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Abstract 

We have synthesized several new push-pull oligothiophenes based on the BODIPY moiety as the 

electron acceptor and the well known oligothiophenes substituted with N,N-dialkylamino groups to 

enhance the electron donor ability. A complete characterization of the electronic properties has been 

done consisting of their photophysical, electrochemical and vibrational properties. The compounds 

have been studied after chemical treatment with acids and after oxidation. In this regard, they can be 

termed as NIR dyes and amphoteric redox electroactive molecules. We have described the presence 

of dual fluorescence in these molecules and fluorescence quenching either by energy transfer or, in 

the push-pull molecules, by the electron exchange.  The combination of electrochemical and proton 

reversibility combined with the interesting optical properties of the new species offer an interesting 

platform for sensor and material applications.  
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I. Introduction 

Oligothiophenes are often utilized as building blocks in the preparation of organic materials 

for use as organic semiconductors. This is due in large part because of their excellent electronic 

properties and other features such as chemical resistance, relative ease of synthesis and  

proccesability, etc.
1
 As a result, there are many classes of oligothiophenes serving in applications 

such as organic field-effect transistors,
2 

organic light-emitting diodes,
3
 optically pumped lasers,

4
 

photovoltaics,
5
 non-linear optics,

6
 and biology.

7
 
 
From a chemical point of view, innovation in this 

field must pursue the exploration of different ways of molecular conjugation, for instance, with the 

implementation of new functional groups able to incorporate distinctive and singular properties. 

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (i.e., BODIPY) exhibits excellent photophysical 

properties (sharp fluorescence emissions and high fluorescence quantum yields) as well as high 

photo-stability.
8
 In addition given its particular structure, amphoteric redox behavior can be 

exploited since it can act as a donor or an acceptor. All of these features make the BODIPY 

fragment potentially useful in the field of organic electronics. Despite the many reports of 

oligothiophenes, only a couple of cases, however, have been reported combining the properties of 

oligothiophenes and BODIPY containing mono- or di-substitution of the terminal position of 

linear oligothiophenes.
9
 This investigation aims to investigate further the coupling of BODIPY with 

oligothiophenes in donor-acceptor materials. 

Intramolecular charge transfer (i.e., ICT) is commonly induced by connecting an electron-

donor and a electron-acceptor via a conjugated bridge in such a way that the electron polarization 

and/or electron transfer, among other factors, are modulated by the polarisable electron structure of 

the bridge (e.g., nature of the conjugated units and number, bridge conformation, etc.).
10

 This ICT 
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gives rise to a series of properties such as intense visible absorptions, amphoteric redox behavior, 

and enhanced non-linear optical responses.
 6, 10

    

In this work, a new series of compounds combining the properties of oligothiophenes and 

BODIPY in a donor-acceptor chemical architecture are presented. The oligothiophene-to-BODIPY 

connection goes through the meso position of the latter giving rise to a cross-conjugated disposition 

relative to the linear conjugated sequence in the oligothiophene moiety. Consequently we are 

investigating the electronic and optical properties promoted by the bonding of oligothiophenes and 

BODIPY in a donor-to-acceptor configuration (i.e., promoting the appearance of an ICT property) 

together with the effect of cross-conjugation and their relevance to organic materials.  

A detailed spectroscopic, electrochemical, photophysical and theoretical study is described, 

highlighting the main molecular features of the thienyl-BODIPY combination. As a whole, 

absorption and emission properties, vibrational spectra and cyclic voltammetry data are 

comprehensively studied with quantum-chemical calculations. These resulting features will be 

described: i) structure-function relationships, ii) proton-triggered and selective chemical oxidation 

reactions and the description of their relevant optical properties together with their visualization in 

chemical sensing, and iii) per se these samples will be viewed as NIR absorbers and dual redox 

actors with importance of these properties in solar cells design. 

 

II. Experimental and Theoretical Details. 

II. 1. Materials and General Synthesic Procedure.  

 All reactions were carried out under an argon atmosphere unless otherwise noted. CH2Cl2 was 

distilled from calcium hydride or phosphorus pentoxide. Commercial grade reagents and solvents 

were used without further purification unless otherwise stated. 
1
H and 

13
C-NMR spectra were 

recorded on a Bruker instrument at 200 MHz (
1
H) and 52 MHz (

13
C). NMR chemical shift are 
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expressed in parts per millon relative to internal solvent peak, and coupling constants were 

measured in Hertz. Products were purified by silica gel chromatography (SiO2 15-40 m). The 

synthesis of non commercial 5’-formyl-5-N,N-dimelthylamino-2,2’-bithiophene and 5’’-Formyl-5-

N,N-dimethylamino-2,2’:5’2’’-terthiophene were previously described.
11

 

General synthesis of BODIPY oligothiophenes.  2,2'-Bithiophene-5-carboxaldehyde (200 mg, 1 

mmol) was dissolved in neat pyrrole (1 mL, 14.4 mmol), and 3 drops of trifluoroacetic acid (TFA) 

were added. The reaction was allowed to proceed for 2.5 h at room temperature and directly 

oxidized with a solution of DDQ (227 mg, 1 mmol) in CH2Cl2 (10 mL) at room temperature. The 

reaction was allowed to proceed for 4 h at room temperature. Triethylamine (1.73 mL, 12.39 mmol) 

was added to the solution, which was stirred for 30 min. BF3:Et2O (2.11 mL, 16.64 mmol) was 

added, and stirring was maintained for 1 h. The reaction mixture was washed with H2O (2x50ml)  

and the aqueous solution was extracted with CH2Cl2. The combined organic layers were dried over 

anh. MgSO4, filtered, and evaporated. The crude product was purified by silica gel column 

chromatography (CH2Cl2:ciclohexane; 1:1) to afford BODIPY compound. Further purification was 

undertaken by preparative TLC. 

5-Bodipy-2,2’-bithiophene (BPY-2T). Red powder, (148 mg, 41%) mp 124-126 ºC. RF = 0.3 

CH2Cl2:cyclohexane; 1:2. 
1
H NMR (CDCl3, 200 MHz) δ (ppm) 7.91 (s, 2H), 7.50 (d, 1H , J = 3.8 

Hz), 7.35-7.31 (m , 5H), 7.08 (dd, 1H, J = 5.4, 4.8 Hz), 6.58 (m, 2H) ; 
13

C NMR (CDCl3, 52 MHz) δ 

(ppm) 144.2, 143.4, 135.7, 134.3, 133.9, 132.9, 131.0, 128.3, 126.5, 125.4 ,124.7, 118.4, 118.3; 

HRMS m/z: Calcd for C17H11BF2N2NaS2: 379.0317. Found: 379.0329; UV-vis (CH2Cl2) max ():  

514 (33,170), 312 (8,232). 

5-Bodipy-5’-N,N-diisopropylamino-2,2’-bithiophene (BPY-2T-N(i-Pr)2). Purple powder, (56 

mg, 45%). mp decomposes > 150 ºC. 
1
H NMR (CDCl3, 200 MHz) δ (ppm) 7.84 (s, 2H), 7.54 (d, 

1H, J = 3.8 Hz), 7.36 (d, 2H, J = 4.3 Hz), 7.11 (d, 1H, J = 4.3 Hz), 7.08 (d, 1H, J = 4.3 Hz), 6.55-

6.54 (m, 2H), 6.4 (d, 1H, J = 3.8 Hz), 3.77 (septuplet, 2H, J = 7.0 Hz), 1.30 (d, 12H, J = 7.0 Hz); 
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13
C NMR (CDCl3, 52 MHz) δ (ppm) 157.5, 157.0, 147.9, 136.1, 129.9, 126.4, 126.5, 121.6, 121.7, 

117.5, 117.5, 117.6, 107.4, 51.3, 20.4; HRMS m/z: Calcd for C23H24BF2N3S2: 455.1467. Found: 

455.1477 ; UV-vis (CH2Cl2) max (): 708 (22,271), 510 (35,815), 380 (14,156). 

5-Bodipy-5’’-N,N-dimethylamino-2,2’:5’2’’-terthiophene (BPY-3T-N(Me)2). Purple powder, (55 

mg, 43%). mp decomposes > 170ºC. 
1
H NMR (CDCl3, 200 MHz) δ (ppm)  7.89 (s, 2H), 7.51 (d, 

1H, J = 3.8 Hz), 7.35 (d, 2H, J = 4.3 Hz), 7.25 (m, 1H), 7.19 (d, 1H, J = 3.8 Hz), 6.95 (d, 1H, J = 

3.8 Hz), 6.87 (d, 1H, J = 3.8 Hz), 6.57 (m, 2H), 5.79 (d, 1H, J = 4.3 Hz), 2.96 (s, 6H); 
13

C NMR 

(CDCl3, 52 MHz) δ (ppm) 159.5, 145.1, 142.9, 140.6, 134.9, 132.2, 133.7, 130.6, 126.4, 125.0, 

123.9, 121.4, 120.3, 118.1, 120.3, 102.6, 42.5, 29.6; HRMS m/z: Calcd for C23H18BF2N3S3: 

481.0718. Found: 481.0719 ; UV-vis (CH2Cl2) max (): 628 (14,156), 514 (36,210), 406 (8,652). 

 

II. 2. Spectroscopic measurements. UV-Vis absorption spectra were recorded on an Agilent 8453 

instrument equipped with a diode array detection system. Emission spectra were measured using a 

spectrofluorimeter from Edinburgh Analytical Instrument (FLS920P) equipped with a pulsed xenon 

flash-lamp. Fluorescence quantum yields, F, were measured for all the solutions using quinine 

sulphate in 0.1 M H2SO4 (F=0.546) as the standard.
.12

 

1064 nm FT–Raman spectra were measured using an FT–Raman accessory kit (FRA/106–S) 

of a Bruker Equinox 55 FT–IR interferometer. A continuous–wave Nd–YAG laser working at 1064 

nm was used for excitation along with a germanium detector operating at liquid nitrogen 

temperature. Raman scattering radiation was collected in a back–scattering configuration with a 

standard spectral resolutions of 4 and 1 cm
-1

. 1000-3000 scans were averaged for each spectrum. 

Raman spectra with exc = 532 nm were recorded by using a Senterra dispersive Raman microscope 

from Bruker. UV-Vis-NIR and Raman spectro-chemistry were done by protonation with 

trifluoroacetic acid and chemical oxidation using FeCl3 as the oxidant in dried dichloromethane.  
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II. 3. Electrochemical Measurements.  Room temperature electrochemical measurements were 

performed with a BAS 100B electrochemical analyzer and C3 cell stand in a three-electrode 

configuration with a glassy carbon working electrode (A = 0.07 cm
2
), a platinum counter electrode, 

and a standard Ag|AgCl|KCl (1.0 M) reference electrode.  A single compartment, low volume cell 

was used for all measurements.  Tetrabutylammonium hexafluorphosphate electrolyte solution was 

added to the cell (5 mL, 0.1 M/CH2Cl2) and background cyclic voltammograms of the electrolyte 

solution were recorded prior to the addition of the sample.  Suitable amounts of sample were added 

to create 0.5 mM solutions.  The E
0
 values for the ferrocenium/ferrocene couple for concentrations 

similar to those used in this study were 0.43 V for dichloromethane solutions at a glassy carbon 

electrode.  Anodic-cathodic peak separations were typically 80-90 mV for this redox couple.  

II. 4. Theoretical Calculations. Density functional theory has a good track record as far as 

predicting the electronic structure of neutral and charged oligothiophene molecules.
13

 DFT has been 

used for the ground-state properties (i.e., optimized geometries, vibrational spectra, etc.) and time-

dependent DFT, or TD-DFT, for the estimation of vertical-adiabatic excited-states transition (i.e., 

energies and oscillator strengths).
14

 The geometries of the relevant excited states were optimized by 

taking advantage of the restricted single excited configuration interaction approach (CIS) within the 

Hartree-Fock (HF) approximation, or RCIS/HF, meaning that the single-determinant RHF 

wavefunction represents the reference determinant in a CIS calculation of excited states.
15

  

 Most of the calculations were performed with the Gaussian03 suite of programs.
16

 For the 

DFT calculations, Becke’s three-parameter (B3) gradient-corrected exchange functional combined 

with the Lee-Yang-Parr (LYP) correlation functional was used as implemented in Gaussian03.
17 

The 6-31G** basis set was taken in the DFT and RCIS/HF calculations.
18 

No constraints were 

imposed during the geometry optimizations. In the TDDFT calculations, an evaluation of at least 

the ten lowest-energy vertical electronic excited states was carried out.
 
TDDFT calculations were 

performed using the same functional.  
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III. Results and Discussion 

 

III. 1. Synthesis of BODIPY-nT derivatives. Several formyl-oligothiophenes were used as 

precursors in the synthesis of BPY-nT derivatives. The synthesis of 5’-formyl-5-N,N-

dimelthylamino-2,2’-bithiophene and 5’’-formyl-5-N,N-dimethyl-2,2’:5’2’’-terthiophene were 

previously described by some of us by means of metalation followed by reaction with DMF, or 

through the Stille cross coupling reaction.
11

 BPY-nT derivatives have been synthesized starting 

from the corresponding oligothiophene carbaldehydes in an one-pot, three-step procedure.  

 
Scheme 1. Synthesis of BODIPY compounds. 

This procedure, according to the usual precedents in the synthesis of BODIPY dyes,
19

 is as 

follows:  aldehydes are reacted with a large excess of pyrrole and subsequently, directly oxidized 

with DDQ, followed by addition of NEt3 and BF3·OEt2. After purification through column 

chromatography on silica gel the dyads were obtained in 35-40% yields.  

 

III. 2. Absorption Spectra. Figure 2 shows the UV-Vis absorption spectra of the compounds while 

Table 1 summarizes the main data. To follow the experimental trends, Figure 3 displays the 

energies of the frontier orbitals (topologies are shown in Figure 4). The covalent union of 2T and 

BODIPY (i.e., BPY) through the terminal at the meso positions minimally modifies the spectrum 

of the bithiophene chromophore revealing the partial decoupling between these two units, an effect 

possibly ascribed to cross-conjugation interference in the ground electronic state. The band at 314 

nm in 2T corresponds to a one-electron HOMOLUMO promotion while that a 310 nm in BPY-

2T is described as a one-electron HOMO1LUMO+1 promotion (S0S2) involving exclusively 
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the bithienyl unit (i.e., correlated with the HOMOLUMO excitation in 2T). Similarly, the band of 

the BODIPY fragment in BPY-2T appears at 514 nm, nearly the same wavelength as free BODIPY 

at 512 nm, and described as a one-electron HOMOLUMO transition (S0S1).   

Table 1. Absorption
a
, emission

b
 and electrochemical

c
 data for the oligomers.  

a 
In CH2Cl2. 

b
 In CH2Cl2. 

c
Potentials vs. Ag/AgCl in 0.1 M TBAPF6/CH2Cl2 solution.  

d
Irreversible process; Epa value 

provided.  
e
Irreversible process; Epc value provided. 

f
No observable reduction under the experimental conditions. 

 
Figure 2. A: UV-Vis electronic absorption spectra in dichloromethane of a) 2T, b) BPY-2T, c) BPY-2T-N(i-Pr)2, and 

BPY-3T-N(Me)2. B: Spectra in solution (black lines) and in solid state (red lines) of BPY-2T-N(i-Pr)2 (bottom) and 

BPY-3T-N(Me)2 (up). C: (bottom) spectra of BPY-2T-N(i-Pr)2 (black) and protonated BPY-2T-N(i-Pr)2 (red); (top)  

the spectra of BPY-3T-N(Me)2 (black) and protonated BPY-2T-N(i-Pr?)2 (red). D: Titration of BPY-2T-N(Me)2 with 

trifluoroacetic acid in dichloromethane. 

 

 

The attachment of a diisopropyl-amino group at the remaining free bithienyl position 

results in three new features in the absorption spectrum of BPY-2T-N(i-Pr)2: i) The bithiophene 

band is red-shifted by 70 nm indicating the coupling between the two units activated by the 

inclusion of  the lone electron pair of the nitrogen atom; ii) However, the sharp and strong BODIPY 

band around 510 nm is minimally affected; and iii) The appearance of a new very broad charge 

transfer band centered at 708 nm. Incorporation of the N,N-dialkylamino group improves 

conjugation with 2T as evidenced by the HOMO orbital of BPY-2T-N(i-Pr)2. This increases its 

Oligomer max, abs (nm) max, em 

(nm) 
fluo E

o
ox (V) E

o
red (V) 

          2T 314 362 0.03 ≈ 1.4
d
 -

[e]
 

BODIPY
 
 522 537 0.7 0.96 -1.37 

BPY-2T 310, 514 341, 567 0.08, 0.011 1.56
d
 -0.70, -1.53

e
 

BPY-2T-N(i-Pr)2 380, 510, 708         568          0.007 0.54, 1.34
d
, 1.70

d
 -0.75, -1.59

e
 

BPY-3T-N(Me)2 406, 514, 614         539          0.006 0.44, 1.03, 1.61
d
 -0.71, -1.51

e
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energy and transforms the BODIPY centered HOMO in BPY-2T in a thienyl based orbital in BPY-

2T-N(i-Pr)2.  Consequently, the lowest energy transition, or HOMOLUMO excitation (S0S1), 

corresponds now to a 2T-N(i-Pr)2BODIPY donor-to-acceptor electron promotion describing an  

intramolecular charge transfer.  

 

 

Figure 3. DFT/B3LYP/6-31G** gap orbital energy evolution in the compounds investigated.  

 

 
 

Figure 4. DFT/B3LYP/6-31G** topologies of the relevant orbitals around the gap for BPY-2T (bottom) and BPY-2T-

N(i-Pr)2 (top) .  
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Following with this discussion, the elongation of the thienyl chain brings another unexpected 

result in BPY-3T-N(Me)2 whose ICT band, measured at the maxima, is blue-shifted relative to the 

homologous HOMOLUMO band in BPY-2T-N(i-Pr)2. Usually the lengthening of the bridge in 

linearly connected or linearly conjugated donor-acceptor dyes produced a red-shift of the charge 

transfer absorption band.
20

 Also in Figure 2 the spectra of the two compounds in thin solid films are 

displayed where a common red-shift of the bands in the solid relative to the solution is observed. 

This displacement, however, is much more noticeable in BPY-3T-N(Me)2 resulting that the peak 

maxima in both compounds are much more similar for the solid state (i.e., 731 nm -1.70 eV- in 

BPY-2T-N(i-Pr)2 and 698 nm -1.78 eV- in BPY-3T-N(Me)2). This would be interpreted as the 

intervention of conformers, different to the planar one, in the description of the ground electronic 

state of BPY-3T-N(Me)2). Furthermore the band edges of the charge transfer bands in solid state 

related with the true optical energy gap are almost coincident in their low energy side likely 

indicating the saturation of donor-acceptor interaction at the level of the terthiophene bridge. The 

electrochemical band gap for these two oligomers displays the expected trend, however ?(vide 

infra).   

The presence of the lone electron pair of the amino nitrogen provides another entry for this 

electronic study given its basicity and potential protonation with a strong acid. In Figures 2C and 

2D the absorption spectra of the compounds treated with acid are displayed. It is observed that 

protonation of the basic center causes the full disappearance of the ICT band and the blue-shift of 

the thienyl band (from 380 nm to 309 nm) while the BODIPY absorption still remains unaltered. 

This process is fully reversible (i.e. the CT bands can be fully regenerated) by the addition of a base 

such as triethylamine. These data demonstrates the fine balance of the gap properties in these 

BODIPY oligothiophenes which is drastically tuned by inclusion of the appropriate amino group or 

its chemical protonation.  As a result, based on the reversibility of the protonationreaction , 

interesting spectro-chemical sensor properties can be derived. The HOMO orbital of protonated 



11 

BPY-2T-N(i-Pr)2 clearly indicates that by removing the conjugatednitrogen lone electron-pair, the 

donor-to-acceptor connection is switched off. 

 

III. 3. Electrochemical Data. Figure 5 shows the cyclic voltammograms of the compounds in 

dichloromethane and Table 1 also summarizes the redox potentials. The most relevant feature is the 

existence of amphoteric redox behavior in BPY-2T-N(i-Pr)2 and BPY-3T-N(Me)2 which display 

both reversible reduction and oxidation processes. Oligothiophenes are characterized by their 

relatively low oxidation potentials resulting in their electron donor properties, a key requirement 

exploited in their applications as hole transporting materials. In BPY-2T, there is an irreversible 

oxidation at 1.56 V which gives rise to a subsequent typical dimerization process (i.e., revealed 

by the small peaks in the associated reduction wave).  

 
Figure 5. Left: Cyclic voltammetries of a) BPY-2T, b) BPY-2T-N(i-Pr)2, and c) BPY-3T-N(Me)2 in 0.1 M 

TBAPF6/CH2Cl2 solutions. Right: UV-Vis-NIR spectrochemistry of BPY-3T-N(Me)2 in CH2Cl2 by stepwise addition 

of FeCl3, 

 

The inclusion of the amino functionality in BPY-2T-N(i-Pr)2 results in a dramatic decrease of 

the first oxidation potential to +0.54 V in agreement with the HOMO orbital to be placed at the 

extensively conjugated amino-bithienyl fragment [i.e., the HOMO energy goes from 5.87 eV in 

BPY-2T to 4.97 eV in BPY-2T-N(i-Pr)2]. Increasing the chain length from the dimer to the 

trimer causes a 0.10 V decrease of the first oxidation processes and a simultaneous stabilization of 
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the dication at 1.03 V(But in that case the amino group on the trimer is not the same: NMe2). The 

first one electron reduction, according to the Koopman´s theorem,
21

 occupies the empty LUMOs 

which, in all the cases, are mainly located at the BODIPY unit (revealing its electron acceptor 

character) with a slight participation of the directly connected thiophene which will account for the 

slight variation of the first reduction potentials with the oligothienyl chain. A second reduction 

appears around 1.5 V being fully reversible only in BPY-3T-N(Me)2.  

It is relevant to mention the lowest measured electrochemical band gap, 1.15 V (simply 

calculated by taking the difference between E
0

ox and E
0

red), in BPY-3T-N(Me)2 and its homologue 

optical band gap, around 1.50 eV at the band edge. It is unusual to find the electrochemical band 

gap lower than the optical band gap which indicates the interesting balance between the donor-to-

acceptor interaction. These gap values are in the desired limits of applicability in a series of organic 

devices, namely, photovoltaics applications. In this regard, these samples can be termed as NIR 

dyes (i.e., note that NIR dyes are noted for absorption larger than 700 nm) and amphoteric redox 

electroactive molecules.  

Given the interesting electrochemical properties, chemical oxidation of BPY-3T-N(Me)2 has 

been performed and monitored by UV-Vis-NIR spectroscopy as represented in Figure 5. Oxidation 

with one equivalent of FeCl3 gives rise to the spectrum of the radical cation species which has two 

new intra-gap absorptions around 800 and 900 nm respectively similar to previously characterized 

terthiophene cation radicals. However the BODIPY absorption at 512 nm keeps its shape and is not 

altered significantly during the oxidation process while the ICT band at 623 nm is replaced by a 

new band, sharper and more intense at the same wavelength. Consequently, while protonation 

induces the disappearance of the ICT band giving rise to a transparent compound in this region, 

oxidation produces the sample to be a good light absorber in the Vis-NIR region.  
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III. 4. Photophysical properties. Figure 6 displays the absorption-excitation-fluorescence spectra 

for BPY-2T and BPY-2T-N(i-Pr)2 while in Table 1 quantum yields are also summarized. Several 

general features can be extracted from the spectra: i) In all the cases very low fluorescence quantum 

yields are measured; ii) Dual emission is recorded for the derivatives: one emission comes after 

excitation the BODIPY band that always yields the typical BODIPY emissions around 560 nm, and 

the second emission arises either by exciting the thienyl band around 400 nm in BPY-2T (i.e., 

where the typical oligothiophene emission is observed) or for the amine derivatives in which by 

exciting the same thienyl bands a well red-shifted emission at 510-520 nm is recorded; iv) No 

emissions are observed by photon pumping the ICT bands at low energy in the push-pull molecules.  

 
Figure 6. Absorption, excitation and emission spectra of BPY-2T (left) and BPY-2T-N(i-Pr)2 (right) in CH2Cl2 

solutions. 

 

Overall this means that the covalent bonding of BODIPY and the bithiophene yields a very 

important minimization of the fluorescence quantum yields compared with the BODIPY group well 

known to be an excellent emitter, and also allows to the appearance of dual weak fluorescence. In 
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what follows we will explain these effects assisted with theoretical calculations and 

electrochemistry.   

TD-DFT/B3LYP/6-31G** excited state calculations have been carried out for BPY-2T and 

BPY-2T-N(i-Pr)2 as the two representative examples to understand the photophysical phenomena. 

In BPY-2T the S0S1 excitation is predicted at 463 nm (oscillator strength, f=0.41) and is related 

with the experimental absorption at 514 nm (extinction coefficient, =33,170) that corresponds to a 

one-electron HOMOLUMO transition involving the BODIPY group. The second theoretical band 

calculated at 310 nm (f=0.16) is assigned to the experimental absorption at 310 nm (=8,232) and 

corresponds to a HOMO-1LUMO+1 one-electron promotion involving almost exclusively the 

bithiophene moiety (see Figure 7).  

 
Figure 7. a) TD-DFT/B3LYP/6-31G** theoretical absorption of BPY-2T (bottom) and BPY-2T-N(i-Pr)2 (top); b) 

Visualization of the inter-chromophore excitation mixing, or ICT transitions, by inclusion of the amino group from 

BPY-2T (left) to BPY-2T-N(i-Pr)2 (right) according to the TD-DFT/B3LYP/6-31G** theoretical spectra. 

 

In Figure 8 the optimized geometries of the low lying excited states of BPY-2T are shown and 

display nearly identical dihedral angles of ≈ 50 degrees between the BODIPY and thienyl moieties 

either in S0 or S1 indicating how the two units behave independently as for the low energy excited 

states is concerned. This scenario might produce two different situations: i) the partial decoupling 

between the two units which can justify the appearance of two different emissions in BPY-2T 

depending on the excitation energy (the situation is also similar to a twisted intramolecular charge 

transfer –TICT- state with dual emission)
22

; ii) And on the other hand, the quasi-quantitative 
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quenching of fluorescence detected in BPY-2T is an effect already observed in other thiophene-

BODIPY dyes and attributed to inter-unit energy transfer by a Förster mechanism.
23

 In this regard, 

the partial spectral overlap between the bithiophene emission and the absorption spectrum of 

BODIPY will favor the energy transfer process (this process is very efficient in a BPY-4T where 

the spectral overlap of the 4T emission and the BODIPY absorption is much larger than in our 

BPY-2T case).
9
 

 
Figure 8. RCIS/HF/6-31G** optimized geometries of the low lying electronic states of BPY-2T (left) and BPY-2T-

N(i-Pr)2 (right).  

 

For BPY-2T-N(i-Pr)2 the low lying energy excitation S0S1 is calculated at 588 nm (f=0.58) 

and appears at 708 nm (=22,271) in the absorption spectrum and is composed of a one-electron 

HOMOLUMO transition. In contrast to BPY-2T now the HOMO of BPY-2T-N(i-Pr)2 is located 

at the bithiophene and the LUMO is placed at the BODIPY moiety meaning that the S0S1 

excitation is an intramolecular donor-to-acceptor charge transfer. As a result of the ICT, and relative 

to BPY-2T, the molecular structure of the lowest energy excited state of BPY-2T-N(i-Pr)2 is 

significantly co-planarized as shown in Figure 8. The dihedral angle between the BODIPY and 

thienyl moieties is around almost 38.6º and the angle between the N,N-diisopropylamino group and 

the bithiophene is 0º with the two thiophenes co-planar. Exciting the lowest energy S0S1 ICT 

intramolecular charge transfer, no emission is detected because of the planar and non-radiative 

character of the intramolecular charge transfer state.  

The second excitation, S0S2, in BPY-2T-N(i-Pr)2 corresponds to a HOMO-1 to LUMO 

transition predicted at 426 nm which is related with the 510 nm band in the UV-Vis spectrum. 
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Given that the HOMO-1 is concentrated in the BODIPY, it turns out that this transition almost 

exclusively excites the BODIPY unit (see Figure 7) resulting in the typical BODIPY emission at 

568 nm. For the S1/S2/S3 triad, the largest BODIPY to bithiophene dihedral angle is found for the S2 

(i.e., 46.5º) which reinforces the fact that the excitation/emission process takes place in the 

BODIPY without affecting other parts of the molecule.   

 
Figure 9. Photophysical scheme proposed for the fluorescence mechanisms of BPY-2T-N(i-Pr)2.  

 

Interestingly, excitation on the bithiophene moiety produces a band at 514 nm, which is a new 

feature not present in BPY-2T. The S0S3 excitation in BPY-2T-N(i-Pr)2 corresponds to a 

HOMO-1 to LUMO+1 excitation predicted at 364 nm and observed at 380 nm in its absorption 

spectrum. Considering that the LUMO+1 orbital is located at the amino-bithiophene unit, it can be 

described as an acceptor-to-donor excitation, where the driving force has a opposite sense compared 

to the case of the ICT band at lower energies, that is, a “inverted” charge transfer band (i.e., the 

electron excitation goes from the acceptor to the donor). As deduced by the optimized geometries of 

the S3 (and other excited states close in energy) the bithiophene gets slightly more planar (i.e., 24.7º 

and 22.1º in S3 and S4 respectively) and the angle with the amino group is always large (i.e., ≈ 65º) 

indicating that the electron accumulation in this unit quinoidizes the thienyl backbone and distorts 

the amino group from the thienyl plane. As a result the pz nitrogen orbital, with the lone electron 
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pair, is decoupled from the conjugated segment (see that in S1 the N lone pair is fully conjugated 

with the bithiophene). This theoretical description would be in line with the appearance of a TICT 

state (twisted intramolecular charge transfer state) where the twisted feature is found in the amino-

donor group, an effect triggered off by the inverse acceptor (BODIPY)donor (bithiophene) 

excitation. It is well known the propensity of TICT states to dual emission. 

Consequently, the scenario is that two ICT events are observed such as described in Figure 9: 

a twisted emissive ICT and a planar non-radiative ICT together with an exclusive BODIPY 

emission. Contrary to BPY-2T, in BPY-2T-N(i-Pr)2 and BPY-3T-N(Me)2 the most probable 

situation to account for the fluorescence quenching is electron exchange, by Dexter mechanism, 

driven by the improved electron donor properties of the amino-bithiophene moiety relative to the 

good electron acceptor BODIPY as seen in electrochemical Section III.2 and is related to the small 

electrochemical gap.
23

  

 

III. 5. Vibrational Raman properties. Figure 10 displays the Raman spectra of the materials. The 

Raman spectra of the neutral molecules show two groups of bands corresponding to the BODIPY 

and thiophene moieties at 1550-1530 cm
1

 and 1450-1430 cm
1

 respectively.  The main Raman 

band in BPY-2T is at 1447 cm
1

 which is very similar to unsubstituted bithiophene (1442 cm
1

).  

This data indicates that the inclusion of the BODIPY moiety does not significantly modify the 

electron molecular structure of the ground electronic state and is in agreement with the minimal 

interaction between the two units due to cross-conjugation. 

The inclusion of the N,N-dialkylamino group in BPY-2T-N(i-Pr)2 splits the bithiophene band 

into two components at higher (i.e., 1449 cm
1

) and lower (i.e., 1433 cm
1

) frequencies relative to 

BPY-2T.
25

 This finding reveals the electron donor effect of the amino group on the NR2-substituted 

thiophene ring that now vibrates a higher frequency (i.e., 1449 cm
1

) as a consequence of the 

reinforcement of the conjugated system. On the other hand, the subtle electron withdrawal effect 
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of the BODIPY group (i.e., see its role in the ICT electron excitation) causes its closest thiophene 

rings to be slightly quinoidized resulting in lower (C=C) frequency values (i.e., 1433 cm
1

). The 

same phenomena can be described in BPY-3T-N(Me)2 with two well resolved bands at 1452 cm
1

 

and 1431 cm
1

 : the former more “aromatic” due to the increasing of the conjugational path and 

the latter slightly more quinoidized arising from the ring connected to the blocking meso position of 

the BODIPY group. As for the BODIPY band, the interaction with the thiophene groups is 

increasing in the order BPY-2T < BPY-2T-N(i-Pr)2 < BPY-3T-N(Me)2 as denoted by the behavior 

of the most intense and representative Raman bands at 1548 cm
1

 in BPY-2T at 1543 cm
1

 in BPY-

2T-N(i-Pr)2 and at 1529 cm
1

 in BPY-3T-N(Me)2 . 

 

 

Figure 10. 532 nm Raman spectra in solid state of: a) neutral BPY-2T, b) neutral BPY-2T-N(i-Pr)2, c) neutral BPY-

3T-N(Me)2, d) oxidized  BPY-2T-N(i-Pr)2, e) oxidized BPY-3T-N(Me)2, f) neutral BPY-2T-N(i-Pr)2 and g) 

protonated BPY-2T-N(i-Pr)2. 
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Oxidation of BPY-2T-N(i-Pr)2 and BPY-3T-N(Me)2 to their radical cations, [BPY-2T-N(i-

Pr)2]
+●

 and [BPY-3T-N(Me)2]
 +●

, proceeds by electron extractions on the electron rich 

oligothiophene moieties which become quinoidized. Consequently the most important CC Raman 

stretching bands move down to 1373 cm
1

 in the shorter oligomer, [BPY-2T-N(i-Pr)2]
+●

, and 

slightly higher at 1393 cm
1

 in [BPY-3T-N(Me)2]
 +●

.
25

 This data is consistent with the Raman 

spectra of oxidized oligomers previously investigated. 

Protonation of BPY-2T-N(i-Pr)2 (Figure 10) results in the appearance of a new band at 1419 

cm
1

 in the thienyl CC stretching region. The downshift from 1449 cm
1

 to 1419 cm
1

 after 

protonation must be explained by the larger quinoidization of the bithiophene segment due to the 

new role of the amino nitrogen which changes from a strong electron releasing group in neutral 

BPY-2T-N(i-Pr)2  to a electron withdrawing group in BPY-2T-N
+
H(i-Pr)2. The BODIPY CC 

stretching band also downshifts by 6 cm
1

 upon protonation.
26

  

 

IV. Conclusions. 

We have synthesized  new push-pull oligothiophenes based on the BODIPY group as the 

electron acceptor and N,N-dialkylamino-oligothiophenes as the donor moiety in order to enhance 

the electronic properties. A complete characterization of the electronic properties and molecular 

structures has been done consisting of the analysis of their photophysical, electrochemical and 

vibrational properties. In this regard, these samples can be termed as NIR dyes (i.e., note that NIR 

dyes are noted for absorption larger than 700 nm) and amphoteric redox electroactive molecules. 

We have described the presence dual fluorescence resulting from intramolecular charge transfer 

states (i.e., TICT states) and explain the extent of the emission on the basis of bithiophene to 

BODIPY energy transfer (Förster mechanism) for BPY-2T.  As for the push-pull molecules, BPY-

2T-N(i-Pr)2 and BPY-3T-N(Me)2, the quenching of the fluorescence is likely due to the electron 

exchange by a Dexter-type mechanism. The important role of the N,N-dialkylamino groups has 
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been examined which provokes excitations between the BODIPY and thienyl groups with 

donoracceptor and inverse acceptordonor character which are the basis for the ICT processes in 

the photophysics and the appearance of stable oxidation and reductions in the electrochemistry.  

Suitable reactions such as protonation and selective chemical oxidation on these derivatives 

have been described and valuable proton triggered and electrochromic properties have been found 

and interpreted. From the point of view of material applications, these systems can be used for solar 

cell applications due to both the good Vis-NIR absorbing characteristics and ambipolar redox 

behavior which is a key requirement to attain high yields of charge separated states after light 

absorption. More work to test these electro-optical properties is underway.   
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