool to room temperature, quenched with water and
extracted with diethyl ether (3 x 50 mL). The organic phase was washed with water (1 x 200 mL) and brine (2
x 100 mL), dried over MgSQs, filtered, and the solvent was evaporated in vacuum. The crude product was
purified by column chromatography on SiO: using mixture of 40:60 (v:v) CHCls/n-heptane as the eluent and
finally by recycling GPC using CHCls as a mobile phase and subsequently recrystallized from cold DMF.
Yield: 0.22 g. (55%). Tm = 235-236 °C. "H-NMR (400 MHz, CDCl3): 0 8.86 (d, | =3.28 Hz, 4H, Ar-H), 7.57 (d, ] =
498Hz, 4H, Ar-H), 7.23 (d, | = 3.28Hz, 4H, Ar-H), 4.24 (t, ] = 7.24Hz, 4H, -NCH>-), 4.05 (t, ] = 7.91Hz, 4H, -
NCH--), 2.22 (q, 2H, -CH>-(center)), 1.72 (m, 4H), 1.34 (m, 12H), 0.87 (t, ] = 6.82Hz, 6H, -CHs). 3 C-NMR (400
MHz, CDCl): 6 161.31, 140.30, 135.39, 130.89, 130.64, 129.48, 128.63, 42.23, 39.75, 31.39, 30.43, 29.90, 26.54,
22.54,14.00. MALDI-TOF-MS: m/z 808.15 (100%), 809.16 (55), 810.16 (35), 811.15 (18), 812.15 (10).

5,5'-(Butane-1,4-diyl)bis(2-hexyl-3,6-di(thiophen-2-yl)pyrrolol3,4-clpyrrole-1,4(2H,5H)-dione))

(D2). The preparation of (3) was carried out using the same procedure as that for (2) from 2-hexyl-3,6-
di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1) (2.03 equiv., 0.36 g, 0.94 mmol), (1.0 equiv., 0.10
g, 0.46 mmol) of 1,4-dibromobutane, K2CO:s (4.0 equiv., 0.25 g, 1.85 mmol) and catalytic amount (15mg) of 18-
crown-6 in DMF (20 mL). The crude product was purified by flash chromatography on silica gel, using
ethylacetate/n-heptane 30:70 (v:v) as the eluent, and subsequently recrystallized from DMF. Yield: 0.18 g.
(47%). Tm = 258-259 °C. 'TH-NMR (400 MHz, CDCl): 0 8.86 (d, ] = 3.82 Hz, 4H, Ar-H), 7.60 (d, ] = 5.02Hz, 4H,
Ar-H), 7.25 (d, ] = 3.82Hz, 4H, Ar-H), 4.08 (m, 8H, -NCH?>-), 1.87 (m, 4H), 1.72 (m, 4H), 1.34 (m, 12H), 0.88 (t, ]
= 6.98Hz, 6H, -CHs). BC-NMR (400 MHz, CDCls, T = 55 °C): d 161.42, 140.29, 139.72, 135.23, 135.15, 130.62,
128.60, 42.33, 41.60, 31.46, 29.96, 27.20, 26.59, 22.56, 13.95. MALDI-TOF-MS: m/z 822.15 (100%), 823.15 (55),
824.15 (35), 825.15 (18), 826.15 (10).

5,5'-(Pentane-1,5-diyl)bis(2-hexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione)
(D3). The preparation of (4) was carried out using the same procedure as that for (2) from 2-hexyl-3,6-
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di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1) (2.03 equiv., 0.17 g, 0.44 mmol), (1.0 equiv., 0.05
g, 0.218 mmol) of 1,5-dibromopentane, K2CO:s (4.0 equiv., 0.12 g, 0.87 mmol) and catalytic amount (15 mg) of
18-crown-6 in DMF (20 mL). The crude product was purified by flash chromatography on silica gel, using
ethylacetate/n-heptane 20:80 (v:v) as the eluent, and subsequently recrystallized from DMF, washed with
cold acetone and dried in vacuo. Yield: 90mg. (49%). Tm = 213-214 °C. 'H-NMR (400 MHz, CDCls): 6 8.90 (d, |
=3.25Hz, 4H, Ar-H), 7.62 (dd, | = 9.59Hz, | = 4.62Hz, 4H, Ar-H), 7.26 (d, ] = 3.25Hz, 4H, Ar-H), 4.07 (m, 8H, -
NCH--), 1.77 (m, 8H, -N-CH2-CH:-), 1.56 (m, 2H), 1.34 (m, 12H), 0.88 (t, ] = 6.95Hz, 6H, -CHs). 3C-NMR (400
MHz, CDCl): 6 161.42, 140.19, 139.88, 135.17, 130.57, 129.91, 128.62, 42.31, 42.05, 31.44, 29.95, 29.63, 26.58,
24.27,22.55, 13.94. MALDI-TOF-MS: m/z 836.22 (100%), 837.22 (55), 838.22 (35), 839.22 (18), 840.22 (10).

CeHis O
N

2,5-Dihexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (MO0). The preparation of
(M0) was carried out using the same procedure as that for (D1) from 3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (1.0 equiv., 3.0 g, 9.98 mmol), (3.3 equiv., 4.94 g, 32.96 mmol) of commercial 1-
bromohexane, K2COs (3.3 equiv., 4.55 g, 32.96 mmol) and catalytic amount (24 mg) of 18-crown-6 in DMF (35
mL). The crude product was recrystallized twice from DMEF. Yield: 3.8 g. (81%). 'H-NMR (400 MHz, CDCls):
0892 (d, ] =3.9Hz, 2H, Ar-H), 7.62 (d, | = 5.0Hz, 2H, Ar-H), 7.26-7.29 (m, 2H, Ar-H), 4.05 (t, ] = 8.0Hz, 4H, -
NCH:-), 1.74 (quintet, ] = 7.7Hz, | = 7.8Hz, 4H, -N-CHz-CH>-), 1.28-1.45 (m, 12H, -CH>-CH>-CH>-CH3), 0.87 (t, |
= 6.8Hz, 6H, -CHs). 3C-NMR (400 MHz, CDCls): d 161.26, 139.92, 135.23, 130.62, 129.73, 128.54, 107.61, 42.18,
31.38, 29.88, 26.52, 22.53, 13.99. MALDI-TOF-MS: m/z 468.23 (100%), 469.19 (30), 470.19 (15), 471.19 (5).
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Chapter 4

Synthesis and optical properties of
pyrrolo[3,2-b|pyrrole-2,5(1H,4H)-dione

(iDPP) based materials

Abstract

We describe the synthesis and photophysical properties of a series of derivatives of
pyrrolo[3,2-b[pyrrole-2,5(1H,4H)-dione-3,6-diyl (iDPP) linked to two oligothiophenes of variable
length (nT). The iso-DPP-oligothiophenes (iDPPnTs) differ from the common pyrrolof3,4-
c]pyrrole-1,4(2H,5H)-dione-3,6-diyl — oligothiophene analogs (DPPnTs), by a different orientation
of the two latcam rings in the bicyclic iDPP unit. In contrast to the highly fluorescent DPPnTs, the
new isomeric iDPPnTs exhibit only very weak fluorescence. We demonstrate that this can be
attributed to a different symmetry of the lowest excited state in the iDPPnT (Ag in Cs;, Symmetry)
compared to DPPnTs (B,). Upon extending the oligothiophene moiety in the iDPPnTs molecules,
the charge transfer character of the lowest A, excited state becomes more pronounced. This seems

to preclude high fluorescence quantum yields even in extended iDPPnTs systems.
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4.1 Introduction

The pyrrolo[3,4-c]pyrrole-1,4-dione-3,6-diyl (DPP, Figure 1) chromophore, first
reported in 1974,! has recently emerged as an important and versatile building block for
organic m-conjugated polymers and extended m-systems with interesting opto-electronic
properties that find application in organic solar cells and thin-film transistors.?

DPP based molecules have several desirable optical properties such as high extinction
coefficients, readily tunable absorption wavelength, and bright fluorescence.>* The
usefulness and versatility of the DPP wunit has inspired the search for related
chromophores. In this research we focus on the isomeric pyrrolo[3,2-b]pyrrole-2,5-dione-

3,6-diyl (iDPP) which a derivative of pulvinic acid (Figure 1)>¢ and is used as a pigment.”

DPP iDPP pulvinic acid

Figure 1. The chemical structures of 3,6-diaryl-pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) and 3,6-diaryl-
pyrrolo[3,2-b]pyrrole-2,5-dione (iDPP), and pulvinic acid.

The first synthesis of symmetrical pyrrolo[3,2-b]pyrrole-2,5-diones (Ar = aryl; Ar =
Ar, Figure 1) has been reported by Fiirstenwerth,® starting from pulvinic acid using harsh
reaction conditions in low reaction yields due to formation of side products. A number of
symmetrical N-arylated (R = Ar, Figure 1) pyrrolo[3,2-b]pyrrole-2,5-diones with various
aryl substituents have been synthesized from aromatic ester carbanions by reacting them
with aromatic oxalic acid-bis(imidoyl)dichlorides which can be synthesized in one pot
reaction from aromatic amines, oxalyl chloride, and PCls.”!® Asymmetrical pyrrolo[3,2-
b]pyrrole-2,5-diones (Ar = aryl; Ar # Ar1) can be prepared by the same synthetic strategy
but using asymmetrical oxalic acid-bis(imidoyl)dichlorides which can be prepared in a
few steps starting from commercial ethyl-2-chloro-2-oxoacetate and different derivatives
of aniline.!!

The nature of the lowest excited state in iDPP and DPP derivatives is of importance
for application in optoelectronics. Here we investigate the lowest excited states in a series
of iDPP-oligothiophene derivatives. While normal DPPs are renowned for their bright
fluorescence,’®* many structurally related chromophores hardly show any

photoluminescence activity in solution. For example, recent studies on
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benzodipyrrolidones, revealed that these molecules show essentially no fluorescence.!*
Also for benzodifuranone derivatives very low fluorescence quantum yields (from 0.3 to
2%) were reported.® Finally also for iDPP molecules poor fluorescence properties were
reported,'® but no detailed characterization of the lower excited states was given.

Quantum chemical DFT calculations of the isomeric linear benzodifuranones,
benzodipyrrolinones, and their homologues!” indicated the presence of the low energy nmt*
states in these m-conjugated systems. From the studies on azoaromatics,'®! e.g. acridine, it
is well known that if the lowest excited state is of nt* nature, the fluorescence quantum
yield is negatively affected. In this case the low quantum yield is attributed to efficient
intersystem crossing to the triplet states. Detailed studies by Siewertsen et al. on sterically
hindered azobenzene showed that excitation at the wavelength corresponding to the nmt*
transition leads to the E-Z isomerisation of these molecules.?0*

Even if the lowest excited state is of the desired orbital nature (mm*), the
fluorescence yield can still be very low. This is the case for m-conjugated systems such as
polyenes,?? polydiacetylenes,?? polythienylenevinylenes,? and retinal.”” In contrast m-
conjugated polymers and oligomers of phenylenevinylene, phenylenethynylene,
thiophene, and fluorene show very bright fluorescence. This is generally attributed to the
symmetry of the lowest excited state. Assuming the Czn point group of the m-systems, the
lowest rt* excited singlet state in the non-fluorescent molecules is assigned Az symmetry
while for the fluorescent materials the S: state is attributed to Bu symmetry. The energy
difference between Az and Bu excited singlet states can be small, and is such cases small
alterations in chemical structure or in the environment of the molecule can have a drastic
influence of the fluorescence properties.

Here we synthesize new 3,6-bis(oligothiophene)-pyrrolo[3,2-b]pyrrole-2,5-dione
(iDPPnT) derivatives and investigate their optical properties in detail. We find that these
molecules fluoresce, but with very low quantum yield (103-10+). The low fluorescence we
attribute to a lowest excited singlet state of Ag symmetry in these iDPPnTs. The energy gap
between the Ag and Bu excited state decreases when increasing the number of thiophene
rings in the oligothiophene substituent. We observed however only a very moderate
improvement in the dipole strength for the Si—So transition in the extended systems. The
development of substantial intramolecular charge transfer character in the lowest excited
state of the larger systems seems to preclude a strong increase in the fluorescence quantum

yield.
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4.2 Results and discussion

4.2.1 Synthesis. The structure and synthesis of iDPPnTs T1-T3 with the different
number of thiophene rings in the backbone is shown in Scheme 1. For the preparation of
our target iDPPnTs T1-T3, we used a synthetic strategy reported by Langer et al.'%!! To
increase the solubility of the final compounds we chose racemic 2-ethylhexyl chains. The
aniline derivative 2 was synthesized from commercial 4-acetoamidophenol using
Williamson ether synthesis,?® followed by deacylation of the amide using concentrated
hydrochloric acid in ethanol resulting in 2. The synthesis of the symmetric oxalic acid-
bis(imidoyl)dichloride was performed in a one-pot reaction of oxalyl chloride with the
previously prepared aniline 2, followed by the treatment with anhydrous PCls in boiling
toluene. The resulting oily intermediate 3 did not crystallize and was used in the next step
without purification. In contrast, many oxalic acid bis-alkyl derivatives can be purified by

recrystallization from propylenecarbonate.
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Scheme 1. Synthesis of pyrrolo[3,2-b]pyrrole-2,5-dione based N-arylated derivatives T1, T2 and T3. (a)
K2COs, 2-ethylhexyl bromide (racemic), 2-butanone, reflux, 12 h; (b) ethanol, HCl, reflux, 12 h; (c) oxalyl
chloride, toluene, rt, 30 min; PCls, reflux, 1 h; (d) diisopropylamine, 2.5M n-BulLi sol. in n-hexane, THF, —78
°C >> ethyl-2-thiopheneacetate, rt, 12 h; (e) 2.5M n-BulLi sol. in n-hexane, THF, -78 °C, 1.5 h, -78 °C, rt., n-
C12HasBr, reflux, 2 days; (f) NBS, AcOH/chloroform, 0 °C >> rt, 12 h; (g) Mg, 2-bromothiophene, Et:O, rt >> 50
°C, 4 h; (6), Pd(dppf)Clz, Et20, 0-5 °C, rt, overnight; (h) 2.5M n-BulLi sol. in n-hexane, THF, -78 °C, 30 min. >>
rt, 30 min., >>-78 °C, trimethyltin chloride, rt, overnight; (i) NBS, 50 °C, 12 h; (j) 2-(tributylstannyl)thiophene
or (8), PA[PPhs]s, toluene, 100 °C, 36 h.

The reaction of 3 with the enolate of ethyl-2-thiopheneacetate prepared by
treatment with LDA, resulted in iDPP derivative T1 in high (68%) yield. The derivatives
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T2 and T3 could be obtained by further functionalization of T1. To this end, T1 was first
brominated with NBS in chloroform at 50 °C and the resulting dibromo compound 8 was
used in Stille couplings with the organotin derivatives of either a thiophene or 2,2'-
bithiophene 7. Derivative 7 was prepared by the alkylation of the thiophene using n-BuLi
and corresponding alkyl halide, following by the bromination and Kumada coupling
resulting in monoalkylated 2,2'-bithiophene derivative 6. Usually
bis(diphenylphosphino)propane nickel(Il) chloride (Ni[dppp]Cl:) is used in Kumada
couplings as a catalyst®® In our synthesis we have used [1,1-
bis(diphenylphosphino)ferrocene]dichloropalladium (Pd[dppf]Clz) as a catalyst because it
is more active compared to Ni[dppp]CL giving higher yields, shorter reaction times and
higher purity of the target derivative 6.3! The stannylation reaction of 6 with trimethyltin
chloride in anhydrous THF gave analytically pure trimethylstannane derivative 7 in high
89% vyield. Finally Stille coupling® was used for the synthesis of the target compounds T2
and T3 using Pd[PPhs]s as a catalyst. T2 and T3 could be obtained in low yields. The
structure and purity of the intermediate and final compounds were determined by
MALDI-TOF, BCNMR, and "THNMR techniques.

The Stille reaction is often an efficient method for C-C coupling between “normal”
DPPs and the electron rich units. The Stille coupling has for instance been used to
synthesize small DPP molecules®*?* and high molecular weight DPP polymers.*# In
contrast, the final C-C coupling reactions to get T1 and T2 proceeded with only low yields,
illustrating the need for further optimization. Curiously, there are only few examples in
literature of C-C coupling reactions between dibromo derivatives of pyrrolo[3,2-b]pyrrole-
2,5-diones and stannyl derivatives or bispinacolboronic esters of electron rich aromatic
units. For the synthesis of the m-conjugated polymers containing pyrrolo[3,2-b]pyrrole-2,5-
diones, Suzuki coupling was used as described by Welerlich et al.'® However low
molecular weight polymers were obtained with indices of polydispersity (PDI) reaching
around 5.6. This shows that the Suzuki reaction conditions are not ideal for this
chromophore. The iDPP polymers reported in a recent patent, were prepared by Stille
couplings using Pdz(dba)s/(o-tol)sP as a catalytic system.*?

4.2.2 Optical properties. The room temperature (298 K) absorption, fluorescence
and fluorescence excitation spectra of T1, T2, and T3 in various solvents are presented in
Figure 2. Corresponding data can be found in Table 1. The absorption spectrum of T1 in
toluene features an intense broad absorption band in the visible range with maximum
around 2.95 eV and a molar decadic absorption coefficient &nax of 22 x 10° L mol! cm. The

magnitude of &max indicates an optically allowed mrt* transition. Therefore we assign the
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2.95 eV absorption band to a transition from the 1'Ag ground state to an excited singlet
state of Bu symmetry (!Bu*), adopting the Con point group for the chromophore. Notably,
below 2.6 eV, the absorption spectrum for T1 shows a low intensity shoulder at the low
energy side of the allowed !'Bu*<-1'A; transition. The extinction coefficient for this low

energy shoulder for T1 at 2.43 eV is only 1.8 x 10° L mol™ cm™.
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Figure 2. Room temperature absorption (black line), excitation (red line) and emission (blue line) spectra of
T1, T2, and T3 of dilute (OD < 0.1) toluene, o-dichlorobenzene (0-DCB) and benzonitrile solutions.
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Table 1. UV/Vis Absorption and Fluorescence data in organic solvents of different polarity for T1, T2, and
T3 at 298 K.

Abs Flu TPL Krad knrad Krad
Solvent  Eons  Emx  Enmax et e 1Bt 1A,
M"cm)
(eV)y  (eV)r  (eVy (ns)d (ust)  (ns?) (usty
Tol 2.18 2.97 1.80 0.64 7 x 104 1.1 1.6
T1 0-DCB 2.17 2.94 1.81 21845 0.64 4 x 104 0.6 1.6 1.1 x 102
BZN 2.17 2.95 1.80 0.64 2 x 104 0.3 1.6
Tol 2.09 2.59 1.79 1.0 8 x103 8 1.0
T2 0-DCB 2.07 2.54 1.74 22232 0.77 5x103 6 1.3 1.3 x 102
BZN 2.10 2.56 1.75 0.64 3x103 5 1.6
Tol 2.00 2.48 1.78 1.0 2 x102 20 1.0
T3 0-DCB 1.92 2.38 1.70 0.80 9x103 11 1.3
BZN 1.92 2.67 1.66 0.60 3x103 5 1.7

2 The onset of the absorption spectra measured at 298 K. » The absorption and emission maxima measured at
298 K. ¢ The extinction coefficient calculated from the maximum of the absorption at 298 K. # The lifetime of
the emission approximated with a single exponential function at 298 K. ¢ Relative to Rhodamine 101. /

calculated using the Strickler-Berg equation.®

A possible explanation for the weak intensity shoulder below 2.6 eV in the
absorption spectrum for T1 could be a conformational equilibrium in the molecule in the
room temperature solution. For instance thiophene substituted DPP (DPP1T) shows
narrowing of the widths of the peaks upon cooling (Figure 3, bottom graph) due to
planarization of the molecules with the distinct vibronic peaks separated by ~0.18 eV
which can be attributed to the change in the C-C bond length alternation of the mt-
conjugated system after the excitation.*# The red shift in the absorption of DPP1T upon
cooling can be explained by the more planar structure of the molecules leading to

increased m-conjugation, which is known for various thiophene derivatives.*®
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Absorption (O.D.)

Photon energy (eV)

Figure 3. Variable temperature UV/vis absorption spectra of T1, T2, T3, and DPPIT in dilute 2-

methyltetrahydrofuran solutions.

The absorption spectrum for T1 was investigated at variable temperatures and
results are shown in Figure 3, uppermost panel. As can be seen, upon lowering the
temperature, the main 'Bu*<-1'A; UV band near 2.95 eV, sharpens somewhat and shows
some vibronic fine structure at 80 K. The low energy shoulder below 2.6 eV persists at
low temperature. We conclude that the low energy absorption tail in the room
temperature absorption spectrum of T1 is not the result of a conformational equilibrium
in the molecule.

In toluene, T1 shows a weak fluorescence, featuring a broad fluorescence band
centered around 1.8 eV. The fluorescence quantum yield ¢n is very low. The low yield
implies efficient non-radiative decay pathways for the excited state, which are common for
carbonyl containing chormophores.**" Using Rhodamine 101 as a standard® we
determine ¢hu to be on the order of 10* (Table 1). In more polar solvents like ortho-
dichlorobenzene (0-DCB) and benzonitrile (BZN) the fluorescence quantum yield is even
lower. To ensure that the weak fluorescence signals observed are indeed due to the T1, T2,
and T3 molecules, fluorescence excitation spectra were measured at low optical densities

for all compounds and compared to the absorption spectra in the same solvent (Figure 2).
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We find that absorption and excitation traces overlap nicely, which firmly supports the
assignment of the weak fluorescence signals to the iDPPnT molecules.

The weak fluorescence band of T1 overlaps with the weak low energy shoulder in
the absorption spectrum but seems unrelated to the allowed !Bu*<-1'A; transition at 2.95
eV. This suggests that the fluorescence and low energy absorption shoulder arise from an
electronic transition different from the 'Bu<—1'Ag transition band.

The fluorescence of T1 decays approximately exponentially in time after pulsed
excitation at 4.0 eV with an excited state lifetime of 0.64 ns (Table 1). From the measured
fluorescence lifetime and the fluorescence quantum yield we calculate the rate for
radiative decay (krd) in 0-DCB and find a value of 0.6 ps (Table 2). This small value of krad is
consistent with an orbital symmetry forbidden, but spin allowed S1—So transition.

The experimentally determined radiative rate may be compared by the radiative rate
predicted from the absorption spectrum in 0-DCB using the Strickler-Berg relation,*
assuming that all the oscillator strength in the visible absorption band below 3.2 eV is also
available for the emissive transition. For T1 we integrate the absorption spectrum over the
3.2-2.2 eV energy range and we predict a radiative rate constant 0.1 ns. This is more than
two orders of magnitude higher than the experimental value (6 x 10* ns'). This
discrepancy clearly shows that the main absorption band with maximum at 2.95 eV
terminates in an excited state that is different from the excited state giving rise to the
fluorescence.

Based on the small rate for radiative decay, we assign the fluorescence to a
2'Ag*—1'Ag transition. The low energy, low intensity shoulder in the absorption 2.5 eV, we
assign to the reverse transition (2'As*<-1'Ag) and the main 2.95 eV absorption band to
1'Bu*<1'Ag. In this assignment, the S excited state is assumed to be of mrt* orbital nature.
Alternatively, a lowest excited singlet state of nt* orbital configuration could also explain
the small radiative decay rate for the lowest excited state. However, 'nm* excited states
with energy below 2.0 eV are uncommon in organic molecules. For linear polyenal
molecules, 'nmt* states occur with energy around 3.0 eV above the ground state.’*%® For
retinal the 'nm* and !Ag*state are close in energy and both these states are below the
!Bu*state.?”?*% The weak fluorescence from 2,4,6,8,10-dodecapentaenal has been assigned
to 21Ag*—1'A..5” For longer polyenals, it has been argued that the singlet trt* excited state
of 'A.*symmetry is lower in energy than the 'nr*. It should be noted that upon lowering
the symmetry from Can to e.g. Co, extensive mixing of nt* and mrt* states could occur and it
may no longer be meaningful to distinguish nmt* and ntrt* states. Furthermore, especially in
polar solvents, the picture may be further complicated by the presence of low lying charge

transfer (CT) like excited state states,*® which have been found in carotenoids.
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Figure 4. Jablonski diagram showing the estimated energetic positions of the singlet excited states of T1, T2,
and T3. For T3 the CT character to the relaxed lowest excited state in polar solvent is indicated by the dashed

line. The energy levels in black correspond to the energies of the thiophene absorption.
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Figure 5. Extended Hiickel calculations of the HOMO-1, HOMO and LUMO surfaces for T1.

Simple extended Hiickel type molecular orbital calculations on T1 provide further
insight into the orbital nature of the lower excited states. Consistent with the expectation
for a conjugated system with pronounced bond length alternation we find that the LUMO
orbital has antibonding nodes at the double bonds of the iDPP central ring system. The
HOMO orbital has bonding character along the butadiene segment in the iDPP core. This
may be attributed to the influence of the heteroatoms. The HOMO-1 orbital is extended
over the whole m-system and has a node at the central C-C bond in the iDPP core. The
excitation of an electron from HOMO to LUMO would be forbidden by orbital symmetry.
The transition from HOMO-1 to LUMO is dipole allowed. Note also that the HOMO
orbital seems rather localized, which may explain the insensitivity of the lower optical
transition to extension of the m-system. Extended quantum chemical calculations using

density functional and ab initio methods on a close analogue of T1, performed at the
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University of Mons, confirm the A type symmetry character of the lowest singlet state
excited and the B type character of the second excited state.

Upon extending the conjugation length in these molecules by adding more electron
rich thiophene rings (compounds T2 and T3), the main absorption maximum in the
visible range shifts to the lower energy and is located at 2.6 and 2.5 eV respectively
(Figure 2). Also for T2 and T3 we assign the main absorption band in the visible range to
the 1'Bu*<-1'Ag transition. For T2 the low energy absorption shoulder below the
1'Bu*«1'Ag band is less pronounced compared to T1. For T3, the shoulder is almost
invisible. The fluorescence quantum yield for T2 and T3 remains low (<0.1), but increases
approximately one order of magnitude for each pair of additional thiophene rings in the
oligothiophene substituents (Table 1). The fluorescence lifetimes for T2 and T3 are in the
ns time domain. The rates for radiative decay remain small considering the size of the
conjugated system and indicate a forbidden nature for the fluorescent transition.
Therefore, we assign the lowest excited state Si in all three oligomers to 2'Ag* state. The
increase in radiative decay rate with increasing number of thiophene rings, may then be
ascribed to more efficient vibronic mixing of the 1'Bu* and 2'Ag* states induced by the
smaller energy difference. The assignments of the lower excited states for T1, T2 and T3
are summarized in Figure 4.

For T2 and T3 an additional absorption band is observed in the UV at, reps. 3.4 and

3.0 eV. These absorption energies match approximately with the excitation energy of the
isolated oligothiophene segment. This correspondence suggests that the associated excited
states, labeled Sn in Figure 4, are mainly localized on the oligothiophene segment.

For the molecules T2 and T3 with the extended m-conjugated systems the emission
spectra measured at room temperature are sensitive towards solvent polarity and the
emission maxima of the T2 and T3 in 0-DCB and benzonitrile are slightly red-shifted in
comparison to toluene (0.08 eV for T2 and 0.12 eV for T3). In contrast, for the molecule T1
the emission maximum (1.80 eV) does not vary with solvent polarity (Table 1). The red-
shift of the fluorescence maxima (in contrast to the absorption for the molecules T2 and T3
going from the apolar solvent (toluene) to more polar (0-DCB and benzonitrile) suggests
that emitting state has charge transfer state character. Intramolecular excited state charge
transfer is well known for the organic compounds containing carbonyl groups, e.g.
coumarin dyes.”® Electrochemical characterization in 0-DCB indicates reduction of the
oligomers T1 and T2 near -1.55 and -1.49 V vs Fc/Fc' respectively. Oxidation of T2
molecule occurs at +0.31 vs Fc/Fc* resulting in electrochemical band gap of 1.8 eV for the
T2 molecule. For T1, no oxidation peak could be detected in the electrochemically

accessible voltage range.
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The electrochemical measurements indicate that for T2 an intramolecular charge
transfer (CT) state with an oligothiophene substituent acting as a donor and the central
pyrrolo[3,2-b]pyrrole-2,5-dione unit as acceptor may be expected with energy of 2 eV after
dielectric relaxation of the solvent around the photoexcited molecule. The presence of a CT
state close in energy to the lowest excited state may account for the reduction in rate for
radiative decay from the 2'A;* level. In solvents of high polarity the CT character of the
relaxed lowest excited state would increase at the expense of the vibronically admixed 'Bu
character. Because the transition probability mainly derives from the admixture of the !'Bu
state, the radiative rate would go down. The increase in the rate for non-radiative decay
from the lowest excited state with increasing solvent polarity may also be accounted for by
the admixture of CT character. It is well known that in electron-donor acceptor dyads,
intersystem crossing to the triplet state can be enhanced by the energetic proximity of CT

states.®®

4.3 Conclusions

A series of 1,4-diaryl-3,6-di(oligothiophen-2-yl)pyrrolo[3,2-b]pyrrole-2,5(1H,4H)-
dione (iDPPnT) (T1-T3) derivatives substituted with a different number of thiophene rings
were synthesized. Photophysical properties were investigated using different solvents and
temperatures. In contrast to the more common 3,6-di(oligothiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (DPPnT) molecules, which show bright fluorescence in
solution, the new isomeric iDPPnTs exhibit only very weak fluorescence. Detailed
investigation of the solutions containing T1-T3 molecules revealed different alignment of
the energy levels if the iDPPs. The different photophysical behavior compared to the
“normal” DPPs can be attributed to a different orbital nature of the lowest excited state
(*Ag*) in the iDPPnT in comparison with the DPPnT ('Bu*). Upon extending the
oligothiophene moiety in the iDPP molecules, the charge transfer character of the lowest
excited state becomes more pronounced. This seems to preclude high fluorescence

quantum yields even in extended oligothiophene-iDPP systems.
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4.4. Experimental

4.4.1 General methods. '"H NMR and *C NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer using the deuterated solvents (CDCls, DMSO-ds) and tetramethylsilane (TMS) as the internal
standard. The chemical shifts in the experimental part are reported in ppms (0) downfield from TMS (0 ppm)
using the residual CHCls peak in the CDCls as an internal standard (7.26 ppm and 77.00 ppm respectively
relative to TMS signal). The coupling constants are reported in Hz. Multiplicities are reported as s-singlet, d-
doublet, dd-double doublet, t-triplet, br. s.-broad singlet and m-multiplet, Th-thiophene, Ar-aromatic signal.
The matrix-assisted laser desorption ionization time-of-light (MALDI-TOF) mass spectrometry was
performed on a perspective Biosystems Voyager-De Pro spectrometer using a-cyano-4-hydroxycinnamic
acid as a matrix. Materials were purchased from commercial suppliers and were used without further
purification, unless otherwise noted. All moisture and oxygen sensitive reactions were performed under an
argon atmosphere using oven-dried glassware.

UV-vis absorption spectra were measured with a Perkin-Elmer Lambda 900 spectrometer using an
optical cell with an optical path length of 1 cm. Low temperature absorption spectra were acquired with and
Oxford DN-V Nitrogen Bath-cryostat (77K-RT). Fluorescence spectra were recorded using an Edinburgh
Instruments FLSP920 double-monochromator luminescence spectrometer equipped with a nitrogen-cooled
near-infrared sensitive photomultiplier (Hamamatsu). The spectra where corrected for the wavelength
sensitivity of the detection channel

All reactions were carried out under an inert argon atmosphere using dry organic solvents.
Recycling GPC was performed on a LC system equipped with JAIGEL 2H and JAIGEL 2.5H columns and
UV-detector, using a preparative flow cell (path length 0.5 mm). Chloroform was used as the eluent and 3.5

mL/min flow was used in all RGPC experiments.

4.4.2 Chemicals. 4-Acetamidophenol (98%), N-bromosuccinimide (99%) (NBS), 1-bromododecane
(97%), [1,1-bis(diphenylphosphino)ferrocene]dichloropalladium(Il) complex with dichloromethane, 2-
(tributylstannyl)thiophene (97%), phosphorus pentachloride (98%), 2-bromothiophene (98%), ethyl 2-
thiopheneacetate (98%) were purchased from Aldrich. NBS was recrystallized twice from cold water (10 g
NBS/100 mL H:0). Potassium carbonate (99+%), iodine (99+%), n-butyllithium, 2.5M solution in n-hexane,
AcroSeal®, 2-ethylhexyl bromide (95%) (racemic), sodium sulfate (99+%), sodium bicarbonate (99.7+%),
oxalyl chloride (98%), diisopropylamine (99%), ammonium chloride (99.6%), thiophene (99.5%), trimethyltin
chloride (99%) were purchased from Acros organics. Tetrakis(triphenylphosphine)palladium(0) (99.9%) was
purchased from Strem Chemicals, Inc. and used as received. The catalyst was stored at -5 °C under argon
and was weighed in the glove box. Magnesium turnings for Grignard synthesis were obtained from Merck
Chemicals.

All reactions were monitored by TLC analysis using GF 254 silica gel coated plates. Column
chromatography was performed using silica gel (400 mesh). Non deuterated solvents were purchased from
Biosolve (the Netherlands). Deuterated solvents were bought from Cambridge Isotope Laboratories, United
States.
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4.4.3 Experimental procedures.

N-(4-(2-ethylhexyloxy)phenyl)acetamide (1) was prepared by the modified procedure reported
earlier.®! A mixture of 4-acetamidophenol (1.00 equiv., 8.0 g, 52.9 mmol), racemic 2-ethylhexyl bromide (1.50
equiv., 15.33 g, 79.4 mmol), and K2COs (2.00 equiv., 14.62 g, 105.8 mmol) in 2-butanone (100 mL) was stirred
at 85 °C overnight. The solvent was evaporated and water (100 mL) was added. The product was extracted
with diethyl ether (3 x 50 mL) and the organic phase was washed with brine (2 x 100 mL) dried over MgSOs
and the solvent was evaporated. The crude product was purified by flash chromatography on silica gel,
using dichloromethane/n-heptane (1/5 v/v) as the eluent. Yield: 7.2 g. (52%). H-NMR (400 MHz, CDCls): d
8.92-9.05 (br. s. 1H, N-H), 7.52 (dd, | = 9.02Hz, | = 2.11Hz, 2H, Ar-H), 6.85 (dd, ] = 9.02Hz, ] = 2.11Hz, 2H, Ar-
H), 3.85 (d, ] =5.68Hz, 2H, O-CH>-), 2.03 (s, 3H, -CHj, (acyl)), 1.63-1.94 (m, 1H, -CH-), 1.27-1.57 (m, 8H, -CH>-),
0.88-0.94 (m, 6H, -CHs). ®C-NMR (400 MHz, CDCl): d 167.44, 155.40, 132.73, 120.56, 114.33, 70.30, 39.39,
29.14, 28.95, 28.76, 23.67, 22.82, 13.45, 10.52.

4-(2-Ethylhexyloxy)aniline (2).22 N-(4-(2-ethylhexyloxy)phenyl)acetamide (1) (1.00 equiv., 6.2 g, 23.5
mmol) was dissolved in absolute ethanol (50 mL) and concentrated HCI (10 mL) was added drop wise with
constant stirring under argon atmosphere. The resulting milky solution was refluxed for 12 h and the solvent
was evaporated in vacuo. To the resulting oil saturated NaHCOs (50 mL) solution was added and the
product was extracted with EtzO (3 x 30 mL), the organic phase was dried over MgSOs and the solvent was
evaporated. The resulting oil was used in the next step without purification. Yield: 5.0 g. (96%). 'TH-NMR
(400 MHz, CDCL): o 6.74 (dd, ] = 8.79Hz, | = 2.18Hz, 2H, Ar-H), 6.63 (dd, ] = 8.79Hz, | = 2.18Hz, 2H, Ar-H),
3.76 (d, ] = 4.86Hz, 2H, O-CH>-), 3.22-3.50 (br. s. 2H, -NH>), 1.61-1.74 (m, 1H, -CH-), 1.23-1.55 (m, 8H, -CH>-),
0.84-0.97 (m, 6H, -CHs). 3C-NMR (400 MHz, CDCL): o 167.44, 155.40, 132.73, 120.56, 114.33, 70.30, 39.39,

29.14, 28.95, 28.76, 23.67, 22.82, 13.45, 10.52.
Q“f'@oﬂ”
/\/j/\o cl N 3

N,N-Bis(4-(2-ethylhexyloxy)phenyl)oxalimidoyl dichloride (3) was prepared in one pot reaction’
from previously prepared 4-(2-ethylhexyloxy)aniline (2) (1.92 equiv., 5.2 g, 23.44 mmol) by dissolving it in
anhydrous toluene (55 mL) and then oxalyl chloride (1.00 equiv., 1.55 g, 1.04 mL, p =1.48 g/cm3, 12.21 mmol)

solution in toluene (10 mL) was added drop wise at room temperature resulting in a vigorous reaction with

90



Synthesis and optical properties of pyrrolo[3,2-b]pyrrole-2,5(1H,4H)-dione (iDPP) based materials

the formation of the yellow precipitate. The resulting suspension was stirred for additional 30 min at the
room temperature and then anhydrous PCls (2.00 equiv., 5.08 g, 24.42 mmol) was added in one portion ant
the reaction mixture turned dark red in color. The resulting reaction mixture was heated to the reflux for 1 h
and the clear yellow solution was obtained. The solvent was evaporated and the dark brown oil was dried in

the vacuum oven at 60 °C for 12 h and used in the next step without purification. Yield: 10.2 g. (81%).

S
\ ! 4

2-Dodecylthiophene (4) was synthesized using slightly modified synthetic procedure as reported
previously.® To a solution of thiophene (1.00 equiv., 5.0 g, 59.42 mmol) in dry THF (80 mL), n-BuLi (1.00
equiv., 23.8 mL of a 2.5M solution in n-hexane, 59.42 mmol) was added drop wise at —78 °C. After stirring the
solution for 1.5 h at —78 °C the mixture was allowed to warm to room temperature and stirred for an
additional 45 min, cooled back to -78 °C and 1-bromododecane (1.00 equiv., 14.81 g, 59.42 mmol) was added
in one portion. After stirring under reflux for 2 days the reaction mixture was cooled to the room
temperature and 200 mL of water was added and organic phase was separated. The aqueous phase was
extracted with dichloromethane (3 x 50 mL) and the combined organic phases were washed with brine (2 x
100 mL) and dried over MgSOs. The solvent was evaporated and the yellow crude product was purified by
vacuum distillation, to give pure thiophene 2-dodecylthiophene (4) as a colorless liquid. Yield 10.2 g (68%).
1H-NMR (400 MHz, CDCL): 0 7.08 (dd, ] = 1.1Hz, | = 5.2Hz, 1H, Th-H), 6.89 (dd, ] = 3.4Hz, | = 5.1Hz, 1H, Th-
H), 6.76 (dd, ] = 1.0Hz, | = 3.4Hz, 1H, Th-H), 2.82 (t, ] = 7.58Hz, 2H, Th-CH>-), 1.61-1.73 (m, 2H, Th-CH.-CH>-),
1.16-1.42 (m, 16H, -CHz-), 0.87 (t, | = 6.96Hz, 3H, -CHs). 3C-NMR (400 MHz, CDCls): & 14.86, 126.58, 123.8,
122.66, 31.91, 31.80, 29.91, 29.87, 29.63, 29.55, 29.42, 29.36, 29.34, 29.13, 22.68, 14.11.

S
Br\[ 5

2-Bromo-5-dodecylthiophene (5). A three-necked flask equipped with magnetic stir bar, additional
funnel, and bubbler was charged with 2-dodecylthiophene (4) (1.00 equiv., 7.0 g, 27.72 mmol) and glacial
acetic acid (30 mL) under argon atmosphere and cooled in the ice-bath in the dark. A cold (~0 °C) solution of
NBS (1.03 equiv., 5.08 g, 28.55 mmol) in chloroform (6 mL) was added dropwise over 15 min and the reaction
mixture was stirred overnight. The reaction mixture was poured into 200 mL of cold water (~0 °C) and the
aqueous phase was extracted with dichloromethane (3 x 50 mL) and the combined organic phases were
washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the yellow crude
product was purified by flash column chromatography (SiO2, n-hexane) to give 2-bromo-5-dodecylthiophene
(5) as a colorless liquid. Yield 8.72 g. (95%). 'TH-NMR (400 MHz, CDCl):  7.10 (d, ] = 3.60Hz, 1H, Th-H) 6.51
(d, J=3.70Hz, 1H, Th-H) 2.72 (t, ] = 7.60Hz, 2H, Th-CH>-) 1.55-1.68 (m, 2H, Th-CH2-CH>-), 1.17-1.43 (m, 16H], -
CH--), 0.88 (t, ] = 6.81Hz, 3H, -CHs). 3C-NMR (400 MHz, CDCls): d 147.61, 129.33, 124.29, 108.55, 31.95, 31.46,
30.34, 29.91, 29.66, 29.55, 29.38, 29.34, 29.00, 22.78, 22.72, 14.14.
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5-Dodecyl-2,2'-bithiophene (6) was synthesized using slightly modified synthetic procedure as
reported previously.# To a suspension of magnesium (etched with iodine) (3.00 equiv., 2.02 g, 83.29 mmol)
in anhydrous diethyl ether (20 mL) a solution of 2-bromothiophene (1.50 equiv., 6.79 g, 41.64 mmol) in 5 mL
of anhydrous diethyl ether was added dropwise under argon at such a rate that a gentle reflux was
maintained throughout the addition. The solution of the Grignard reagent was refluxed for 4 h, then cooled
to room temperature and transferred to the dropping funnel via syringe. In the second three-necked flask
were placed previously prepared 2-bromo-5-dodecylthiophene (5) (1.00 equiv., 9.20 g, 27.76 mmol), [1,1-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) complex with dichloromethane (Pd(dppf)CL) (1
mol%, 0.226 g, 0.22 mmol) and 30 mL of dry diethyl ether. The remaining solution was cooled in the ice-bath
and the previously prepared Grignard solution was added dropwise with stirring, keeping the temperature
of the reaction mixture between 0 °C and +5 °C. After completion of the addition of the Grignard reagent,
stirring was continued for 2 h at room temperature, cooled to —10 °C and quenched with 2N HCI solution
(100 mL). The aqueous phase was extracted with diethyl ether (3 x 50 mL) and the combined organic phases
were washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the brown
viscous crude product was purified by column chromatography (5iOz n-hexane) to give 5-dodecyl-2,2'-
bithiophene (6) as a yellowish crystals. Analytically pure sample was obtained by recrystalization from
ethanol. Yield 8.17 g. (88%). H-NMR (400 MHz, CDCl): 8 7.15 (d, ] = 5.13Hz, 1H, Th-H), 7.08 (d, | = 3.51Hz,
1H, Th-H), 6.93-7.01 (m, 2H, Th-H), 6.66 (d, ] = 2.79Hz, 1H, Th-H), 2.77 (t, ] = 7.59Hz, 2H, Th-CH>-) 1.60-1.72
(m, 2H, Th-CH2-CH>-), 1.17-1.43 (m, 16H, -CH>-), 0.88 (t, | = 6.55Hz, 3H, -CH3). 3C-NMR (400 MHz, CDCL): &
145.36, 137.96, 134.72, 127.63, 124.65, 123.66, 123.35, 122.94, 31.92, 31.69, 31.61, 30.14, 29.85, 29.74, 29.64, 29.55,
29.44, 29.36, 29.08, 22.69, 14.12.

(5'-Dodecyl-2,2'-bithiophen-5-yDtrimethylstannane (7). A stirred solution of 5-dodecyl-2,2'-
bithiophene (6) (1.00 equiv., 2.0 g, 5.97 mmol) in dry THF (30 mL) was cooled to —78 °C in a three-necked 100
mL round-bottomed flask and n-BuLi (1.20 equiv, 2.87 mL of a 2.5M solution in n-hexane, 7.17 mmol) was
added dropwise over 10 min. The reaction mixture was then stirred for an additional 1.5 h at —78 °C, 30 min
at room temperature and cooled back to —78 °C. When trimethyltin chloride (1.20 equiv., 1.43 g, 7.17 mmol)
dissolved in 2 mL of cold and dry THF was added in one portion and the reaction mixture was stirred
overnight at room temperature. The reaction was quenched by addition of ice-cold water (100 mL) and the
organic layer was extracted with diethyl ether (3 x 50 mL) and the combined organic phases were washed
with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the green viscous crude
product (7) was recrystallized twice from ethanol. Yield 2.65 g. (89%). '"H and 1®*C-NMR spectral data were

consistent with those reported in the literature.s
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1,4-Bis(4-(2-ethylhexyloxy)phenyl)-3,6-di(thiophen-2-yl)pyrrolo[3,2-b]pyrrole-2,5(1H,4H)-dione

(T1). To a solution of diisopropylamine (2.90 equiv., 0.78 g, 1.09 mL, 7.74 mmol) in 30 mL of anhydrous THF
under an argon atmosphere 2.5 M solution of n-butyllithium (2.64 equiv., 2.82 mL, 7.04 mmol) in n-hexane
was added dropwise keeping the temperature around -20 °C. After stirring at -5 °C for 30 min the reaction
mixture was cooled to 78 °C in an external liquid N2 and EtOH bath and ethyl 2-thiopheneacetate (2.20
equiv., 1.0 g, 5.87 mmol) was added in one portion resulting in dark yellow color. After stirring for 1h at —78
°C and for 30 min at 0 °C the reaction mixture was cooled back to —78 °C and a THF solution (15 mL) of N,N-
bis(4-(2-ethylhexyloxy)phenyl)oxalimidoyl dichloride (3) (1.00 equiv., 1.42 g, 2.67 mmol) was added slowly.
The solution was warmed to the room temperature and stirred overnight. The reaction mixture was poured
in an aqueous solution of NH4«Cl (100 mL) resulting in the formation of orange crystals which were washed
with MeOH (2 x 30 mL) and the crude product was recrystallized twice from cold n-hexane. Yield: 1.20 g.
(64%). 'H-NMR (400 MHz, CDCl): 8 7.27 (d, | = 5.06Hz, 2H, Th-H), 7.20 (d, ] = 8.74Hz, 4H, Ar-H), 6.92 (d, ] =
8.77Hz, 4H, Ar-H), 6.79 (t, | = 4.85Hz, 2H, Th-H), 6.56 (d, | = 5.73Hz, 2H, Th-H), 3.87 (d, ] = 5.73Hz, 4H, O-
CHz-), 1.70-1.79 (m, 2H, -CH-), 1.27-1.62 (m, 16H, -CHz-), 0.88-0.96 (m, 12H, -CHs). 3C-NMR (400 MHz,
CDCls): 0 170.58, 159.34, 142.57, 129.69, 129.47, 128.51, 128.13, 126.61, 126.23, 114.87, 100.41, 70.93, 39.27, 30.47,
29.05, 23.81, 23.03, 14.08, 11.08. MALDI-TOF-MS: m/z 708.31 (100%), 709.31 (50), 710.31 (20), 711.31 (8).

3,6-Bis(5-bromothiophen-2-yl)-1,4-bis(4-(2-ethylhexyloxy)phenyl)pyrrolol3,2-blpyrrole-2,5(1H,4H)-
dione (8). 1,4-Bis(4-(2-ethylhexyloxy)phenyl)-3,6-di(thiophen-2-yl)pyrrolo[3,2-b]pyrrole-2,5(1H,4H)-dione
(T1) (1.00 equiv., 1.0 g, 1.41 mmol) was dissolved in dry chloroform (20 mL), covered from light with
aluminum foil and NBS (2.20 equiv., 0.55 g, 3.10 mmol) was added in one portion. After stirring at 50 °C for
12 h, the reaction mixture was poured into cold (0 °C) water (100 mL) and extracted with chloroform (3 x 15
mL). The organic phase was washed with brine (2 x 100 mL), dried over MgSOs and the solvent was
evaporated under reduced pressure. The dark-red residue was suspended in MeOH (30 mL), filtered and the
remaining crystals were washed with hot (60 °C) water (2 x 50 mL), cold MeOH (20 mL) and dried in
vacuum. The crude product was recrystallized twice from cold n-hexane. Yield: 1.05 g. (86%). "TH-NMR (400
MHz, CDCls): 7.20 (dd, ] = 8.86Hz, | =2.14Hz, 4H, Ph-H), 6.95 (dd, | = 8.86Hz, ] = 2.14Hz, 4H, Ph-H), 6.72 (d,
] =4.0Hz, 2H, Th-H), 6.95 (d, ] = 4.0Hz, 2H, Th-H), 3.88 (d, ] = 5.95Hz, 4H, O-CH>-), 1.71-1.80 (m, 2H, -CH-),
1.26-1.64 (m, 16H, -CH>-), 0.87-0.99 (m, 12H, -CHs). 3C-NMR (400 MHz, CDCl): & 173.00, 170.23, 159.59,
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153.95, 131.29, 129.64, 129.52, 128.55, 125.81, 116.17, 115.03, 70.97, 39.26, 30.47, 28.68, 23.82, 23.03, 14.09, 11.09.
MALDI-TOF-MS: m/z 440.01 (100%), 441.01 (35), 442.01 (18), 442.99 (10).

3,6-Di(2,2'-bithiophen-5-yl)-1,4-bis(4-(2-ethylhexyloxy)phenyl)pyrrolo[3,2-blpyrrole-2,5(1H,4H)-

dione (T2). A mixture of (4) (1.00 equiv., 0.3 g, 0.34 mmol) and the commercial 2-(tributylstannyl)thiophene
(3.00 equiv., 0.38 g, 1.03 mmol) in dry toluene (20 mL) was flushed with an argon stream for 1 h.
Tetrakis(triphenylphosphine)palladium(0) (0.05 mol%, 20 mg, 0.017 mmol) was added and the dark orange
reaction mixture was stirred at 100 °C for 36 h. After cooling to the room temperature the dark brown
solution was poured into MeOH (100 mL) and the formatted solid was filtered off and washed with MeOH
(2 x 30 mL). The crude product was purified by column chromatography on silica gel, using
dichloromethane/n-heptane (1/5 v/v) as the eluent. Yield: 30 mg. (10%). 'H-NMR (400 MHz, CDCls): d 7.18-
7.27 (m, 4H, Ar-H), 7.09 (d, | = 3.47Hz, 2H, Th-H), 6.90-7.01 (m, 8H, Ar-H), 6.86 (d, ] = 3.85Hz, 2H, Th-H), 6.46
(d, ] =3.91Hz, 2H, Th-H), 3.89 (d, ] = 6.13Hz, 4H, O-CH-), 1.70-1.82 (m, 2H, -CH-), 1.17-1.82 (m, 16H, -CH>-),
0.82-0.91 (m, 12H, -CHs). *C-NMR is not available due to low solubility of the title compound. MALDI-TOF-
MS: m/z 872.31 (100%), 873.31 (55), 874.31 (15), 875.31 (5).

1,4-Bis(4-(2-ethylhexyloxy)phenyl)-3,6-bis(5'-dodecyl-2,2':5'2"-terthiophen-5-yl)pyrrolo[3,2-

blpyrrole-2,5(1H,4H)-dione (T3). The preparation of (T3) was carried out using the same procedure as that
for (T2) from 3,6-bis(5-bromothiophen-2-yl)-1,4-bis(4-(2-ethylhexyloxy)phenyl)pyrrolo[3,2-b]pyrrole-
2,5(1H,4H)-dione (8) (1.00 equiv., 0.30 g, 0.34 mmol), (5'-dodecyl-2,2'-bithiophen-5-yl)trimethylstannane (7)
(3.00 equiv., 0.52 g, 1.03 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.05 mol%, 20 mg, 0.017
mmol) as a catalyst. The crude product was purified by column chromatography on silica gel, using
dichloromethane/n-heptane (1/5 v/v) as the eluent. Yield: 40 mg. (8.4%). MALDI-TOF-MS: m/z 636.38 (100%),
637.38 (45), 638.38 (20). 'H-NMR (400 MHz, CDCl): 6 6.88-7.02 (m, 10H, Ar-H), 6.83 (d, ] = 3.52Hz, 2H, Ar-H),
6.71 (d, ] = 3.28Hz, 2H, Ar-H), 6.63-6.68 (m, 2H, Th-H), 6.40-6.46 (m, 2H, Th-H), 6.07 (d, ] = 3.02Hz, 2H, Th-H),
3.89 (d, ] = 6.13Hz, 4H, O-CH2-), 2.76 (t, | = 7.35Hz, 4H, Th-CH>-), 1.61-1.82 (m, 64H, aliphatic protons), 0.81-
1.0 (m, 12H, -CHs). MALDI-TOF-MS: m/z 1372.63 (100%), 1373.63 (50), 1374.63 (20), 1375.63 (10).
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Chapter 5

Pyrrolo[3,2-b]pyrrole-2,5(1H,4H)-dione
(DPP) based dimeric and star-like
architectures for solution-processed
small molecule bulk heterojunction solar

cells

Abstract

In this chapter, we designed facile synthetic routes to construct two linear and two star-like
donor-acceptor conjugated small molecules with broad optical absorption. For the synthesis of the
star-like structures (S1-S2) 1,3,5-trisubstituted benzene and triphenylamine (TPA) moieties were
used as an electron donating core units and dialkylated diketopyrrolopyrrole (DPP) moieties
embedded in an a-coupled oligothiophene as electron accepting units. For the linear structures
(D1-D2) dithienobenzene and p-disubstituted benzene were used as the connecting cores between
two DPP-oligothiophene units. Bulk heterojunction photovoltaic devices that use the newly
synthesized molecules as electron donor blended with [60]JPCBM or [70]PCBM as electron
acceptor as the photoactive layer were fabricated and their performance was evaluated. The
photovoltaic device containing the S1 molecule and the acceptor [70]PCBM at a 1:2 weight ratio
exhibited the best power conversion efficiency of 3.25%, with an open circuit voltage of 0.75 V, a
short circuit current density of 8.2 mA/cm’, and a fill factor of 53%.



Chapter 5

5.1 Introduction

Significant efforts have been made to develop m-conjugated small molecules for
high performance photovoltaic applications.’® Well-defined small molecules are
promising materials because they present several attractive advantages compared to the
more traditional m-conjugated polymers used in organic solar cells. Well-defined
molecules suffer much less from batch to batch variations, end-group impurities,
structural imperfections, or a molecular weight distribution and hence offer a higher
reproducibility when synthesized. In addition m-conjugated molecules can show high
charge carrier mobility due to long-range order and strong m-mt stacking in the solid state,
while their stability and the optical properties can be easily tuned by changing the nature
of the substituents. In state of the art vacuum-processed small molecule organic solar cells
the power conversion efficiency (PCE) is presently only slightly less than in the best small
band gap polymer-fullerene photovoltaic devices.*

Often small molecules for photovoltaic applications are designed following the
same principles used for the m-conjugated polymers, especially by combining electron
donating (e.g. triphenylamine,>” thiophene,*? selenophene,® fluorene,!® benzo[1,2-b:4,5-
b’]dithiophene,!! silolo[3,2-b:4,5-b’]dithiophene,'? naphtho(2,3-b:6,7-b’]dithiophene,!?
perylene®) and electron deficient units (e.g. isoindigo,'* unsubstitued®!>'® or substituted!®
benzothiadiazole, pyrrolo[3,2-b]pyrrole-2,5(1H,4H)-dione (DPP),*!31718 quinacridone') to
afford a control over the optical band gap and the frontier orbital energy levels.

There are a few examples in the literature of star shaped and linear small molecules
being successfully applied in the solar cells as blends together with fullerenes via solution
processing of the photoactive layer. The linear small molecule p-DTS(PTThz)2, which is
based on silolo[3,2-b:4,5-b ]dithiophene as a donor and [1,2,5]thiadiazolo[3,4-c]pyridine as
an acceptor, showed PCE = 6.7% in bulk heterojunction solar cells.!? The structural
modification of this molecule by introducing electron accepting fluorine atoms to the
thiadiazole core resulted in an improved voltage and fill factors and the best obtained
performance of PCE = 7.0% is one of the highest performance solution-processed
molecular bulk heterojunction solar cells reported to date.’ Recently Zhan et al. reported
their discovery of 4.3% efficient triphenylamine-benzo|[c][1,2,5]thiadiazole-based star-like
molecule TPABTZ solar cell.’> Similar triphenylamine-DPP star-like structures (TPAKP-2
and TPAKP-3) reported by Duryodhan et al. show poor performance in bulk
heterojunction solar cells with the PCEs around 2%.?!

Here we present two linear and two star-shaped small molecules for bulk
heterojunction solar cells. The four molecules have identical m-conjugated branches

consisting of DPP-oligothiophene moieties but differ in the way these are connect to a
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linear or star-like center. For the synthesis of the star-like structures 1,3,5-trisubstituted
benzene and triphenylamine were used as cores. For the synthesis of the target linear
dimers 1,4-disubstituted benzene and electron rich dialkoxy benzo[1,2-b:4,5-b]dithiophene
were used as a center connecting DPP-oligothiophene branches. The phenyl ring was used
as a connecting center unit since the low band gap polymer PDPPTPT based on the
alternating DPP-dithiophene and phenyl rings shows high performance bulk
heterojunction solar cells.?? Benzo[1,2-b:4,5-b]dithiophene was chosen as an electron rich
connecting unit since its derivatives are successfully applied in bulk heterojunction solar-
cells,>% non-linear optics,?® organic field-effect transistors (OFET’s),** and

photodetectors.®

5.2 Results and discussion

5.2.1 Synthesis. The structure and synthesis of the DPP-based m-conjugated
building blocks is presented in Scheme 1. The four molecules were synthesized via
multistep synthesis which can be divided into three parts: (a) synthesis of the core
fragments; (b) synthesis of the DPP conjugated part; (c) synthesis of the final target
molecules D1-2 and S1-2.

101



Chapter 5

o._ 0
Br B

o R o]
S Iy I\ 9 s N\ 8 ® XS N\ / L» CizHos /) S N\ 7\ S \
YA en a3 YN WA J ST N Y N (s et
NH : N N N
e} R e} R (o] R
4 X, X4=Br 5 7
X X;=H R 0
X&Br, X,=H N
S 7\ 7\
N S
\ / \N S \ g~ CiHzs
OCy;H OCy;H \
s " 12Has o e 12Has | . 9w
o/ 98% 60/ 55% 'Sn N Sn—
%OH N (o \ I\ i e o 90% | (g)
o chszs 13 OC1Hys N
Br S\ A\ N /N s U\
\ / . S \ g CiHzs
o R
s (m) S_ R M Br Q/O\ i 8
A U 95% \J \ ),
14 15

Scheme 1. Synthesis of the connecting core and the DPP fragments. (a) Bromine, chloroform, 0 °C >> rt,
overnight; (b) n-BuLi (2.5 M solution in n-hexane), 78 °C, 1.5 h, 2-isopropoxy-4,4'5,5'-tetramethyl-1,3,2-
dioxa-borolane, rt, overnight; (c) bis(pinacolato)diboron, KOAc, 1,4-dioxane, (Pd(dppf)CL), 85 °C, 12 h; (d) 2-
ethylhexyl bromide, K2COs, 18-crown-6, DMF, 120 °C, overnight, 1,4-dioxane, HCl(conc.), reflux, 2 h; (e) 1
equiv., N-bromosuccinimide, chloroform, 0 °C >> rt, overnight; (f) 2-(5'-dodecyl-2,2-bithiophen-5-y1)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane, Pd[PPhs]s, Aliquat 336, Na2COs (ag, 2 M), toluene, reflux, overnight; (g) 1
equiv., N-bromosuccinimide, chloroform, 0 °C >> rt, overnight; (h) oxalyl chloride, DCM, 0 °C >> rt,
overnight; (i) diethylamine, DCM, 0 °C >> rt, overnight; (j) n-BuLi (2.5 M solution in n-hexane), =78 °C, 30
min, H20; (k) Zn, NaOH, H20O, TBAB, n-Ci2H2sBr, rfx, ~7 h; (1) n-BuLi (2.5 M solution in n-hexane), =78 °C, 1.5
h, trimethyltin chloride, rt, overnight; (m) n-BuLi (2.5 M solution in n-hexane), =78 °C, 30 min, reflux 2 days;
(n) N-bromosuccinimide, AcOH/chloroform, rt, overnight; (o) Mg, 2-bromothiophene, Pd(dppf)CL, Et:O, rt,
overnight; (p) n-BuLi, =78 °C, 30 min, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa-borolane, rt, overnight.

Usually the formation of benzothiophene ring 12 is performed via chemistry of
acetylenes’'-*® using well known Cassar-Heck-Sonogashira couplings.®* In contrast, for the
synthesis of benzo[1,2-b:4,5-b]dithiophene we have chosen the slightly modified protocol
of Beimling® reported by Yang et al.3® The acetylene approach requires oxygen free
atmosphere in all the reaction steps using Sonogashira couplings. Since the palladium(0)
complexes are unstable in air the formation of homocoupled acetylenes as the side
products occurs efficiently in some cases.”’ In the procedure followed here an oxygen
free atmosphere is not necessary. 3-Thiophenecarboxylic acid was used as precursor and
converted into the corresponding N,N-diethylthiophene-3-carboxamide 10 in a few steps
followed by reaction with n-BuLi to produce 8-dihydrobenzo[1,2-b:4,5-b ]dithiophen-4,8-
dione 11 in almost quantitative yield (Scheme 1). The resulting dione 11 was reduced by

elemental zinc under basic conditions using aqueous NaOH solution, followed by
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alkylation reaction with n-dodecylbromide in the presence of a catalytic amount of n-
tetrabutylammonium bromide (TBAB) as phase-transfer catalyst.*#> The resulting
derivative 12 was converted into the ditin-derivative 13 using n-BuLi and trimethyltin
chloride in high yield. For the synthesis of the star-shaped molecules S1 and S2 1,3,5-
trisubstituted benzene and triphenylamine were used as the building blocks, which were
synthesized in a few steps starting from bromination of triphenylamine followed by
borylation reaction of the corresponding tribromides in high yields and purity. This is
very important in the last step of synthesis when Suzuki or Stille protocols are used. For
the synthesis of the DPP moiety, alkylation of DPP was performed followed by
bromination of the dialkylated derivative 4 with one equivalent of N-bromosuccinimide
(NBS) which gave the mixture of the starting compound, mono, and dibromo derivatives.
Usually the Rt values of the mono and di-bromo derivatives of different heterocycles like
thiophene, DPP, or carbazole are very similar and the separation of those mixtures using
column chromatography becomes complicated. For this reason the reaction mixture 5 was
used in the next step without purification. Suzuki coupling with an excess of 2-(5'-dodecyl-
2,2'-bithiophen-5-y1)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane gave a mixture of three
compounds with a much broader range of the Rt values (Rt of compound 7 is 0.8, for the
target compound 6 is 0.6 and 0.25 for the compound 4 which can be reused) allowing
efficient separation using column chromatography in high yields. Finally pure derivative 6
was brominated with NBS to give pure precursor 8 for the last step of the synthesis of the

target molecules (Scheme 2).
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Scheme 2. Synthesis of the target compounds D1-D2 and S1-S2. (r) Pd[PPhs]s, Aliquat 336, Na2COs(aq, 2 M),
reflux, overnight; (s) Pdz(dba)s, P(o-tol)s, toluene, DMF, reflux, overnight.

For the last step of the synthesis of the target compounds S$1-S2 and D1 boronic

esters 2, 3 and commercial 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene
103



Chapter 5

(BTMDB) were reacted with mono-bromo derivative 8 using Suzuki cross coupling
reactions and in the case of the dimer D2 Stille coupling was performed between 13 and 8
in low reaction yields (Scheme 2). The use of larger excess of the bromo-derivative 8 did
not help to improve the reaction yields and the column chromatography became more
complicated in this case due to similar R¢ values of the target molecules and the
monobromo compound 8. In the case of the star-like molecule S2 the highest reaction yield
was obtained due to different solubility in hot acetone of the §2 compare to the remaining
bromo-derivative 8 which was washed out before purification step using column
chromatography. The solubility of the both dimers D1-D2 and star-like molecule S1 in
acetone was similar to the monobromo derivative 8. The Suzuki cross coupling reactions
with a very small excess of dibromo derivative 8 compare to the aromatic boronic esters 2
and 3 resulted in the reaction mixtures with increased amount of the side products which

were not identified.

5.2.2 Optical and electrochemical properties. The absorption spectra in dilute o-
DCB solutions and in solid are presented in the Figure 1 and the corresponding data are
presented in the Table 1. The absorption spectra of the dimers D1-D2 are red-shifted
compared to the absorption spectra of the star-like structures due to the longer mt-
conjugation length in the dimers. In the case of the S1-S2 the m-conjugated DPP parts are
cross-conjugated at the core resulting in an increased band gap in these molecules. In
general the absorption spectra of all the molecules in the solid state are red-shifted
compared to the absorption spectra in solution and the biggest red-shift of 68 nm was
observed for the D2 dimer.
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Figure 1. UV/vis/near-IR absorption spectra in dilute 0-DCB solutions (black line) and of thin films (red line)
spin coated from chloroform solutions on quartz of the small band gap dimers D1-D2 and the star-like

molecules §1-52 at room temperature (298 K).

The oxidation and reduction potentials and the corresponding HOMO and LUMO
levels were determined by cyclic voltammetry (Figure 2) in 0-DCB solution under inert N2
atmosphere at room temperature. The oxidation and reduction potentials of the small
molecules are 0.53-0.60 V and -1.14—-1.16 V vs. Ag/AgCl respectively confirming the small
band gap character of these molecules. The electrochemical band gaps were determined as
the difference between the onset of the redox potentials and obtained values are in the
good agreement with the optical band gaps determined using the onsets of the absorption

spectra in 0-DCB solutions.

Current (uA)

20 -15 1.0 -05 00 0.5 1.0
Voltage (V)

Figure 2. Cyclic voltammograms of D1, D2, §1, and S2 in 0-DCB measured at room temperature (298 K)
under N2 atmosphere. Potentials relative to Ag/AgCl calibrated against Fc/Fc.
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Table 1. Optical and electrochemical data of the D1-D2 and S1-S2 in 0-DCB solutions, and in the thin films at
room temperature (298 K).

Solution Film
Aumax Aonset Egopt Eonsetox Eonsetred EgCV HOMO LUMO Aonset Eg”pt
nm nm eV Va Va eV eV eV nm eV
D1 675 731  1.69 0.53 -1.05 1.58 5.20 3.62 785 1.58
D2 678 725 1.71 0.60 -1.04 1.64 5.27 3.63 795 1.56
S1 662 704 1.76 0.58 -1.13  1.70 5.25 3.54 740 1.67
S2 647 701 1.77 0.55 -1.10 1.65 5.22 3.57 746 1.66

2 Electrochemical potentials (vs. Ag/AgCl) in 0-DCB containing 0.1 M TBAPFs (scan rate = 0.1 V/s) and
optical data of the polymers POL1-4 in dilute 0-DCB solutions and spincoated film at room temperature (298
K) EHOMO/LUMO = e[(Eonset (vs. Ag/AgCl) — Eonset (Fe/Fe+ vs. Ag/AgCl))] — 5.1 eV. Eonset (Fc/Fe+ vs. Ag/AgCl)) was 0.43 V vs. Ag/AgCl

5.2.3 Photovoltaic devices. Bulk heterojunction solar cells were prepared by spin
coating an active mixed layer of the small molecules as electron donors with different
ratios of acceptors [60]PCBM and [70]PCBM. The active layers were prepared by spin
coating onto pre-cleaned glass substrates coated with a transparent indium tin oxide (ITO)
layer covered by ~60 nm of PEDOT:PSS as a hole transporting material, followed by
evaporation of LiF (1 nm) and Al (100 nm) as a back electrode. The optically active layers
were prepared using 5-10 mg/mL CHCl solutions and different solvent/co-solvent
combinations in the different ratios of the co-solvent and the acceptors. The current
density — voltage (J-V) curves of the best cells are shown in Figure 3 (left), together with

the monochromatic external quantum efficiency (EQE) (right).
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Figure 3. J-V characteristics (left) and EQE (right) of D1-2 and S1-2:PCBM solar cells.

In general dimeric molecules D1-2 and trisubstituted benzene based star-like

molecule S2 showed much lower performance compare to the star-like molecule S1. The
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low PCEs obtained are related to the low short-circuit current densities (Jsc). The low Js
D1-2 and S2 is also reflected in external quantum efficiency (EQE) (Figure 3, right) which
do not reach values higher than 10% in the range of the absorption region of these
molecules. In comparison for the star like molecule S1 we find EQE = 45% when using
[70]PCBM and around 40% when using [60]PCBM as the acceptors. Usually low [« values

are related to a non-optimal morphology of the active layer.

Table 2. The best photovoltaic performance of the blends of the D1-2 and S1-2 with methanofullerenes

spincoated from chloroform.

Amount of Compound:[PCBM]

Fullerene Additive . Layer thickness Voc Jse (SR)° FF PCE

additive ratio
(mg/mL) (nm) \% (mA/cm2) ) (%)
D1 [60]PCBM - - 2:1 110 0.40 2.35 0.50 0.51
D2 [60]PCBM - - 2:1 117 0.62 2.77 0.60 1.09
S1 [60]PCBM DIO= 3.68 1:2 58 0.75 8.2 0.53 3.25
S1 [70]PCBM DIO= 92 1:2 87 0.61 10.10 0.51 3.16
S2 [70]PCBM CBb 130 1:2 105 0.66 1.43 0.37 0.35

9 1,8-diiodooctane; ) chlorobenzene; 9 Determined from the spectral response.

Figure 4 shows the AFM height images of the best devices when the molecules D1-2
and S2 were used together with PCBM. For D1:[60]PCBM and S2:[70]PCBM rough
surfaces were obtained (Figure 4, left, right). The S2:[70]PCBM film contains relatively
large crystals and such coarse phase separation explains the small short circuit current
obtained because only a small fraction of photogenerated excitons reach the interface with
PCBM to create charges. Often the photovoltaic performance of materials with such
morphology can be improved significantly by adding small amounts of a co-solvent with
higher boiling point to the solution used in the processing of the active bulk heterojunction
layer.#* However the addition of co-solvents such as 1,8-diiodooctane (DIO), 1,2-
dichlorobenzene, and 1-chloronaphthalene resulted in shorted devices. The AFM height
image (Figure 4, center) of the D2:[60]PCBM film shows a smooth surface when spin
coated from pure chloroform, suggesting a better intermixed layer. Consistently, the PCE
of solar cells based on D2:[60]PCBM films is higher than those of D1:[60]PCBM and
S2:[70]PCBM films.
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Figure 4. AFM height images of the blends of the D1 (left), D2 (middle), and S2 (right) a co-solvent (DIO)
added to CHCls.

In contrast to D1-2 and S2, processing of a blend of the star-like molecule S1 with
[60]PCBM as an acceptor resulted in a nice intermixed layer (Figure 5, left) resulting in a
solar cell with good performance (Jsc = 8.1 mA/cm?, Voc = 0.75, FF = 53% and PCE = 3.19%).
The power conversion efficiency of this device was improved by adding a very small

amount (3.68 mg/mL) of DIO, which caused an increase of J«c (8.2 mA/cm? vs. 8.1 mA/cm?).

Figure 5. TEM images of the blends of the S1:[60]PCBM blend (left) and S1:[70]PCBM blend (middle)
processed from pure chloroform and S1:[70]PCBM blend (right) processed from chloroform with DIO as co-

solvent.

Because S1 was showing promising results with [60]PCBM, the device performance
was also tested using [70]JPCBM as the acceptor. When [70]PCBM was used in
combination with S1 we observed the formation of large (100-200 nm) spheroidal clusters
by TEM in bulk heterojunctions when the layers were processed from neat chloroform
(Figure 5, middle). To improve the morphology of the S1:[70]PCBM blends the amount of
co-solvent was varied and the photovoltaic properties of the bulk heterojunctions were
evaluated. Table 2 lists the type and amount of co-solvent that was found to give the
highest power conversion for both fullerene acceptors. The optimized active layers
processed using co-solvent (DIO) do not show the spheroidal clusters (Figure 5, right) and
the short circuit current is increased resulting in similar PCEs using [60]PCBM and

[70]PCBM.
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5.3 Conclusions

Four DPP-based small band gap linear and star-shaped small molecules were
synthesized using multistep synthesis involving Kumada, Suzuki, and Stille cross
coupling reactions in high yields. They were tested in bulk heterojunction solar cells with
[60]PCBM and [70]PCBM. The amount of the acceptor, type of solvent, and co-solvent
were optimized. Both linear and the trisubstituted benzene based star-like molecules
showed low PCEs compare to the star-like molecule S1 due to bad morphology of the
active layers. The morphology of the active layers containing S1 molecule can be tuned by
the addition of the co-solvent. The photovoltaic devices based on S1 with [60]PCBM and
[70]PCBM exhibited power conversion efficiencies up to 3.25 and 3.16% using chloroform
as the processing solvent and 1,8-diiodooctane as the co-solvent under simulated standard
solar light conditions (AM1.5G, 100 mW/cm?).
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5.4 Experimental

5.4.1 General methods. '"H NMR and *C NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer using the deuterated solvents (CDCls, DMSO-ds) and tetramethylsilane (TMS) as the internal
standard. The chemical shifts in the experimental part are reported in ppms (0) downfield from TMS (0 ppm)
using the residual CHCl: peak in the CDCls as an internal standard (7.26 ppm and 77.00 ppm respectively
relative to TMS signal). The coupling constants are reported in Hz. Multiplicities are reported as s-singlet, d-
doublet, dd-double doublet, t-triplet, br. s.-broad singlet and m-multiplet. The matrix-assisted laser
desorption ionization time-of-light (MALDI-TOF) mass spectrometry was performed on a perspective
Biosystems Voyager-De Pro spectrometer using a-cyano-4-hydroxycinnamic acid as a matrix. Materials were
purchased from commercial suppliers and were used without further purification, unless otherwise noted.
All moisture and oxygen sensitive reactions were performed under an argon atmosphere using flame-dried
glassware. The cyclic voltamperometry (CV) measurements were performed using pAutolab II with a
PGSTAT30 potentiostat using a three-electrode cell in 0-DCB solutions containing 0.1 M TBAPFs as a
supporting electrolyte at the room temperature in the glove-box. TBAPFs was dried in the vacuum oven at 45
°C overnight and immediately transferred in the glove-box before use. The scan rate was 0.1 V/s in all the
experiments. The working electrode was a platinum disk and the counter electrode was a silver rod.
Ag/AgCl reference electrode was used during the measurements with Fc/Fc* as an internal standard using
pAutolab II with a PGSTAT30 potentiostat. The energy level of the Fc/Fc* reference electrode was taken to be
5.1 eV below vacuum level* The reference electrode was calibrated against Fc/Fct redox system. The
polymer solutions in 0-DCB were prepared in the separate closed vials while heating them at 60 C in the
inert N2 atmosphere upon vigorous stirring. UV-vis absorption spectra were measured with a Perkin-Elmer
Lambda 900 spectrometer using an optical cell with an optical path length of 1 cm. For the temperature
dependent UV-vis measurements PFD-4255/15 Peltier-type temperature controller with a temperature slope
of 1 K/min was used. Spectroscopic grade solvents (o-DCB, chloroform) were purchased form Aldrich and
used as received. The samples for solid state absorption were prepared on quartz substrates by spin-coating
in air the ~5 mg/mL polymer solution in spectroscopic grade chloroform. The spinning speed was 800-1000
rpm.

The photovoltaic devices were prepared by spin-coating a filtered PEDOT:PSS (Clevios P, VP
A14083) using 0.2um onto pre-cleaned, patterned indium tin oxide (ITO) substrates (14 Q) per square). The
active layer was deposited by spin-coating from chloroform solutions containing 5 mg/mL of the polymer
and co-solvent. The top electrode consisting of LiF (1 nm) and aluminum (100 nm) was deposited by vacuum
evaporation 8 x 107 mbar in the glove-box. The active area of the cells was 0.091 and 0.16 cm2 J-V
characteristics were measured under 100 mW/cm? white light coming from a tungsten lamp filtered by a
Schott GG385 UV filter and a 300 nm ITO on glass-near-IR filter, using a Keithley 2400 source meter. The
estimated power conversion efficiencies were determined by combining open circuit voltage (Vo) and the fill
factor (FF) from the obtained J-V measurements together with shot-circuit current (Ji) values obtained
during spectral response measurements. The spectral response spectra were measured under a simulated 1
sun operation conditions while keeping the devices behind a quartz window in a container with an inert N2
gas, connected to a Keithley 2400 source meter, using light from a tungsten-halogen lamp, dispersed by an
Oriel Cornerstone 130 monochromator. Silicon cell was used as a reference for the calculation and plotting of
spectral response spectra. The thicknesses of the active layers of the photovoltaic devices were measured on

a Veecco Dektak 150 profilometer.
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Tapping mode atomic force microscopy (AFM) was measured in a NanoScope Dimension 3100

microscope (VEeco, Digital Instrument) using PPP-NCHR probes (Nanosensors).

5.4.2 Chemicals. N-Bromosuccinimide (99%) (NBS), 2-isopropoxy-4,4’,5,5 -tetramethyldioxoborolane
(98%), Aliquat™ 336, bromine (299.99% trace metals Dbasis), iodine (99.8%) [1,1-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il), (Pd(dppf)Clz), complex with dichloromethane,
oxalyl chloride (98%), zinc (99%), sodium hydroxide (97%), 1,3,5-tribromobenzene (98%), 3-
thiophenecarboxylic acid (99%), diethylamine (99%), bis(pinacolato)diboron (99%), triphenylamine (98%),
sodium sulfite (298%), potassium phosphate tribasic (=298%) and 1,4-bis(4,4,55-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzene (97%) were purchased from Aldrich. NBS was recrystallized twice from cold
water (10 g NBS/100 mL H:0). Diethyl succinate (99%), 2-thiophenecarbonitrile (97%), potassium tert-
butoxide (98+%), 2-methyl-2-butanol (99%), triphenylphosphine (99%), potassium carbonate (99+%), sodium
carbonate (99+%), 18-crown-6 (99+%), 1-bromododecane (98%), potassium acetate (99%), 2-ethylhexyl
bromide (95%), n-butyllithium (2.5M solution in n-hexane, AcroSeal®), thiophene (99.5%, extra pure,
benzene free), 2-bromothiophene (98%), triphenylphosphine (99%) and trimethyltin chloride (99%) were
purchased from Acros organics. Tetrakis(triphenylphosphine)palladium(0) (99.9%) and tri(o-tolyl)phosphine
(99.9%) were purchased from Strem Chemicals, Inc. and used as received. The catalyst was stored at -5 °C
under argon and was weighed in the glove box. Pd on carbon (10 weight %) and magnesium (turnings acc.
to Grignard for synthesis) were obtained from Merck Chemicals. Triphenylphosphine was recrystallized
twice from n-hexane. All reactions were carried out under an inert argon atmosphere using dry organic
solvents and were monitored by TLC analysis using GF 254 silica gel coated plates. Column chromatography
was performed using silica gel (400 mesh). Non deuterated solvents were purchased from Biosolve (the

Netherlands). Deuterated solvents were bought from Cambridge Isotope Laboratories, United States.

5.4.3 Experimental procedures.

Br

S0,

1

Tris-(4-bromophenyl)amine (1).% Triphenylamine (1.0 equiv., 0.8 g, 3.26 mmol) was dissolved in dry
chloroform (50 mL) and the resulting solution was cooled in the ice-NaCl bath to 0 °C and covered with an
aluminum foil. Bromine (3.3 equiv., 1.72 g, 0.55 mL, p = 3.10 g/cm?, 10.76 mmol) dissolved in chloroform (10
mL) was added dropwise using dropping funnel over the course of 20 min. The resulting solution dark
green solution was stirred in the dark at the room temperature overnight. The remaining bromine was
quenched by the slow addition of saturated Na:SOs aq., and the organic layer was collected. The aqueous
phase was extracted with chloroform (2 x 50 mL) and combined organic phases were washed with brine (2 x
100 mL), dried with MgSOs, and then filtered. The solvent was removed in vacuo, and the white solid was
recrystallized twice from ethanol to afford title compound as a white crystalline solid. Yield: 1.22 g. (78%).
"H-NMR (400 MHz, CDCL): 6 8.84 (d, ] = 7.35Hz, 6H, Ph-H), 8.84 (d, ] = 6.92Hz, 6H, Ph-H). 3C-NMR (400
MHz, CDCls): 6 146.04, 132.51, 125.60, 116.05.

111



Chapter 5

Tris-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amine (2) was synthesized using
slightly modified synthetic procedure reported earlier.*>¢ To a stirred solution of tris-(4-bromophenyl)amine
(1) (1.0 equiv., 0.45 g, 0.93 mmol) in dry THF (15 mL) at -78 °C was added dropwise n-BulLi (5.0 equiv., 1.86
mL, 4.66 mmol, 2.5M solution in n-hexane). After being stirred for 1.5 h the dark green turbid solution was
allowed to warm up to room temperature slowly and stirred for another 30 min. The resulting green
suspension was cooled back to —78 °C and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.0 equiv.,
1.04 g, 1.14 mL, p = 0.912 g/cm?, 5.60 mmol) was added dropwise and the reaction mixture was warmed
gradually to room temperature and stirred overnight. Finally the resulting turbid solution was poured into
ice-cold water (100 mL), neutralized with 0.IM aqueous HCI solution (20 mL) and extracted with
dichloromethane (3 x 50 mL). The combined organic phases were washed with brine (3 x 100 mL), dried over
MgSO,, filtered, and the solvent was evaporated in vacuum. The crude product was from cold ethanol to
give the title compound as white needles. Yield: 0.42 g. (72%). 'TH-NMR (400 MHz, CDCls): 6 7.68 (d, | =
8.50Hz, 6H, Ar-H), 7.07 (d, ] = 8.50Hz, 6H, Ar-H), 1.33 (s, 36H, -CHs). 3C-NMR (400 MHz, CDCL): 6 149.76,
135.90, 123.46, 83.66, 24.86.
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1,3,5-Tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (3).4 1,3,5-Tribromobenzene (1.0
equiv., 1.00 g, 3.17 mmol), bis(pinacolato)diboron (6.0 equiv., 4.84 g, 8.25 mmol) and potassium acetate (6.5
equiv., 2.02 g, 20.64 mmol) were added to a round-bottomed 50 mL flask capped by a three-way stopcock
and purged by three vacuum-argon cycles. Dry 1,4-dioxane (15 mL) was added and the resulting suspension
was degassed by argon bubbling for 25 min while stirring at room temperature. Finally
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (Pd(dppf)Clz2) (6 mol%, 158 mg, 0.137 mmol) was
added in one portion, purged by three vacuum-argon cycles and the reaction mixture was heated to 85 °C for
12 h. The reaction color changed from light yellow to dark brown. The reaction mixture was cooled down to
room temperature, filtered, remaining solid was washed with few portions of n-hexane and
dichloromethane and the filtrate was concentrated in vacuo. The resulting dark-brown oil was filtered

through a thin layer of SiO2 pretreated with n-hexane containing 5% (v/v) of triethylamine. The SiO: layer
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was washed with a few portions of the same eluent, the solvent was evaporated and the resulting white
solid was recrystallized twice from cold ethanol resulting in white needle like crystals. Yield: 0.90 g.
(63%)."H-NMR (400 MHz, CDCl): d 8.37 (s, 3H, Ph-H), 1.33 (s, 36H, -CHs). BC-NMR (400 MHz, CDCls): d
144.07, 83.67, 24.86.

2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]lpyrrole-1,4(2H,5H)-dione 4 was
synthesized using slightly modified synthetic procedure reported earlier.# A 500 mL round bottom flask
was charged with a stir bar and anhydrous potassium carbonate (3.0 equiv., 1.10 g, 7.99 mmol) and the flask
was heated in the oven at 140 °C for 5 hours and purged with argon upon cooling. Then (1.0 equiv., 0.8 g,
2.66 mmol) of DPP together with catalytic amount of 18-crown-6 (5 mol%, 35.2 mg, 0.13 mmol) and 50 mL of
dry N,N-dimethylformamide (DMF) was added and the resulting dark-red suspension was heated in the oil
bath while stirring at 120 °C. Upon heating the reaction mixture becomes extremely viscous. After 3 h of
stirring racemic 2-ethylhexylbromide (2.5 equiv., 1.28 g, 6.65 mmol) was added drop-wise over period of 2.5
h and the resulting dark-red suspension was stirred at 120 °C overnight. The resulting solution was
concentrated in vacuum to remove DMF and the resulting oily residue was poured in water (200 mL) and
extracted with diethyl ether (3 x 100 mL). The organic phase was washed with water (1 x 200 mL) and brine
(2 x 100 mL), dried over MgSOs, filtered, and the solvent was evaporated in vacuum. In order to remove O-
alkylated product the crude reaction mixture was dissolved in 40 mL of 1,4-dioxane and 10 mL of
concentrated HCI and refluxed for 2 hours. The solvent was evaporated and the product was purified by
flash chromatography on SiO: using n-hexane in order to remove residual 2-ethylhexylbromide and the
mixture of (50:50, v/v) DCM/n-hexane as the eluent and subsequently recrystallized from cold ethanol. Yield:
1.2 g. (86%). 'TH-NMR (400 MHz, CDCls): 6 8.90 (d, ] = 3.87Hz, | = 0.8Hz, 2H, Th-H), 7.63 (dd, | =5.01, | =
1.20Hz, 2H, Th-H), 7.28 (dd, | = 5.00Hz, | = 3.60Hz, 2H, Th-H), 4.03 (d, ] = 7.72Hz, 4H, N-CH>-), 1.83-1.95 (m,
2H, -CH-), 1.11-1.38 (m, 16H, -CH>-), 0.76-0.97 (two overlapping triplets, ] = 7.12 Hz, | = 6.75Hz, 12H, -
CHs).3C-NMR (400 MHz, CDCL): d 161.83, 140.54, 135.40, 130.67, 130.05, 128.53, 108.09, 45.93, 39.25, 30.38,
28.41, 23.64, 23.24, 14.18, 10.62.
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Mixture of the mono and dibromo derivatives (5). 2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-
yl)pyrrolo|[3,4-c]pyrrole-1,4(2H,5H)-dione (4) (1.0 equiv., 2.0 g, 3.81 mmol) was dissolved in dry chloroform
(200 mL) and the resulting solution was cooled in the ice-NaCl bath to 0 °C and covered with an aluminum
foil. NBS (1.0 equiv., 678 mg, 3.81 mmol) dissolved in chloroform (10 mL) was added dropwise using
dropping funnel over the course of 2.5 h. The resulting solution was stirred at the room temperature in the
dark overnight. The reaction was quenched by the slow addition of water (100 mL) and the organic layer
was collected. The aqueous phase was extracted with chloroform (2 x 100 mL) and combined organic phases
were washed with brine (2 x 100 mL), dried with MgSOs, and then filtered. The solvent was removed in
vacuo, and the resulting red solid was dispersed in MeOH, filtered, washed with MeOH. The resulting
mixture of mono, di-brominated derivatives together with a starting material was used in the next step

without purification. Yield: 2.3 g.

3-(5'-Dodecyl-2,2":5'2"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-
clpyrrole-1,4(2H,5H)-dione (6). A mixture of (5) (1.0 equiv., 0.5 g, 0.55 mmol, calculated for monobromo
derivative), 2-(5'-dodecyl-2,2'-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5 equiv., 3.81 g, 8.28
mmol) (17), Aliquat 336 (2.5 mL) and toluene (20 mL) was degassed with an argon stream for 20 min in a
Schlenk tube flask. Then previously degassed demineralised water (5 mL) containing Na2COs (5.0 equiv., 1.8
g, 15.56 mmol) was added and the dark red reaction mixture was degassed with an argon stream for another
15 min. Finally tetrakis(triphenylphosphine)palladium(0) (Pd[PPhs]s) (5.0 mol%, 191 mg, 0.16 mmol) was
added in one portion and the reaction mixture was heated in the oil bath at 120 °C while vigorous stirring for
12 h after. After cooling down to the room temperature the reaction mixture was poured into 300 mL of cold
MeOH and stirred for 45 min, filtered, and the resulting dark blue solid was washed with water, MeOH and

finally with acetone. The purification by column chromatography using n-hexane and the mixture of
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chloroform/n-hexane (5-20/95+80%) as the eluent and recrystalization from cold DMF afforded the title
compound as a blue solid. Yield: 0.8 g. Tm =135-136 °C. "TH-NMR (400 MHz, CDCls): 0 8.95 (d, ] =4.23Hz, 1H,
Ar-H), 8.88 (dd, | =3.88Hz, | =1.01Hz, 1H, Ar-H), 7.59 (dd, ] =4.97Hz, ] = 1.03Hz, 1H, Ar-H), 7.23-7.27 (m, 2H,
Ar-H), 7.18 (d, | = 3.85Hz, 1H, Ar-H), 7.01 (t, | = 3.85Hz, 2H, Ar-H), 6.68 (d, ] = 3.59Hz, 1H, Ar-H), 3.92-4.11
(m, 4H, N-CH>-), 2.78 (t, ] = 7.57Hz, 2H, Th-CH>-), 1.79-1.96 (m, 2H, -CH-), 1.61-1.73 (m, 2H), 1.14-1.48 (m,
34H, -CH>-), 0.79-0.95 (three overlapping triplets, 15H, -CHs). 3C-NMR (400 MHz, CDCls): o 161.72, 161.49,
146.41, 142.72, 139.92, 139.62, 138.95, 136.95, 135.10, 133.95, 130.27, 129.93, 128.37, 127.75, 125.81, 125.00,
124.35, 123.95, 123.77, 108.15, 108.00, 45.89, 45.04, 39.26, 39.08, 31.91, 31.55, 30.35, 30.20, 29.66, 29.63, 29.54,
29.35, 29.07, 28.55, 28.34, 23.67, 23.53, 23.12, 23.06, 22.68, 14.09, 14.02, 10.55, 10.49.

2,5-Di-(2-ethylhexyl)-3,6-bis-(5"-n-dodecyl-[2,2',5'2" terthiophen-5-yl)-pyrrolo[3,4-clpyrrole-

1,4(2H,5H)-dione (7) was isolated after above described reaction. 'H-NMR (400 MHz, CDCL): 8 8.94 (d, | =
4.19Hz, 2H, Ar-H), 7.22 (d, ] = 4.18Hz, 2H, Ar-H), 7.15 (d, | = 3.78Hz, 2H, Ar-H), 6.97-7.02 (m, 4H, Ar-H), 6.68
(d, J=3.55Hz, 2H, Ar-H), 3.92-4.11 (m, 4H, N-CH>-), 2.78 (t, ] = 7.58Hz, 2H, Th-CH>-), 1.84-1.99 (m, 2H, -CH-),
1.59-1.73 (m, 4H, -CH?>-), 1.14-1.46 (m, 52H, -CH?>-), 0.80-0.96 (three overlapping triplets, 18H, -CHs). ¥*C-NMR
(400 MHz, CDCls): 8 161.50, 146.36, 142.48, 139.11, 138.84, 136.81, 134.04, 134.01, 127.88, 125.70, 124.97, 124.34,
123.91, 123.74, 108.28, 45.96, 39.29, 31.91, 31.54, 30.38, 30.21, 29.64, 29.55, 29.48, 29.35, 29.10, 28.576, 25.78,
23.69, 23.14, 22.68, 14.17, 14.11, 14.03, 10.58.

3-(5-Bromothiophen-2-yl)-(5'-dodecyl-2,2":5'2"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl) pyrrolol3,4-
clpyrrole-1,4(2H,5H)-dione (8). 3-(5'-Dodecyl-2,2":52"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (6) (1.0 equiv., 0.8 g, 0.93 mmol) was dissolved in dry chloroform
(100 mL) and the resulting solution was cooled in the ice-NaCl bath to 0 °C and covered with an aluminum

foil. NBS (1.0 equiv., 678 mg, 3.81 mmol) was added in one portion and the resulting solution was stirred at
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the room temperature in the dark overnight. The reaction was quenched by the slow addition of water (100
mL) and the organic layer was collected. The aqueous phase was extracted with chloroform (2 x 100 mL) and
combined organic phases were washed with brine (2 x 100 mL), dried with MgSOs, and then filtered. The
solvent was removed in vacuo, and the resulting dark blue solid was purified by flash chromatography
(SiO2, chloroform:n-hexane, 50:50 v/v) and finally recrystallized from cold DMF. Yield: 0.78 g. (90%). 'H-
NMR (400 MHz, CDCls): 0 8.95 (d, | = 4.1Hz, 1H, Th-H), 8.61 (d, | = 4.03Hz, 2H, Th-H), 7.15-7.32 (m, 3H, Th-
H), 6.98-7.05 (m, 1H, Th-H), 6.66-6.73 (m, 1H, Th-H), 3.84-4.10 (m, 4H, N-CH>-), 2.79 (t, ] = 7.52Hz, 2H, Th-
CH»-), 1.79-1.96 (m, 2H, -CH-), 1.59-1.74 (m, 2H), 1.15-1.50 (m, 34H, -CH>-), 0.79-0.99 (three overlapping
triplets, 15H, -CHs). ®C-NMR (400 MHz, CDCl): & 177.55, 161.61, 161.19, 146.47, 143.11, 140.36, 139.07,
138.08, 137.31, 134.92, 133.92, 133.85, 131.33, 127.58, 125.92, 125.01, 124.39, 123.99, 123.77, 118.35, 108.33,
107.79, 45.96, 39.23, 39.10, 31.90, 31.54, 31.053, 30.33, 30.20, 30.16, 30.07, 29.80, 29.62, 29.56, 29.49, 29.34, 29.07,
28.54, 28.32, 23.65, 23.55, 23.10, 23.03, 22.68, 14.19, 14.11, 14.02, 10.53, 10.48.
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Thiophene-3-carbonyl chloride (9). Thiophene-3-carboxylic acid (1.0 equiv., 5.0 g, 39.01 mmol) was
dissolved in dry dichloromethane (20 mL) and the resulting clear solution was cooled using NaCl-ice bath to
~0 °C. Then oxalyl chloride (2.0 equiv., 9.90 g, 6.92 mL, p = 1.43 g/cm?3, 78.03 mmol) was added dropwise over
period of 20 min via syringe. The resulting bright-yellow solution was stirred overnight at the room
temperature. The solvent and the residual oxalyl chloride were evaporated under reduced pressure and the
resulting white solid was used in the next step immediately due to its instability without further purification.
Yield: 5.6 g (98%) of the crude product.
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N,N-Diethylthiophene-3-carboxamide (10). Thiophene-3-carbonyl chloride (9) (1.0 equiv., 5.60 g,
38.02 mmol) was dissolved in 80 mL of dry dichloromethane and the resulting clear solution was cooled
using NaCl-ice bath to ~0 °C. Then diethylamine (2.0 equiv., 5.58 g, 7.9 mL, p = 0.707 g/cm?, 76.40 mmol) was
added dropwise via syringe drop-wise keeping the reaction temperature below 0 °C. After complete
addition of diethylamine the reaction mixture was stirred at the same temperature for 15 min and for
additional 1 h at the room temperature. The resulting bright-yellow solution was quenched with water (200
mL), the organic phase was collected and washed with water (1 x 80 mL) and brine (3 x 50 mL), dried over
MgSO,, filtered, and the solvent was evaporated in vacuum. The resulting yellow oil was used in the next

step without further purification. Yield: 6.90 g (98%) of the crude product.
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4,8-Dihydrobenzol1,2-b:4,5-b’ldithiophen-4,8-dione (11). To a stirred solution of N,N-
diethylthiophene-3-carboxamide (10) (1.0 equiv., 6.90 g, 37.64 mmol) in dry tetrahydrofuran (THF) (20 mL) at
-78 °C was added dropwise n-BuLi (1.0 equiv., 15 mL, 37.64 mmol, 2.5M solution in #n-hexane) while
vigorous stirring. After being stirred for 30 min at -78 °C the reaction mixture was warmed to the room
temperature and stirred for another 45 min. The resulting bright-yellow solution was quenched with water
(400 mL) and the resulting yellow suspension was stirred for 2 h, filtered, washed with water (2 x 50 mL),
methanol (2 x 20 mL) and with #-hexane (1 x 10 mL). Yield: 4.97 g. (60%). 'H-NMR (400 MHz, CDCls): & 7.95
(d, ] = 4.21Hz, 2H, Th-H), 7.74 (d, ] = 4.23Hz, 2H, Th-H). The carbon NMR was not measured due to low
solubility of the title compound.

OCq2H2s
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4,8-Didodecyloxybenzol1,2-b;3,4-bldithiophene (12). In a 250 mL round bottom flask were placed
4,8-dihydrobenzo[1,2-b:4,5-b ]dithiophen-4,8-dione (11) (1.0 equiv., 2.4 g 10.89 mmol), zinc powder (2.2
equiv., 1.56 g, 23.97 mmol), and distilled water (30 mL). The resulting suspension was stirred for 10 min at
room temperature and the sodium hydroxide (15.0 equiv., 6.53 g, 163.43 mmol) was added in one portion
resulting in an exothermic reaction. After 10 min of stirring at the room temperature the flask was equipped
with a condenser and refluxed for 1 h using an oil bath. The reaction mixture turned dark red and 1-
bromododecane (3.0 equiv., 8.14 g, 32.68 mmol) was added together with a catalytic amount (5 mol%, 163
mg, 0.54 mmol) of n-tetrabutylammonium bromide (TBAB) in one portion. After being refluxed for 4 h
second portion (2.2 equiv., 1.56 g, 23.97 mmol) of zinc powder was added and the resulting suspension was
refluxed for another 3 h. The reaction mixture was cooled down to the room temperature and quenched with
100 g of crushed ice and extracted with dichloromethane (2 x 50 mL) and the organic phase was washed
carefully with a few portions of distilled water (2 x 100 mL), brine (2 x 50 mL) and dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The crude product was recrystallized twice from cold ethanol.
The resulting red solid was dispersed in MeOH, filtered and recrystallized twice from cold ethanol. Yield:
3.34 g. (55%). 'TH-NMR (400 MHz, CDCL): & 7.48 (d, ] =5.59Hz, 2H, Th-H), 7.35 (d, | = 5.51Hz, 2H, Th-H), 4.26
(t, ] = 6.59Hz, 4H, O-CH>-), 1.80-1.92 (m, 4H, O-CH2-CH>-), 1.47-1.62 (m, 4H, O-CH>-CH2-CH>-), 1.15-1.44 (m,
32H, -CH>-), 0.88 (t, | = 6.84Hz, 6H, -CH3). 3C-NMR (400 MHz, CDCls): d 144.51, 131.59, 130.13, 125.93, 120.29,
73.93, 31.92, 31.75, 30.54, 29.62, 29.46, 29.36, 26.20, 26.08, 22.69, 18.33, 14.124.
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(2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo[1,2-b;3,4-bldithiophene (13) was synthesized using
slightly modified synthetic procedure reported earlier.#® To a stirred solution of 4,8-didodecyloxybenzol[1,2-
b;3,4-b]dithiophene (12) (1.0 equiv., 0.65 g, 1.16 mmol) in dry THF (20 mL) at —78 °C was added dropwise n-
BulLi (3.0 equiv., 1.39 mL, 3.48 mmol, 2.5M solution in n-hexane) while vigorous stirring. After being stirred
for 1.5 h the dark green precipitate has been formed and the reaction mixture was allowed to warm up to
room temperature slowly and stirred for another 1 h. The resulting green suspension was cooled back to -78
°C and trimethyltin chloride (3.0 equiv., 0.69 g, 3.48 mmol) solution in dry THF (10 mL) was added dropwise
and the color of the reaction mixture turned into light yellow upon disappearance of the precipitate. The
reaction mixture was warmed gradually to room temperature and stirred overnight. Finally the resulting
clear solution was poured into ice-cold water (50 mL) and extracted with diethyl ether (3 x 20 mL). The
combined organic phases were washed with brine (4 x 50 mL), dried over MgSOs, filtered, and the solvent
was evaporated in vacuum. The crude oily product was filtered through a thin layer of SiO: pretreated with
n-hexane containing 5% (v/v) of triethylamine. The SiO: layer was washed with a few portions of the same
eluent, the solvent was evaporated and the resulting bright yellow solid was recrystallized twice from cold
ethanol. Yield: 0.82 g. (80%).:H-NMR (400 MHz, CDCL): & 7.51 (s, 2H, Th-H), 4.29 (t, ] = 6.56Hz, 4H, O-CH>-),
1.84-1.91 (m, 4H, O-CH2-CH>-), 1.54-1.61 (m, 4H, O-CH2-CH:-CH>-), 1.20-1.46 (m, 32H, -CH>-), 0.88 (t, | =
6.74Hz, 6H, -CHs), 0.44 (s, 18H, Sn(-CHs)s). 3C-NMR (400 MHz, CDCls): d 152.79, 150.15, 143.71, 142.67,
137.70, 83.29, 41.62, 40.25, 39.41, 39.37, 39.21, 39.07, 35.82, 32.34, 30.59, 28.82, 23.82, 1.38.
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1,4-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (BTMDB) was recrystallized twice from

ethanol before use and kept in the fridge under argon.
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2-Dodecylthiophene (14) was synthesized using slightly modified synthetic procedure as
reported.#3! To a solution of thiophene (1.0 equiv., 5.0 g, 59.42 mmol) in dry THF (80 mL), n-BuLi (1.0
equiv., 23.8 mL of a 2.5 M solution in n-hexane, 59.42 mmol) was added dropwise at —78 °C. After stirring the
solution for 1.5 h at -78 °C the mixture was allowed to warm to room temperature and stirred for an
additional 45 min, cooled back to -78 °C and 1-bromododecane (1.0 equiv., 14.81 g, 59.42 mmol) was added
in one portion. After stirring under reflux for 2 days the reaction mixture was cooled to the room

temperature and 200 mL of water was added and organic phase was separated. The aqueous phase was
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extracted with dichloromethane (3 x 50 mL) and the combined organic phases were washed with brine (2 x
100 mL) and dried over MgSOs. The solvent was evaporated and the yellow crude product was purified by
vacuum distillation, to give pure thiophene 2-dodecylthiophene (14) as a colorless liquid. Yield: 10.2 g.
(68%). 'H-NMR (400 MHz, CDCl): d 7.08 (dd, | = 1.1Hz, | = 5.2Hz, 1H, Th-H), 6.89 (dd, ] =3.4Hz, | =5.1Hz,
1H, Th-H), 6.76 (dd, | = 1.0Hz, | = 3.4Hz, 1H, Th-H), 2.82 (t, ] = 7.58Hz, 2H, Th-CH>-), 1.61-1.73 (m, 2H, Th-
CH>-CH>-), 1.16-1.42 (m, 16H, -CH>-), 0.87 (t, ] = 6.96Hz, 3H, -CHs). *C-NMR (400 MHz, CDCls): o 14.86,
126.58, 123.8, 122.66, 31.91, 31.80, 29.91, 29.87, 29.63, 29.55, 29.42, 29.36, 29.34, 29.13, 22.68, 14.11.
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2-Bromo-5-dodecylthiophene (15). A three-necked flask equipped with magnetic stir bar, additional
funnel, and bubbler was charged with 2-dodecylthiophene (14) (1.0 equiv., 7.0 g, 27.72 mmol) and glacial
acetic acid (30 mL) under argon atmosphere and cooled in the ice-bath in the dark. A cold (~0 °C) solution of
NBS (1.03 equiv., 5.08 g, 28.55 mmol) in chloroform (6 mL) was added dropwise over 15 min and the reaction
mixture was stirred overnight. The reaction mixture was poured into 200 mL of cold water (~0 °C) and the
aqueous phase was extracted with dichloromethane (3 x 50 mL) and the combined organic phases were
washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the yellow crude
product was purified by flash column chromatography (SiO2, n-hexane) to give 2-bromo-5-dodecylthiophene
(15) as a colorless liquid. Yield: 8.72 g. (95%). "H-NMR (400 MHz, CDCls): d 7.10 (d, ] = 3.60Hz, 1H, Th-H)
6.51 (d, ] = 3.70Hz, 1H, Th-H) 2.72 (t, ] = 7.60Hz, 2H, Th-CH>-) 1.55-1.68 (m, 2H, Th-CH2-CH>-), 1.17-1.43 (m,
16H, -CH>-), 0.88 (t, ] = 6.81Hz, 3H, -CHs). *C-NMR (400 MHz, CDCls): d 147.61, 129.33, 124.29, 108.55, 31.95,
31.46, 30.34, 29.91, 29.66, 29.55, 29.38, 29.34, 29.00, 22.78, 22.72, 14.14.

16

5-Dodecyl-2,2'-bithiophene (16) was synthesized using slightly modified synthetic procedure as
reported previously.525® To a suspension of magnesium (etched with iodine) (3.0 equiv., 2.02 g, 83.29 mmol)
in anhydrous diethyl ether (20 mL) a solution of 2-bromothiophene (1.5 equiv., 6.79 g, 41.64 mmol) in 5 mL
of anhydrous diethyl ether was added dropwise under argon at such a rate that a gentle reflux was
maintained throughout the addition. The solution of the Grignard reagent was refluxed for 4 h, then cooled
to room temperature and transferred to the dropping funnel via syringe. In the second three-necked flask
were placed previously prepared 2-bromo-5-dodecylthiophene (15) (1.0 equiv., 9.20 g, 27.76 mmol), [1,1"-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll) complex with dichloromethane (Pd(dppf)CL) (1
mol%, 0.226 g, 0.22 mmol) and 30 mL of dry diethyl ether. The remaining solution was cooled in the ice-bath
and the previously prepared Grignard solution was added dropwise with stirring, keeping the temperature
of the reaction mixture between 0 °C and +5 °C. After completion of the addition of the Grignard reagent,
stirring was continued for 2 h at room temperature, cooled to —10 °C and quenched with 2N HCI solution

(100 mL). The aqueous phase was extracted with diethyl ether (3 x 50 mL) and the combined organic phases
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were washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the brown
viscous crude product was purified by column chromatography (5iOz n-hexane) to give 5-dodecyl-2,2'-
bithiophene (16) as a yellowish crystals. Analytically pure sample was obtained by recrystalization from
ethanol. Yield: 8.17 g. (88%). tH-NMR (400 MHz, CDCb):  7.15 (d, ] = 5.13Hz, 1H, Th-H), 7.08 (d, ] = 3.51Hz,
1H, Th-H), 6.93-7.01 (m, 2H, Th-H), 6.66 (d, ] = 2.79Hz, 1H, Th-H), 2.77 (t, ] = 7.59Hz, 2H, Th-CH>-) 1.60-1.72
(m, 2H, Th-CH2-CH>-), 1.17-1.43 (m, 16H, -CH>-), 0.88 (t, | = 6.55Hz, 3H, -CH3). 3C-NMR (400 MHz, CDCL): &
145.36, 137.96, 134.72, 127.63, 124.65, 123.66, 123.35, 122.94, 31.92, 31.69, 31.61, 30.14, 29.85, 29.74, 29.64, 29.55,
29.44, 29.36, 29.08, 22.69, 14.12.

2-(5'-dodecyl-2,2'-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17). A stirred solution
of 5-dodecyl-2,2"-bithiophene (16) (1.0 equiv., 2.0 g, 5.97 mmol) in dry THF (30 mL) was cooled to -8 °C in a
three-necked 100 mL round-bottomed flask and n-BuLi (1.2 equiv, 2.87 mL of a 2.5M solution in n-hexane,
7.17 mmol) was added dropwise over 10 min. The reaction mixture was then stirred for an additional 1.5 h at
—78 °C, 30 min at room temperature and cooled back to 78 °C. When trimethyltin chloride (1.2 equiv., 1.43 g,
7.17 mmol) dissolved in 2 mL of cold and dry THF was added in one portion and the reaction mixture was
stirred overnight at room temperature. The reaction was quenched by addition of ice-cold water (100 mL)
and the organic layer was extracted with diethyl ether (3 x 50 mL) and the combined organic phases were
washed with brine (2 x 80 mL) and dried over MgSOs. The solvent was evaporated and the green viscous
crude product (5'-dodecyl-2,2"-bithiophen-5-yl)trimethylstannane was recrystallized twice from ethanol. An
analytically pure sample was obtained from 2-propanol Yield: 2.65 g. (89%). 'TH-NMR (400 MHz, CDCls): d
7.49 (d, | = 3.50Hz, 1H, Th-H), 7.15 (d, ] = 3.49Hz, 1H, Th-H), 7.03 (d, | = 3.42, 1H, Th-H), 6.67 (d, ] = 3.13Hz,
1H, Th-H), 2.77 (t, ] = 7.55Hz, 2H, Th-CHz-) 1.61-1.73 (m, 2H, Th-CH:-CH>-), 1.18-1.47 (m, 28H, 16 -CH>-
protons and 12 protons of -CHs), 0.87 (t, ] = 6.59Hz, 3H, -CHs). 3C-NMR (400 MHz, CDCls): o 146.10, 144.74,
137.86, 134.62, 124.83, 124.15, 124.05, 84.08, 31.90, 31.56, 30.15, 29.62, 29.52, 29.44, 29.33, 29.06, 29.02, 24.79,
24.74, 22.67, 14.10.
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D1 was synthesized using the same synthetic procedure as for (6) from 1,4-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzene (1.0 equiv., 80 mg, 0.228 mmol), 3-(5-bromothiophen-2-yl)-(5'-dodecyl-
2,2":52"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (8) (2.5 equiv., 535 mg,
0.57 mmol), (Pd[PPhs]4) (5.0 mol%, 132 mg, 11.42 umol), Na2CO:s (5.0 equiv., 121 mg, 1.14 mmol), Aliquat 336
(5 drops), H2O (5 mL) and toluene (20 mL). The purification by column chromatography (SiO:z) using n-
hexane and the mixture of chloroform/n-hexane (20/100+80/0%) as the eluent and recrystalization from the
mixture of chloroform/DMF (20:80, v/v) afforded the title compound as a dark solid. Yield: 55 mg. (13%). Tm
=172-173 °C.  TH-NMR (400 MHz, CDCL): 0 8.99 (dd, | = 7.72Hz, | = 4.09Hz, 4H, Ar-H), 7.49 (s, 4H, Ph-H),
7.38 (d, ] = 4.23Hz, 2H, Ar-H), 7.06 (d, ] = 4.07Hz, 2H, Ar-H), 6.87-6.98 (m, 4H, Ar-H), 6.63 (d, ] = 3.31Hz, 2H,
Ar-H), 3.80-4.16 (m, 8H, N-CH>-), 2.72 (t, ] = 7.39Hz, 4H, Th-CH>-), 1.80-2.08 (m, 4H, -CH-), 0.47-177 (m,
102H). 3C-NMR spectrum is not available due to low solubility of this compound. MALDI-TOF-MS: m/z
1787.83 (100%), 1786.82 (90), 1789.82 (60), 1790.83 (35), 1791.81 (20), 1792.83 (10).

D2. (2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo[1,2-b;3,4-b]dithiophene (13) (1.0 equiv., 0.35 g, 0.395
mmol) and 3-(5-bromothiophen-2-yl)-(5'-dodecyl-2,2":52"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (8) (2.5 equiv., 926 mg, 0.989 mmol) were added to a round-bottomed 50 mL flask
capped by a three-way stopcock and purged by three vacuum-argon cycles. Dry toluene (20 mL) was added
and the reaction mixture was degassed by argon bubbling for another 25 min while stirring at room
temperature. Finally Pd[PPhs}: (5 mol%, 22.8 mg, 19.78 ummol) was added in one portion and the reaction
mixture was heated to 120 °C for 24 h. The reaction color changed from blue to dark green. After cooling
down to the room temperature the reaction mixture was poured into 200 mL of cold MeOH and stirred for 1
h, filtered, and the resulting dark solid was washed with water, MeOH and finally with acetone. The
purification by column chromatography using n-hexane and the mixture of chloroform/n-hexane (5-
50/95+50% v/v) as the eluent and recrystalization from the mixture of chloroform/DMF (20:80, v/v) afforded
the title compound as a dark solid. Yield: 113 mg. (13%). Tm = 243-244 C. 'TH-NMR (400 MHz, CDCls): o 'H-
NMR (400 MHz, CDCls): d 8.97-9.07 (m, 4H, Ar-H), 7.23 (s, 2H, Th-H of the benzo[1,2-b;3,4-b]dithiophene
ring), 7.16 (d, ] = 3.93Hz, 2H, Ar-H), 7.07 (d, ] = 4.25Hz, 2H, Ar-H), 6.97 (d, | = 3.58Hz, 2H, Ar-H), 6.89 (d, ] =
3.48Hz, 2H, Ar-H), 6.83 (d, | = 3.79Hz, 2H, Ar-H), 6.60 (d, ] = 3.64Hz, 2H, Ar-H), 422 (t, ] = 3.48Hz, 4H, O-
CHz), 3.84-4.11 (m, 8H, N-CH>-), 2.68 (t, ] = 8.52Hz, 4H, Th-CH>-), 0.55-2.11 (m, 152H). BC-NMR spectrum is
not available due to low solubility of this compound. MALDI-TOF-MS: m/z 2268.97 (100%), 2269.97 (85),
2270.96 (60), 2271.94 (32), 2272.97 (25).
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S1 was synthesized using the same reaction conditions as for D1 from tris(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)amine (2) (1.0 equiv., 20 mg, 32.09 pmol), 3-(5-bromothiophen-2-yl)-(5'-
dodecyl-2,2":5'2"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (8) (4.0 equiv.,
120 mg, 128.36 pmol), (Pd[PPhs]s) (5.0 mol%, 1.85 mg, 1.60 pmol), Na2COs (5.0 equiv., 17.49 mg, 160.46
mmol), Aliquat 336 (5 drops), H2O (5 mL) and toluene (15 mL). The purification by column chromatography
using n-hexane and the mixture of chloroform/n-hexane (5-50/95+50%) as the eluent and recrystalization
from the mixture of chloroform/DMF (20:80,v/v) afforded the title compound as a dark solid. Yield: 35 mg.
(39%). TH-NMR (400 MHz, CDCls): d 'H-NMR (400 MHz, CDCls): 6 8.98 (dd, ] = 17.6Hz, | = 4.06Hz, 6H, Ar-
H), 7.54 (d, | = 8.52Hz, 6H, Ar-H), 7.36 (d, ] = 4.06Hz, 3H, Ar-H), 7.09-7.22 (m, 12H, Ar-H), 6.93-7.04 (m, 6H,
Ar-H), 6.67 (d, ] = 3.52, 3H, Ar-H), 3.89-4.13 (m, 12H, N-CH>»-), 2.78 (t, ] = 7.56Hz, 6H, Th-CH>-), 1.85-1.99 (m,
6H, -CH-), 1.61-1.74 (m, 6H, -CH>-), 1.16-1.50 (m, 100H, -CH>-), 0.77-1.00 (three overlapping triplets, 45H, -
CHs). BC-NMR (400 MHz, CDCls): & 161.46, 161.39, 148.69, 146.82, 146.30, 142.48, 139.21, 139.14, 138.79,
137.060, 136.88, 134.04, 128.44, 127.88, 127.03, 127.00, 125.66, 124.96, 124.48, 124.25, 123.87, 123.72, 123.60,
108.10, 45.99, 45.95, 39.32, 39.27, 31.92, 31.55, 30.42, 30.34, 30.22, 29.64, 29.56, 29.35, 29.12, 29.05, 28.614, 28.54,
28.51, 23.71, 23.17, 23.13, 22.68, 14.11, 10.63, 10.60. MALDI-TOF-MS: m/z 2810.22 (100%), 2809.22 (95), 2808.22
(50), 2814.21 (30), 2815.21 (18).
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S2 was synthesized using the same reaction conditions as for D1 from 1,3,5-tris(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzene (3) (1.0 equiv., 30 mg, 65.78 umol), 3-(5-bromothiophen-2-yl)-(5'-dodecyl-
2,2":52"-terthiophen-5-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (8) (4.0 equiv., 246 mg,
263.15 pmol), (Pd[PPhs]s) (5.0 mol%, 3.8 mg, 3.28 pumol), Na2CO:s (5.0 equiv., 35.85 mg, 328.94 pmol), Aliquat
336 (5 drops), H20 (5 mL) and toluene (15 mL). The purification by column chromatography using n-hexane
and the mixture of chloroform/n-hexane (5-50/95+50%) as the eluent and recrystalization from the mixture of
chloroform/DMEF (20:80 v/v) afforded the title compound as a dark solid. Yield: 65 mg. (38%). H-NMR (400
MHz, CDCl): d 'H-NMR (400 MHz, CDCls): 8 8.97 (dd, ] = 17.6Hz, | = 4.06Hz, 6H, Ar-H), 7.80 (d, | = 8.52Hz,
6H, Ar-H), 7.55 (d, | =4.06Hz, 3H, Ar-H), 7.15-7.24 (s, 3H, Ar-H), 6.94-7.09 (m, 6H, Ar-H), 6.69 (d, ] =3.52, 3H,
Ar-H), 3.89-4.13 (m, 12H, N-CH>-), 2.78 (t, ] = 7.56Hz, 6H, Th-CH>-), 1.85-1.99 (m, 6H, -CH-), 1.61-1.74 (m, 6H,
-CH>-), 1.16-1.50 (m, 100H, -CH?>-), 0.77-1.00 (three overlapping triplets, 45H, -CHs). 3C-NMR spectrum is not
available due to low solubility of this compound. MALDI-TOF-MS: m/z 2643.11 (100%), 2642.11 (90), 2641.11
(30), 2640.11 (10).
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Chapter 6

Synthesis and optical properties of
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

(DPP) based polymers for photovoltaics

Abstract

Four new diketopyrrolopyrrole (DPP) based small band gap polymers were
synthesized using Suzuki and Stille cross coupling reactions in which the electron deficient DPP
unit is alternating with different electron-rich 1,4-dialkoxybenzene or 2,5-dialkoxy-1,4-bis(2-
thienyl)benzene units. The optical band gaps of the DPP polymers range from 1.47-1.54 €V in
solution and 1.43-1.51 eV in films. The nature of the alkyl chains (e.g. linear or branched) on the
benzene ring has a major effect on the solubility and processability of the polymers. The small band
gap polymers were tested in bulk heterojunction solar cells with fullerene derivatives [60]PCBM
and [70]PCBM. For processing chloroform was used as solvent in combination with different co-
solvents (1-chloronaphthalene and 1,8-diiodooctane) to optimize the morphology at the nanoscale
towards higher performance. For the most efficient polymer the optimized photovoltaic device
exhibits a power conversion efficiency of 4.8% using under simulated standard solar light

conditions (AM1.5G, 100 mW/cn’).



Chapter 6

6.1 Introduction

Conjugated diketopyrrolopyrrole (DPP) based polymers attract attention
nowadays due to their excellent optical and electrical properties, which make them of use
for organic photovoltaic devices.!? The strategy for designing small band gap -
conjugated DPP polymers that cover a substantial part of the solar spectrum is usually
based on alternating the DPP core with various electron rich or electron deficient m-
conjugated chromophores.>* Since the active layers of the bulk heterojunction solar cells
consisting of m-conjugated polymer mixed with fullerene acceptor molecules (such as
[6,6]phenyl-Cey71-butyric acid methyl ester, [60]PCBM or [70]PCBM) are prepared from the
solution, solubility plays an important role. The classical method to tune the solubility of
the m-conjugated polymer is by changing the length, type (linear or branched) or the
position of the alkyl chains attached to the alternating chromophores in the main backbone
of the polymer.5 Usually branching of the alkyl chains gives increased solubility, but
branched alkyl chains may hinder m-stacking of the polymer chains and influence the
molecular packing morphology and the electrical properties.® This was clearly shown for
the small band gap polymer PCBTDPP where changing the length of the alkyl chains by
only two carbon atoms, resulted in an improved device performance due to the different
morphology of the polymer in blends with [70]PCBM blends.” In this study we introduce
alkoxy chains to vary the properties of the DPP polymers.

Replacing the alkyl chains in poly(3-hexylthiophene) (P3HT) with alkoxy chains
results in a decrease of the band gap from 1.92 to 1.55 eV and a rise in HOMO energy level
(-4.75 vs. —4.47 eV) while the LUMO energy remains about the same (-2.83 for P3HT and
—2.87 eV for alkoxythiophene).? It can be argued that the HOMO orbital in m-conjugated
polymers is controlled by the nature of electron donating unit. For some naphthalene
bisimide 2,2'-bithiophene based copolymers introduction of alkoxy chains on the
bithiophene unit resulted in a 292 nm red shift of the absorption compared to the same
polymer without alkoxy chains.” Removal of the alkoxy chain from DPP-benzol[1,2-b:4,5-b’]
copolymers resulted in lower HOMO level and increased open circuit voltage (Voc).!?
Introducing alkoxy chains on the thiophene units can result in sulfur-oxygen interactions!®
which lead to the self-planarization and rigidification of two adjacent thiophene units and
tinally in the reduced band gap of the polymer. The planarity and the presence of the S---O
interactions for some alkoxy-bithiophene based structures was confirmed by x-ray
analysis.! Ultimately introduction of the extra aliphatic alkyl chains in the main backbone
of the polymer induces torsion within the backbone of the polymer resulting in higher
solubility and allows obtaining high molecular weight polymers with reasonable

solubility.
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In this chapter we describe four polymers containing a DPP unit alternating along
the chain with different donor fragments having linear or branched alkyl chains. Our
starting point is the DPP polymer PDPPTPT,? in which an electron rich 1,4-bis(2-
thienyl)benzene moiety alternates with DPP. PDPPTPT shows good performance in bulk
heterojunction solar cells with a power conversion efficiency of n = 5.5% when using
[70]PCBM as an acceptor. Adding extra alkoxy chains on the phenyl ring is expected to
result in highly soluble polymers with high molecular weight, which is an important
requirement for the polymers used in bulk heterojunction solar cells. Further we study
two polymers with an extended 1,4-bis(2-dithienyl)benzene electron rich unit. By
introducing two additional thiophene rings in the main chain together with the linear and
branched alkoxy chains on the phenyl ring, it is possible to adjust the band gap and
maintain good solubility. The new polymers were tested in photovoltaic devices with
[60]PCBM and [70]PCBM as acceptors.

6.2 Results and discussion

6.2.1 Synthesis. The structure and multistep synthesis of DPP-based m-conjugated
polymers POL1-4 are shown in Figure 1.
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Figure 1. Synthesis of POL1-4. (a) Hz, Pd on carbon, EtOAc, room temperature (rt), few hours; (b) PPhs,
DCM, N-bromosuccinimide, 0 °C to rt, 2 h; (c) +-BuOK, diethyl succinate, 2-methylbutan-2-ol, 115 °C,
overnight; (d) K2COs, (3), 18-crown-6, DMF, 120 °C, overnight, 1,4-dioxane, HCI (conc.) reflux, 2 h; (e) N-
bromosuccinimide, chloroform, 0 °C >> rt, overnight; (f) K2COs, n-CsHis-Br or 2-ethylhexylbromide, KI, 18-
crown-6, DMF, 130 °C, overnight; (g) Bromine, DCM, 0 °C >> rt, overnight; (h) tributyl(thiophen-2-
yl)stannane, Pd[PPhs]s, toluene, reflux, overnight; (i) n-BuLi (2.5 M solution in n-hexane), —78 °C, 1.5 h,
trimethyltin chloride, rt, overnight; (j) K2COs, (2), 1-butan-2-one, reflux, overnight; (k) n-BuLi (2.5 M solution
in n-hexane), =78 °C, 2 hours, 2-isopropoxy-4,4',5,5"-tetramethyl-1,3,2-dioxa-borolane, rt, overnight; (1) (6),
Pdz(dba)s, P(o-tol)s, toluene, DMF, reflux, overnight; (m) (6), Pd2(dba)s, PPhs, KsPOs, Aliquat 336, Na2CO:s (aq,

2 M), toluene, reflux, 5 or 14 hours.

The preparation of the polymers starts with synthesizing the side chains. Reduction
of commercial (S)-3,7-dimethyloct-6-en-1-0l using palladium on carbon afforded alcohol
1.3 The branched alkyl bromides 2 and 3 were prepared from the corresponding alcohols
using the Appel bromination protocol with triphenylphosphine (PPhs) and N-

bromosuccinimide (NBS) in high reaction yields. The DPP monomer 6 was prepared in
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three steps starting with the DPP formation reaction using thiophene-2-carbonitrile as a
starting material,”> followed by alkylation reaction using previously prepared
alkylbromide 3, K2CO:s as a base and a catalytic amount of 18-crown-6 in DMF at 120 °C. It
is known, that the alkylation reaction of the DPP with a f-branched alkyl halides, using a
regular alkylation protocol, leads to the low reaction yields.!® During this reaction mono
and di-O-alkylation of amide groups!” takes place leading to the well known

diazapentalene-like structures'® shown in the Figure 2.
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Figure 2. The structures of the products after alkylation (compounds 5, 18, 19) and recovery reactions

(compounds 4, 5, 20).

In the case of the linear alkyl chains the mono and di-O-alkylated side products can
be easily removed by crystallization of the crude reaction mixture from primary alcohols
because the main target N-dialkylated product crystallizes from the solution and O-
alkylated and N-monoalkylated products are very soluble in the primary alcohols. In the
case of the f-branched alkyl chains the solubility of the DPP molecules increases, due to
less efficient stacking of the DPP chromophores, and becomes similar to the solubility of
the side products and the purification using crystallization from the primary alcohols
becomes less efficient. The purification using column chromatography on SiO: is not
efficient either, since the Rt values of the main product and impurities are about the same
(Re=0.62-0.71, Figure 2). Then the mixture of the compounds 18, 29, and 5 is refluxed in
1,4-dioxane containing concentrated hydrochloric acid (HCI). Under these conditions 5 is
stable and the mono and di-O-alkylated side products 18 and 19 convert into the starting
DPP molecule with Rt value of 0.01 (for the eluent system DCM/n-hexane 50:50 (v/v)) and
the mono N-alkylated derivative 20 that has a stronger interaction with the SiO: due to a
difference in polarity compared to the target compound 5, resulting in a lower Rt value (Rs

= 0.14). The N-monoalkylated DPP derivative 20 can be recovered and used in a second
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alkylation reaction to provide 5 in high yields because the probability of the O-alkylation
reaction is much lower in this case compared to the alkylation reaction starting from DPP.
Hence the treatment of the mixture with the concentrated HCl in boiling 1.4-dioxane leads
to the different DPP derivatives with different Rt values which allows the purification
using column chromatography while the target DPP derivative 5 is stable under acidic
conditions.” Another reason of the low alkylation reaction yield can be: Swern-type
oxidation,?*-?> elimination,” and hydrolysis of the alkylbromide*?* in the presence of the
inorganic base and water.

For the synthesis of 1,4-dibromo-2,5-bis(alkyloxy)benzene derivatives 9-11 two
different methods were used. For preparing 11 alkylation of commercial 2,5-
dibromobenzene-1,4-diol was performed using the reaction conditions reported earlier.?6%
Because this resulted in low yields using (S)-1-bromo-3,7-dimethyloctane as an alkylating
agent, the synthetic strategy was changed to another route for 9 and 10, starting with
alkylation of hydroquinone using K2COs as a base in DMF,%#?° The resulting intermediate
compounds 7-8 were brominated at room temperature using a slightly modified
procedure as reported earlier® since heating of the reaction mixture® was not necessary
and the reactivity of 7-8 was similar to anisole which can be brominated at room
temperature without any catalysts because the electron donating alkoxy groups are
activating the aromatic ring towards electrophilic substitution.> The isolated dibromo
derivatives 9 and 11 were borylated using n-BuLi and 2-isopropoxy-4,4,5,5"-tetramethyl-
1,3,2-dioxa-borolane as a borylating agent in high purity which is crucial parameter for the
polymerization step. For the synthesis of the electron rich monomers 16-17 with higher
conjugation length Stille coupling was used with a commercial tributyl(thiophen-2-
yl)stannane,? followed by stannylation reactions.

The target polymers POL1-2 and POL3-4 were synthesized by Suzuki*~¢ and Stille
cross coupling®-? reactions respectively. The newly synthesized polymers showed slightly
different solubility in chloroform. Polymers with linear and chiral (5)-3,7-dimethyloctyl
alkoxy chains (POL1-3) showed lower solubility compare to the polymer POL4 with the f3-
branched chains. The solubility of all the polymers in chloroform is about 5 mg/mL and
this concentration of the polymers was used for the preparation of bulk heterojunction
solar cells. For the POL1-3 heating and vigorous stirring overnight was necessary to reach

complete dissolution.

6.2.2 Optical and electrochemical properties. The UV/vis/near-IR absorption
spectra of POL1-4 in dilute 0-DCB solutions and as solid thin films are presented in the

Figure 3 and the corresponding data are presented in the Table 1.
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Figure 3. UV/vis/near-IR absorption spectra in dilute 0-DCB solutions (black line) and of thin films (red line)

spin coated from chloroform solutions on quartz of the small band gap polymers POL1-4.

The absorption spectra of the first two polymers (POL1-2) are similar and do not
differ much between solution and solid. The optical band gap of POL1-2 in solution is
around 1.47-1.49 eV. The polymers with an extra thiophene rings (POL3-4) show slightly
different behavior. The absorption spectra of the polymers POL3-4 exhibit a pronounced
low energy shoulder (around 800-840 nm) which may be attributed to the side reactions of
the monomers during the Stille polymerization. In this case incorporation of homocoupled
DPP monomer 6 in the main chain is expected to lower the optical band gap. For POL1-2
this may occur as well but it is not evident from the absorption spectra because of the
intrinsically smaller band gap. Despite the drawback of the homocoupling, Stille coupling
remains very versatile reaction for the synthesis of high molecular weight small band gap

polymers for photovoltaic applications.*
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Table 1. Optical and electrochemical data of the POL1-4 in 0-DCB solutions and in thin films

Solution Film

Ama.r Aonser Egopr Eonser‘” Eonsef“’d HOMO LUMO EgCV Ama.r Aonser Egopr

(m) (nm) (V) (V) (V) (eV) V) (eV) | (am)  (nm) (eV)
POL1 788 832 149 041 -116 -508  -351 157 766 864 143
POL2 788 842 147 040 -115 507  -352 155 780 854 145
POL3 744 801 155 043 -113 510 -354 156 746 820 151
POL4 742 805 154 040 -114 507  -353 154 740 822 1.50

2 Electrochemical potentials (vs. Ag/AgCl) in 0-DCB containing 0.1 M TBAPFs (scan rate = 0.1 V/s) and
optical data of the polymers POL1-4 in dilute 0-DCB solutions and spin coated film at room temperature (298
K) EHOMO/LUMO = e[(Eonset (vs. Ag/AgCl) — Eonset (Fe/Fe+ vs. Ag/AgCl))] — 5.1 eV. Eonset (Fc/Fe+ vs. Ag/AgCl)) was 0.43 V vs. Ag/AgCl

The temperature dependent absorption spectra of POL1-4 in dilute 0-DCB solutions
are presented in Figure 4. Heating solutions containing POL1-4 results in the
disappearance of the lowest energy absorption peak along with a hypsochromic shift
when increasing the temperature to 100 °C. These changes are attributed to a transition
from aggregated polymer chains at room temperature to molecular dissolved chains at
high temperatures. Since the room temperature absorption spectra in the solution and in
solid thin films overlap closely and the low energy absorption peak is not present in hot o-
DCB solutions we can conclude that all new synthesized polymers are aggregated in o-
DCB solution at room temperature and in the solid state. At the highest temperatures a
shoulder remains at the low energy side of the main absorption bands of POL3-4, which

supports the assignment of this shoulder to homocoupled monomers in the polymer.
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Figure 4. Temperature dependent absorption spectra in dilute 0-DCB solutions of the small band gap
polymers POL1-4.

The oxidation and reduction potentials and the corresponding HOMO and LUMO
levels were determined by cyclic voltammetry in 0-DCB solution under inert N:
atmosphere at room temperature. The oxidation and reduction potentials of the new -
conjugated polymers are about 0.42+0.02 V and -1.15£0.01 V vs. Ag/AgCl, respectively,
confirming the small band gap character of the polymers. The electrochemical band gaps
were determined as the difference between the onsets of the redox potentials and are
slightly different from the optical band gaps.

The polymers POL2 and POL3 are structurally similar to the small band gap
polymer PDPPTPT? with the HOMO and LUMO energies —5.35 and -3.53 eV respectively.
As expected, introduction of the alkoxy chains to the phenyl rings of the polymers (POL1-
2) resulted in change of HOMO energy (-5.07 vs. -5.08 eV) while the LUMO energy stays
about the same (-3.51 vs. -3.52 eV) since the HOMO energy level in m-conjugated
polymers is controlled by the nature of electron donating unit, and the LUMO energy is

determined by the nature of the acceptor.

6.2.3 Photovoltaic devices. Bulk heterojunction solar cells were prepared by spin
coating an active mixed layer of POL1-4 as electron donor with the different ratios of
[60]PCBM or 70[PCBM] as electron acceptor. The active layers were prepared by the spin

coating onto pre-cleaned glass substrates coated with a transparent indium tin oxide (ITO)
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layer covered by ~60 nm of PEDOT:PSS as a hole transporting material, followed by
evaporation of LiF (1 nm) and Al (100 nm) as a back electrode. The optically active layers
were prepared using 5 mg/mL CHCIs solutions and different solvent/co-solvent
combinations in the different ratios of the co-solvent and the acceptors. The use of the co-
solvent was necessary in all the cases in order to obtain well intermixed active layers,
which is crucial for good charge separation in the bulk heterojunction solar cells and in all
the cases an excess of the acceptor molecule was needed to get an optimum performance
of the devices. The best results of the solar cells are presented in the Table 2 and their
current density - voltage (J-V) characteristics and corresponding external quantum

efficiencies (EQEs) for each polymer are presented in Figure 5.
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Figure 5. J-V characteristics (left) and EQE (right) of POL1-POL4:PCBM solar cells.

In general polymers POL1-2 showed much lower currents in the photovoltaic
devices than the polymers with the extra two thiophene rings (POL3-4). The high short-
circuit current density (J«) for polymer POL4 is also reflected in external quantum
efficiency (EQE) (Figure 5, right) which reaches values over 50% in the range of polymer
absorption band. In comparison for POL3 we find 40% EQE and around 15% for the both
DPP-phenyl based polymers POL1-2.
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Table 2. The best photovoltaic performance of the blends of the POL1-4 with methanofullerenes spin coated

from chloroform.

Amount
POL:PCBM Layer
Mw/Mn PDI Fullerene Additive of . Voc Jsc(SR)2 FF n
ratio thickness

additive
(kg/mol) mg/mL (nm) V) (mA/cm2) () (%)
POL1 114/44 2.55 [60]PCBM DIOr 25 1:3 80 0.64 4.92 0.64 2.04
POL2 - - [60]PCBM DIO 45 1:2 74 0.60 6.85 0.64 2.64
POL3 75/36 1.5 [60]PCBM CNAc¢ 23.8 1:2 85 0.55 10.2 0.61 348
POL4 95/57 1.66 [70]PCBM CNA 35.7 1:2 78 0.57 15.4 054 4.79

@ Determined from the spectral response. ' 1,8-diiodooctane; @ 1-chloronaphthalene.

For optimizing the performance of the solar cells different mixtures of polymer
and PCBM were tested. Usually for the DPP-based m-conjugated polymers the optimal
polymer:PCBM ratio is 1:2 (w/w).*-# For the polymer POL1 a 1:3 ratio was necessary to
obtain maximum performance.

The performance of photovoltaic devices can often be improved significantly by
adding small amounts of co-solvent to the solution used in the processing of the active
bulk heterojunction layer. For the previously studied DPP polymer PDPPTPT addition of
small amounts (2-6%, v/v) of 1,8-diiodoctane (DIO) as an additive results improved
performance of the bulk heterojunction solar cell with PCBM as acceptor.*? For PDPPTPT,
the improvement has been ascribed to a difference in morphology of the active layer.
Without co-solvent large spheroidal clusters of PCBM form upon drying of the photo-
active layer. Through addition of co-solvent the formation of the formation of these
clusters can be inhibited and mixing becomes more intimate.

For POL1-4 under study here we also observe formation of spheroidal clusters in
bulk heterojunctions with PCBM acceptors when the layers are processed from neat
chloroform. These clusters consist of (mainly) PCBM. For the POL1:[60]PCBM
heterojunction the clusters are visualized in Figure 6 (left image), which shows the AFM
height image of the active layer without co-solvent. Round, dome-shaped features with a
diameter on the order of 100 nm and a height of around 40 nm protrude from the surface.

For each polymer the amount of co-solvent was varied and the photovoltaic
properties of the bulk heterojunctions were evaluated. Table 2 lists the type and amount of
co-solvent that was found to give the highest power conversion. The optimized active
layers processed using co-solvent (DIO) do not show the spheroidal clusters (Figure 6,
right) and the short circuit current is increased. Yet, the AFM height image of the
optimized layer indicates the presence of domains with micron feature size. This type of

phase segregation may in fact be too course for optimal performance.
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Figure 6. AFM height images of the blends of the POL1:[60]PCBM blend processed without (left) and with
(right) a co-solvent (DIO) added to CHCls.

Because POL4 was showing promising results, the device morphology was
optimized using two co-solvents DIO and 1-chloronaphthalene (CNA). CNA is known as
a high boiling point co-solvent which is successfully used for the morphology
optimization of the blends with m-conjugated polymers**#* and small molecules.*®

Figure 7 shows (left, top) an estimated efficiency as a function of two additives
(DIO or CNA) for POL4:[70]PCBM solar cells together with the corresponding images of
the morphology. The AFM height image of the film prepared without the co-solvents
shows large-scale phase separation between POL4 and [70]PCBM. The large domains
result in small POL4:[70]PCBM interface area, resulting in reduced Js. It appears that this
type of morphology is not ideal for the efficient power conversion. Upon addition of DIO
or CNA the large globular clusters started to disappear and higher Js. values were
obtained causing an increase in the power conversion efficiency. In general smaller
amounts of CNA gave higher efficiencies compared to the blend prepared with the DIO as
an additive. The best performance was obtained adding 36 mg/mL of CNA as co-solvent
to the chloroform solution, resulting in a photovoltaic cell with Voc = 0.57 V, [« = 15.4
mA/cm? and a fill factor (FF) of 0.54, resulting in an estimated 1 = 4.8%. Transmission
electron microscopy (TEM, Figure 7) of the fully optimized blend using CNA shows a very
fine degree of phase segregation with domain sizes << 100 nm. Comparing also with the
other polymers we argue that the maximum performance achieved with POL4:[70]PCBM
and CNA as co-solvent is related to the very intimate mixing of donor and acceptor

materials.
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Figure 7. Estimated efficiencies as a function of two co-solvents (DIO or CNA) for the blend with
POL4:[70]PCBM films (left, top) AFM height (right, top) of the blend without co-solvents and the TEM
images (left, right, bottom) of the blends of the optimized devices consisting the same ratio (1:2) POL4 and
[70]PCBM. See Table 2 for the further details.

At the end of the measurements the photovoltaic devices were annealed at 80-100
°C. It is known that thermal annealing of polymers leads to a higher degree of crystallinity
resulting in a higher mobility of charges.*# Also for DPP polymers thermal annealing has
been reported to improve the device performance.*# In some cases however thermal
annealing did not give any improvement.>® Thermal annealing of the devices as a way to
improve their efficiency has been studied in P3HT:[60]PCBM and DPP:[70]PCBM
blends.*?152 Recently Mikhnenko et al. showed that the thermal annealing of the blends of
the small molecule DPPs with [60]PCBM leads to a decrease in the exciton diffusion
length.% In our case the thermal annealing of the devices at the temperatures in the range
of 80-110 °C did not lead to higher performance.
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6.3 Conclusions

Four DPP-based small band gap polymers were synthesized using Suzuki and
Stille cross coupling reactions in high yields and molecular weights. The nature of the
alkyl side chains has a major effect on the solubility and processability of the polymers.
Polymers with linear side chains and the polymer with (S)-3,7-dimethyloctyloxy side
chains dissolve less readily than the polymer with branched alkyl chains. The new small
band gap polymers were tested in bulk heterojunction solar cells with [60]JPCBM and
[70]PCBM. Chloroform was used in all the cases as the main solubilizing solvent in
combination with different co-solvents (1-chloronaphthalene and 1,8-diiodooctane) in
order to optimize the morphology of the active layers. The photovoltaic devices based on
POL4 with [70]PCBM exhibited conversion efficiencies up to 4.8% wusing 1-
chloronaphthalene as the processing additive under simulated standard solar light
conditions (AM1.5G, 100 mW/cm?).

The DPP-based polymers described in this chapter show different absorption
spectra in solution upon heating, indicating aggregation of the polymer chains. It was
shown in chapter 2 that low molecular weight materials can form either H or | aggregates
in the solid phase. Aggregation of the polymers presented in the last chapter of the thesis
does not give rise to the formation of the H-aggregates. The formation of the J-aggregates
is also possible, but the red shift in the absorption can be associated with the planarization
of the polymer chains induced by aggregation

The obtained EQE values for excitation in the polymer absorption band are quite
low. This could be due to the long distance that the excitations have to travel to the
polymer — PCBM interface to give charge separation. Alternative explanation can be
realated to the chapter 3 were the formation of the excimers was observed. The formation
of the CT states in the polymer rich phase may occur followed by unwanted intersystem
crossing to the triplets via excimer like state could reduce EQE and even promote
photochemical instability via singlet oxygen production.

Finally, changing the substitution pattern of the lactam units the quantum chemical
nature of the lowest excited singlet state can be influenced. The symmetry of the lowest
excited state (A or B) can have a strong influence to the radiative process but may also
affect properties and formation of the CT states formed at the interface with PCBM. Low
energy excited state of A orbital symmetry will also be accompanied by triplet states of
corresponding orbital symmetry and these may influence recombination processes of

charge carriers but also the photo chemical degradation.
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6.4 Experimental

6.4.1 General methods. '"H NMR and *C NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer using the deuterated solvents (CDCls, DMSO-ds) and tetramethylsilane (TMS) as the internal
standard. The chemical shifts in the experimental part are reported in ppms (0) downfield from TMS (0 ppm)
using the residual CHCl: peak in the CDCls as an internal standard (7.26 ppm and 77.00 ppm respectively
relative to TMS signal). The coupling constants are reported in Hz. Multiplicities are reported as s-singlet, d-
doublet, dd-double doublet, t-triplet, br. s.-broad singlet and m-multiplet. The matrix-assisted laser
desorption ionization time-of-light (MALDI-TOF) mass spectrometry was performed on a perspective
Biosystems Voyager-De Pro spectrometer using a-cyano-4-hydroxycinnamic acid as a matrix. Materials were
purchased from commercial suppliers and were used without further purification, unless otherwise noted.
All moisture and oxygen sensitive reactions were performed under an argon atmosphere using flame-dried
glassware. The molecular weights of the polymers were determined by size exclusion chromatography using
o-dichlorobenzene (0-DCB) as a mobile phase keeping the temperature at 80 °C against polystyrene
standards on a Polymer Laboratories-GPC 120 chromatograph which was equipped with a PD 2040 high-
temperature light scattering detector and a Midas auto sampler. The flow-rate was kept 1 mL/min in all the
experiments and the injection volume was 0.1 mL. The cyclic voltammetry (CV) measurements were
performed using ptAutolab II with a PGSTAT30 potentiostat using a three-electrode cell in 0-DCB solutions
containing 0.1 M TBAPFs as a supporting electrolyte at the room temperature in the glove-box. TBAPFs was
dried in the vacuum oven at 45 °C overnight and immediately transferred in the glove-box before use. The
scan rate was 0.1 V/s in all the experiments. The working electrode was a platinum disk and the counter
electrode was a silver rod. Ag/AgCl reference electrode was used during the measurements with Fc/Fc+ as an
internal standard using pAutolab II with a PGSTAT30 potentiostat. The energy level of the Ag/AgCl
reference electrode was determined to be at -5.1 eV vs. vacuum level.>* The reference electrode was
calibrated against Fc/Fc* redox system. The polymer solutions in chloroform were prepared in the separate
closed vials while heating them at 60 °C in the inert N2 atmosphere upon vigorous stirring. UV/vis/near-IR
absorption spectra were measured with a Perkin-Elmer Lambda 900 spectrometer using an optical cell with
an optical path length of 1 cm. For the temperature dependant UV/vis/near-IR measurements PFD-4255/15
Peltier-type temperature controller with a temperature slope of 1 K/min was used. Spectroscopic grade
solvents (0-DCB, chloroform) were purchased form Aldrich and used as received. The samples for solid state
absorption were prepared on quartz substrates by spin-coating in air the ~5 mg/mL polymer solution in
spectroscopic grade chloroform. The spinning speed was 800-1000 rpm. Molecular weights were determined
using high temperature (80 °C) GPC on a PL-GPC 120 system equipped with PL-GEL 5y MIXED-C column
and HPLC grade 0-DCB as an eluent.

The photovoltaic devices were prepared by spin-coating a filtered PEDOT:PSS (Clevios P, VP
A14083) using 0.2 um onto pre-cleaned, patterned indium tin oxide (ITO) substrates (14 Q) per square). The
active layer was deposited by spin-coating from chloroform solutions containing 5 mg/mL of the polymer
and co-solvent. The top electrode consisting of LiF (1 nm) and Al (100 nm) was deposited by vacuum
evaporation 8 x 107 mbar in the glove-box. The active area of the cells was 0.091 or 0.16 cm?2. |-V
characteristics were measured under 100 mW/cm? white light coming from a tungsten lamp filtered by a
Schott GG385 UV filter and a 300 nm ITO on glass-near-IR filter, using a Keithley 2400 source meter. The
estimated power conversion efficiencies were determined by combining Ve and the FF from the J-V

measurements and Js. from the spectral response spectra measured under a simulated 1 sun operation
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conditions while keeping the devices behind a quartz window in a container with an inert N2 gas, connected
to a Keithley 2400 source meter, using light from a tungsten-halogen lamp, dispersed by an Oriel
Cornerstone 130 monochromator. A calibrated silicon cell was used as a reference. The thicknesses of the
active layers of the photovoltaic devices were measured on a Veecco Dektak 150 profilometer.

Tapping mode atomic force microscopy (AFM) was measured in a NanoScope Dimension 3100
microscope (Veeco, Digital Instrument) using PPP-NCHR probes (Nanosensors). For transmission electron
microscopy (TEM) the active layers were transferred onto a copper 200 square mesh grid (Agar Scientific) by
floating on deionized water. TEM was performed on a Tecnai G2 Sphera TEM (FEI) operated at 200 kV.

Bright field TEM images were acquired under slight defocusing conditions.>

6.4.2. Chemicals. N-Bromosuccinimide (99%) (NBS), (S)-2-methylbutan-1-ol (99%), 2-hexyl-1-decanol
(97%), 2-isopropoxy-4,4’,5,5-tetramethyldioxoborolane (98%), Aliquat™ 336, 2-(tributylstannyl)thiophene
(97%), hydroquinone, ReagentPlus®, (299%), bromine (=99.99% trace metals basis), sodium sulfite (=98%),
potassium phosphate tribasic (reagent grade, >98%) were purchased from Aldrich. NBS was recrystallized
twice from cold water (10 g NBS/100 mL H:O). Diethyl succinate (99%), 2-thiophenecarbonitrile (97%),
potassium fert-butoxide (98+%), 2-methyl-2-butanol (99%), triphenylphosphine (99%), potassium carbonate
(99+%), sodium carbonate (99+%), potassium iodide (99+%), 18-crown-6 (99+%), 1-bromohexane (99+%), 2-
ethylhexyl bromide (95%), n-butyllithium, 2.5 M solution in n-hexane (AcroSeal®) were purchased from
Acros organics. Tetrakis(triphenylphosphine)palladium(0) (99.9%) and tri(o-tolyl)phosphine (99.9%) were
purchased from Strem Chemicals, Inc. and used as received. The catalyst was stored at -5 °C under argon
and was weighed in the glove box. (S)-3,7-dimethyloct-6-en-1-ol was purchased from Takasago and used as
received. Pd on carbon (10 weight %) and magnesium (turnings acc. to Grignard for synthesis) were
obtained from Merck Chemicals. Triphenylphosphine was recrystallized twice from n-hexane. All reactions
were carried out under an inert argon atmosphere using dry organic solvents and were monitored by TLC
analysis using GF 254 silica gel coated plates. Column chromatography was performed using silica gel (400
mesh). Non deuterated solvents were purchased from Biosolve (the Netherlands). Deuterated solvents were

bought from Cambridge Isotope Laboratories, United States.

6.4.3 Experimental procedures.

HOM

1

(5)-3,7-Dimethyloctan-1-ol (1). Commercial (5)-3,7-dimethyloct-6-en-1-ol ((S)-citronellol) (1.0 equiv.,
50.0 g, 216.56 mmol) was dissolved in anhydrous ethyl acetate (EtOAc) and argon flow was bubbled for 30
min. Finally the palladium on activated carbon (0.15 mol%, 0.52 g, 0.485 mmol) was added carefully. The
resulting dark black reaction mixture was put under high pressure hydrogen (Hz) gas and reacted while
shaking for ~8 hours unless the hydrogen gas pressure remained constant. Then the reaction mixture was
filtered through flat sintered glass filter filled in with Celite, washed with a few portions of EtOAc and the
solvent was evaporated in vacuo. The product was used in the next step without further purification. Yield:
48.2 g. (95%). 'H-NMR (400 MHz, CDCls): 8 3.56-3.72 (m, 2H), 3.03 (br. s., 1H), 1.42-1.67 (m, 3H), 1.22-1.43 (m,
4H), 1.08-1.21 (m, 3H), 0.84-0.90 (two overlapping doublets, | = 6.55Hz, | = 6.62Hz, 9H, -CHs). *C-NMR (400
MHz, CDCls): d 60.43, 39.50, 38.92, 37.05, 29.19, 27.58, 24.33, 22.30, 22.20, 19.24.
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Br/\/k/\)\

2

(5)-1-Bromo-3,7-dimethyloctane (2). Compound (2) was synthesized using slightly modified
synthetic procedure reported earlier.% (S)-3,7-Dimethyloctan-1-ol (1) (1.0 equiv., 48.0 g, 303.26 mmol) and
triphenylphosphine (1.1 equiv., 87.49 g, 333.58 mmol) were dissolved in dry dichloromethane (DCM) (400
mL) and the reaction mixture was cooled in the NaCl-ice bath to 0 °C. Then NBS (1.05 equiv., 56.68 g, 318.42
mmol) was added in portions while stirring at such rate that allowed keeping the reaction temperature
below 10 °C. After complete addition of NBS the reaction mixture was stirred for another 2 h. The solvent
was evaporated in vacuo and the remaining white sticky solid was dispersed in 400 mL of n-hexane in order
to remove triphenylphosphine oxide, filtered, and the filtrate was concentrated in vacuo to give yellow
turbid oil which was purified by flash chromatography on SiO2 using n-hexane to give the title compound as
a colorless liquid. Yield: 60.49 g. (90%). 'TH-NMR (400 MHz, CDCls): 6 3.33-3.53 (m, 2H, Br-CH>-), 1.79-1.96
(m, 1H, -CH-), 1.43-1.74 (m, 3H), 1.07-1.38 (m, 6H), 0.77-0.93 (two overlapping doublets, ] = 7.02Hz, | = 2.0Hz,
9H, -CHs). 3C-NMR (400 MHz, CDCL): d 40.06, 39.16, 36.70, 32.06, 31.64, 27.92, 24.53, 22.66, 22.56, 18.93.

Br

o

3

7-(Bromomethyl)pentadecane (3). The preparation of (3) was carried out using the same procedure
as that for (2) from commercial racemic 2-hexyldecan-1-ol (1.0 equiv., 50.0 g 206.25 mmol),
triphenylphosphine (1.1 equiv., 59.50 g, 226.78 mmol) and NBS (1.05 equiv., 38.54 g, 216.56 mmol) in dry
DCM (400 mL). Colorless liquid. Yield: 60.2 g. (96%). tH-NMR (400 MHz, CDCL): 6 3.43 (d, | = 4.75Hz, 2H,
Br-CH»-), 1.51-1.66 (m, 1H, -CH-), 1.14-1.47 (m, 24H, -CH>-), 0.84-0.93 (two overlapping triplets, | = 6.75Hz, | =
5.51Hz, 6H, -CHs). BC-NMR (400 MHz, CDCl): d 39.66, 39.56, 39.49, 32.56, 31.88, 31.79, 31.58, 29.78, 29.69,
29.62, 29.54, 29.45, 29.29, 26.55, 22.66, 14.06.

3,6-Di(thiophen-2-yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione (4) (DPP). A 500 mL three-necked
round-bottom flask equipped with a stirring bar, condenser and dropping funnel was charged with
thiophene-2-carbonitrile (2.0 equiv., 13.1 g, 11.24 mL, p = 1.17 g/cm3, 120.55 mmol) and 2-methylbutan-2-ol
(150 mL) and the resulting slightly yellow solution was stirred at the room temperature for 5 min. Then

potassium tert-butoxide (2.5 equiv., 16.9 g, 49.94 mmol) was added in one portion and the resulting dark
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brown suspension was heated up in the oil bath at 100 °C and diethyl succinate (2.0 equiv., 10.5 g, 10.09 mL,
p = 1.04 g/cm? 49.94 mmol) in anhydrous 2-methylbutan-2-ol (40 mL) was added dropwise from the
dropping funnel over 3 h. The temperature was maintained around 100-105 °C and gradually raised to 115
°C within ca. 1 h and stirred at that temperature overnight. Then the reaction mixture was cooled to 65 °C
and 400 mL of methanol and 25 mL of acetic acid was added. The reaction mixture was refluxed for 25 min,
cooled to the room temperature and filtered. The dark red solid was washed with water, methanol and
finally with cold acetone, and dried in the vacuum oven at 60 °C overnight. Due to the low solubility of the
title compound it was used in the next step without purification. 'H-NMR (400 MHz, DMSO-d6): 0 11.23 (br.
s., 2H, N-H), 8.20 (dd, ] =3.67Hz, | = 0.85Hz, 2H, Th-H), 7.96 (dd, | = 4.93Hz, ] = 0.85Hz, 2H, Th-H), 7.30 (dd, |
=4.78Hz, | = 3.89Hz, 2H, Th-H).

2,5-Bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]lpyrrole-1,4(2H,5H)-dione (5). Compound
(5) was synthesized using slightly modified synthetic procedure reported earlier.’® A 500 mL round bottom
flask was charged with a stir bar and anhydrous potassium carbonate (3.0 equiv., 6.90 g, 49.94 mmol) and the
flask was heated in the oven at 140 °C for 5 hours and purged with argon upon cooling. Then (1.0 equiv., 5.0
g, 16.46 mmol) of DPP (4) together with catalytic amount of 18-crown-6 (5 mol%, 0.22 g, 0.83 mmol) and 100
mL of dry N,N-dimethylformamide (DMF) was added and the resulting dark-red suspension was heated in
the oil bath while stirring at 120 °C. Upon heating the reaction mixture becomes extremely viscous. After 3 h
of stirring racemic 7-(bromomethyl)pentadecane (3) (2.5 equiv., 12.70 g, 41.61 mmol) was added dropwise
over period of 2.5 h and the resulting dark-red suspension was stirred at 120 °C overnight. The resulting
solution was concentrated in vacuum to remove DMF and the resulting oily residue was poured in water
(200 mL) and extracted with diethyl ether (3 x 100 mL). The organic phase was washed with water (1 x 200
mL) and brine (2 x 100 mL), dried over MgSOs, filtered, and the solvent was evaporated in vacuum. In order
to remove O-alkylated product the crude reaction mixture was dissolved in 40 mL of 1,4-dioxane and 10 mL
of concentrated HCI and refluxed for 2 h. The solvent was evaporated and the product was purified by flash
chromatography on SiO: using n-hexane in order to remove residual 7-(bromomethyl)pentadecane and the
mixture of (50:50 (v/v)) DCM/n-hexane as the eluent and subsequently recrystallized from cold ethanol.
Yield: 8.5 g. (68%). "TH-NMR (400 MHz, CDCl): d 8.86 (d, ] = 3.87Hz, 2H, Th-H), 7.62 (dd, | = 5.01, ] = 0.74Hz,
2H, Th-H), 7.26 (dd, ] = 4.15Hz, | = 4.09Hz, 2H, Th-H), 4.01 (d, ] = 7.72Hz, 4H, N-CH>-), 1.83-1.95 (m, 2H, -CH-
), 1.11-1.38 (m, 48H, -CH>-), 0.78-0.95 (two overlapping triplets, | = 7.12Hz, | = 6.75Hz, 12H, -CH3). 3C-NMR
(400 MHz, CDCl): d 161.74, 140.42, 135.18, 130.44, 129.83, 128.37, 107.94, 46.20, 37.72, 31.87, 31.75, 31.17,
30.00, 29.66, 29.61, 29.48, 29.28, 26.19, 26.16, 22.66, 22.62, 14.10, 14.07.
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CeHi3

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione) (6).
2,5-Bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (5) (1.0 equiv., 2.0 g, 2.67
mmol) was dissolved in dry chloroform (200 mL) and the resulting solution was cooled in the ice-NaCl bath
to 0 °C and covered with an aluminum foil. NBS (2.2 equiv., 1.04 g, 5.87 mmol) dissolved in chloroform (10
mL) was added dropwise using dropping funnel over the course of 2.5 h. The resulting solution was stirred
at the room temperature in the dark overnight. The reaction was quenched by the slow addition of water
(100 mL) and the organic layer was collected. The aqueous phase was extracted with chloroform (2 x 100 mL)
and combined organic phases were washed with brine (2 x 100 mL), dried with MgSOs, and then filtered.
The solvent was removed in vacuo, and the resulting red solid was dispersed in MeOH, filtered and
recrystallized twice from cold ethanol. Yield: 2.2 g. (91%). "TH-NMR (400 MHz, CDCl): 6 8.61 (d, ] = 4.23Hz,
2H, Th-H), 7.21 (d, | = 4.23Hz, 2H, Th-H), 3.92 (d, ] = 7.73Hz, 4H, N-CH>-), 1.80-1.93 (m, 2H, -CH-), 1.09-1.45
(m, 48H, -CH>-), 1.09-1.45 (two overlapping triplets, | = 6.58Hz, | = 6.77Hz, 12H, -CHs). 3C-NMR (400 MHz,
CDCl): o 161.38, 139.39, 135.29, 131.41, 131.14, 118.94, 108.01, 46.32, 37.75, 31.88, 31.80, 31.75, 31.15, 29.97,
29.64, 29.49, 29.28, 27.73, 26.16, 22.67, 22.63, 14.12, 14.09.

: O~~~
/\/\/\
0

7

1,4-Bis(hexyloxy)benzene (7). A suspension of oven-dried K2COs (5.0 equiv., 31.38 g, 227.04 mmol),
potassium iodide (5 mol%, 0.376 g, 2.27 mmol) and 18-crown-6 (5 mol%, 0.6 g, 2.27 mmol) in dry DMF (100
mL) was degassed with an argon stream for 45 min at room temperature while stirring. Hydroquinone (1.0
equiv., 5.0 g, 45.40 mmol) in dry DMF (35 mL) was added dropwise over period of 20 min. After stirring at
room temperature for another hour 1-bromohexane (4.0 equiv., 29.98 g, 181.63 mmol) was added slowly and
the resulting dark green suspension was stirred for 48 h (TLC control) at 130 °C. The reaction mixture was
cooled to the room temperature, quenched with water (200 mL) and extracted with CHCls (2 x 50 mL), the
organic phase was washed with brine (3 x 30 mL), dried over MgSQOs, filtered, and concentrated in vacuum.
The residue was chromatographed on SiO: (n-hexane) and subsequently recrystallized from MeOH to afford
title compound as a white crystalline solid. Yield: 8.2 g. (62%). 'TH-NMR (400 MHz, CDCl): 6 6.81 (s, 4H, Ar-
H), 3.90 (t, ] = 6.49Hz, 4H, O-CH-), 1.71-1.78 (q, 4H, O-CH2-CH>-), 1.26-1.53 (m, 12H, -CH>-CH>-CH>-CHs),
0.97 (t, ] = 6.49Hz , 6H, -CHs). BC-NMR (400 MHz, CDCls):  153.18, 115.37, 68.64, 31.61, 29.37, 25.73, 22.60,
14.02.

145



Chapter 6

1,4-Bis(2-ethylhexyloxy)benzene (8). The preparation of (8) was carried out using the same
procedure as that for (7) from hydroquinone (1.0 equiv., 5.0 g, 45.40 mmol), K2CO:s (5.0 equiv., 31.38 g, 227.04
mmol), racemic 2-ethylhexylbromide (4.0 equiv., 35.07 g, 181.63 mmol), potassium iodide (5 mol%, 0.376 g,
2.27 mmol) and catalytic amount of 18-crown-6 (5 mol%, 0.6 g, 2.27 mmol) in dry DMF. The crude product
was purified by flash chromatography on silica gel, using n-hexane as the eluent resulting in colorless oil.
Yield: 0.18 g. (47%). 'H-NMR (400 MHz, CDCls): 8 6.81 (s, 4H, Ar-H), 3.77 (d, | = 5.86Hz, 4H, O-CH:-), 1.64-
1.75 (m, 2H, -CH-), 1.22-1.57 (m, 16H, -CH>), 0.85 (two overlapping triplets, ] = 7.08Hz, | = 6.69Hz, 12H, -CHs).
1BC-NMR (400 MHz, CDCls): & 152.39, 114.32, 70.17, 38.43, 29.50, 28.06, 22.82, 22.04, 13.06, 10.07.

Br O~~~
NN D[
0 Br

9

1,4-Dibromo-2,5-bis(hexyloxy)benzene (9). 1,4-Bis(hexyloxy)benzene (7) (1.0 equiv., 3 g 10.77
mmol) was dissolved in dry DCM (50 mL) and the resulting solution was cooled in the ice-NaCl bath to 0 °C
and covered with an aluminum foil. Bromine (2.5 equiv., 4.30 g, 1.38 mL, p = 3.10 g/cm? 26.93 mmol)
dissolved in DCM (10 mL) was added dropwise using dropping funnel over the course of 2.5 h. The
resulting solution was stirred in the dark overnight. The remaining bromine was quenched by the slow
addition of saturated Na:50s aq., and the organic layer was collected. The aqueous phase was extracted with
DCM (2 x 50 mL) and combined organic phases were washed with brine (2 x 100 mL), dried with MgSOs,
and then filtered. The solvent was removed in vacuo, and the resulting brown oily residue was purified by
flash chromatography using n-hexane as the eluent and subsequently recrystallized from MeOH to afford
title compound as a white crystalline solid. Yield: 4.2 g. (89%). '"H-NMR (400 MHz, CDCl): 6 7.08 (s, 2H, Ar-
H), 3.94 (t, ] = 6.23Hz, 4H, O-CH>-), 1.75-1.85 (q, 4H, O-CH2-CH>-), 1.30-1.52 (m, 12H, -CH>-CH>-CH>-CHs),
0.91 (t, ] = 4.93Hz, 6H, -CHs). 3C-NMR (400 MHz, CDCls):  150.06, 118.44, 111.11, 70.28, 31.47, 29.07, 25.59,
22.56, 14.04.

e

1,4-Dibromo-2,5-bis(2-ethylhexyloxy)benzene (10). The preparation of 10 was carried out using the
same procedure as that for 9 from 1,4-bis(2-ethylhexyloxy)benzene (8) (1.0 equiv., 2.4 g, 7.17 mmol) and
bromine (2.5 equiv., 2.86 g, 0.92 mL, p = 3.10 g/cm3, 17.93 mmol) in dry DCM. The crude product was

purified by flash chromatography on silica gel, using n-hexane as the eluent resulting in viscous colorless oil.
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Yield: 3.40 g. (96%)."H-NMR (400 MHz, CDCls): 6 7.07 (s, 4H, Ar-H), 3.82 (d, ] = 5.86Hz, 4H, O-CHz-), 1.69-
1.78 (m, 2H, -CH-), 1.26-1.59 (m, 16H, -CH>-), 0.86 (two overlapping triplets, | = 6.75Hz, | = 5.51Hz, 6H, -
CHs)). BC-NMR (400 MHz, CDCls): © 150.17, 118.18, 72.52, 39.43, 30.45, 29.03, 23.87, 23.02, 14.07, 11.15.

1,4-Dibromo-2,5-bis((S)-3,7-dimethyloctyloxy)benzene (11). Compound 11 was synthesized using
slightly modified synthetic procedure reported earlier.’” A mixture of 2,5-dibromobenzene-1,4-diol (1.0
equiv., 2.0 g, 7.46 mmol), K2COs (4.0 equiv., 4.12 g, 29.86 mmol) and (S)-1-bromo-3,7-dimethyloctane (4.0
equiv., 6.60 g, 29.86 mmol) (2) in 1-butan-2-one was heated under reflux for 24 h. An additional portion of
dry K2CO:s (2.0 equiv., 2.06 g, 14.93 mmol) was added and the resulting dark green suspension was refluxed
for another 12 h, cooled down to room temperature, filtered and the resulting yellow solution was
concentrated in vacuum. The resulting oily residue was poured in water (200 mL) and extracted with diethyl
ether (3 x 50 mL). The organic phase was washed with water (1 x 200 mL) and brine (2 x 100 mL), dried over
MgSQO,, filtered, and the solvent was evaporated in vacuum. The crude product was purified by flash
chromatography on SiO: using n-hexane and the mixture (3:97 (v/v)) DCM/n-hexane as the eluent and
subsequently recrystallized from cold ethanol. Yield: 0.6 g. (15%). 'H-NMR (400 MHz, CDCls): 6 7.08 (s, 2H,
Ar-H), 3.98-4.05 (m, 4H, O-CH>-), 1.75-1.92 (m, 2H, -CH-), 1.47-1.61 (m, 6H, -CH>-), 1.06-1.46 (m, 12H, -CH>-),
0.93 (d, ] = 6.54Hz, 6H, -CHs), 0.88 (d, ] = 6.63Hz, 12H, -CHs). *C-NMR (400 MHz, CDCls): d 150.06, 118.35,
111.07, 68.60, 39.20, 37.20, 36.03, 29.76, 27.97, 24.66, 22.70, 22.61, 19.69.

QL :
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2,2'-(2,5-Bis(hexyloxy)-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (12) was
synthesized using slightly modified synthetic procedure reported earlier.’% To a stirred solution of 1,4-
dibromo-2,5-bis(hexyloxy)benzene (1.0 equiv., 1.20 g, 2.75 mmol) (9) in dry tetrahydrofuran (THF) at 78 °C
was added dropwise n-BuLi (3.0 equiv., 3.3 mL, 8.25 mmol, 2.5 M solution in n-hexane). After being stirred
for 2 h the dark green solution was allowed to warm up to room temperature slowly and stirred for another
45 min. The resulting green suspension was cooled back to —78 °C and 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (3.0 equiv., 1.53 g, 1.68 mL, p = 0.912 g/cm?, 8.25 mmol) solution in dry THF (5 mL) was
added dropwise and the color of the reaction mixture turned into light yellow. The reaction mixture was
warmed gradually to room temperature and stirred overnight. Finally the resulting turbid solution was
poured into ice-cold water (100 mL) and extracted with diethyl ether (3 x 50 mL). The combined organic
phases were washed with brine (2 x 100 mL), dried over MgSOs, filtered, and the solvent was evaporated in
vacuum. The crude product was purified by flash chromatography on SiO:2 using n-hexane and the mixture
(3:97 (v/v)) triethylamine/n-hexane as the eluent and subsequently recrystallized from cold ethanol. Yield:
0.82 g. (56%). tH-NMR (400 MHz, CDCl): d 7.08 (s, 2H, Ar-H), 3.92 (t, ] = 6.30Hz, 4H, O-CH>-), 1.71-1.78 (q,
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4H, O-CH2-CH>-), 1.44-1.58 (m, 4H, O-CH2-CHa-CH>-),1.27-1.38 (m, 32H, -CH>-CH>-CHs and C-CHs), 0.89 (t,
= 6.84Hz, 6H, -CHs). ®C-NMR (400 MHz, CDCL): d 157.67, 119.89, 83.43, 69.75, 31.77, 29.63, 25.77, 24.86,
22.72,14.13.

2,2'-(2,5-Bis((S)-3,7-dimethyloctyloxy)-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)

(13). The preparation of (13) was carried out using the same procedure as that for (12) from 1,4-dibromo-2,5-
bis((S)-3,7-dimethyloctyloxy)benzene (11) (1.0 equiv., 1.1 g, 2.00 mmol), n-BuLi solution (3.0 equiv., 2.4 mL,
6.00 mmol, 2.5 M solution in n-hexane) and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.0 equiv.,
112 g, 1.22 mL, p=0.912 g/cm? 6.00 mmol) in dry THF. The crude product was purified by flash
chromatography on silica gel, using the mixture (5:95 (v/v)) triethylamine/n-hexane as the eluent and
subsequently recrystallized from the cold mixture (70:30 (v/v)) of methanol and ethanol. Yield: 0.52 g. (40%).
H-NMR (400 MHz, CDCls): 8 7.09 (s, 2H, Ar-H), 3.90-4.02 (m, 4H, O-CH>-), 1.71-1.88 (m, 2H, -CH-), 1.45-1.59
(m, 6H, -CH>-), 1.04-1.42 (m, 36H, -CH>- and -CHs of C-CHs), 0.91 (d, ] = 6.52Hz, 6H, -CHs), 0.86 (d, ] = 6.61Hz,
12H, -CHs). BC-NMR (400 MHz, CDCL): 6 157.65, 119.89, 83.43, 67.96, 39.38, 37.52, 36.69, 29.52, 27.99, 24.89,
24.85, 24.80, 22.72, 22.59, 19.59.

2,2'-(2,5-Bis(hexyloxy)-1,4-phenylene)dithiophene (14) was synthesized using slightly modified
synthetic procedure reported earlier.”® 1,4-Dibromo-2,5-bis(hexyloxy)benzene (9) (1.0 equiv., 1.2 g, 2.75
mmol) and commercial 2-(tributylstannyl)thiophene (3.0 equiv., 3.07 g, 8.25 mmol) were added to a round-
bottomed 50 mL flask capped by a three-way stopcock and purged by three vacuum-argon cycles. Dry
toluene (20 mL) was added and the reaction mixture was degassed by argon bubbling for another 25 min
while stirring at room temperature. Finally tetrakis(triphenylphosphine)palladium(0) (Pd[PPhs]4) (5 mol%,
0.158 g, 0.137 mmol) was added in one portion and the reaction mixture was heated to 120 °C for 24 h. The
reaction color changed from light yellow to light green. The reaction mixture was cooled down to room
temperature, filtered, remaining solid was washed with few portions of n-hexane and the filtrate was
concentrated in vacuo. The purification by column chromatography using n-hexane and the mixture of
EtOAc/n-hexane (3+5/97+95%) as the eluent and recrystalization from cold ethanol afforded the title
compound as a white crystalline solid. Yield: 0.52 g. (43%). "TH-NMR (400 MHz, CDCls): o 7.53 (dd, | =
3.73Hz, 1.05Hz, 2H, Th-H5), 7.33 (dd, ] = 5.10Hz, 1.05Hz, 2H, Th-H3), 7.25 (s, 2H, Ph-H), 7.09 (dd, ] = 5.10Hz,
3.69Hz, 2H, Th-H4), 4.06 (t, | = 6.54Hz, 4H, O-CH>-), 1.85-1.93 (m, 4H, O-CH>-CH>-), 1.45-1.57 (m, 4H, O-CHz-
CH:-CH:-), 0.91 (t, ] = 6.96Hz, 12H, -CHjs). 3C-NMR (400 MHz, CDCls): d 149.22, 139.28, 126.69, 125.63, 125.14,
122.95, 112.80, 69.71, 31.60, 29.38, 25.91, 22.59, 14.05.
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2,2'-(2,5-Bis(2-ethylhexyloxy)-1,4-phenylene)dithiophene (15). The preparation of (15) was carried
out using the same procedure as that for (14) from 1,4-dibromo-2,5-bis(2-ethylhexyloxy)benzene (1.0 equiv.,
1.0 g, 2.03 mmol) (10), commercial 2-(tributylstannyl)thiophene (3.0 equiv., 2.27 g, 6.09 mmol) and Pd[PPhs]s
(5 mol%, 0.117 g, 0.1 mmol) in dry toluene (25 mL). The purification by column chromatography using n-
hexane and the mixture of EtOAc/n-hexane (3+5/97+95%) as the eluent and recrystalization from cold ethanol
afforded the title compound as a white crystalline solid. Yield: 0.54 g (54%). "H-NMR (400 MHz, CDCls): d
7.52 (dd, ] =3.64Hz, 1.09Hz, 2H, Th-H5), 7.33 (dd, ] = 5.15Hz, 1.09Hz, 2H, Th-H3), 7.25 (s, 2H, Ph-H), 7.09 (dd,
J=5.12Hz, 3.66Hz, 2H, Th-H4), 3.97 (d, ] = 5.55Hz, 4H, O-CH>-), 1.78-1.88 (m, 2H, -CH-), 1.22-1.64 (m, 16H, -
CH:-), 0.87-0.96 (m, 12H, -CHs). ®*C-NMR (400 MHz, CDCls): & 149.33, 139.34, 126.65, 125.57, 125.22, 122.87,
112.67, 71.80, 39.63, 30.63, 29.13, 24.03, 23.05, 14.10, 11.19.

(5,5'-(2,5-Bis(hexyloxy)-1,4-phenylene)bis(thiophene-5,2-diyl))bis(trimethylstannane) (16) was
synthesized using slightly modified synthetic procedure reported earlier.®® To a stirred solution of 2,2'-(2,5-
bis(hexyloxy)-1,4-phenylene)dithiophene (14) (1.0 equiv., 1.42 g, 3.20 mmol) in dry tetrahydrofuran (THF) at
—78 °C was added dropwise n-BulLi (3.0 equiv., 3.85 mL, 9.62 mmol, 2.5 M solution in n-hexane). After being
stirred for 1.5 h the dark green solution was allowed to warm up to room temperature slowly and stirred for
another 30 min. The resulting green suspension was cooled back to -78 °C and chlorotrimethylstannane (3.0
equiv., 1.91 g, 9.62 mmol) solution in dry THF (10 mL) was added dropwise and the color of the reaction
mixture turned into light yellow. The reaction mixture was warmed gradually to room temperature and
stirred overnight. Finally the resulting clear solution was poured into ice-cold water (100 mL) and extracted
with diethyl ether (3 x 50 mL). The combined organic phases were washed with brine (2 x 100 mL), dried
over MgSO;, filtered, and the solvent was evaporated in vacuum. The crude product was purified by flash
chromatography on SiO: using n-hexane and the mixture (3:97 (v/v)) DCM/n-hexane as the eluent and
subsequently recrystallized from cold ethanol. Yield: 1.82 g. (74%)."H-NMR (400 MHz, CDCls): d 7.65 (d, ] =
3.48Hz, 2H, Th-H), 7.24 (s, 2H, Ph-H), 7.17 (d, ] = 3.48, 2H, Th-H), 4.07 (t, | = 6.41Hz, 4H, O-CH>-), 1.85-1.92
(m, 4H, O-CH>-CH>-), 1.48-1.61 (m, 4H, O-CH2-CH2-CH>-), 1.31-1.41(m, 8H, CH>-CH>-CH3), 0.91 (t, ] =7.02Hz,
6H, -CHs), 0.39 (s, 18H, Sn(CHs3)3). ®*C-NMR (400 MHz, CDCls): d 158.90, 155.08, 147.60, 144.78, 136.27, 132.67,
122.69, 79.35, 41.42, 39.18, 35.77, 32.38, 23.82, 1.46.
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(5,5'-(2,5-Bis(2-ethylhexyloxy)-1,4-phenylene)bis(thiophene-5,2-diyl))bis(trimethylstannane) (17).
The preparation of was carried out using the same procedure as that for 16) from 2,2'-(2,5-bis(2-
ethylhexyloxy)-1,4-phenylene)dithiophene (15) (1.0 equiv., 1.8 g, 3.6 mmol), #n-BuLi solution in n-hexane (3.0
equiv., 4.33 mL, 10.82 mmol, 2.5 M) and trimethyltin chloride (3.0 equiv., 2.15 g, 10.82 mmol) in dry THF.
The crude product was purified by flash chromatography on silica gel, using the mixture (3:97 (v/v))
triethylamine/n-hexane as the eluent and subsequently recrystallized from cold ethanol. Yield: 1.20 g. (40%).
H-NMR (400 MHz, CDCls): 6 7.63 (d, ] = 3.43Hz, 2H, Th-H), 7.24 (s, 2H, Ph-H), 7.17 (d, ] = 3.43Hz, 2H, Th-H),
3.96 (d, ] = 5.58Hz, 4H, O-CH>-), 1.76-1.88 (m, 2H, -CH-), 1.24-1.69 (m, 16H, -CH>-), 0.82-0.98 (m, 12H, -CH),
0.39 (s, 18H, Sn(CHs)s). BC-NMR (400 MHz, CDCls): d 159.25, 155.35, 147.80, 144.93, 136.51, 132.84, 122.67,
81.81, 49.74, 40.73, 39.21, 34.04, 33.10, 24.13, 21.30, 1.71.

POL1. This polymer was synthesized using similar synthetic procedure as reported earlier.!2 A
mixture of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) (4)
(1.0 equiv., 0.5 g, 0.55 mmol), 2,2'-(2,5-bis((S)-3,7-dimethyloctyloxy)-1,4-phenylene)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (13) (1.0 equiv., 0.354 g, 0.55 mmol), triphenylphosphine (10.94 mol%, 15.81 mg, 0.06
mmol), Aliquat 336 (1 mL) and toluene (3 mL) was degassed with an argon stream for 20 min in a Schlenk
tube flask. Then previously degassed demineralized water (2 mL) containing KsPOs (4.28 equiv., 0.5 g, 2.35
mmol) was added and the dark red reaction mixture was degassed with an argon stream for another 15 min.
Finally tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s) (4.48 mol%, 0.0226 g, 24.69 mmol) was added in
one portion and the reaction mixture was heated in the oil bath at 120 °C while vigorous stirring for 5 h after
which the crude dark green polymer was precipitated in methanol, stirred for 1 h under argon atmosphere
and filtered over Buchner funnel. The remaining solids were dissolved in chloroform (150 mL) and refluxed
with ammonia (85 mL, 25% solution in water) for 4 h. The organic phase was collected using separating
funnel and stirred with ethylenediaminetetraacetate (EDTA) (500 mg) for 1 h. The organic phase was washed
several times with water in order to remove residual EDTA, concentrated in vacuum and re-precipitated in
methanol. The remaining solid was transferred into a Soxlet thimble and was extracted with methanol,
acetone, n-hexane, DCM and finally with chloroform. The chloroform fraction was concentrated in vacuum
again, re-precipitated in methanol and filtered over Buchner funnel containing PTFE filter. The remaining
purified polymer was dried in the vacuum oven at 45 °C overnight resulting in a dark blue powder. '"H-NMR

spectrum is not available due to low solubility of this material.
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POL2. The preparation of POL2 was carried out using the same procedure as that for POL1 from 3,6-
bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) (4) (1.0 equiv., 0.38
g, 0.419 mmol), 2,2'-(2,5-bis(hexyloxy)-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (12) (1.0
equiv., 0.222 g, 0.419 mmol), triphenylphosphine (10.94 mol%, 12.02 mg, 0.045 mmol), KsPOs (4.28 equiv.,
0.38 g, 1.79 mmol), (Pdz(dba)s) (4.48 mol%, 17.18 mg, 0.0187 mmol), Aliquat 336 (1 mL) and toluene (3 mL)
except that the polymerization time was increased to 14 h. Dark blue powder. "H-NMR spectrum is not
available due to low solubility of this material.

POL3

POL3. This polymer was prepared by Stille polymerization. In an oven dried (140 °C for 3 hours)
Schlenk flask were placed 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione) (4) (1.0 equiv., 0.33 g, 0.363 mmol), (5,5'-(2,5-bis(thexyloxy)-1,4-phenylene)bis(thiophene-
5,2-diyl))bis(trimethylstannane) (16) (1.0 equiv., 279 mg, 0.363 mmol), tri(o-tolyl)phosphine (8.0 mol%, 8.86
mg, 29.10 pmol). The flask was closed and subjected to eight pump/argon purge cycles followed by addition
of dry toluene (4 mL) and DMF (1 mL). After another three pump/argon purge cycles (Pdz(dba)s) (2.0 mol%,
6.66 mg, 7.27 umol) was added in one portion and the sealed reaction mixture was stirred at 130 °C for 12 h.
After cooling to room temperature, the reaction mixture was precipitated into 200 mL of methanol and
stirred for 2 h under an argon atmosphere. The precipitated dark green fiber-like solid was filtered over
Buchner funnel equipped with PTFE filter. The remaining solid was transferred into a Soxlet thimble and
was extracted with methanol, acetone, n-hexane, DCM and finally with chloroform. The chloroform fraction
was concentrated in vacuum again, re-precipitated in methanol and filtered over Buchner funnel containing
PTFE filter. The remaining purified polymer was dried in the vacuum oven at 45 °C overnight resulting in

dark blue fibers. H-NMR spectrum is not available due to low solubility of this material.

POL4. The preparation of POL4 was carried out using the same procedure as that for POL3 from 3,6-
bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) (4) (1.0 equiv., 0.15
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g, 163.88 umol), (5,5'-(2,5-bis(2-ethylhexyloxy)-1,4-phenylene)bis(thiophene-5,2-diyl))bis(trimethylstannane)
(17) (1.0 equiv., 136.33 mg, 163.88 umol), tri(o-tolyl)phosphine (8.0 mol%, 4.02 mg, 13.23 pmol) and
(Pd2(dba)s) (2.0 mol%, 3.02 mg, 3.30 umol) in toluene (4 mL) and dry DMF (1 mL). The reaction time was 5 h.

Dark green fiber-like powder. 'H-NMR spectrum is not available due to low solubility of this material.
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Diketopyrrolopyrrole based molecular materials: synthesis, optical characterization, and
application in photovoltaics

Organic m-conjugated oligomers and polymers are versatile materials for
application in optoelectronics, e.g. photovoltaic cells. The electronic structure of the lower
excited states in these materials, which determine the optoelectronic properties, can be
controlled by distinct synthetic design. The strategy used throughout the thesis, consists of
design, modification, synthesis and optical characterization of well known
diketopyrrolopyrrole (DPP) and isodiketopyrrolopyrrole (iDPP) low molecular weight
materials and m-conjugated polymers.

Chapter 1 provides an overview of recent literature on DPP and iDPP-based
derivatives and their optoelectronic properties. It is evident that diketopyrrolopyrrole and
its modifications show unique properties making this molecule interesting target for our
studies.

Chapter 2 describes a series of new oligomers in which a DPP chromophore with
different alkyl substituents on the nitrogen atoms is linked to two conjugated
oligothiophene segments consisting of a varying number of rings (DPPxT). The influence
of the alkyl substituents and the length (71) of the oligothiophene on the nature of the lower
excited states of the molecular solid are investigated. Depending on the molecular
arrangement and excited state intermolecular interactions, the solids show either J or H-
aggregate like optical characteristics. The joint presence of ] and H bands is explained by
the presence of two molecules in the unit cell. The Davydov splitting is substantial for
molecules with linear alkyl substituents on the nitrogen atoms (on the order of 0.2 eV) but
can be reduced to almost zero by introducing branching at the f-carbon of the alkyl side
chain.

The following Chapter (3) describes a study on molecules that contain two identical
DPP chromophoric units connected via an aliphatic spacer of specific length attached to
the nitrogen atoms . The conformational freedom in the molecules allows for folding in the
excited state and formation of an excimer like excited state with significant charge transfer
(CT) character. The number of carbon atoms in the aliphatic spacer has a strong influence
on the kinetics of this process and the fastest folding time was observed for the molecules
with the shortest (Cs) spacer, following Hirayama’s rule. The excimer-like excited state in
the DPP-dimer molecules has a number of characteristics in common with intramolecular

exciplex states in covalently linked donor-acceptor molecules: polarity dependent

156



Summary

formation of the dimeric state and efficient intersystem crossing to the triplet state.
Because of the CT character in the subunits, pronounced charge transfer and strong
polarization may be expected in the intramolecular dimer state especially when the
pyrrolopyrrole ring system of one DPP unit stacks on top of a thiophene ring of the other
DPP unit.

Chapter 4 focuses on the strategy to synthesize new isomeric diketopyrrolopyrroles
(iDPP) linked to oligothiophenes of different length (iDPPxnT). In contrast to the DPPnTs
described in Chapter 2 that show bright fluorescence in solution, the new isomeric
iDPPnTs exhibit only very weak fluorescence. For solutions of iDPPnT molecules we find
that the lowest excited state of iDPPnT has symmetry properties ('A) different from that of
DPPnT ('B) and that the transition between the ground state and lowest excited singlet
state in iDPP molecules has negligible oscillator strength. This finding is corroborated by
quantum chemical calculations. Upon extending the oligothiophene moiety in the iDPPnT
molecules, the charge transfer character of the lowest excited state becomes more
pronounced. This tends to preclude higher fluorescence quantum yields even in extended
oligothiophene-iDPP systems.

Chapter 5 portrays organic solar cells based on four DPP-based small bandgap
small molecules. Linear and star-shaped molecules are synthesized using multistep
synthesis involving Kumada, Suzuki, and Stille cross coupling reactions in high yields.
The molecules were tested as electron donor in bulk heterojunction solar cells with
[60]PCBM or [70]PCBM as electron acceptor. The amount of the acceptor, type of solvent,
and co-solvent were optimized. Both linear and the trisubstituted benzene based star-like
molecules showed low power conversion efficiencies (PCEs) compared to the star-like
molecule based on triphenylamine due to a poor morphology of the active layers. The
morphology of the active layers containing the triphenylamine moiety can be tuned by the
addition of the co-solvent and the best photovoltaic devices based with [60]PCBM and
[70]PCBM exhibited power conversion efficiencies up to 3.3 and 3.2% using chloroform as
the processing solvent and 1,8-diiodooctane as the co-solvent under simulated standard
solar light conditions (AM1.5G, 100 mW/cm?).

Chapter 6 describes the synthesis of a new set of DPP-based small band gap
polymers using Suzuki and Stille cross coupling reactions in high yields and high
molecular weights. It is shown that the nature of the alkyl side chains has a major effect on
the solubility and processability of the polymers. The new small band gap polymers were
tested in bulk heterojunction solar cells with [60]PCBM and [70]PCBM. The effect of the
nature and the concentration of the co-solvent (1,8-diiodooctane or 1-chloronaphtlene) on

the correlation between the morphology of the active layer and the photovoltaic
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characteristics of the solar cells were studied in detail. The photovoltaic devices based on
one of the polymers with [70]JPCBM exhibited conversion efficiencies up to 4.8% using 1-
chloronaphthalene as the co-solvent under simulated standard solar light conditions
(AM1.5G, 100 mW/cm?).

Summarizing, the research described in this thesis has explored the synthesis,
optical, and photovoltaic properties of a variety of small molecule and polymeric
diketopyrrolopyrrole derivatives. These molecules and polymers generally feature
relatively small optical band gaps that make these materials suited for application as
absorber layer in organic solar cells. Several examples throughout the thesis demonstrate
how small changes in the molecular structure such as isomerization of the
diketopyrrolopyrrole ring, a different nature of the alkyl substituents, or the length of the
ni-conjugated segment linked to the diketopyrrolopyrrole can result in significant changes
in the optical and photophysical properties of the materials in the solution and in the solid
state. Likewise, for use in solar cells the formation of an optimized morphology with the
electron acceptor is found to be a subtle balance of molecular structure, choice of acceptor,
nature of the processing solvent and co-solvent and the deposition conditions. This
multitude of small changes that exert significant effects complicates the ab initio and
rational design of well performing materials for solar cells and provides a challenge

towards future research towards more efficient materials.
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Moleculaire materialen gebaseerd op diketopyrrolopyrrool: synthese, optische
karakterisatie, en toepassing in fotovoltaische cellen

Organische mt-geconjugeerde oligomeren en polymeren zijn veelzijdige materialen
met toepassing in bijvoorbeeld, fotovoltaische cellen. De elektronische structuur van de
laagste geéxciteerde toestanden in deze materialen, welke de foto-elektrische
eigenschappen bepalen, kan door gericht synthetisch ontwerp worden gecontroleerd. De
in dit proefschrift gebruikte strategie bestaat uit ontwerp, modificatie, synthese en
optische  karakterisatie ~van de bekende diketopyrrolopyrrool (DPP) en
isodiketopyrrolopyrrool (iDPP) gebaseerde kleine moleculen en m-geconjugeerde
polymeren.

Hoofdstuk 1 geeft een overzicht van de recente literatuur over zowel DPP als iDPP
gebaseerde materialen en hun foto-elektrische eigenschappen. Het is evident dat
diketopyrrolopyrrool unieke eigenschappen bezit die dit molecuul en haar modificaties
een interessant studieobject maakt.

Hoofdstuk 2 beschrijft een serie nieuwe oligomeren waarin het DPP chromofoor
met verschillende alkylstaarten aan het stikstofatoom gekoppeld wordt met twee
geconjugeerde oligothiofeen segmenten met een variérend aantal thiofeenringen (DPPnT).
De invloed van de alkyl substituenten en de lengte (1) van het oligothiofeen op de laagste
geéxciteerde toestanden van de vaste moleculaire stof worden onderzocht. Afhankelijk
van de moleculaire stapeling en de intermoleculaire interacties van de geéxciteerde
toestanden, laten de vaste stoffen de karakteristieke optische eigenschappen van ofwel J-
ofwel H-aggregatie zien. De gelijktijdige aanwezigheid van J- en H-banden wordt
verklaard door de aanwezigheid van twee molecule in de eenheidscel. De Davydov
splitsing is aanzienlijk voor moleculen met lineaire alkyl substituenten op de stikstof
atomen (in de orde van 0.2 eV) maar kan tot bijna nul worden gereduceerd door op de f3-
positie van de zijketen een vertakking te introduceren.

Het volgende hoofdstuk 3 beschrijf de studie naar moleculen met twee identieke
DPP chromoforen die verbonden zijn via een alkyl keten met vaste maar variable lengte
aan de stikstof atomen. De conformationele vrijheid in de alkyl keten geeft het molecuul
de mogelijkheid om dubbel te vouwen in aangeslagen toestand en een excimeerachtige
excitatie met significante ladingsoverdracht (CT) te vormen. Het aantal koolstofatomen in
de alifatische keten heeft een grote invloed op de kinetiek van dit proces. De snelste
vouwtijd werd waargenomen voor de kortste (Cs) linker, geheel in lijn met Hirayama’s

regel. De excimeerachtige aangeslagen toestand in de DPP dimeren hebben een aantal
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karakteristieken gemeen met intramoleculaire exciplex toestanden in covalent gebonden
donor-acceptor moleculen: polariteitafhankelijke formatie van de dimeertoestand en
efficiénte interne conversie van de singlet naar de triplet toestand. Vanwege het CT
karakter in de subeenheden kan sterke ladingsoverdracht en sterke polarisatie in de
intramoleculaire dimeertoestand worden verwacht, vooral als de pyrrolopyrroolring van
de ene DPP eenheid zich bovenop de thiofeenring van de andere DPP eenheid stapelt.

Hoofdstuk 4 focust op de strategie om nieuwe isomeren van diketopyrrolopyrrolen
(iDPP) synthetiseren en te koppelen aan oligothiopfenen met verschillende lengte
(iDPPnT). In tegenstelling tot de DPPnTs zoals beschreven in hoofdstuk 2, die intense
fluorescentie lieten zien in oplossing, laten de nieuwe isomere iDPPnTs enkel zwakke
fluorescentie zien. Voor oplossingen van iDPPnT moleculen ontdekken we dat de laagste
aangeslagen toestand van iDPPnT symmetrie-eigenschappen heeft (!A) die anders zijn dan
die in DPPnT ('B) en dat de overgang tussen de grondtoestand en de laagste aangeslagen
toestand in iDPP nauwelijks oscillatorkracht heeft. Deze bevinding is onderbouwd met
kwantummechanische berekeningen. Met het uitbreiden van de oligothifeen eenheid in de
iDPPnT moleculen wordt het ladingsoverdracht karakter van de laagste aangeslagen
toestand versterkt. Dit lijkt hogere kwantumefficiéntie voor fluorescentie zelfs voor
uitgebreide oligothiofeen-iDPP systemen uit te sluiten.

Hoofdstuk 5 toont organische zonnecellen met vier op DDP gebaseerde smalle
bandafstand lineaire en stervormige kleine moleculen, gesynthetiseerd via Kumada,
Suzuki en Stille koppelingsreacties met hoge efficiéntie. De moleculen werden getest als
elektron donor in bulk heterojunktie zonnecellen met [60]PCBM of [70]PCBM als elektron
acceptor. De hoeveelheid acceptor, type oplosmiddel en co-oplosmiddel werden
geoptimaliseerd. Zowel de lineaire als de trigesubstitueerde benzeen gebaseerde
stervormige moleculen lieten lage vermogenomzettingsefficiéntie zien (PCEs) in
vergelijking met de stervormige moleculen op basis van triphenylamine door een slechte
morfologie van de actieve lagen. De morfologie van de actieve lagen met dit molecuul kan
worden verbeterd door de toevoeging van co-oplosmiddelen en de beste fotovoltaische
cellen met [60]PCBM en [70]PCBM laten omzettingsefficiénties zien tot wel 3.25 en 3.16%
onder gesimuleerde zonlicht condities wanneer chloroform als oplosmiddel en 1,8-
diiodooctaan als co-oplosmiddel gebruikt wordt (AM1.5G, 100 mW/cm?).

Hoofdstuk 6 beschrijft de synthese van een nieuwe serie op DPP gebaseerde
polymeren met lage bandafstand, waarbij gebruik wordt gemaakt van Suzuki en Stille
koppelingsreacties met hoge opbrengst en hoge molgewichten. Er wordt aangetoond dat
het type alkyl zijstaart een grote invloed heeft op de oplosbaarheid en verwerkbaarheid

van de polymeren. De nieuwe lage bandafstand polymeren zijn getest in bulk
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hetereojunctie zonnecellen met [60]PCBM en [70]PCBM. Het effect van de soort- en
concentratie co-oplosmiddel (1,8-diiodooctaan of 1-chloronaftaleen) op de correlatie tussen
morfologie van de actieve laag en de fotovoltaische karakteristieken van de zonnecellen
zijn in detail bestudeerd. De fotovolaische cellen gebaseerd op één van de polymeren met
[70]PCBM als acceptor, liet een conversie-efficiéntie van 4.8% zien, met 1-chloronafthaleen
als co-oplosmiddel onder gesimuleerde standaard zonlicht condities (AM1.5G, 100
mW/cm?).

Samenvattend, het in dit proefschrift beschreven onderzoek verkent de synthese,
optische en fotovoltaische eigenschappen van een variéteit aan kleine moleculen en
polymeren afgeleid van diketopyrrolopyrrool. Deze moleculen en polymeren hebben over
het algemeen een lage bandafstand wat deze materialen geschikt maakt als absorptielaag
in organische zonnecellen. Verschillende voorbeelden in de loop van dit proefschrift laten
zien hoe kleine modificaties in de moleculaire structuur, zoals isomerizatie van de
ketopyrroolring, verschillende typen alkyl zijstaarten en de lengte van het o-
geconjugeerde segment dat verbonden is met de diketopyrrolopyrrool, tot significante
veranderingen in de optische en fotofysische eigenschappen van deze materialen kunnen
leiden zowel in oplossing als in de vaste fase. Hetzelfde geldt voor het gebruik in
zonnecellen, de vorming van een optimale morfologie met de elektronen acceptor blijkt
een subtiele balans tussen moleculaire structuur, keuze van de acceptor, type oplosmiddel
en co-oplosmiddel en de depositiecondities. Dit veelvoud van kleine veranderingen die
een significant effect hebben compliceert het ab initio en rationele design van goed
presterende materialen voor zonnecellen en biedt een uitdaging voor toekomstig

onderzoek naar efficiéntere materialen.
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