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Abstract 

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes are promising building 

blocks for the synthesis of NIR organic materials. Compared to other dye classes, 

these systems offer unique attractions such as excellent thermal/photochemical 

stability, intense absorption/emission profiles, negligible triplet-state formation, 

and small Stokes shifts. Their optoelectronic and semiconductor properties can be 

finely tuned via facile synthetic modifications on the dipyrromethene core.  

In this PhD thesis new organic NIR materials (both π-conjugated polymers and 

small molecules) based on α,β-unsubstituted meso-positioning thienyl BODIPY 

have been developed, and their optoelectronic properties and their performances 

when applied in organic light emitting diodes and organic solar cells have been 

characterized and evaluated.  

In more details, on the one hand donor-acceptor quarterthiophene-BODIPY 

polymers have been synthesized and the dependence of their optoelectronic, 

electrochemical and charge transporting properties of the resulting α,β-

unsubstituted meso-positioning thienyl BODIPY quaterthiophene-based polymers 

from the alkyl side chain position have been studied. Tail-to-tail (TT) positioning 

of the alkyl side chains at the two central thiophenes of the quaterthiophene 

segment results in lower Eg
opt

, higher energy levels and increased hole mobility as 

compared to head-to-head (HH) positioning. However, even though the 

synthesized polymers exhibit high electron affinity, higher even than that of the 

fullerene PC71BM, they present only p-type behavior in field effect transistors 

(FETs) independent of the alkyl side chain positioning. Furthermore, one of the 

synthesized copolymers containing a vinylene bond in the middle of the 

quarterthiophene segment exhibits a panchromatic absorption spectrum ranging 

from 300 nm to 1100 nm and an optical band gap around 1 eV, suitable for near 

infrared (NIR) organic photovoltaic applications as electron donor. Preliminary 

power conversion efficiency (PCE) in bulk heterojunction (BHJ) solar cells of 

1.1% in polymer:[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) [1:3 weight 

ratio] has been achieved, demonstrating very interesting and promising 

photovoltaic characteristics, such as good fill factor (FF) and open circuit voltage 

(Voc). 

On the other hand, BODIPY unit have been symmetrically conjugate with 

oligothienyls in a “metal-free” A-D-A (acceptor-donor-acceptor) oligomer emitting 

in the near-infrared (NIR) thanks to the delocalisation of the BODIPY low-lying 

lowest unoccupied molecular orbital (LUMO) over the oligothienyl moieties, as 

confirmed by density functional theory (DFT). A PL efficiency of 20% in the solid 



 
 

state (vs. 30% in dilute solutions) has been retained by incorporating such a dye in 

a wider gap polyfluorene matrix and demonstrate organic light-emitting diodes 

(OLEDs) emitting at 720 nm. We achieved external quantum efficiencies (EQEs) 

up to 1.1%, the highest value recorded so far by a “metal-free” NIR-OLED not 

intentionally benefitting from triplet-triplet annihilation. These results demonstrate 

for the first time the promise of A-D-A type dyes for NIR OLEDs applications 

thereby paving the way for further optimization. 
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Chapter 1 

 

1. Introduction  

Organic π-conjugated materials have attracted a tremendous academic and 

industrial interest in the last decades
1–4

. Thanks to their optoelectronic 

properties, nowadays these compounds are used as active material in several 

applications such as  organic field effect transistors (OFETs)
5–9

, organic light 

emitting devices (OLEDs)a
10–13

, organic photovoltaics (OPVs)
14–20

, bio-

imaging
21,22

, organic solid lasers
23

, and many others
24

. 

1.1 Near Infrared materials 

The infrared (IR) radiation is electromagnetic radiation with wavelength 

longer than those of visible light, but shorter than microwave. The bound 

between visible light and infrared radiation is not clearly defined. Generally 

we can consider the infrared radiation the one ranging between 700 nm and 

10 μm, and more specifically near infrared (NIR) region the one between 

700 nm and 2500 nm.  

 

1.1.1. Classes of NIR materials 

 

The characteristic features of the NIR materials are that they absorb, emit 

and generally interact with NIR light under external stimulation like 

electromagnetic field, photoexcitation and chemical reaction and they can be 

divided in two classes the inorganic and the organic materials. 

Among the inorganic compounds, semiconductor nanocrystals (NCs) of II-

IV, III-V and IV-VI group, like HgSe, HgTe, InAs, and PbX (X = S, Se, Te) 

NCs, are emerging as new promising class thanks to the easy production 
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process by colloidal synthetic methods in aqueous or organic solution and 

size-depending energy gap
25–27

. 

Metal-oxide films, like WO3, MoO3, TiO2, Ta2O5, and Nb2O5, are another 

class of inorganic NIR materials showing interesting properties like 

electrochromic behavior and, in reduced form, strong absorption in the NIR 

region
28

.  

As regards the organic materials, typical NIR absorbing/emitting compounds 

are π-conjugated chromophores, like polyenes and polymethines
29,30

, charge-

transfer chromophores, like cyanines
31,32

 and azo dyes
33,34

, metal complexes 

like porphyrines
35,36

 and donor-acceptor chromophores
37–39

. The energy gap 

and consequently the optoelectronic properties of these compounds can be 

controlled through several factors, like bond length alternation and donor-

acceptor charge transfer which will be discussed in the next section (1.2). 

 

1.1.2. Application of NIR materials 

 

The fluorescence, absorption, photoconductive, photosensitizing, 

photochromic and other properties of the NIR organic materials can find 

application in different military and civilian fields: military applications 

include target acquisition, surveillance, night vision, homing, and tracking, 

while civilian application include energy harvesting, bio-imagining, 

telecommunication
40,41

. NIR absorbing materials found application in 

different technological sectors: for example, they are used as pigmets in laser 

printers, but also as filter in plasma TV and photosensitizer in photodynamic 

therapy for treatment of  cancer
37,42

.  

 In the last decades researchers focused on the synthesis of new material and 

or new design of solar cells in order to boost the power conversion efficiency 

(PCE)
43,44

. One way it is to use NIR sensitizer since more than  50% of solar 

radiation falls in the NIR spectral region
45–47

: the use of ternary ink (NIR 
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sensitizer, donor polymer and fullerene) has demonstrated to improve of 

more than 30% the performance compared to the same device without 

sensitizer
48

. 

 

 

Figure  1. Solar energy distribution (Image courtesy of Heat Island Group, Lawrence 

Berkeley National Laboratory) 

 

NIR organic emitters are less available, but are receiving more attention for 

their potential application in optical communication, NIR emissive organic 

materials may find applications in night-vision target identification, 

information security display, and sensors
49

. 

As regards the bio imagining, NIR dyes show interesting feature like 

minimal interfering absorption and fluorescence from biological samples, 

inexpensive laser diode excitation, reduced scattering and enhanced tissue 

penetration depth
50,51

. Boppart et al.
52

 presented, for example, a new 

contrast-enhancing agent for tomography and more recently Li et al. 

presented a new imagining probe, emitting in the NIR region, for analysis in 

vivo.  
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1.2 Molecular design and energy gap engineering 

The optical and electronic properties of organic materials depend on the 

energy gap, which is the difference between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

Lowering the energy gap results in a red shift of absorption and emission 

spectra, therefore the engineering of HOMO-LUMO level is a key for low 

energy gap materials and several design factors, as intrinsic energy gap, 

conjugation length and donor-acceptor charge transfer should be considered. 

1.2.1 Intrinsic energy bandgap 

In polyene, like polyacetylene, electrons can be delocalized, if there are no 

defects, all along the chain, while in polyarylene there is a competition 

between the delocalization of electrons along the chain and confinement in 

the rings; the resonance energy, is a measure of this delocalization and of 

monomer stability. Moreover in polyarylene system there are two ground 

states, corresponding at two limiting mesomeric forms obtained by the flip of 

the double bonds, which are not energetically equivalent. While the aromatic 

form is energetically more stable, the quinoid form has a higher energy but a 

lower energy gap
53

. 

The intrinsic bandgap of an isolated conjugated polymer chain can be 

described by a combination of different energy contribution related to the 

bond length alternation (BLA), the resonance energy stabilization (RE), the 

torsional angle θ and the mesomeric or inductive effect of substituent (ER)
54

. 

                

If we consider polyacetylene, we can describe it as infinite chain of CH, with 

a completely filled valence band and it should behave as a conductive metal, 

but between the valence band and the conduction band there is a forbidden 

zone (the energy gap) originated by the alternation of short (double) bond 
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and long (single) bond and described by the so called Peierls instability
55

. 

The value of the energy gap so, can be correlated to the degree of BLA, Δr, 

defined as length difference between a double and a single bond: the larger 

the Δr, the higher it will be the energy gap. In polyaromatic compound Δr is 

defined as maximum difference between the length of a C-C bond inclined 

relative to the chain axis and a C-C bond parallel to the chain axis. 

Bredes
56,57

 studied the relationship between Δr and energy gap in 

polythiophene and from theoretical calculation they found how Δr tends to 

be more positive when the quinoid contributions to RE increase (Figure 2).  

 

Figure  2. Evolution of the bandgap Eg (eV) as a function of aromatic and quinoid 

character. (Reproduced by permission of Elsevier Science from J. L. Bredas, Synth. Meth. 

17,115 (1987). Copyright © 1987, Elsevier Science.) 

 

This concept results in the synthesis of polyisothianaphtene by Kobayashi et 

al.
58

. Polyisothianaphtene is a polythiophene derivate where all thiophenes 

are fused with a benzene ring through β-β’ thiophene bond: the benzene 

rings stabilize the quionoid contributions and the energy gap decreases from 

2.2 eV in polythiophene to 1.0 eV in polyisothianaphtene
59

. 
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Furthermore, the presence of heteroatoms in aromatic ring systems can 

considerably influence the electronic properties. The effect of such a 

substitution on the relative stability of aromatic ring systems can be 

evaluated by the resonance energy per electron (REPE). Table 1 shows the 

decrease of the energy gap upon decreasing the value of REPE. This means 

that decreasing the aromaticity of the polymer leads to lowering of the band 

gap it will be
60,61

. 

 

Table 1. Resonance Energy (RE) and resonance energy per electron (REPE) values for 

various heterocyclic and the energies gap (eV) of corresponding polymers. 

 

Not less important  is  the linearity of polymer chains for the delocalization 

of electrons along the π-system. Bredas et al. calculated
62

, on theoretical 

level, the correlation between the energy gap and the torsional angle and 

found out that increasing the dihedral angle θ from 0° to 90° leads to an 

increase of the energy gap from a minimum value to a maximum, because of 

the cosθ dependence of π-orbital overlap. These results were confirmed also 

by Cui and Kertsets
63

 studying polythiophene: the bandgap is maximum, 4.5 

eV, with θ = 90°, corresponding to no π-electron interaction between 

neighboring ring systems, and a further increase, from 90° to 180° results in 

a decrease of the bandgap; at 180°, in trans-coplanar conformation, the 

theoretical value of Eg is 1.7 eV.  

Substituents play also a fundamental role in the bandgap engineering and 

their introduction is a direct way to modify the HOMO and LUMO energy 

levels and to fine tune the energy band gap. 

Compound RE (β) REPE (β) Eg (eV) 

Benzene 0.390 0.065 3.4 

Pyrrole 0.233 0.039 3.1 

Thiophene 0.193 0.032 2.1 

Isothianaphtene 0.247 0.025 1.1 



1. Introduction 

 

_______________________________________________________________________________ 
7 

 

Electron-withdrawing groups, such as nitro, carboxy or cyano and electron-

donating groups such as alkyl, alkoxy or alkylsulfanyl have a mesomeric 

and/or inductive effect which stabilize the energy level and reduce the Eg. 

The electron-withdrawing substituents down-shift the LUMO and HOMO 

energy levels versus vacuum (the down-shift of the LUMO is usually more 

than that of the HOMO), while electron-donating substituents upshift the 

LUMO and HOMO energy levels (the up-shift of the HOMO is usually more 

than that of the LUMO)
64

. For example the introduction of an electron-

withdrawing group such as a cyano in the vinylene linkage in 

poly(thienylenevinylene) results in a decrease of LUMO level due to the 

inductive effect (-I) of cyano group and a general reduction of energy gap 

(from 1.80 eV to 0.60 eV)
65

. 

We can say that all of the factors leading to a decrease in π-delocalization 

across the polymer backbone will result in an increasing in the bandgap and 

vice versa. 

 

1.2.2 Effect of conjugation length and aggregation 

The extension of conjugation length in conjugated systems results in a 

decrease, to some extent, of the energy gap. The conjugation can be 

increased in a linear 1-dimensional elongation by linking covalently or 

fusing π-conjugated units, like, for example, in polythiophene
66

, poly(para-

phenylene)
67

 and rylenediimides oligomers
68

. 

Theoretical calculations clearly show how adding thiophene units decrease 

the energy gap and, for the rylenediimides, the increase of the degree of 

annulation by going from perylenediimide to hexarylenediimide leads to a 

gradual bathochromic shift of the absorption maximum, with an energy gap 

going form 2.15 eV to 1.25 eV.  
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Anyway the energy gap of a conjugated system can be lowered by increasing 

π-conjugation only until a limit point, since the whole system is governed by 

the effective conjugation length
69

.  

Inter-molecular effects and aggregation in solid state also play an important 

role on influencing the energy gap: strong interaction and formation of H- 

and J- aggregates influence the optoelectronic characteristic such as 

absorption and charge mobility
70–72

. 

 

1.2.3 Donor-Acceptor Approach 

A different approach for tuning the energy levels is the use of alternating 

donor-like (electron donating) and acceptor-like (electron withdrawing) 

monomers
73,74

. In these systems, called push-pull, the hybridization of 

energy levels of donor and acceptor increases the HOMO level so that it 

becomes higher than the one of donor and decreases the LUMO lower than 

that of the acceptor (Figure 3): the results is a small HOMO-LUMO gap.  
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Figure  3. Hybridization of frontier molecular orbitals (HOMO and LUMO) of donor and 

acceptor units to yield a low bandgap  D–A monomer unit. 

 

Depending on the strength of the donor and acceptor monomer, the energy 

gap can be fine-tuned: in order to get close HOMO LUMO levels, strong 

acceptor, such as benzothiadiazole and benzobisthiadiazole, and strong 

donor, such as thienothiophene and benzodithiophene can be used. An 

important role plays also the spacer linking the donor and acceptor, which 

can influence the hybridization and as consequence the energy gap
75

. 

 

1.3 BODIPY dyes 

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene dyes, more commonly known as 

BODIPY dyes, have been long since recognized for their excellent optical 

properties such as high absorption coefficients, high fluorescence quantum 
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yields, and remarkable photostability
76

. Discovered for the first time in 1968 

by Treibs and Kreuz
77

, BODIPY dyes are of wide importance and have a 

broad use as laser dyes in biological sensing, organic electronic, and other 

possible applications
78–87

. Additionally, straightforward chemical synthesis 

and structural robustness have enabled fine tuning of optical properties of 

BODIPY dyes via systematic structural variations
78,83

. The absorption and 

fluorescence properties depend on the position of substitution (Figure 4), 

where addition of an electron donating substituent to position 8 does not 

cause a substantial change of the photophysical behaviour
88

, but bulky 

electron donating groups in positions 2 and 6 cause a large red shift in the 

absorbance and fluorescence. The effect of an electron withdrawing group is 

different, with a red shift of the absorbance and fluorescence with addition of 

the electron withdrawing unit, like a cyano group, to position 8. Addition of 

a cyano group to positions 2 and 6 causes a smaller change of absorbance 

and fluorescence wavelength, but it may have a large effect on the 

fluorescence quantum yield. The presence of bromine atoms in positions 2 

and 6 also does not have a substantial effect on the absorbance and 

fluorescence wavelength
89

. Formation of conjugated systems via positions 2 

and 6 also has an effect on the photophysical properties of the BODIPY 

dyes, showing red-shifted behavior with an increasing degree of 

conjugation
90,91

. BODIPY compounds blocked by alkyl or aromatic groups 

show one-electron Nernstian reduction and oxidation waves for the first 

electron transfer, where the chemical reversibility depends on the character 

of substitution
92,93

. The stability of anion radicals depends on substitution in 

position 8, which is subject to nucleophilic attack, while the cation radicals 

are stabilized by substitution at the 2 and 6 positions, preventing 

electrophilic attack. Conjugated polymers with on chain BODIPY as well as 

the corresponding 4-bora-3a,4a,8-triazaindacene core (Aza-BODIPY) can 

potentially extend the absorption into the deep-red regions of the visible 
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spectrum and, in some cases, are excellent near-infrared emitters. Aza-

BODIPY dyes (Figure 4) contain a nitrogen in the meso (8) position which 

appears to reduce the HOMO-LUMO energy gap relative to BODIPY dyes 

bearing similar substituents. The relatively high extinction coefficients of 

these polymers combined with their photostability make them attractive 

candidates for various optoelectronic applications 

 

 

Figure  4. General Chemical Structure of BODIPY and Aza-BODIPY . 

 

As outlined before, in recent years, researchers have showed great interest in 

low band gap (LBG) organic materials that absorb into the near-infrared 

(NIR). Even though semiconducting polymers with ultra LBGs have been 

synthesized before, the design and synthesis of materials with good 

photoresponse beyond 900 nm and an appreciable PCE in polymer:fullerene 

solar cells is still a challenge. The key for the design of this polymer is the 

precise energy level control. The fine tune of energy band gap can be 

obtained with the donor-acceptor (D-A) approach or the stabilization of 

aromatic-quinoid structure. D-A approach is the most common tool to 

synthesize NIR conjugated polymers due to the great amount of functional 

electron rich and electron deficient building blocks. In order to develop ultra 

LBG D-A polymers, usually strong electron  rich units, like  pyrrole, 

thiophene, ethylenedioxythiophene (EDOT), or bridged bithiophene 

derivatives and strong electron deficient building blocks, like 

benzobisthiadiazole, diketopyrrolopyrrole dyes, pyrazinoquinoxaline 
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derivatives, thiadiazoloquinoxaline derivatives, thienoisoindigo, 

emeraldicene, or tetraazabenzodifluoranthenediimide are used.  

BODIPY small molecules have been recently employed as p-type or donor 

materials in conjunction with PCBM in bulk heterojunction (BHJ) solar cells 

thanks to the large extinction coefficients, intense absorption spectra that 

extend into the red region of the visible spectrum, and decent hole mobility. 

Also BODIPY-based conjugated polymers have been used in different 

applications, such as near- IR emitters, light harvesting and OPVs, but only 

few examples of ultra LBG conjugated polymers (Eg < 1.4-1.5 eV) with 

BODIPY core have been presented. Actually, Algi and Cihaner designed and 

synthesized a BODIPY-based polymer for electrochromic applications. In 

their study, a 1,3,5,7-tetramethyl substituted BODIPY derivative was used as 

an acceptor unit, featuring a non-planar repeating unit and distorted 

conjugation between EDOT (strong electron rich) and BODIPY (electron 

deficient) units due to the steric effect of the methyl groups. To avoid the 

steric effect of the methyl groups, Vobecka et al.
94

 and Samuel et al.
95

 have 

synthesized a BODIPY core with halogens at 3- and 5- positions (α-

positions) and effectively synthesized an EDOT-BODIPY-EDOT conjugated 

polymer both with electro-polymerization and Stille cross coupling 

polymerization, respectively. However, the resulting copolymers are kinked 

because the linearity of the polymer was lost. Very recently, Stoddart et al
96

. 

succeeded to synthesize the first ultra LBG DAD type α,β-unsubstituted 

BODIPY-based copolymer using EDOT as the electron rich (D) unit by 

electro-polymerization which displays electrochromic behavior.  

During the PhD thesis, new LBG conjugated polymers and small molecules 

based on α,β-unsubstituted BODIPY core monomers have been designed and 

effectively synthesized by conventional cross coupling reaction such as Stille 

and/or Suzuki coupling. 
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Chapter 2 

 

2. BODIPY Polymers  

 

2.1 Cross-coupling reactions for the synthesis of BODIPY-based 

polymers and small molecules 

The structure of BODIPY is commonly described as being a 

boradiazaindacene by analogy with the all-carbon tricyclic ring, but can be 

also regarded as a cross-conjugated cyanine. The starting point for the 

synthesis of symmetric (Scheme 1) and asymmetric (Scheme 2) BODIPY 

unit is the condensation reaction between a highly electrophilic carbonyl 

compound like an aldehyde and pyrrole, forming a bridge between two 

pyrrole, followed by oxidation with p-chloranil or dichloro-dicyano-quinone 

(DDQ) and complexation with boron trifluoride diethyletherate catalyzed by 

a base (usually a tertiary amine). 

 
Scheme 1. Synthetic pathway for symmetric BODIPY. 
 

 
Scheme 2. Synthetic procedure for asymmetric BODIPY. 
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The BODIPY and aza-BODIPY can be easily modified introducing halogen 

atom with electrophilic substitution reactions (introduce halogen mainly in 2 

and 6 positions) (Scheme 3) or using halogenated dipyrromethene precursors 

(Scheme 4). 

 
Scheme 3. Halogenation of BODIPY core by electrophilic substitution. 
 

 
Scheme 4. Halogenation of BODIPY starting from halogenated precursors. 

 

The halogenation of BODIPY in α or β positions open many possibilities not 

only in the field of small molecule semiconductors
38

, but also in the 

polymers one. The halogenated BODIPYs will be suitable to undergo nickel-

catalyzed cross coupling polymerization reaction such as Yamamoto 

coupling as well as palladium-catalyzed cross coupling reactions, like 

Sonogashira, Heck, Stille or Suzuki coupling (Scheme 5)
97

, facilitating the 

extension of π-conjugation length and building more complex structures. 

 
Scheme 5. Nickel and Palladium-catalyzed cross coupling reaction suitable for 

halogenated BODIPY core. 
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In this chapter, the synthesis and the optoelectronic characterization of novel 

ultra LBG polymers consisting of α,β-unsubstituted meso positioning 

BODIPY as building block are presented (Figure 5).  

 
 

Figure 5. α,β-unsubstituted meso positioning BODIPY-based polymers. 

 

2.2 Results and discussion 

2.2.1. Theoretical calculations  

The development of BODIPY-based organic semiconductors and especially 

those of the α,β-unsubstituted forms has so far lagged behind that of other π-

deficient units, mainly because of stability issues during the synthesis. 

However, thanks to a recently developed synthetic protocol
37

, a stable α,β-

unsubstituted BODIPY functionalized solely on the meso position with a 

thienyl group has been successfully synthesized (Scheme 8) and integrated 

into more complex structures. The structural and electronic properties of the 

recently developed building block along with its structural analogues 

containing dimethyl substituents at the α-positions and tetramethyl 

substituents at the α,β-positions were determined via quantum chemical 

density functional theory (DFT) calculations utilizing the B3LYP/6-
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311G(d,p) as the model basis set and the results are presented in Figure 6. As 

shown in Figure 6, on the one hand the π-electron density of the highest 

occupied molecular orbital energy level (EHOMO) of all the three studied 

BODIPY monomers is found to be delocalized only on the dipyrromethene 

core (without the participation of the N-B(F2)-N sequence) along with the 

methyl groups in the case of the α-substituted meso-positioning thienyl 

BODIPY and the α,β-substituted meso-positioning thienyl BODIPY. On the 

other hand, the π-electron density of the lowest unoccupied molecular orbital 

energy level (ELUMO) is not only distributed throughout the boron-

dipyrromethene core but is also found to be extended towards the meso-

thienyl unit as the methyl substitution decreases. In addition, it is evident that 

as the number of the methyl substituents decreases both the EHOMO and 

ELUMO levels are downshifted vs vacuum due to the elimination of the σ-

inductive effect of the methyl groups, but no significant variation is detected 

on the calculated EHOMO-ELUMO gap. Furthermore, the subsequent exclusion 

of the methyl substituents from the α- and β-positions leads to the reduction 

of the dihedral angle between the boron dipyrromethene core and the meso-

thienyl unit from 89.8
o
 for the α,β-substituted meso-positioning thienyl 

BODIPY to 50.7
o
 for the α-substituted meso-positioning thienyl BODIPY 

and finally to 47.3
o
 for the α,β-unsubstituted meso-positioning thienyl 

BODIPY. The reduction of the dihedral angle, especially in the α,β-

unsubstituted meso-positioning thienyl BODIPY, could contribute to the 

efficient π-π stacking and C-H
…
π interactions when this building block 

would be integrated into π-conjugated polymer backbones. 
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Figure 6. Calculated frontier molecular orbital (EHOMO/ELUMO) levels, molecular dipole 

moments (μ), dihedral angles between the boron dipyrromethene core with the meso-

thienyl ring and pictorial representations of the model monomers α,β-unsubstituted meso-

positioning thienyl BODIPY, α-substituted meso-positioning thienyl BODIPY and the 

α,β-substituted meso-positioning thienyl BODIPY (B3LYP/6-311G(d,p) level of theory). 

 

The dipole moment (μ) of the α,β-unsubstituted meso-positioning thienyl 

BODIPY (6.54 D) is higher than those of the α-substituted BODIPY (4.86 

D) and the α,β-substituted BODIPY (5.07 D). The μ of the α,β-unsubstituted 

meso-positioning thienyl BODIPY (6.54 D) is higher than that of the α,β-

substituted BODIPY (5.07 D) due to the absence of the methyl groups that 

decrease the electron affinity of the BODIPY core through their σ-inductive 

effect. In addition, the symmetric α,β-unsubstituted and α,β-substituted 

meso-positioning thienyl BODIPY monomers present higher μ than the 

asymmetric α-substituted BODIPY (4.86 D). Therefore, the higher μ value of 

the α,β-unsubstituted meso-positioning thienyl BODIPY is expected to 

enhance the backbone-ordering and as a consequence the crystallinity of the 
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corresponding π-conjugated polymer thin films as a result of strong dipolar 

interactions
52

.  

 

2.2.2. Synthesis of α,β-unsubstituted meso positioning BODIPY 

precursors   

The easiest way to synthesize α,β-unsubstituted BODIPY dyes is the 

combination of aldehydes and pyrrole under neat conditions. The aldehyde 

can be dissolved in excess pyrrole at room temperature, and the 

dipyrromethane intermediate (the reduced form of the dipyrromethene) is 

formed and isolated. The BODIPY core can then be obtained after oxidation 

and complexation with boron. During the PhD thesis, 5-octylthiophene-2-

carbaldehyde has been chosen as the aldehyde, and upon condensation with 

pyrrole, catalyzed by few drops of trifluoroacetic acid, the resulting 2,2'-((5-

octylthiophen-2-yl)methylene)bis(1H-pyrrole) (1) is obtained (Scheme 6).  

  
Scheme 6. Synthesis of  2'-((5-octylthiophen-2-yl)methylene)bis(1H-pyrrole). 

 

We decided to choose alkylthiophene-carbaldehyde in order to have the 

formation of a functional BODIPY building block (3) with a 2D extension 

for the development of a series of BODIPY based copolymers soluble in 

common organic solvents. Treatment of monomer 1 with the strong oxidant 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), then 

diisopropylethylamine (Hünig’s base) and finally with trifluoroborane 

dietherate [BF3O(Et)2] provided the corresponding borondipyrromethene 

monomer 2 (Scheme 7). 
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Scheme 7. Synthesis of  8-octylthiophene  BODIPY. 

  

New protocols to introduce bromine in 2- and-6 positions on the 

unsubstituted BODIPY core has been presented in the literature by 

Shinokubo et al.
98

 and Zhang et al.
99

 In our case, the targeted dibromo 

borondipyrromethene monomer 3 is synthesized upon bromination with N-

bromosuccinimide (NBS) using dimethylformamide (DMF):methylene 

chloride (CH2Cl2) 1:1 as the solvent mixture similar to the conditions 

presented by Stoddart et al.
96

 (Scheme 8). 

 
Scheme 8. Synthesis of 2,6-dibromo-8-octylthiophene  BODIPY. 
 

Then, Stille cross coupling reaction between monomer 3 and the commercial 

avaible 2-(tributylstannyl)thiophene using as catalyst 

tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3] and tri-o-

tolylphosphine [P(o-Tol)3] in inert atmosphere and dry toluene provide 

monomer 4 (Scheme 9). The purified monomer 4 then was brominated, 

following a classical protocol, with NBS in DMF, in order to provide the 

functional monomer 5 (Scheme 9). 
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Scheme 9. Synthesis of monomer 5. 

 

2.2.3  Synthesis of polymers 

2.2.3.1 Synthesis of TBDPTV 

TBDPTV was synthesiszed through Stille cross-coupling polymerization 

using 1:1 monomer feed ratios (Scheme 10). A solution of the commercially 

available (E)-1,2-bis(3-dodecyl-5-(trimethylstannyl)thiophen-2-yl)ethene 

and the dibromo borondipyrromethene monomer 3 were combined in dry 

deoxygenated toluene in the presence of Pd2(dba)3 (5 mol%) and P(o-Tol)3 

(40 mol%) and the mixture was heated to ca. 120°C for 48 h to provide the 

desired crude polymer. Purification was achieved by Soxhlet extraction with 

methanol (200 mL, 1 d), hexane (200 mL, 1 d) and chloroform (200 mL, 1 

d). The chloroform fraction was then concentrated under reduced pressure, 

precipitated in methanol, filtered and dried in vacuum. Polymer TBDPTV is 

readily soluble in chloroform, chlorobenzene and o-dichlorobenzene (o-

DCB). The typical molecular weight characteristics of TBDPTV were 

estimated by GPC and are presented in Table 2. 
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Scheme 10. Synthesis of TBDPTV. 

 

2.2.3.2 Synthesis of BODIPY-qTo and BODIPY-qTi and CB06 

Stille coupling mediated polymerisation ([Pd2(dba)3] (2 mol %), [P(o-tol)3] 

(4 mol %) in toluene at ca. 120 °C for 48 h) was used to combine the 

BODIPY precursor 5 (Figure 6) with readily available (3,3'-didodecyl-2,2'-

bithiophene-5,5'-diyl)bis(trimethylstannane)
 

or (4,4'-didodecyl-2,2'-

bithiophene-5,5'-diyl)bis(trimethylstannane) or (E)-1,2- bis(3-dodecyl-5-

(trimethylstannyl)thiophen-2-yl)ethene to provide the polymers BODIPY-

qTo, BODIPY-qTi and CB06, respectively (Scheme 11).  

 

 

Scheme 11. Synthesis of polymers BODIPY-qTo, BODIPY-qTi and CB06. 
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The crude polymers as received from the reaction mixtures were purified by 

successive Soxhlet extractions and they were collected by precipitation from 

the chloroform (CF) fraction (BODIPY-qTo) and chlorobenzene (CB) 

fraction (BODIPY-qTi, CB06). The resulting polymers are soluble in 

chloroform, chlorobenzene and o-dichlorobenzene (o-DCB). The average 

molecular weights   
̅̅ ̅̅ ,   

̅̅ ̅̅  and the polydispersity (Đ) of the polymers were 

measured by GPC based on monodispersed polystyrene standards at high 

temperature (150 °C) with 1,2-dichlorobenzene (DCB) as eluent for 

BODIPY-qTo and BODIPY-qTi, while the GPC analysis for CB06 was 

performed at 30°C using chloroform as eluent (Table 2). Both BODIPY-qTo 

and BODIPY-qTi show monomodal GPC profiles with no appearance of 

residual monomers or oligomer chains. BODIPY-qTo exhibits   
̅̅ ̅̅  of 72000 

g/mol, with Đ of 1.57, which is significantly higher than that of BODIPY-

qTi (  
̅̅ ̅̅  = 22400 g/mol, with Đ = 1.74). Since that BODIPY-qTi is received 

from the CB fraction it seems that anchoring the didodecyl side chains on the 

i-positions prevent the easy solubility of the polymer chains in common 

organic solvents, which could explain the lower   
̅̅ ̅̅  of BODIPY-qTi.   

 

Table 2.  Molecular Characteristics of TBDPTV, BODIPY-qTo, BODIPY-qTi and CB06. 

Polymer Mn (g/mol) Mw (g/mol) Đ 
Polymerization 

Degree 

TBDPTV 13700 70300 5.1 15 

BODIPY-qTo 72000 113000 1.6 69 

BODIPY-qTi 22400 40000 1.7 21 

CB06 4500 10800 2.4 4 
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2.2.4 Electrochemical Characterization 

The energy levels of TBDPTV have been determined with  both cyclic 

voltammetry (CV) and atmospheric pressure photoelectron spectroscopy 

(AAPPS) (Figures 7 and 8).  

 
Figure  7. Cyclic voltammogram of TBDPTV in chloroform (containing 0.1 M 

tetrabutylammonium perchlorate). 

 

 
Figure  8. HOMO energy level of TBDPTV estimated by atmospheric pressure 

photoelectron spectroscopy. 

 

The reduction and oxidation versus saturated calomel electrode (SCE) of 

TBDPTV are, respectively,  at -0.68 V and 0.46 V (Figure 7). The resulting 
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HOMO (EHOMO) and LUMO (ELUMO) energy levels as calculated  from the 

equations EHOMO = -(4.7 + Eonset
ox

) eV and ELUMO = -(4.7 + Eonset
red

) eV are -

5.16 eV and -4.02 eV vs. vacuum, respectively. The electrochemical 

bandgap (Eg
CV

) of 1.14 eV is in excellent agreement with the Eg
opt

 (Table 3 at 

page 27). The HOMO level as calculated by AAPPS is situated at -5.29 eV, 

slightly different from the one obtained by cyclic voltammetry. 

Also for BODIPY-qTi and BODIPY-qTo, cyclic voltammetry has been 

performed (Figure 9). Both BODIPY-qTi and BODIPY-qTo exhibit 

reversible oxidation and reduction peaks. It is demonstrated that the 

oxidation and reduction potentials of the polymers are alkyl side chain 

positioning dependent.  

 
 

Figure 9. BODIPY-qTi, BODIPY-qTo and PC71BM cyclic voltammetry graphs during 

oxidation (left) and reduction (right). 
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BODIPY-qTi and BODIPY-qTo present oxidation/reduction potentials at 

0.62 V/-0.63 V vs saturated calomel electrode (SCE) the former and at 0.69 

V/-0.61 V vs SCE the latter. These lead to EHOMO/ELUMO levels at -5.32 eV/-

4.07 eV for the BODIPY-qTi and at -5.39 eV/-4.09 eV for the BODIPY-qTo 

vs vacuum resulting to very low Eg
CV

 of 1.25 eV for the BODIPY-qTi and of 

1.30 eV for the BODIPY-qTo. The obtained Eg
CV 

of the polymers are 

increased by 0.05 eV than their corresponding Eg
opt

 (Table 3) in agreement 

with recently reported results on other polymer systems
100

. It is obvious that 

when the didodecyl side chains are anchored onto the tail-to-tail (TT) 

positioning both the EHOMO/ELUMO levels are upshifted as compared to 

BODIPY-qTo. A tentative explanation for the lower lying EHOMO/ELUMO 

levels of BODIPY-qTo can be attributed to the steric constraints that prevent 

planarity of the quaterthiophene segment when the didodecyl alkyl chains of 

the two central thiophene units are anchored in the head-to-head (HH) 

positioning. For comparison the reduction potentials of the well-known 

organic semiconductor fullerene derivative [6,6]-phenyl-C71-butyric acid 

methylester (PC71BM) with strong electron withdrawing characteristics have 

also been determined by CV. PC71BM presents three reversible reduction 

peaks at -0.68 V, -1.06 V and -1.56 V vs SCE that are attributed to ELUMO (-

4.02 eV), ELUMO+1 (-3.64 eV) and ELUMO+2 (-3.14 eV), respectively. These 

results show that the ELUMO levels of BODIPYqTi and BODIPY-qTo are 

lying lower by 0.05 eV (BODIPY-qTi) and 0.07 eV (BODIPY-qTo) as 

compared to PC71BM. The combined low ELUMO levels and small bandgaps 

(Eg
CV

 and Eg
opt

) are indicative of the highly electron-deficient and π-

conjugated nature of the α,β-unsubstituted meso-positioning thienyl 

BODIPY. These are among the lowest ELUMO levels reported to date for a 

semiconducting polymer comparable to those of the 2,2′-(bisindenofluorene-

12,15-diylidene) dimalononitrile-based quaterthiophenes
101,102

 and 
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approaching those of air-stable n-channel core-cyanated perylene-, 

anthracene- and naphthalene-based small molecule semiconductors
103–105

. 

Figure 10 show the predicted EHOMO and ELUMO levels as well as the 

distribution of the frontier molecular orbitals of the BODIPY-qTi and 

BODIPY-qTo. 

 
Figure 10. Schematic illustration of the calculated frontier molecular orbital EHOMO 

(orange band) and ELUMO (blue band) levels variation and pictorial representations of the 

trimer model compounds BODIPY-qTi and BODIPY-qTo (B3LYP/6-311G(d,p) level of 

theory) and with black lines the experimentally determined EHOMO/ELUMO levels of 

BODIPY-qTi, BODIPY-qTo and PC71BM. 

 

It is possible to observe that in BODIPY-qTi and BODIPY-qTo the EHOMO 

levels are fully delocalized along the polymer chain axis in contrast to the 

significant localization of the ELUMO on the α,β-unsubstituted meso-

positioning thienyl BODIPY along with a good agreement in the variation 

between the theoretically predicted and the experimentally determined 

EHOMO and ELUMO levels. 

2.2.5 Optical Characterization  

The normalized UV–vis absorption spectra of TBDPTV, CB06, BODIPY-

qTo and BODIPY-qTi in chloroform solution and in the solid state were 

measured and presented in Figures 11-13, whereas the corresponding optical 
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properties are summarized in Table 3. All the polymers show two major 

absorption bands, both in solution and in solid state, a feature commonly 

observed for alternating D-A copolymers. The low-wavelength peak 

observed can be attributed to a π-π* transition, while the high-wavelength 

transition with is believed to be related to an intramolecular charge transfer 

(ICT) between the electron donating and the electron deficient groups of the 

repeating unit. Focusing on TBDPTV (Figure 11), by passing from solution 

to the solid state, the absorption spectrum becomes broader covering all the 

range from 300 nm to 1100 nm and all the absorption bands are redshifted. 

The peak at 444 nm in solution is situated at 451 nm in the solid state, 

whereas the peak at 817 nm in solution has been shifted to 848 nm in the 

solid state, indicating the presence of strong intermolecular π-π interactions. 

The optical band gap (Eg
opt

) calculated from the absorption onset in the solid 

state is estimated at 1.15 eV. 

 

Table 3. Absorption maxima and energy gap of polymers TBDPTV, BODIPY-qTo, 

BODIPY-qTi and CB06. 

Polymer λmax 
sol

 (nm) λmax 
film

 (nm) Eg
opt

 (eV) 

TBDPTV 444, 817 451, 848 1.15 

BODIPY-qTo 424, 715 415, 739 0.98 

BODIPY-qTi 426, 739 446, 782, 877 0.85 

CB06 462, 762 484, 794 1.24 
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Figure 11. UV-vis Absorption spectra in chloroform solution and as thin film of 

TBDPTV. 

 

The chemical structure of CB06 is similar as to TBDPTV, but with one more 

thiophene unit between the BODIPY and  the bis(3-dodecyl-thiophen-2-

yl)ethene. Compared to TBDPTV, CB06 absorption maxima, both in 

solution (462 nm and 762 nm) and solid state (484 nm and 794 nm), on the 

one hand is red shifted at the low wavelength band as a result of the 

extension of the π-conjugation along the polymer backbone induced by one 

more thiophene. On the other hand, the high wavelength band is blue shifted 

in agreement with the finding from a recent work
106

 in which it is reported 

that the stronger the coupling between the D and A moieties or the shorter 

the conjugation length between two electron withdrawing units within the 

polymer chain, the higher is the wavelength of the maximum absorption. The 

estimated Eg
opt

 is 1.25 eV slightly higher than that of TBDPTV. 
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Figure 12. UV-vis spectra of CB06 in chloroform solution and as thin film. 

 

BODIPY-qTi and BODIPY-qTo show qualitatively similar spectral shape 

with two well resolved vibronic transitions (Figure 13). The low-wavelength 

peak observed at 426 nm for BODIPY-qTi and at 424 nm for BODIPY-qTo 

can be attributed to the polymers backbone π-π* transition while the high-

wavelength transition at 739 nm for BODIPY-qTi and at 715 nm for 

BODIPY-qTo is related to an intramolecular D-A charge transfer excitation. 

 

Figure 13. UV-vis spectra of BODIPY-qTi and BODIPY-qTo polymers in chloroform 

solution and as films. 
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Polymer BODIPY-qTi presents two additional low absorption bands 

between 1600 and 1800 nm. This absorption peaks could be attributed to 

some weak electronic transitions from interchain interactions but more 

experiments and studies are needed to support this assumption.  

Passing from solution to the solid state, both the low- and high- wavelength 

absorption peaks of BODIPY-qTi and BODIPY-qTo are red shifted with 

respect to their solution spectra, except for the low wavelength absorption 

peak of BODIPY-qTo (Table 3). This supports the efficient π-π stacking of 

the polymer chains of BODIPY-qTi passing from solution to the solid state. 

In general, the same trends observed in solution for the BODIPY-qTi and 

BODIPY-qTo regarding the variation of the absorption maxima of both the 

low and high wavelength peaks were also observed in the solid state studies 

(446/782 nm for BODIPY-qTi and 415/739 nm for BODIPY-qTo). 

However, BODIPY-qTi reveals a pronounced absorption peak at longer 

wavelength (877 nm), a signature of a vibronic feature which denotes 

enhanced aggregate formation similar to that observed in regioregular 

poly(3-hexylthiophene) thin films, indicating a more ordered structure.
55

 

Furthermore, the Eg
opt

 of BODIPY-qTi and BODIPY-qTo (Table 3) support 

that these polymers are ultra LBG polymeric semiconductors. The Eg
opt

 of 

BODIPY-qTi (0.85 eV) is lower by 0.13 eV than that of BODIPY-qTo (0.98 

eV). Therefore, when the didodecyl side chains are anchored onto the HH 

positions in BODIPY-qTo the absorption peak maxima both in solution and 

in solid state appear at lower wavelengths and the Eg
opt

 is higher as compared 

to BODIPY-qTi, indicating a higher degree of steric hindrance and polymer 

chain distortion.  

To support our assumption quantum chemical DFT calculations were 

performed to estimate the dihedral angles, predict the molecular energy 

levels and model the distribution of the frontier molecular orbitals of the 

BODIPY-qTi and BODIPY-qTo. The DFT calculations using the B3LYP/6-
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311G(d,p) performed on trimer model compounds and the chemical 

structures of the BODIPY-qTi and BODIPY-qTo as obtained by the 

theoretical calculations are presented in Figure 14 and the estimated dihedral 

angles in Table 4.  

 

 

Figure 14. Ground state geometry optimizations of BODIPY-qTi and BODIPY-qTo. 

Color scheme: carbon, gray; nitrogen, blue; sulfur, orange; boron, pink; fluorine, cyan. 

Optimized structures calculated using DFT at the B3LYP/6-311G(d,p) level of theory. θ1, 

θ2, θ3, θ4 and θ5 are the calculated dihedral angles. 

 

 

Table 4 Calculated dihedral angles (θ1, θ2, θ3, θ4 and θ5) of some representative bonds 

that are shown in Figure 14 for  BODIPY-qTi and BODIPY-qTo polymers. 

 

 θ1 θ2 θ3 θ4 θ5 

BODIPY-qTi 33.2
o
 20.9

o
 30.5

o
 18.1

o
 16.8

o
 

BODIPY-qTo 23.8
o
 63.4

o
 21.4

o
 19.2

o
 20.1

o
 

 

 

The obtained results show that BODIPY-qTi and BODIPY-qTo present 

comparable estimated dihedral angles except in the case of θ2 dihedral angle 
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where the rotation between the adjacent units in BODIPY-qTo is 63.4° as 

compared to 20.9° in BODIPY-qTi. The lower θ2 dihedral angle between the 

adjacent didodecyl thiophene rings of BODIPY-qTi results in reduced steric 

hindrance along the axis when the didodecyl alkyl chains are anchored in the 

i-positions, which is beneficial towards enhanced optoelectronic and charge 

transporting properties
107,108

. These findings are in agreement with the 

aforementioned observation on the absorption maxima and Eg
opt

 variation for 

BODIPY-qTi and BODIPY-qTo. 

The research group of Dr. Stratakis from IESL, Heraklion Crete, has 

performed also the micro-photoluminescence (μPL) measurements. μPL 

experiment is a photoluminescence experiment with spatial resolution and it 

allows to study any nanostructures and/or defects and in our case to examine 

if the studied polymer thin films present any type of aggregation (ordering). 

The spectra of both polymers are presented in Figure 15 . 

 
Figure 15. Room temperature μPL spectra following excitation at 543 nm of the 

BODIPY-qTo (black line) and BODIPY-qTi (red line) polymers. 

 

While it is possible to observe significant quenching (~20%) for the 

BODIPY-qTi polymer relative to the BODIPY-qTo one, no significant μPL 

peak shift is noticed. This finding is rationalized if one considers the better 
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π-π stacking of the BODIPY-qTi polymer chains due to the reduced steric 

hindrance as compared to the BODIPY-qTo. Notably, the sharp peak at ca. 

590 nm (2.1 eV) corresponds to the Raman signature of the symmetric 

vibration, νs(C=C), of the carbon-carbon double bond within the thiophene 

ring at 1450 cm
-1

. 

The pristine polymers BODIPY-qTo and BODIPY-qTi were also studied by 

means of transient absorption spectroscopy (TAS) in order to examine the 

photo-excitation dynamic processes that occur following 1026 nm laser 

excitation. It is worth to mention that at least two-photon absorption is used 

in order to excite these polymers, because the energy of the employed 

fundamental wavelength, i.e. 1026 nm, is lower than the energy an electron 

needs to move from the EHOMO to ELUMO of the polymers in question. Figures 

16a and 16b present the normalized delta optical density (ΔOD) vs. 

wavelength, for the two polymers studied (BODIPY-qTo and BODIPY-qTi) 

as a function of time, i.e. following photo-excitation at t=0 fs. 

 
Figure 16. Normalized optical density vs. wavelength plots at various time delays of 

BODIPY-qTo (a) and BODIPY-qTi (b), following photo-excitation at 1026 nm with a 

pump fluence of 1.5 mJ cm
-2

. 

 

For both polymers the transient photo-induced absorption (ΔOD) peak shifts 

to higher wavelengths, i.e. lower energies, as time progresses. Namely, 

within 200 fs, the BODIPY-qTo polymer peak shifts from 550 to 663 nm, 
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while the corresponding peak of BODIPY-qTi polymer shifts from 550 to 

646 nm. This ultrafast red shift in both polymers is attributed to temporal 

post photo-excitation phenomena such as thermalization of the electrons and 

holes to the edge of the conduction and valence band, as well as, to the 

internal vibrational and rotational relaxations within the excited states. 

 

2.2.6 Charge Transporting Properties of BODIPY-qTo and BODIPY-

qTi 

The research group of Prof. Thomas Anthopoulos from Imperial College has 

investigated the charge transport properties of BODIPY-qTo and BODIPY-

qTi polymers in thin-film transistor devices. Initial measurements were 

performed using a bottom-contact (BC), top-gate device configuration with 

gold (Au) source-drain electrodes. Polymer films were cast by spin-coating 

and subsequently annealed at 100 °C before the deposition of the fluorinated 

ether (Cytop) gate dielectric. Both polymers exhibited p-type behaviour but 

significant differences were observed in their performance. Hence the 

transfer and output characteristics of BODIPY-qTi (Figures 17a,b) exhibited 

little hysteresis between the forward and reverse sweeps, with a threshold 

voltage around -15V. The saturated charge carrier mobility was relatively 

modest, around 5×10
-4 

cm
2
V

-1
s

-1
 (Figure 17c).  
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Figure 17. Transfer (a), output (b) characteristics of BC/TG configuration OFET device 

and mobility calculation based on first derivative of the linear regime transfer curve and 

first derivative of the square root of the saturation regime transfer curve (c) for the with 

BODIPY-qTi. 

 

In contrast, devices of BODIPY-qTo exhibited significant hysteresis 

between the forward and reverse sweeps, with a much higher threshold 

voltage of around -50 V (Figure 18). The poor device characteristics made it 

difficult to extract robust mobility values, although they were approximately 

one order of magnitude lower than BODIPY-qTi . 
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Figure 18. Transfer (a), output (b) characteristics of BC/TG configuration OFET device 

and mobility calculation based on first derivative of the linear regime transfer curve and 

first derivative of the square root of the saturation regime transfer curve (c) for the 

BODIPY-qTo. 

 

The reduced performance is likely due to a combination of the HH alkyl 

chains causing a large torsional twist in the conjugated backbone, inhibiting 

the close packing of the polymer chains, as well as the resulting increase in 

the ionisation potential, which increases the injection barrier. 
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Table 5. Summary of the FET performance of BODIPY-qTi and BODIPY-qTo polymers. 

 

Polymer 

µ
sat 

average 

(µ
sat 

max) (cm
2

V
-1

s
-1

) 

µ
lin 

average 

(cm
2

V
-1

s
-1

) 

V
Th 

(V) I
on

/I
off

 

BODIPY-qTi 
4.7×10

-4

 ± 3.1×10
-5

 

(4.9×10
-4

) 
3.5×10

-4

 ± 3.8×10
-5

 -14.4 ± 0.6 10
2

-10
3

 

BODIPY-qTo 10
-5

-10
-4

 10
-5

-10
-4

 < -50 V 10-10
2

 

 

Despite the low-lying LUMO of both polymers, no obvious evidence for 

electron transport was observed in these devices. In order to improve the 

electron injection, the Au source/drain electrodes were replaced with Al in 

an otherwise identical device configuration, since the latter has a lower work 

function that could potentially facilitate electron injection from the metal to 

the semiconductor due to the reduced barrier. Despite the improvement and 

the matching electrode/ELUMO interface energetics, no electron accumulation 

could be observed. Since the nature of the dielectric/semiconductor interface 

is also known to have a dramatic influence on the electron transport across 

the channel, top-contact, bottom-gate devices were fabricated using the 

divinyltetramethyldisiloxane-bis-benzocyclobutene (BCB) as the gate 

dielectric since the latter is known to provide an excellent interface with 

various high electron mobility organic semiconductors
112–114

. Control devices 

using the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester 

(PC61BM) as the semiconductor were also prepared in the same device 

configuration. The latter samples demonstrated the expected transistor 

performance and in accordance with previously published data. However, we 

were unable to observe electron transport in either of the polymer devices 

(Figure 19). 
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Figure 19. Transfer curves of BG/TC configuration OFET device of (a) BODIPY-qTi 

and (b) BODIPY-qTo.  

 

We therefore conclude that despite the low lying ELUMO, neither of the 

polymers is a good electron transporting material. We believe this may be 

related to the poor delocalization of the ELUMO along the polymer backbone. 

 

2.2.7  Photovoltaic properties of polymer TBDPTV 

Among the synthesized polymers, TBDPTV showed the lowest optical 

energy gap and upshifted ELUMO level as compared to BODIPY-qTi and 

BODIPY-qTo which make it a promising candidate as electron donor 
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material in bulk heterojunction (BHJ) solar cells. The research groups of 

Prof. Brabec from FAU University has tested it.  

Organic BHJ solar cells were fabricated in inverted device structure 

consisting of ITO/ZnO/TBDPTV:PC71BM/MoOx/Ag, using three different 

D:A composition ratio (1:2, 1:3 and 1:4). The active layer solution was spin 

coated under inert atmosphere condition using 97 to 3 vol % of 

chlorobenzene (CB) and 1,8 diiodooctane (DIO). Figures 20a,b show the J-V 

curves of the optimized BHJ solar cells under simulated AM 1.5G solar 

irradiance (100mW cm
-2

) and in the dark, respectively. 

 
Figure 60. Current density-voltage characteristics under 100 mW cm

-2
 illumination 

(AM1.5G) (a) in linear graph and (b) in semilogarithmic graph. 
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The photovoltaic parameters obtained with the three different D:A ratio are 

summarized in Table 6. 

 

Table 6.  Photovoltaic parameters of TBDPTV:PC71BM system in different composition 

ratio. 

TBDPTV:PC71BM Voc (V) Jsc(mAcm
-2

) FF (%) η (%) 

1:2 
0.58  

(0.58 ± 0.00) 

3.32  

(3.27 ± 0.32) 

53.45  

(51.54 ± 1.82) 

1.03 

(0.97 ± 0.04) 

1:3 
0.59  

(0.59 ± 0.00) 

3.39 

 (3.16 ± 0.17) 

56.18 

(55.52 ± 0.58) 

1.10 

(1.03 ± 0.06) 

1:4 
0.59 

 (0.59 ± 0.00) 

3.12  

(2.86 ± 0.24) 

56.51 

(56.14 ± 0.37) 

1.01 

(0.93 ± 0.07) 

 

A PCE of 1.1% was obtained for the 1:3 ratio, with a short circuit current 

density (Jsc) of 3.39 mA cm-
2
, Voc of 0.59 V and FF of 0.56. Using the same 

fabrication conditions, solar cells containing 1:2 and 1:4 D:A ratio achieved 

a maximum efficiency of 1.03 and 1.01, respectively. A strong correlation 

between the charge carrier mobility and FFs is also obtained for these 

devices. In fact, as shown in Table 6, solar cells based on 1:3 and 1:4 ratio, 

display the highest FF of 0.56 and 0.57, respectively. On the other hand, the 

1:2 based devices depicted a lower FF of 0.52, consistent with the lower 

charge carrier mobility obtained. 

For  all the devices, Jsc values are similar and this possibly can be attributed 

to the not perfect energy alignment with PC71BM for achieving efficient 

exciton splitting rather than to morphological issues as can be observed by 

investigations on the surface microstructure carried out through intermitted 

contact mode atomic force microscopy (AFM, Figure 21). A good 

intermixing between the donor and the acceptor materials is obtained and  

the topography and the phase images do not reveal obvious differences 
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between the three systems studied, supporting the hypothesis that the main 

limitations on of the system is due a to the low ELUMO offset rather than to 

morphological issues.  

 
 

Figure 21. Topography(a,b,c) and phase (d,e,f) images of films TBDPTV:PC71BM 1:2, 

1:3 and 1:4 respectively, on top of a layer of ZnO, as measured by intermittent contact 

mode atomic. Rms=2.29 nm. 

 

External quantum efficiency (EQE) measurements have also been carried out 

for the best performing solar cell (Figure 22). An EQE signal around 950-

1000 nm, even though very weak, is observed, suggesting an existing path 

towards charge generation from the polymer.  

 



2. BODIPY Polymers 

 

_______________________________________________________________________________ 
42 

 

Figure 22. External quantum efficiency (EQE) curve of the TBDPTV:PC71BM (1:3) 

device. 

As reported by Janssen et al.
109

, a fast recombination path becomes essential 

when the ELUMO of the acceptor become too shallow, leading to low Jsc 

values. Noticeably, the rectification behavior of the device slightly improved 

with increasing the D:A ratio (Figure 22b). The Jsc calculated from the EQE 

is 3.08 mA/cm
-2

, which is less than 10% smaller compared to the Jsc obtained 

from the solar simulator. 

In order to understand the transport properties of TBDPTV based solar cells, 

the charge carrier mobility μ of the aforementioned devices were determined 

by employing the technique of photoinduced charge carrier extraction by 

linearly increasing voltage (photo-CELIV)
110

. Charges are photogenerated 

by a strongly absorbed laser pulse and extracted after an adjustable delay 

time. Figure 23 shows the photo-CELIV transients of the 

TBDPTV:PC71BM system in the three different composition ratios (1:2, 1:3 

and 1:4), which were recorded by applying a 2V/20 μs linearly increasing 

reverse bias pulse and a delay time (td) of 1 μs. From the measured 

photocurrent transients, the charge carrier mobility (μ) is calculated using the 

following equation: 

 

   
   

      
 [       

  

    
]
 

 

where d is the active layer thickness, A is the voltage rise speed   =  U/dt, 

U is the applied voltage, tmax is the time corresponding to the maximum of 

the extraction peak, and j(0) is the displacement current
111

.  

The photocurrent transients in Figure 23 reveal that tmax occurs significantly 

earlier for the 1:4 weight ratio. As a result, the calculated charge carrier 

mobility (μ) is higher for the 1:4 ratio (1.05±0.2)x10
-5

cm
2
V

-1
s

-1
, then for the 
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1:3 ratio (9.18±0.2)x10
-6

 cm
2
V

-1
s

-1
, and finally for the 1:2 ratio 

(7.50±0.1)x10
-6

 cm
2
V

-1
s

-1
, respectively. 

 

Figure 23. Time-dependent photo-CELIV traces of TBDPTV-based solar cells at a fixed 

delay time of 1 μs. 
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Chapter 3 

 

3. BODIPY Small Molecules 

3.1. Introduction 

Semiconducting organic small molecules have also attracted intense research 

attention and showed great promise in optoelectronic applications. The 

advantages of small molecules include well-defined molecular structures, 

high purity without batch-to batch variations, and the absence of end group 

contaminants. Moreover, crystalline small molecules exhibit high charge 

mobility due to their long-range order.  

Organic semiconductors emitting in the NIR region are emerging as a 

promising class of materials with valuable optoelectronic properties. Among 

the appealing features there are solution processing, low-cost of fabrication, 

and the possibility of preparation on top of flexible, conformable or even 

stretchable substrates for organic electronic devices, such as organic 

(OLEDs) and polymer light-emitting diodes (PLEDs)
115,116

. In general, NIR 

emitters include organic semiconductors, metal-organic complexes, 

inorganic nanoparticles and hybrid organic-inorganic perovskite-like 

compounds
117–120

. 

Although the quantum yield in this region of the spectrum is significantly 

lower than for materials emitting in the visible, owing to the so-called 

"energy-gap law", external quantum efficiencies (EQEs) spanning from ~ 9 

% to ~ 24 % and have been achieved in OLEDs incorporating 

phosphorescent Pt-based porphyrins and carefully-designed derivatives
121–

125
. While this is still significantly better than what is achievable with 

fluorescent NIR materials, the scope and applicability of phosphorescent 

OLEDs generates significant concerns both because of the use of heavy 
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metals, and the so-called "efficiency roll-off", limiting the efficiency as the 

current is increased, and due to a combination of triplet-triplet annihilation, 

triplet-polaron quenching, and phosphorescent sites saturation (in various 

ratios also depending on current density). 

To achieve near-IR absorbing/emitting abilities, strong donor-acceptor 

interaction and stabilization of the quinoid resonance structure are required. 

However, due to the smaller one-dimensional quantum well length, bandgap 

lowering is more difficult and normally requires very strong donor or 

acceptor units in the case of small molecules by combining electron donating 

(D) and electron deficient (A) building blocks with the most common being 

"D-A-D" dyes
126

. Triphenylamine (TPA), ethylenedioxythiophene (EDOT), 

pyrrole, thiophene, and bridged bithiophenes derivatives are commonly-used 

electron-rich units, whereas electron-deficient moieties such as 

benzobisthiadiazole, thiadiazoloquinoxaline, diketopyrrolopyrrole, 

thienoisoindigo and cyclopentadithiophenone moieties have been largely 

employed as acceptor units
127–132

. Interestingly, Yao et al. reported 

electroluminescence (EL) EQEs > 1% from both D-A-D and A-D-A 

compounds
133,134

. Such systems benefit from a favorable conformational 

arrangement of the constituting units, which controls the orbital mixing and 

leads to the formation of a hybrid localized/charge-transfer (CT) excited 

state. It was proposed that the localized nature of these states brings about a 

high radiative rate, whereas the weakly-bound CT nature leads to the 

formation of a high fraction (> 25 %) of singlet excitons. More generally, 

however, whereas the properties of dyes of the D-A-D type have been 

studied extensively, different alternation patterns of the D and A moieties 

and in particular A-D-A dyes have rarely been explored up to now, mainly 

because of synthetic difficulties associated to the monofunctionalization of 

the A building block.  
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Here, a successful approach to the design and synthesis of a novel A-D-A 

type NIR dye is described. 

 

3.2 Results and discussion 

3.2.1. Synthesis of α,β-unsubstituted bromo-BODIPY  

As already reported, a facile approach to synthesize α,β-unsubstituted 

BODIPY dyes is the combination of aldehydes and pyrrole under neat 

conditions. In this work, 5-bromo-thiophene-2-carbaldehyde has been 

chosen as the aldehyde, and upon condensation with pyrrole, catalyzed by 

few drops of trifluoroacetic acid, the resulting 2,2'-((5-octylthiophen-2-

yl)methylene)bis(1H-pyrrole) (6) is obtained (Scheme 12).  

 
Scheme 12. Synthesis of  2'-((5-bromothiophen-2-yl)methylene)bis(1H-pyrrole). 

 

Treatment of monomer 6 with the strong oxidant 2,3-dichloro-5,6-dicyano-

1,4- benzoquinone (DDQ), then diisopropylethylamine (Hünig’s base) and 

finally with trifluoroborane dietherate [BF3O(Et)2] provided the 

corresponding boron dipyrromethene monomer 7 (Scheme 13). 

 
Scheme 13. Synthesis of  8-bromo BODIPY. 
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The bromo-thiophene aldehyde derivative has been choosen  in order to 

obtain a functionalized BODIPY that will enable  the easy connectivity to 

the α,ω-oligothiophene cores through their meso-positions. The resulting 

linear and symmetrical molecular architectures will afford extended π-

conjugation throughout the dye as well as optimized molecular energetics. 

This synthetic methodology can lead to the development of a series of 

BODIPY based small molecules.  

3.2.2. Synthesis of the A-D-A small molecule BODIPY 

Small molecule NIRBDTE (NIR-Bodipy dithienyl(ethylene)) was 

synthesized through Stille cross-coupling using 1:2.5 monomer feed ratios 

(Scheme 14). A solution of dibromo borondipyrromethene monomer 7 and   

the commercially available distannyl-1,2-di(2-thienyl)ethylene (DTE), was 

combined in dry deoxygenated toluene in the presence of 

tetrakis(triphenylphosphine)palladium and the mixture was heated to reflux 

overnight. The crude product was purified through silica-gel column 

chromatography to afford the pure compound and then recrystallized.  

 
 

Scheme 14. Synthesis of NIRBDTE.  
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3.2.3. Electrochemical and Theoretical Characterization 

To estimate the energy levels and the electrochemical bandgap (Eg
CV

)
 
by 

identifying the oxidation and reduction potentials of the NIRBDTE, cyclic 

voltammetry (CV) has been performed (Figure 24). 

 
 

Figure 24. Cyclic voltammetry analyses of NIRBDTE. 

 

NIRBDTE shows two reversible reduction peaks and four reversible 

oxidation peaks. The reversible oxidation and reduction peaks are calculated 

by [(Ep,c+Ep,a)/2] where Ep,c and Ep,a are the cathodic and anodic peak 

potentials, respectively. The reduction peaks at -0.68 V and -1.26 V versus 

saturated calomel electrode (SCE) are attributed to ELUMO (-4.02 eV) and 

ELUMO+1 (-3.44 eV), respectively (Figure 24). In addition, the oxidation peaks 

at 0.96 V, 1.17 V, 1.34 V and 1.58 V versus SCE are attributed to EHOMO (-

5.66 eV), EHOMO-1 (-5.87 eV), EHOMO-2 (-6.04 eV) and EHOMO-3 (-6.28 eV), 

respectively (Figure 24). By comparing the Figure 24 with typical 

voltammograms of BODIPY
135,136

, we can safely assign the reduction peaks 

at -0.68V and the oxidation peak at 1.58 V to the BODIPY units of the 

NIRBDTE, hence the reduction peak at -1.26 V and the oxidation peaks at 

0.96 V, 1.17 V and 1.34 V can be assigned to the oligothiophene central 
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segment. To confirm the obtained results, atmospheric pressure 

photoelectron spectroscopy was performed (Figure 25) and the detected 

ionization potential (IP) at -5.48 eV was in  agreement with the CV one. 

 
 

Figure 25. Ionization potential of NIRBDTE estimated by atmospheric pressure 

photoelectron spectroscopy (AC-2). 

 

We compared these results with DFT calculations in order to investigate the 

relative positions and spatial distribution of the frontier energy levels (EHOMO 

and ELUMO) that are eventually responsible for the electronic properties of 

NIRBDTE. DFT calculations were carried out with the ground state 

geometry optimized at the B3LYP/6-31 G(d,p).  

In Figure 26 the energy levels of NIRBDTE and polymer F8BT, which was 

used as the host material in the fabrication of OLEDs (Figure 26a), and the 

band diagram of the energy levels of F8BT and NIRBDTE (Figure 26b) are 

illustrated schematically. The effective EHOMO and ELUMO of NIRBDTE are 

those indicated in blue, but we also illustrate in red the local electronic 

structure of the BODIPY moieties (Figure 26b). 
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Figure 26. a) Energy levels of F8BT and NIRBDTE and b) the related band diagram of 

the emitting blend F8BT:NIRBDTE as active layer. 

 

As can be noticed from the distributions of the frontier molecular orbitals in 

the ground state (Figure 26b) the ELUMO charge density is well distributed 

along the entire molecule and does not localize at the two BODIPY acceptor 

units, as it might have been expected in view of the electron-withdrawing 

nature of the units. On the contrary, charge distribution within the EHOMO is 

localized on the thiophenes of the central segment. The computed EHOMO and 

ELUMO levels are found at -5.56 eV and -3.06 eV (where the minus sign 

indicates that the levels are relative to the vacuum energy), respectively, in 

excellent agreement with atmospheric pressure photoelectron spectroscopy 

and cyclic voltammetry . 

Consistently with the DFT results discussed above, the ELUMO is set by the 

BODIPYs, and extends over the full NIRBDTE. This is not the case for the 

EHOMO, whose dominant feature is instead the negligible charge distribution 

over the BODIPYs. Whereas the NIRBDTE EHOMO is thus set by that of the 
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bithienyl at ~ -5.7 eV below vacuum, the relevant local energy levels on the 

BODIPY moieties remain those of the parent molecule at ~ -6.3 eV.  

Furthermore, from the DFT calculations we note that introduction of the 

didodecyl side chain, which are aligned opposite in order to minimize the 

steric hindrance, close to the ethylene bond, leads to a “pseudo” 2D 

conformation of the NIRBDTE, with segments of the latter lying both in-

plane and out-of-plane due to cis-geometric isomerism of the ethylene bond. 

The dihedral angles between the two carbon atoms of the ethylene bond 

along with the connected carbon and sulphur atoms of the two neighboring 

thiophene rings are 124.2°and 8.5°, respectively (Figure 27). In both in-plane 

and out-of-plane directions the inter-ring torsional angles are between 9 and 

13° which ensures an efficient π-orbital delocalization along the donor part 

(Figure 27). On the other hand, inter-ring torsional angles of 43.7° were 

calculated between the boron-dipyrromethene and the meso-thiophene units. 

This angle is smaller as compared to those of previously reported meso-

aromatic substituted BODIPY small molecules, which is probably due to the 

lack of α,β-pyrrole substituents and sterically less-encumbered nature of the 

five-membered thiophene ring
137

. Thus, our structural approach should offer 

a significant advantage to enhance charge-transport in the solid state when 

compared to the previously reported BODIPY-based semiconductors
138

. 

Comparable donor-acceptor dihedral angles were reported between 

thiophene and naphthalenediimide (NDI)/perylenediimide (PDI) units in 

several high-performance n-channel semiconductors
139–141

. 
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Figure 27. Optimized molecular geometries of NIRBDTE showing inter-ring torsional 

angles (θ) (DFT, B3LYP/6-31G(d,p). 

 

3.2.4 Optical Characterization 

The normalized UV–vis absorption spectra and PL emission spectra are 

reported in Figure 28.  

 
 

Figure 28. Absorption and PL spectra (excited at 450 nm) of the solid films incorporating 

different NIRBDTE concentration in the host F8BT and NIRBDTE film absorption 

spectrum. 

 

In order to study the behaviour of the molecule in host-guest active layer, the  

photoluminescence spectra of F8BT:NIRBDTE film at different guest 
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concentration (Figure 28) have been recorded. As can be noticed from the 

spectra, the emission from F8BT is quenched in the presence of NIRBDTE 

due to efficient energy transfer, consistently with the good spectral overlap 

between the F8BT PL (Figure 28) and the absorbance of NIRBDTE. 

Furthermore, as NIRBDTE concentrations increase, the NIR emission 

component gains intensity with respect to the F8BT residual band, and 

progressively red-shifts (from 720 nm to 800 nm).  

The PL decay time via time-correlated single-photon counting has been also 

measured  as showed in Figure 29, at 720 nm. For all the blends, the decay is 

single exponential which confirms the dominant singlet nature of the 

radiative exciton and varies from 1.2 ns (for just the molecule) to 0.6 ns for 

the blend with 10% oligomer concentration. 

 
Figure 29. PL decay measured at 720 nm for the F8BT/oligomer blends and oligomer in 

toluene solution.  

 

3.2.5 Electroluminescent properties of NIRBDTE  

The research group of Prof. Cacialli from UCL has studied the emission of 

NIRBDTE at different concentrations 0.5%, 1%, 5% and 10% wt) in blends 

with F8BT, in conventional solution-processed PLEDs with 
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ITO/PEDOT:PSS anodes and Ca/Al cathodes to investigate the influence of 

the NIR oligomer on the device operation. In Figure 30, it is reported the 

current density-voltage-radiance (J-V-R) characteristics and the external 

quantum efficiency.  

 

 

 
 

Figure 30. a) J-V-R curves and (b) EQE of PLED incorporating the blend of F8BT with 

the NIRBDTE at different concentration. (c) EL spectra of PLEDs incorporating these 

films as emissive layers. 
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From Figure 30, it is shown that the best EQE was obtained with a blend 

incorporating 0.5% wt of NIRBDTE. This OLED exhibits a EQE up to 1.1% 

with a turn-on voltage (VON) of 9.43 ± 0.05 V and an EL emission (~65% in 

NIR region) of ~0.11 mW/cm
2
 peaked at 720 nm. 

The ~1.1% EQE in the solid state was measured at 0.22 mA/cm
2
 with a 

driving voltage of 11 V and represents the state-of-the-art for fluorescent 

“metal-free” emitting materials, in which only singlets fluorescence can be 

harvested, such that the maximum achievable internal quantum efficiency is 

limited to 1/4 of the PL efficiency (ΦPL), consistently with simple spin-

statistics arguments. 

To put this number in an appropriate context, the theoretical maximum EQE 

that can be obtained from devices of this kind, has been calculated by taking 

into account the measured PL efficiency of  active layers, i.e. ΦPL = 20 ± 2% 

(F8BT incorporating 0.5% wt NIRBDTE, measured on spectrosil substrates) 

and by considering the surface out coupling efficiency ξ
43,44

. The latter can 

be estimated for example by using the published values of the active layer’s 

refractive index (~1.75 for F8BT above 700 nm, having disregarded the 

perturbation of NIRBDTE in this case, given the slight concentration), so 

that we can further calculate ξ to vary from 0.16 to 0.24, respectively, in the 

case of isotropic or in-plane dipoles. In the ideal case of unit charge injection 

efficiency (γ) ~1, the “ideal” EQE is expected to vary from ~0.56% to 1.47% 

(also taking into account the propagation of the error on ΦPL measurements) 

thereby confirming the excellent quality of the devices, and the limited 

margins for improvements in terms of device architecture. In fact, further 

improvements can be envisaged by improving ΦPL, or by moving to a 

phosphorescent material. 
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The PL efficiency decreases by increasing the NIRBDTE content in F8BT 

from 19% (at 1% wt) to 5% (at 10% wt). This reduction is entirely expected 

as a result of both the reduction of the energy gap, and because of the 

aggregation-induced quenching of the oligomer blended with F8BT the 

radiative exciton. Also, EL spectra also exhibit a red-shift of the NIRBDTE 

emission with concentration, however and contrary to what is observed in 

the PL spectra, there is no residual F8BT contribution at 0.5% wt and 1% wt. 

This effect has been attributed to preferential formation of excited species 

directly onto the guest chromophores, which are also expected to mediate 

transport (energy selective in its nature, and occurring preferentially through 

low-energy sites).  

Figure 31 depicts the OLEDs key parameters (EQE, VON and radiance) as a 

function of the NIRBDTE loading. As already mentioned, the devices with 

0.5% loading feature the maximum EQE (1.1%), and this gradually 

decreases with increasing loading (on average from ~0.9% for the 0.5% 

NIRBDTE concentration, to ~0.2% at 1% guest by weight). At the same 

time however, the 0.5% devices also feature the highest turn-on voltage 

(−9.45 ± 0.05 V on average). This is significantly higher than for F8BT 

(~2.5 V) and it can be attributed to charge trapping by the dye in the 

emissive layer. The progressive decrease of the turn-on voltage with 

NIRBDTE concentration, taken together with the PL efficiency reduction, 

and red-shift of the luminescence, strongly supports the interpretation that 

NIRBDTE molecules are well-dispersed in the host matrix for the 0.5% 

devices, but increasingly less so as the loading is increased. The radiance 

from the different devices is compared in Figure 31c, and ranges from ~0.11 

mW/cm
2
 (at ~52 mA/cm

2
 for 10% wt NIRBDTE) to ~0.24 mW/cm

2
 (at ~23 

mA/cm
2
 for 1% wt NIRBDTE). Interestingly we find that the emitted 

radiance is maximised in the 1% NIRBDTE devices (0.19 mW/cm
2
), as a 
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result of the interplay between efficiency and driving conditions, which 

allows easier charge injection and transport compared to the more efficient 

0.5% devices. 

 

Figure 31. Mean and the related standard deviation (in red) of (a) the maximum external 

quantum efficiency (EQEs), (b) the turn-on voltage (VON) and (c) the radiance of PLEDs 

incorporating different concentration of NIRBDTE (0.5%, 1%, 5% and 10%wt) in blend 

with F8BT as host material for a set of 8 devices. 
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Chapter 4 

 Outlook 

BODIPY-based conjugated polymers and small molecules represent an 

enormous scientific area for molecular and supramolecular design through 

their facile synthesis and chemical structure modification.  

The recent progress in the synthesis of BODIPY based materials by 

conventional metal catalyzed cross coupling rather than oxidative coupling 

opens the way to provide polymer backbones with structural integrity and 

minimization of chemical defects. Moreover, as the access to less substituted 

and more stable BODIPY cores has been achieved recently, new polymer 

and small molecule structures can be achieved with improved ordering, 

increased π-π stacking and superior optoelectronic properties as the result of 

the possible enhancement of the planarity of the backbone, through the 

minimization of the steric hindrance.  

During this PhD thesis functional α,β-unsubstituted BODIPY building 

blocks suitable for conventional catalyzed cross coupling reaction and 

polymerization have been synthesized. In order to confirm the proof of 

concept, the dibromo BODIPY has been successfully polymerized through 

Stille cross coupling with (E)-1,2- bis(3-dodecyl-5-

(trimethylstannyl)thiophen-2-yl)ethene as the comonomer providing a new 

ultra LBG (Eg
opt

 = 1.15 eV) TBDPTV copolymer. To the best of our 

knowledge TBDPTV has been the first α,β-unsubstituted BODIPY-based 

NIR copolymer synthesized by conventional catalyzed cross coupling 

polymerization methods. TBDPTV exhibits a panchromatic absorption 

spectrum ranging from 300 nm to 1100 nm, and a promising PCE of 1.1% in 

NIR BHJ OPVs using PC71BM as the electron acceptor with very interesting 

photovoltaic characteristics, such as good fill factor (FF) and open circuit 

voltage (Voc).  
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Then the thesis continued with the synthesis of ultra low bandgap (Eg
opt

 =1 

eV) π-conjugated D-A polymers consisting of α,β-unsubstituted meso-

positioning thienyl BODIPY as the electron deficient unit with readily 

available (3,3'-didodecyl-2,2'-bithiophene-5,5'-diyl)bis(trimethylstannane)
 
or 

(4,4'-didodecyl-2,2'-bithiophene-5,5'-diyl)bis(trimethylstannane) or (E)-1,2- 

bis(3-dodecyl-5-(trimethylstannyl)thiophen-2-yl)ethene to provide the 

polymers BODIPY-qTo, BODIPY-qTi and CB06, respectively by palladium 

catalyzed Stille aromatic cross coupling polymerization conditions. With 

these polymers we have demonstrated that the TT positioning of the alkyl 

side chains at the two central thiophenes of the quaterthiophene segment 

results in superior FET performance compared to the HH positioning due to 

the less steric hindrance of the polymer backbone. Moreover, the lower 

torsional twist in the conjugated backbone of BODIPY-qTi leads to lower 

Eg
opt

 and upshifted energy levels versus vacuum as compared to BODIPY-

qTo.  

After exploring BODIPY moieties in NIR absorber polymers, next target 

was the synthesis of NIR emitter small molecule. A red/NIR emitting A-D-

A-type dye based on α,β-unsubstituted BODIPY moieties as A units 

embedded in a wider gap F8BT as emissive layer for OLEDs has been 

synthesized. The emitting devices incorporating the BODIPY NIR emitter at 

a relatively low concentration of 0.5% wt exhibit maximum EQEs up to 

1.1%, with an EL emission peaked at 720 nm (~65% in the “conventional” 

NIR region, i.e. λ > 700 nm). In terms of maximum efficiency these results 

represented the current state of the art for NIR emitters not taking advantage 

of heavy/toxic metals to induce phosphorescence, as emission efficiency is 

expected to decrease with decreasing gaps according to the so called energy-

gap law.  

The recent findings in the BODIPY fields can guide synthetic chemists and 

materials scientists towards the optimization of next generation BODIPY-
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based semiconductors with predetermined optoelectronic properties for 

specific optoelectronic applications. 
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Chapter 5 

 

5. Experimental Data 

5.1. Instrument 

Nuclear Magnetic Resonance (NMR): 1H and 13C NMR spectra were 

recorded on a Bruker AV-400 (400 MHz for 1H and 100 MHz for 13C), 

using the residual solvent resonance of CDCl3 as an internal reference.  

Gel Permeation Chromatography (GPC): For TBDPTV and CB06: Mn 

and Mw of the polymer have been determined by GPC on a PSS/Agilent 

SECurity GPC system, equipped with two PSS SDV analytical linear M 

columns, ALSG1329A DAD detector, and RID G1362A RI detector. The 

measurement was performed with chloroform as eluent, with a sample 

concentration of 0.8 g/L.  

For BODIPY-qTi and BODIPY-qTo: Average molecular weights per 

number (  
̅̅ ̅̅ ) and dispersity (Đ) were determined with Gel Permeation 

Chromatography (GPC) at 150 °C on a high temperature PL-GPC 220 

system using a PL-GEL 10 μm guard column, two PL-GEL 10 μm Mixed-B 

columns and ortho-dichlorobenzene (o-DCB) as the eluent. The instrument 

was calibrated with narrow polystyrene standards with Mp ranging from 

4830 g/mol to 3242000 g/mol. 

Absorption spectroscopy: UV/vis spectra were measured on a Jasco V-670 

spectrophotometer. 

Cyclic Voltammetry: Cyclic voltammetry was executed in chloroform with 

0.1 M (n-Bu)4NClO4 against standard calomel electrode. HOMO and LUMO 

levels were calculated using the formulae HOMO=-(Eox+4.7) eV and 

LUMO=-(Ered+4.7) eV, respectively. The potensiostat was a PAR 

VersaSTAT4 and the working electrode used was platinum. 
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Atmospheric pressure photoelectron spectroscopy: AAPPS has been 

performed on a Riken Keiki AC-2 spectrometer in thin film at room 

temperature.  

J-V measurements: The J-V characteristics was measured using a source 

measurement unit from BoTest. Illumination was provided by a solar 

simulator (Oriel Sol 1A, from Newport) with AM1.5G spectrum at 100 

mW/cm
2
. EQEs were measured using an integrated system from Enlitech, 

Taiwan. In order to study the light intensity dependence of current density, 

we used a series of neutral color density filters. The intensity of light 

transmitted through the filter was independently measured via a power 

meter.  

Photo-CELIV: In photo-CELIV measurements, the devices were 

illuminated with a 405 nm laser-diode. Current transients were recorded 

across an internal 50 Ω resistor of an oscilloscope (Agilent Technologies 

DSO-X 2024A). We used a fast electrical switch to isolate the cell and 

prevent charge extraction or sweep out during the laser pulse and the delay 

time.  

Fabrication of Photovoltaic devices: All devices were fabricated using 

doctor-blading under ambient conditions. Pre structured indium tin oxide 

(ITO) substrates were cleaned with acetone and isopropyl alcohol in an 

ultrasonic bath for 10 minutes each. After drying, the substrates were 

successively coated with 40 nm of zinc oxide (ZnO), 10 nm of Ba(OH)2 and 

finally a 80-90 nm thick active layer based on TBDPTV:PC71BM (20 g L
-1

). 

To complete the fabrication of the devices 10 nm of MoOx and 100 nm of 

Ag were thermally evaporated through a mask (with a 10.4 mm² active area 

opening) under a vacuum of ~5·10
-6

 mbar. 

Fabrication of OLED devices: Polymer  F8BT (Mw ≈ 255919 g/mol) was 

purchased from OSSILA. 
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The film of F8BT/NIRBDTE (~90 nm thick) were deposited onto clean 

Spectrosil substrates via spin-coating for the UV-Vis spectrum detection. 

ITO -coated glasses (Colorado Concept Coatings LLC, ~20 Ω/square) were 

cleaned in an ultrasonic bath with acetone and isopropyl alcohol (10 min 

each step) and treated with an oxygen plasma (15 min at 10.2 W)46–48.  

After drying, the substrates were successively coated with 50 nm of 

PEDOT:PSS (purchased from Sigma-Aldrich), spin coated on top of the 

ITO-coated glass substrates in air and thermally treated inside a N2 glove-

box. F8BT and NIRBDTE were dissolved in toluene (10 mg/ml) and pristine 

F8BT and different concentrations (0.5%, 1%, 5% and 10% wt) of 

NIRBDTE in blend with F8BT were spin coated as emissive layers on top of 

the anode to obtain ~90 nm thick films. To complete the fabrication of the 

devices 30 nm of Ca cathode and 150 nm of Al protective layer were 

thermally evaporated under a vacuum of ~1·10
-6

 mbar. 

Emission spectroscopy: PL spectra of F8BT, 1, 5 and 10% wt blends and 

NIRBDTE thin films on spectrosil substrates were measured at room 

temperature with excitation from a 450 nm laser diode module (average 

power <1 mW, collimated beam) and collected with an ANDOR-Shamrock 

163 spectrometer coupled with an ANDOR-Newton charge-coupled device 

(CCD) unit. The PL efficiency of the thin films was measured by means of 

an integrating sphere. The samples were excited with the same low-power 

450 nm laser diode module mentioned above. Time-resolved PL 

measurements were carried out with a time-correlated single photon 

counting (TCSPC). 

Morphology: The AFM images have been acquired with a Bruker 

Dimension Icon AFM. 

Theoretical Calculations: All calculations of the model compounds studied 

in this work have been performed using the Gaussian 03 software 

package.The alkyl side chain substituents anchored onto the DPP and the 
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peripheral thienyl rings have been replaced with methyl groups in the model 

compounds for our calculations. While the presence of these long alkyl 

chains enhances the solubility of these polymers and affects the charge 

carrier mobility and photovoltaic behavior of the polymer,
S5-S7

 from a 

computational point of view their replacement with shorter chains does not 

affect their optoelectronic properties (HOMO, LUMO and band gap) and 

thus the optimized structures of the molecules.
S8,S9

 The ground-state 

geometry of each model compound has been determined by a full geometry 

optimization of its structural parameters using the DFT calculations, upon 

energy minimization of all possible isomers. In this work, the DFT 

calculations were performed using the Becke’s three-parameter hybrid 

functional, B3, with non-local correlation of Lee-Yang-Parr, LYP, 

abbreviated as B3LYP
 
in conjunction with the 6-311G(d,p) split valence 

polarized basis set. All calculations were performed taking into account that 

the system is under vacuum conditions. No symmetry constraints were 

imposed during the optimization process. The geometry optimizations have 

been performed with a tight threshold that corresponds to root mean square 

(rms) residual forces smaller than 10
-5

 au for the optimal geometry. The 

visualization of the molecular orbitals has been performed using GaussView 

5.0. 

OFET device fabrication procedures: Hole mobility measurements: 

Bottom contact/top gate (BC/TG) devices were fabricated on glass substrates 

using Au (40 nm) source-drain electrodes and CYTOP dielectric. Au 

electrodes were treated with pentafluorobenzene thiol (PFBT) SAM to 

increase the work function. Polymers were dissolved in chloroform at a 

concentration of 10 mg/mL, and spin cast at 2000 rpm onto the substrate for 

60 s. The obtained polymer films were thermally annealed at 100 
o
C for 30 

min, before spin coating of CYTOP dielectric (900 nm). The devices were 

completed by evaporation of Al (40 nm) gate through shadow masks. The 
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channel width and length of the transistors are 1000 µm and 50 µm, 

respectively. A Keithley 4200 parameter analyzer was used to characterise 

the transistors under nitrogen. Linear mobility was calculated according to 

the equation below: µlin 
 

     
 
       

   
  

And saturation mobility was extracted from the slope of ID
1/2 

vs. VG:  

µsat  
  

   
 
 √      

   
 2 

Performance parameters were averaged over ~6 devices. 

Electron mobility measurements: Bottom gate/top contact devices were 

fabricated on heavily doped n
+
-Si (100) wafers with 400 nm-thick thermally 

grown SiO2. The Si/SiO2 substrates were treated with BCB
 
to improve 

electron transport. Polymers were dissolved in chloroform at a concentration 

of 10 mg/mL, and spun cast at 2000 rpm onto the substrate for 60 s. The 

obtained polymer films were thermally annealed at 100 
o
C for 30 min. Al 

(40nm) source and drain electrodes were deposited onto the polymer film 

under vacuum through shadow masks. The channel width and length of the 

transistors are 1000 µm and 40 µm, respectively. 
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5.2 Synthesis 

5.2.1. 2,2'-((5-octylthiophen-2-yl)methylene)bis(1H-pyrrole) (1)  

  
Procedure 

A solution of pyrrole (400 mmol, 28 ml) and 5-octyl-thiophen-2-

carbaldehyde (10 mmol, 2,24 gr) was degassed by bubbling with argon for 

30 min, then trifluoroacetic acid (CF3COOH, 0,1 ml) was added. The 

solution was stirred for 1 hour  at room temperature. A TLC control was 

made and it showed the starting aldehyde, so the solution was stirred at room 

temperature for another hour. The TLC control made showed the starting 

aldehyde so some drops of acid were added and the solution was stirred for 

another hour.  

The mixture was diluted with 350 mL of dichloromethane (CH2Cl2), then 

washed with 0.1 NaOH aq., and water and the organic phase was dried with 

magnesium sulphate (MgSO4). 

The solvent was removed under reduced pressure. Attempt to remove the 

excess of pyrrole by vacuum distillation at room temperature was 

unsuccessful. 

The product was purified by chromatography on silica gel using as eluents at 

the beginning only hexane and then increasing the polarity to 9:1 

hexane/ethyl acetate. 

The solvent from the collected fraction was removed under reduced pressure 

and it was dried overnight in high vacuum at 25°C. 

The crude product (2,40 gr, 71% yield) is a yellow-green oil. 

 
1
H-NMR (crude): (CDCl3, 400 MHz): δ 8.0 (s, 2H), 6.70 (dd, 

3
J = 6.70 Hz, 

2H), 6.60 (d, 1H), 6.17 (dd, 3J = 6.17 Hz, 2H), 6.04 (s, 2H), 5.66 (s, 1H), 

2.73 (t, 2H), 1.63 (m, 2H), 1.29 (m, 10H), 0.89 (t, 3H). 
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Figure 32. 

1
H-NMR of 2,2'-((5-octylthiophen-2-yl)methylene)bis(1H-pyrrole). 
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5.2.2 8-octylthiophene  BODIPY (2) 

 

 

 

 
 

  
 

Procedure  

 

Monomer 1 (2,30 gr, 6.8 mmol) and DDQ (1,57 g, 6,8 mmol) were dissolved 

in dry toluene (35 ml + 35 ml) and then added in 250 ml three necked round 

bottom flask predegassed. 

The mixture was stirred for 30 min at room temperature. TLC control did not 

show the starting product monomer 1 anymore. Then 5,6 ml (4,7 mmol)  of 

distilled N,N-diisopropylethylamine DIPEA was added and the mixture was 

stirred at room temperature for 1hour and 30 min. 

Then 5,7 ml (6,8 mmol) of  boron trifluoride-diethyl ether (BF3O(Et)2) was 

added and the mixture was heated and stirred at 80°C for 2 hours. The 

mixture showed an orange fluorescence. 

After 2  hours the mixture was cooled down to room temperature and the 

crude was washed with water (3 time) and dried over MgSO4. 

The solvent was removed under reduced pressure.  

A TLC using as eluents 2:1 dichloromethane/ hexane show a fluorescent 

orange spot and two light red spot. 

Monomer 2 was purified through silica gel chromatography using as eluents 

dichloromethane/hexane 2:1. 

The product (1,43 gr, 40% yield) is a red-orange oil. 

 
1
H NMR (CDCl3, 400 MHz): δ 7.9 (s, 2H), 7.44 (d, J = 3.6 Hz, 1H), 7.32 (d, 

J = 3.6 Hz, 2H), 6.97(d, J = 3.2 Hz, 1H), 6.57 (m, 2H), 2.92 (t, J = 7.6 Hz, 

2H), 1.76 (m, 2H), 1.29 (m, 10H), 0.89 (t, J = 6.8 Hz, 3H). 

 
13

C NMR (CDCl3, 100MHz): δ 154.21, 143.11, 133.79, 132.13, 131.30, 

125.88, 118.19, 31.83, 31.49, 29.26, 28.18, 22.85, 14.19, 0.99. 
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Figure 33. 
1
H-NMR of 8-octylthiophene  BODIPY (2). 

 

 

 

 
 

 
Figure 34. 

13
C-NMR of 8-octylthiophene  BODIPY (2). 
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5.2.3 2,6-dibromo-8-octylthiophene  BODIPY (3) 

 

 

 
Procedure  

 

To a solution of monomer 2 (0,200g, 0,52 mmol) in dry methylene chloride 

(13 ml) and dry dimethylformamide (13 ml)  N-bromosuccinimide (NBS) 

(0,222 g) was added portion wise 3 times every 10 min.  The mixture was 

stirred  at room temperature and in the dark for 2 hours. 

After TLC control, the crude was diluted in dichloromethane and  washed 

with brine for three times. The organic phase was dried over MgSO4 and the 

solvent was removed under reduced pressure. 

The crude product was purified by silica-gel column chromatography using  

at the beginning hexane as eluent and then incresing slowly the polarity to 

7:3 hexane/dichloromethane. 

The product (0,120 g, 50%) is a dark pink solid . 

 
1
H NMR (CDCl3, 400 MHz): δ 7.8 (s, 2H), 7.48 (d, 1H), 7.32 (s, 2H), 7.0 (d, 

1H), 2.93 (t, 2H), 1.77 (m, 2H), 1.38 (m, 10H), 0.90 (t, 3H).  

 
13

C NMR (CDCl3, 100MHz): δ 156.36, 142.84, 135.02, 131.40, 126.61, 

31.83, 31.46, 30.55, 29.24, 29.17, 22.65, 14.11.  

 

MALDI m/z, calcd for C21H23BBr2F2N2S (M
+
): 543.10; found: 543.14 
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Figure 35. 
1
H-NMR of 2,6-dibromo-8-octylthiophene BODIPY (3). 

 

 

 
 

Figure 36. 
13

C-NMR of 2,6-dibromo-8-octylthiophene BODIPY (3). 
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5.2.4  5,5-difluoro-10-(5-octylthiophen-2-yl)-2,8-di(thiophen-2-yl)-5H-

4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (4) 

 

 
 

Procedure 

 

A solution of the commercially available 2-tributylstannylthiophene (2.3 

mol) and the 2,8-dibromo-5,5-difluoro-10-(5-octylthiophen-2-yl)-5H-

4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (3) (0.92 mol) were 

combined in dry deoxygenated toluene in the presence of 

tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3] (2 mol%) and tri-o-

tolylphosphine [P(o-Tol)3] (4 mol%) and the mixture was heated to ca. 120 

°C for 4 hours. Then, the reaction mixture was filtered through a pad of 

celite and the toluene solution was evaporated and dried under high vacuum. 

Purification was achieved by silica gel chromatography using as eluent a 

hexane/chloroform mixture (1:1). The resulting pure compound is an orange 

solid with yield 79% (0.40 g). 

 
1
H NMR (CDCl3, 300 MHz): δ 8.14 (s, 2Η), 7.53 (d, 1Η), 7.33 (s, 2Η), 7.24 

(dd, 
3
J = 7.24, 2Η), 7.21 (dd, 

3
J = 7.21, 2Η), 7.05 (dd, 

3
J = 7.05, 2Η), 7.04 

(d, 1Η), 2.97 (t, 2Η), 1.80 (quintuplet, 2Η), 1.46 (m, 12Η), 0.90 (t, 3Η). 

 
13

C NMR (CDCl3, 100 MHz): δ 154.72 (s), 140.74 (s), 139.03 (s), 135.90 (s), 

134.57 (s), 134.08 (s), 131.98 (s), 128.02 (m), 127.90 (s), 126.14 (s), 124.69 

(s), 124.28 (s), 123.35 (s), 99.51 (s), 31.82 (s), 31.44 (s), 30.48 (s), 29.69 

(m), 29.26-29.18 (t), 22.63 (s), 14.08 (s) 
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Figure 37. 

1
H-NMR spectrum of 5,5-difluoro-10-(5-octylthiophen-2-yl)-2,8-di(thiophen-

2-yl)-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (4).  

 

 
Figure 38. 

13
C-NMR spectrum of 5,5-difluoro-10-(5-octylthiophen-2-yl)-2,8-di(thiophen-

2-yl)-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (4).  
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5.2.5  2,8-bis(5-bromothiophen-2-yl)-5,5-difluoro-10-(5-octylthiophen-2-

yl)-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (5) 

 

 
Procedure 

 

In a predegassed flask, 4 (0.72 mol) was dissolved in freshly dried DMF, 

then recrystallized NBS (1.44 mol) was added portion wise (three times) in a 

period of 30 minutes. The mixture was stirred at room temperature for 3 

hours. The mixture was diluted in chloroform and washed with water three 

times. The solvent was removed under reduced pressure and the crude 

compound was purified through silica gel chromatography using as eluent a 

hexane/chloroform mixture (7:3). The resulting pure compound is a red-

orange solid with yield 68%. 

 
1
H NMR (CDCl3, 300 MHz): δ 8.07 (s, 2Η), 7.51 (d, 1Η), 7.04 (d, 2Η), 7.0 

(d, 1Η), 6.95 (d, 2Η), 2.97 (t, 2Η), 1.80 (quintuplet, 2Η), 1.31 (m, 12Η), 0.90 

(t, 3Η). 

 
13

C NMR (CDCl3, 100 MHz): δ 155.28 (s), 140.37 (s), 139.36 (s), 137.47 (s), 

134.53-134.36 (d), 131.83 (s), 130.73 (s), 127.21 (s), 126.30 (s), 124.60 (s), 

123.53 (s), 110.95 (s), 31.81 (s), 31.42 (s), 30.50 (s), 29.67 (s), 29.25-29.17 

(t), 22.63 (s), 14.07 (s) 

 

m/z [FD+(eiFI)]: 704.98 (Μ
+
-1, 12%), 705.97 (Μ

+
, 50%), 706.97 (ΜΗ

+
, 

40%), 707.97 (ΜΗ
+
+1, 100%), 708.97 (ΜΗ

+
+2, 49%), 709.97 (ΜΗ

+
+3, 

77%), 710.97 (ΜΗ
+
+4, 22%), 711.97 (ΜΗ

+
+5, 11%) 
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Figure 39. 

1
H-NMR spectrum of 2,8-bis(5-bromothiophen-2-yl)-5,5-difluoro-10-(5-

octylthiophen-2-yl)-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (5). 

 

 
Figure 40. 

13
C-NMR spectrum of 2,8-bis(5-bromothiophen-2-yl)-5,5-difluoro-10-(5-

octylthiophen-2-yl)-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (5). 
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Figure 41. FD+(eiFI) mass spectrum of 2,8-bis(5-bromothiophen-2-yl)-5,5-difluoro-10-

(5-octylthiophen-2-yl)-5H-4λ
4
,5λ

4
-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (5). 

 

 
Figure 42. Aromatic region (6.90-8.20 ppm) of the 

1
H-NMR spectra of monomers 4 and 

5 with assignment of the representative protons. 
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Figure 43. Absorption spectra in chloroform solution of monomers 4 and 5. 
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5.2.6 2,2'-((5-bromothiophen-2-yl)methylene)bis(1H-pyrrole)(6) 

 

5-bromothiophene-2-carbaldehyde (2.13 g, 11.16 mmol) was dissolved in 

excess of pyrrole (31 mL, 446.4 mmol). The resulting mixture was degassed 

for 30 min by argon and then 0.1 mL of trifluoroacetic acid were added. The 

reaction was stirred at room temperature for an hour and the crude product 

was diluted with methylene chloride and washed three times with sodium 

hydroxide (NaOH) aq. 0.1 N and dried over MgSO4. The solvent was 

removed under reduced pressure. The product was purified by 

chromatography on silica gel using hexane/ethyl acetate 9:1 as eluent. The 

yellow-green solid crude product obtained with a yield of 95% (3.29 g).  

1
H NMR crude (CDCl3, 400 MHz): δ 5.65 (s, 1Η), 6.07 (m, 2Η), 6.18 (m, 

2Η), 6.64(dd, 
3
J= 6,64Hz, 1Η), 6.70 (t, 3J = 6.71Hz, 2Η), 8.0 (s, 2Η). 

 

 

 



5. Experimental Data 

_______________________________________________________________________________ 
79 

 

 

 

Figure 44. 
1
H-NMR of  2,2'-((5-bromothiophen-2-yl)methylene)bis(1H-pyrrole) crude 

(6). 
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5.2.7  Bromo functionalized-BODIPY monomer (7) 

 
Monomer 6 (3.29 g, 10.70 mmol) and the DDQ (2.43 g, 10.70 mmol) were 

dissolved in dry toluene (54 mL + 54 mL) and then added in a predegassed 

three necked flask. After 30 min the predistilled Hünig's base (DIPEA, 8.8 

mL) was added and the mixture was stirred at room temperature for 90 min. 

Finally, the boron trifluoride diethyl etherate (9 mL) was added and the 

mixture was stirred at 80°C for 2h and then cooled at room temperature. The 

crude product was washed with water and dried on MgSO4. The solvent was 

removed under reduced pressure and the product was purify by silica gel 

chromatography using a mixture of dichloromethane:hexane 2:1 as eluent. 

The product was obtained as a pink solid with a yield of 49% (1.87 g). 

1
H NMR (CDCl3, 400 MHz): δ 6.6(d, 2H), 7.27 (dd, 

3
J=7.27, 3H), 7.35 (d, 

1H), 7.96 (s, 2H).  

 
 

Figure 45. 
1
H-NMR of Intermediate BODIPY monomer 7. 
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5.2.8 Synthesis of NIRBDTE 

 

 

To a mixture of BODIPY intermediate monomer 7 (0.22 g, 0.26 mmol), 

distannyl-1,2-di(2-thienyl)ethylene (DTE) (0.23 g, 2,5 eq) and 

tetrakis(triphenylphosphine)palladium (5%, 14.9 mg) toluene (5 mL) was 

added. The mixture was stirred overnight at 110 °C. The crude product was 

cooled down and toluene was removed under reduced pressure. The crude 

product was purified by silica-gel column chromatography using a mixture 

of hexane: dichloromethane 7:3 eluent and then recrystallized from hexane 

to afford compound NIRBDTE. The product obtained as a purple solid with 

a yield of 76% (0.21 g). 

1
H NMR (CDCl3, 400 MHz): δ 1,30(m, 42Η), 1,67 (m, 4Η), 2.70 (t, 4Η), 

6,60 (dd, 
3
J = 6.60Hz, 4Η), 7.02 (s, 2Η), 7.14 (s, 2Η), 7.35 (d, 2Η), 7.37 (d, 

4Η), 7.55 (d, 2Η), 7.93 (s, 4Η). 

NIRBDTE 
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Figure 46. 
1
H-NMR of NIRBDTE. 

 

Figure 47. 
1
H-NMR of NIRBDTE (aromatic region). 
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Figure 48. 

1
H-NMR of NIRBDTE (aliphatic region). 

 

MALDI-TOF Analysis of NIRBDTE  

NIRBDTE has been further analyzed by MALDI-TOF (Bruker Reflex TOF in MPI 

Mainz) and the spectra is presented in Figure 49. As can be seen, one main peak at 

1073,24 which corresponds to the molecular weight of NIRBDTE is appeared. 

 

 
 

Figure 49. MALDI-TOF spectrum of NIRBDTE. 
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5.2.9 Polymer TBDPTV  

 

 
 

 

Procedure  

 

Monomer 3 (0.202 mmol, 110 mg) and (E)-1,2-bis(3-dodecyl-5-

(trimethylstannyl)thiophen-2-yl)ethene (0.202 mmol, 172.8 mg) were 

dissolved in dry toluene (8.1 mL). Then, Pd2dba3 (0.0101 mmol, 9.3 mg) and 

P(o-tol)3 (0.0808 mmol, 24.6 mg) were added and the reaction mixture was 

stirred at 120°C under argon atmosphere for 48h. Then, the toluene solution 

was evaporated, the mixture was solubilized in CHCl3. The polymer was 

purified by precipitation in methanol, filtered and washed on Soxhlet 

apparatus with methanol, hexane and chloroform. The chloroform fraction 

was evaporated under reduced pressure and the polymer was precipitated in 

acetone, filtered and finally dried under high vacuum, providing a greenish 

solid (52 mg). 

 

 
 

 

Figure 50. 
1
H-NMR of TBDPTV 
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5.2.10 Polymer BODIPY-qTo 

 

 

 

Procedure 

 

A mixture of monomer 5 (110mg, 0,155 mmol), (3,3'-didodecyl-[2,2'-

bithiophene]-5,5'-diyl)bis(trimethylstannane) (128 mg, 0,155mmol), 

Pd2(dba)3 (4,3 mg,0,0046 mol) , P(o-tol)3 (2,8 mg, 0,0093 mmol) were added 

in dried flame two neck round bottom flask. Then dry toluene (12,4 mL) was 

added through a syringe and the reaction mixture started stirring and heating 

at 110° C for 48h. 

Then 2-bromothiophene (0,15 ml, 1,55mmol) was added to the reaction and 

let it stir for 4 h, then 2-tributylstannylthiophene (0,49 ml,1,55 mmol) was 

added. The day after the reaction was cooled down and  the compound was 

precipitated in methanol. Then the precipitate was filtered and purified with 

Soxhlet extraction using acetone, DCM and chloroform as solvents. The 

chloroform fraction was evaporated under reduced pressure and the polymer 

was precipitated in acetone, filtered and finally dried under high vacuum, 

providing a brownish solid (52 mg). 
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Figure 51. 

1
H-NMR of  BODIPY-qTo. 
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5.2.11 Polymer BODIPY-qTi  

 

 

 

Procedure 

 

 

A mixture of monomer 5 (110mg, 0,155 mmol), (4,4'-didodecyl-[2,2'-

bithiophene]-5,5'-diyl)bis(trimethylstannane) (128 mg, 0,155mmol), 

Pd2(dba)3 (4,3 mg,0,0046 mol) , P(o-tol)3 (2,8 mg, 0,0093 mmol) were added 

in dried flame two neck round bottom flask. Then dry toluene (12,4 mL) was 

added through a syringe and the reaction mixture started stirring and heating 

at 110° C for 48h. 

Then  2-bromothiophene (0,15 ml, 1,55mmol) was added to the reaction and 

the reaction mixture was stirred for 4 h, then 2-tributylstannylthiophene 

(0,49 ml,1,55 mmol) was added . The day after the reaction was cooled 

down and  the compound was precipitated in methanol. 

Then the precipitate was filtered and purified with Soxhlet extraction using 

acetone, DCM and chloroform as solvents. The chloroform fraction was 

evaporated under reduced pressure and the polymer was precipitated in 

acetone, filtered and finally dried under high vacuum, providing a brownish 

solid (55 mg). 
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Figure 52.
1
H-NMR of  BODIPY-qTi. 
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5.2.12 Polymer CB06  

 

 

 

Procedure 

 

A mixture of monomer 5 (110mg, 0,155 mmol), (E)-1,2-bis(3-dodecyl-5-

(trimethylstannyl)thiophen-2-yl)ethene (132 mg, 0,155mmol), Pd2(dba)3 (4,3 

mg,0,0046 mol), P(o-tol)3 (2,8 mg, 0,0093 mmol) were added in a flame 

dried two neck round bottom flask. Then dry toluene (12,4 mL) was added 

through a syringe and the reaction mixture started stirring and heating at 

110° C for 48h. 

Then 2-bromothiophene (0,15 ml, 1,55mmol) was added to the reaction and 

was stirred for 4 h, then 2-tributylstannylthiophene (0,49 ml,1,55 mmol) was 

added . The day after the reaction was cooled down and  the compound was 

precipitate in methanol The chloroform fraction was evaporated under 

reduced pressure and the polymer was precipitated in acetone, filtered and 

finally dried under high vacuum, providing greenish solid (53 mg). 
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 Figure 53.
1
H-NMR of CB06. 
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