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Abstract:  In this review, the multifunctionality of dithieno[3,2-b:2’,3’-d]thiophenes (DTTs) is covered 

comprehensively.  This is of interest because all involved research is very recent, emphasizes timely 

topics such as mechanochemistry for bioimaging or chalcogen bonds for catalysis and solar cells, and 

because the newly emerging privileged scaffold is embedded in an inspiring structural space.  At the 

beginning, DTTs are introduced with regard to nomenclature, constitutional isomers and optoelectronic 

properties.  The structural space around DTTs is mapped out next with regard to heteroatom substitution 

in bridge and core, covering much of the periodic table, eccentric heteroatom doping and bridge 

expansions.  After a brief summary of synthetic approaches to the DTT scaffold, chalcogen bonds are 

introduced as, together with redox switching and turn-on fluorescence, one of the three conceptual 

foundations of most multifunctionality.  Realized functions cover anion binding, transport (ion carriers, 

ion channels), catalysis, and the first fluorescent probes to image physical forces in living cells.  The 

appearance of DTTs in many other photosystems covers push-pull systems for non-linear optics and dye-
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sensitized solar cells, DTT polymers in light-emitting diodes, organic field-effect transistors and organic 

photovoltaics, DTT self-assembly and templated assembly into thin films and fluorescent fibers, also 

within cells, and the integration of DTTs into photochromes and biaromatics that violate the Hückel rules. 
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1. INTRODUCTION 

The emergence of dithieno[3,2-b:2’,3’-d]thiophenes (DTTs) as a privileged scaffold in functional 

supramolecular chemistry can be traced back to a report from the Barbarella group in 2001.1  This Chem. 

Mater. paper reports that the oxidation of dithienothiophene DTT 1 over DTTO 2 to DTTO2 3 generates 

bright blue fluorescence, both in solution and in the solid (Figure 1).  At that time, the reversible oxidation 

of sulfides into sulfoxides and sulfones was already recognized as a universal, most convenient redox 

switch.2–5 Interestingly, with DTTs, reversibility, that is the existence of a redox switch has never been 

clearly explored because the reduction of DTTO2 3 was of little interest.  Closely related endocyclic 

“sulfones” have been reduced back to sulfides.6,7  Quick tests made just for this introduction confirm that 

treatment of DTTO2 3 with DIBAL (~6 eq) in toluene for 16 h, warming from 0 ºC to room temperature, 

affords DTT 1 in 72% yield, whereas excess DIBAL and LiAlH4 also remove the sulfur bridge and yield 

the respective dithiophene among other products (not shown). 
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Figure 1.  Oxidation of DTT 1 to DTTO 2 and DTTO2 3 generates bright fluorescence and deep s holes 

(blue circles) with a central focal point (blue triangles). 

 

The combination of sulfur redox switches with the emergence of bright blue fluorescence did not attract 

immediate scientific attention.  Some applications as fluorescent probes and photosystems naturally 

followed, including organic solar cells.  However, it took more than fourteen years until the functional 

relevance of the s  holes on the two endocyclic sulfurs, particularly their deepening during DTT 

oxidation, was fully appreciated.8  With this second key characteristic understood, multifunctionality 

unfolded rapidly:  Anion binding, catalysts that operate with unorthodox chalcogen bonds, anion transport 

covering not only carriers but also synthetic ion channels, or mechanosensitive fluorescent probes to 

image physical forces in living cells.  This emerging multifunctionality of the DTT scaffold, i.e., DTTs 

at work, in action, will be reviewed comprehensively in the following.  The material will be embedded 

into a broader picture of the DTT scaffold that puts this emerging multifunctionality into the context of a 

quite remarkable structural diversity, a very well-developed organic synthesis, and an extensive 

appearance as component in organic materials such as organic photovoltaics (OPVs), organic field-effect 

transistors (OFETs) and light-emitting diodes (LEDs).  These three topics have already been reviewed 

comprehensively from different points of view, particularly by the groups of Ozturk and Bäuerle, and 

will thus be treated more generally.9–18 

2.  DITHIENOTHIOPHENES 

Dithieno[3,2-b:2’,3’-d]thiophenes 1 can be considered as 2,2’-bithiophenes 4 that are bridged with a 

sulfur atom to produce central thiophene ring between the two originals in the periphery, with the central 

sulfur pointing in the opposite direction of the two peripheral ones (Figure 2).  Alternatively, it can be 

considered as a thieno[3,2-b]thiophene 5 with a thiophene added or a thieno[2’,3’:4,5]thieno[3,2-

b]thieno[2,3-d]thiophene 6 with one removed. 
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Among the five constitutional isomers of [3,2-b:2’,3’-d]-DTT 1, [3,2-b:3’,4’-d]-DTT 7 is the closest 

relative, followed by the equally related [3,4-b:3’,4’-d]-DTT 8 and [2,3-b:2’,3’-d]-DTT 9.  More distant 

is [2,3-b:3’,4’-d]-DTT 10, and [2,3- b:3’,2’-d]-DTT 11 with all sulfurs on the same side is at the other 

extreme. 

Both 2,2’-DTT dimers 12 and 3,3’-DTTs dimers 13 have been reported.19,20  Cross conjugated, the 

absorption maximum of 3,3’-dimer 13 is blue shifted (310 vs 390 nm).  Possible oligomerization also 

includes mixed 2,3’-fusion or another sulfur bridge converting 12 into heptacycle 14.21  The synthesis of 

14 has been realized with four solubilizing alkyl chains in the periphery. 

In solution, DTTs such as 1 absorb broadly around 300 nm (Figure 3).22  With a quantum yield <1%, 

fluorescence is barely detectable.  Oxidation to DTT S,S-dioxides (DTTO2) such as 3 shifts the absorption 

to around 350 nm and produces the bright blue fluorescence mentioned in the introduction (Figures 3, 

4).1  For the pure scaffold 3, emission in solution is maximal around 450 nm, the quantum yield in solution 

is 75%.  Even as a powder, a quantum yield of 12% remains.  Already in the original Barbarella paper, 

significant tolerance of this bright fluorescence toward structural elaboration is noted.  Methyl groups in 

15 do not reduce quantum yields.  Sulfoxides in DTTO 16 produce red-shifted maxima compared to 

sulfone bridges in the homologous DTTO2 15.  Emission intensity is much reduced in solution, but not 

in the solid.  Control 17 with the same three thiophene heterocycles but separated by single bonds is not 

fluorescent in solution, whereas fluorescence in the solid remains surprisingly high. 

Peripheral phenyls in 18 shift absorption and emission to the red without losses in quantum yield.  The 

same is true for peripheral methylthiophenes in 19.  This modification is interesting because the four 

methyls around the two bonds connecting to the DTTO2 
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Figure 2.  Structural space around the privileged scaffold 1. 

 

core twist the peripheral thiophenes out of co-planarity without complete loss of conjugation, as can be 

seen from the red shifts (vide infra).  Increasing chromophore planarization upon removal of the methyls 

in the peripheral thiophenes produces additional red shifts for a complete series of sulfone, sulfoxide and 

sulfide bridges in 20–22.23  Whereas the LUMO energy of 22 was too high to be detected by cyclic 

voltammetry (CV), a gradual decrease to –3.08 eV and –3.17 eV was observed with increasingly electron 

withdrawing sulfoxide and sulfone bridges in 21 and 20.  Addition of another thiophene at both termini 

produces additional red shifts and lowering of the LUMO levels in the series 23–25, culminating in –3.32 

eV for DTTO2 23. 

Peripheral imide acceptors proved most effective to further lower the LUMO energies.24  Already with 

sulfur bridges in DTT 26, CV results gave –3.82 eV against –5.10 eV for Fc+/Fc.  Withdrawing 

perfluorinated alkyl substituents in 27 further lowered the LUMO level without much changes in 

spectroscopic properties.  The LUMO levels of DTT 28 with two peripheral arylimides are at –3.72 eV.25  
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Sulfone bridges combined with peripheral imides yield a record –4.04 eV for 29.  Peripheral cyano 

acceptors are less effective than imides.8  Measured under identical conditions, dicyano DTTO2 30 

affords –3.70 eV compared to –4.04 eV for 29 (Figures 3, 5).  Removal of one cyano acceptor raises the 

LUMO of 31 to –3.30 eV, a sulfoxide bridge in dicyano DTTO 32 affords –3.20 eV.  For comparison, 

the unsubstituted DTTO2 33 gives –2.88 eV under these conditions.  Contrary to their high Hammett sp 

= +0.77,26 peripheral sulfone acceptors in DTTO2 34 are with –3.64 eV slightly less effective than cyano 

acceptors in DTTO2 30 (sp+ = sp = +0.66).8  Peripheral aldehyde acceptors appear with –3.42 eV for 

DTTO2 35 also less effective than expected from their high value (sp+ = +0.73, sp = +0.42).  This 

underperformance of aldehyde and sulfone acceptors is well explained with intramolecular 1,4 O-S 

chalcogen bonds that reinject the electron density removed from the scaffold (vide infra). 
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Figure 3.  Structural space covered with DTTs, with indication of pertinent absorption / emission 

maxima (in nm), fluorescence quantum yields in solution (in %), and LUMO energies (in eV, against –

5.1 eV for Fc+/Fc, if available).  All other data are as reported in the originals with the only intention to 

highlight relevant trends, different conditions have to be considered for comparison between different 

reports. 
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Figure 4.  Representative absorption (left) and emission spectra (right) of DTTs, showing the response 

of DTTO2 30 to the presence of chloride anions in THF (TBACl, from blue to red with increasing 

concentration).  Adapted with permission from ref. 8.  Copyright 2016 American Chemical Society. 

 

 

Figure 5.  Differential pulse voltammograms of representative DTTs with Fc+/Fc as internal standard to 

calibrate LUMO energies against –5.10 eV.  Adapted with permission from ref. 8.  Copyright 2016 

American Chemical Society. 
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5.  Electrochemistry 

The reduction potentials of 3 - 10 were determined using differential pulse voltammetry 

(DPV, scan rate 100 mV/s) vs Fc+/ Fc in CH2Cl2 (supporting electrolyte: 100 mM TBAPF6, 

working electrode: Glassy carbon, counter electrode: Pt wire, reference electrode: SCE). No 

reduction was visible for 2 within the solvent limit of CH2Cl2. LUMO energies vs vacuum were 

calculated from first reduction peaks in DPV using eq S5. 

 

ELUMO = − 5.1 eV − EDPV vs (Fc+/ Fc)           (S5) 

 

where EDPV is the potential measured at the maximum intensity of the first reduction peak in the 

differential pulse voltammogram, relative to the internal standard ferrocene / ferrocenium.S5 
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Figure S12. The differential pulse voltammograms relative to the internal Fc+/Fc standard, for 

transporters 3 (red), 4 (orange), 5 (black), 6 (green), 7 (pink), 8 (purple), 9 (light blue) and 10 (dark 

blue). 
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The selective oxidation of one and two of the intrinsically disfavored sulfurs in the core rather than in the 

bridge has become possible recently.27  Both DTTO2 36 and DTTO4 37 are not fluorescent.  Control 38 

confirms that this loss of fluorescence is not caused by the methyl groups next to the sulfurs in the DTT 

core.  Oxidized versions of most constitutional isomers of [3,2-b:2’,3’-d] DTT 1 have been reported, 

examples 39–43 already in the initial synthesis reports from the Janssen group in 1971.22,28  More 

developed DTT structures will be introduced later on, together with their functions. 

Absorption and emission spectra of ordinary DTTs are usually without further interest, without resolved 

vibrational finestructures and with little solvatochromism (Figure 4).  The same is true for CV and 

differential pulse voltammetry (DPV, Figure 5).23  All LUMO energies obtained from these 

voltammograms are generally high, DTTs are easier oxidized than reduced, transport holes better than 

electrons (vide infra).  The energy levels naturally descend from DTT to DTTO and DTTO2.  However, 

also decorated with many acceptors, the record low is –4.02 eV for diimide 29,25 a value that 

naphthalenedimides (NDIs) or fullerenes already reach without any additional acceptors.2,29 

3.  STRUCTURAL SPACE  

The substitution of the sulfur heteroatoms in the DTT bridge (Y) and the DTT core (X) is attracting much 

attention (Figure 6).  By now, bridge permutations cover most chalcogen, pnictogen and tetrel atoms.  

Many, overall a bit more focused examples also exist on core permutations.  Eccentric heteroatom doping 

focuses mostly on thiazoles with nitrogens in position Z.  After covering these three general topics, 

chapter 3 will close with the few examples on bridge expansion.  An overview of heteroatom permutations 

is of particular interest in the context of this review because a projection of the emerging 

multifunctionality of DTTs into the vast structural space available is likely to stimulate much future 

progress. 
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Figure 6.  Classification of heteroatom modifications in the DTT scaffold (X = Y = S, Z = C) as bridge 

(Y), core (X) and eccentric substitution (Z). 

 

3.1.  BRIDGE SUBSTITUTION 

The emergence of DTTs as a privileged multifunctional scaffold chiefly originates from access to a 

combination of bright fluorescence, strong chalcogen bonds and redox switching (vide infra).  It was thus 

interesting to see how bridge substitutions influence these three key characteristics.  A direct comparison 

of the brightest bridges has been reported in 2012.30  The standard is set by DTTO2 45 with peripheral 

phenyl groups (Figure 7).  Fluorescence emission in solution is at 509 nm, and QY at 90%, and 94% in 

solid state.  The fluorescence lifetime, important for imaging applications, is at t = 5.7 ns, and the LUMO 

energy at –3.58 eV under the conditions used.  Substitution of the sulfone bridge in 45 by a 

phenylphosphine oxide produces the highly fluorescent dithieno[3,2-b:2’,3’-d]phosphole oxide 46.  

However, compared to the chalcogen bridged 45, the fluorescence quantum yields decreases significantly 

to 75% for the pnictogen bridged 46 in solution.  Emission red shifts slightly to 529 nm, lifetime increases 

slightly to 6.0 ns.  Significant and interesting is the increase of the LUMO by +0.5 eV.  With a quantum 

yield at 81%, the tetrel bridged 47 remains highly fluorescent, whereas emission shifts slightly to the 

blue, LUMOs remain very high, and lifetimes, interestingly, decrease strongly.  Moving within tetrel 

bridges from silole 47 to the heavier germole 48, all worsens except for, if desired, constantly high 

LUMOs at -3.00 eV.  Compared to DTTO2 45, quantum yields drop from 90% to 50%, lifetimes from 

5.7 ns to 1.3 ns, and emission from 509 nm to 483 nm. 
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With lowest LUMO and strongest fluorescence, this comparison supports DTTO2 45 as most promising 

for function.  More specific comparisons within all groups confirm this impression.  Heteroatom 

permutations among chalcogens remain quite poorly explored, although synthetic access to furans31 and 

selenophenes32 has been demonstrated with 49 and 50, respectively.  Contrary to the chalcogen bridges 

beyond sulfur, the pnictogen series has been explored extensively.  Dithieno[3,2-b:2’,3’-d]pyrroles 

(DTPs) have attracted much attention as hole transporting polymers in optoelectronic devices, particularly 

organic solar cells.33–41  The substituent on the endocyclic bridge nitrogen strongly affects the LUMO 

energy.  For instance, alkyl substituents place the LUMO of DTP 51 +0.43 eV above the homologous 

DTTs, whereas aryl substituents add only +0.28 eV to DTP 52.33  Both DTPs are not fluorescent.  This 

lack of fluorescence of DTPs contrasts sharply with the bright blue emission from dithieno[3,2-b:2’,3’-

d]phospholes.13,14,42–44  Impressive comprehensive studies over more than a decade by the Baumgartner 

group on dithienophospholes confirm that already the minimalist 53 emits at 415 nm with a quantum 

yield of 78% (Figure 7).  The complementary DTT 1 absorbs at 298 nm without significant fluorescence 

(Figure 3). 

Oxidation of the trivalent phosphorus in phosphole 53 to the pentavalent oxide 54 preserves most 

fluorescence (Figure 7).  This constant fluorescence of phospholes is complementary to the turn-on 

fluorescence from ≤1% to 75% upon oxidation of DTT 1 to DTTO2 3 (Figure 3).  Phosphorus 

quaternarization with alkyl halides is interesting because the phosphonium cation in the bridge produces 

phosphole amphiphiles.13,43  With tris(dodecyloxy)benzyl tails in 55, highly fluorescent, thermo- and 

mechanosensitive liquid crystals and ionic organogels could be obtained.  Withdrawing 

pentafluorophenyl substituents in 56 are most attractive to lower the LUMO level and shift emission 

significantly to the red without losses in intensity.44  Peripheral expansion produces more substantial red 

shifts.13  In the presence (but not in the absence) of terminal aryl amines, oxidation from PIII in 57 to PV 

in 58 causes a strong blue shift in emission from 630 nm to 566 nm.  This is contrary to red shifts with  
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Figure 7.  DTT bridge substitutions, with indication of pertinent absorption / emission maxima (in nm), 

fluorescence quantum yields in solution (in %) / lifetimes (in ns) (fluorescence quantum yields in the 

solid state), and LUMO energies (in eV). 

 

terminal amines and with the minimalist 53 or 54.  This fluorescent scaffold has very recently been shown 

to report on Lewis acidity, through contacts with the phosphole oxygen.45 

Moving down the pnictogens, the full collection is available, from dithieno[3,2-b:2’,3’-d]arsoles 59–6146–

48 over dithieno[3,2-b:2’,3’-d]stiboles 6249 to dithieno[3,2-b:2’,3’-d]bismoles 63 and 64.50  None of them 

is highly fluorescent, and quantum yields decrease with the atomic mass of the pnictogen, whereas the 

LUMO levels increase.  With the heavier pnictogens, the disappearance of fluorescence around 400 nm 

is compensated by the appearance of a low-energy phosphorescence band around 630 nm, also in the 

solid state. 

The tetrel series starts with cyclopenta[2,1-b;3,4-d]dithiophenes (CPTs) 65-73.15,51–53  As summarized in 

previous reviews,15 CPTs have been studied extensively, particularly with regard to applications as 

polymers in the materials sciences.  They can feature either sp3 or sp2 carbon bridges.  Many examples 

exist for both.  For tetrahedral bridges, macrocyclic motifs 65 and Bingel fullerenes 66 rank among the 

most inspiring structures.  With planar sp2 bridges, carbonyl groups 67 are most interesting to exploit the 

rich chemistry of this motif.  Examples include alkenes connecting to cation-binding crown ethers 68, 

hydrazides 69 with redox active quinones, imines 70, Knoevenagel acceptors 71, malonates 72 or 

heterocyclic classics 73. 

Tetrel bridges beyond carbon have all been covered and reviewed.16,54–56  Dithieno[3,2-b:2’,3’-d]silols 

attract most attention because of their bright fluorescence.  Comparison of silol 47 with DTTO2 45 reveals 

that the former is slightly inferior with regard to red shift of emission and quantum yield, and clearly less 

competitive with regard to fluorescence lifetime and LUMO energy.  Peripheral extension with 
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phosphines in 74 reduces fluorescence in solution but not in the solid state, whereas the borane termini 

in 75 do not interfere.  Dimers 76 and trimers 77 show the expected red shifts and decreasing quantum 

yields.57  Push-pull systems 78 with strong tetracyanoethylene (TCNE) acceptors provide access to 

solvatochromism and environmental sensitivity.58,59  Ethanol vapor can be sensed with the naked eye 

from the color change from purple (541 nm) to violet (579 nm) of vapor deposited films.  Moving from 

siloles 79 to germole bridges 80,60 LUMO levels increase but spectroscopic properties do not change 

much, including strong fluorescence.  Dithienostannols 81 are poorly fluorescent in solution (<1%) and 

amorphous powders (9%) but emit bright blue light from single crystals (56%).56   

From a structural point of view, the most distinguishing characteristic of tetrel bridges is access to dimers, 

oligomers and polymers.  In cyclopentadithiophene 82, two carbon bridges are connected with a double 

bond.  More common and more general are spiro dimerization at tetrahedral bridges.  In silol 83, spiro 

dimerization strongly reduces the bright fluorescence of the monomers in solution and solid.61  Germol 

centered spiro dimers 84 are also not very fluorescent.  Higher oligomers include cyclotetragermoxanes 

85, which, depending on peripheral substituents R, can reach remarkably high fluorescence quantum 

yields of up to 80% in solution.55  

Boroles are isoelectronic to 4π-electron cyclopentadienyl cations and thus attract much interest to explore 

antiaromaticity.62  Contrary to expectations, this antiaromaticity is further enhanced in dithienoborole 

86.63  The results are characteristics that differ from the rest of the series, particularly a red shifted 

absorption at 552 nm, resulting in pink color.  Further characteristics include the absence of any 

fluorescence and low reduction potentials. 

3.2.  CORE SUBSTITUTION 

Like heteroatom substitution in the DTT bridge, heteroatom substitution in the DTT core has been 

explored extensively (Figure 8).  In the chalcogen series, phosphorous-, silicon-, and germanium-bridge 

difuranes 87–89 have been reported.64  The pnictogen and tetrel bridges stabilize the difuranes by 
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lowering their LUMOs.  The computed LUMO levels are up to +0.5 eV above the ones of the 

corresponding dithiophenes.  They increase from pnictogen to tetrel and from silicon to germanium 

bridges.  Bond length in crystal structures are consistent with reduced aromaticity compared to bridged 

bithiophenes.  Absorption and emission are blue shifted compared to bithiophenes and bright, with 

quantum yields up to 80% for the silicon bridged 88.   

Diselenothiophenes 90 and the all-selenium analog 91 have been reported as intermediates of the 

synthesis of higher oligomers.32  In the pnictogen series, diselenopyrroles 92 and 93 with electron-

withdrawing peripheral substituents are of interest for use as electron-transporting material in OFETs.65  

Absorption maxima and LUMO levels are very similar to the ones of the corresponding DTPs.66  The 

comprehensive dibromo series of diselenophenes 94–99 gives most red-shifted absorption toward 400 

nm for carbon bridged 97, most red-shifted emission toward 500 nm for silicon- and germanium-bridged 

98 and 99, lowest LUMOs for electron-withdrawing carbon bridges in 96 at –4.38 eV, followed by 97 

with –3.60 eV, and highest LUMO for nitrogen bridged 94 at –2.14 eV, all against –5.1 eV for Fc+/Fc. 

Bridged bipyrroles attract much interest.  Among chalcogen bridges, the most relevant thienobipyrrole 

100 has been reported first in 1975.67–69  The oxidation of the sulfide bridge into the sulfone bridge in 

101 has been reported much more recently to afford strongly red-shifted absorption maxima.69  Synthetic 

access to furo[3,2-b:4,5-d]bipyrroles 102 is available as well.70 

3.3.  ECCENTRIC SUBSTITUTION AND BRIDGE EXPANSION 

The positioning of heteroatoms in the DTT scaffold is not limited to bridge and core.  Eccentric 

heteroatom doping has mainly focused on motifs bisthiazoles with low LUMO levels.  The parent 

thienobisthiazole 103 has been prepared for co-polymerization with diketopyrrolopyrroles and used as 

low bandgap p-type semiconductor in OFETs.71  This study covers also the selenium homolog 104 for 

the same purpose.71  Pyrrolo[2,3-d:5,4-d’]bisthiazoles 105 have been explored quite extensively for use 

in electron transport materials as part of co-polymers or centered between two NDIs.72–75  Compared to 
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DTPs such as 51 (Figure 7), the nitrogen bridge in 105 decreases the LUMO levels significantly (–0.8 eV) 

and shifts the	absorption	slightly	to	the	red.		 

Dithiazolophospholes 106 and 107 have been introduced also for use in organic materials and turn out to 

remain brightly fluorescent.76  Arsolobis(thiazole)s 108, however, are weakly fluorescent.77  N-Doping 

of cyclopentadithiophene 67 leads to carbonyl-bridged 5,5’-dithiazoles 109 with significantly lowered 

LUMO.78 

Bridge expansion beyond single-carbon bridges further widens the chemical space around DTTs.  The 

most obvious bridge expansion affords benzodithiophenes (BDPs) 110.  The bridging benzene lowers 

HOMO and LUMO.  Access to ordered films and high hole mobilities identifies BDP polymers or co-

polymers as interesting components of OPVs.79–81  Substituents on the carbon bridge have been widely 

varied, from simple solubilizing alkyls and diketo bridges in 111 over various aromatics up to 

benzocarborano[2,1-b:3,4-b’]dithiophenes.82  Core substitution within the chalcogen series leads to the 

very well known benzodifurans 112.83  The same substitution in the dione bridged series leads to 113, 

and selenium cores afford the corresponding 114 and 115 (nitrogen substituents exist as well).78,84 

Eccentric heteroatom doping of benzodithiophenes 110 affords benzobisthiazoles 116.85  Conversion into 

the thiazolium salts 117 lowers LUMO levels and removes all fluorescence.  The combination of 

dicarbonyl bridges with eccentric heteroatom doping is realized in 5,5’-dithiazole 118.78  Extension of 

the benzobisthiazole series 116 within the chalcogens leads to benzodiselenazole 119.86  The addition of 

electron withdrawing cyano substituents in the bridge of 120 and the installation of peripheral sulfur 

redox switches provides access to sulfoxides 121 and sulfones 122.86  As an alternative approach to low 

LUMOs, the injection of positive charges on the eccentric nitrogens in benzodiselenazole 123 by 

alkylation has been considered.87  In this series, the interest in lower LUMO levels was not for material 

applications but to deepen s holes in the core for applications in catalysis (see below).86,87 
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Figure 8.  DTT core substitutions, eccentric heteroatom doping and bridge expansions, with indication 

of pertinent absorption / emission maxima (in nm), fluorescence quantum yields in solution (in %) / 

lifetimes (in ns) (fluorescence quantum yields in the solid state), and LUMO energies (in eV vs –5.1 eV 

for Fc+/Fc). 
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Further bridge expansion leads to three-atom bridges.  Quite extensively studied in this context are 

bithiopheneimides 124, introduced in 2008 as n-transporters in conjugated homo- and heteropolymeric 

OFETs and OPVs.88,89  The homologous dithienodiketophosphepins 125 combine most attractive 

spectroscopic properties.90  With R = p-methoxyphenyl (PMP), diketophosphepins 125 emit white light 

with a QY of 10%.  Depending on the wavelength of excitation, two unusual emission maxima at 475 

and 600 nm account for the generation of white fluorescence, the former, perhaps, originating from π-π* 

transition, the latter, perhaps, from intramolecular charge transfer from the triazole donors toward the 

diketophosphepin acceptors (Figure 9).  Increasing red shifts of the absorption maxima with increasingly 

donating substituents R could possibly support this interpretation.  Computational studies also agree with 

the existence of this push-pull system.  The interpretation of solvent-dependent ratiometric emission with 

twisted conformations in the ground state remains to be confirmed.  Exclusive emission at high energy in 

methanol has been proposed to possibly originate from hydrogen bonding to the triazoles.  The low-

energy emission could thus perhaps originate from planarization mediated by 1,4 N-S chalcogen bonds.  

If confirmed, this interpretation could be attractive for mechanosensing applications because, contrary to 

the more common deplanarization, planarization in the excited state would be quite unusual (vide infra).  

In bent rather than twisted systems, it has been shown to afford ratiometrically-encoded mechanosensitive 

white emission.91–93  With mesogenic substituents R in 125, red, orange-fluorescent gels are obtained.  

Consistent with a twisted push-pull fluorophore as operational system, all interesting spectroscopic 

properties disappear upon injection of positive charges into the peripheral triazoles in 126.94 

Taken together, this outline of the structural space available around DTTs is made with the intention to 

put this emerging multifunctional scaffold into context.  Many of the lessons learned in the following will 

be applicable to all the various homologs covered in this chapter.  Important are, depending on the 

function envisioned, access to low LUMO levels for deep s holes in the core, and bright fluorescence. 
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Figure 9.  Absorption (blue), excitation (dashed) and emission spectra (solid) of the white-fluorescent 

dithienodiketophosphepin 125 (R = PMP) in CH2Cl2 with excitation at 400 nm (black) and at 460 nm 

(red).  Adapted with permission from ref. 90.  Copyright 2013 American Chemical Society. 

 

4.  SYNTHESIS 

Today, DTT synthesis is routine.95  The first synthesis of DTT has been reported by the Janssen group in 

1971.22  The Janssen synthesis starts with the peripheral thiophenes (Scheme 1).  Two bromothiophenes 

127 are first bridged with a sulfide to give 128.  Then the central thiophene is cyclized into 1 by oxidative, 

copper mediated C-C bond formation. 

The complementary approach from peripheral thiophenes by final bridging of dithiophenes exists as 

well.96  Dimethyl thiophene 129, for instance, is first iodinated.  Nickel-mediated coupling of 

iodothiophenes 130 affords dithiophene 131.  Dibromination gives 132, which is bridged with (PhSO2)2S 

to yield the tetramethyl DTT target molecule 133. 

More versatile and more elegant is the currently favored route.  This synthesis, first reported by the 

Holmes group97 and then refined by Zhu and coworkers,24 starts with the central thiophene.  

Tetrabromothiophene 134 is first reacted with two aldehydes 135, which are then oxidized to give the 

respective diketone.  Cascade cyclization with two 2-thioacetate ethyl esters 136 affords the DTT scaffold 

in 137.  Ester hydrolysis followed by decarboxylation yields DTT 1.  Stepwise oxidation to DTTO 2 and 

DTTO2 3 is routinely achieved with mCPBA (Figure 1).9–11,95 

800300 400 500 600 700

λ (nm)
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Scheme 1.  Three General Strategies to Synthesize DTTs. 

 

 

The same methods are used to synthesize bridge-substituted DTT analogs (Scheme 2).  Final cross-

coupling of two pre-bridged thiophenes is most common with carbon bridges in 

cyclopentadithiophenes.15 The carbonyl-bridged tricycle 67, for example, is prepared from the same 

bromothiophene 127 used for the analogous synthesis of DTT 1.  Addition to aldehyde 138 followed by 

oxidation of the resulting alcohol to the ketone and chemoselective iodination gives prebridged 139, 

which is then subjected to oxidative Cu coupling to afford the desired CPT 67. 

Most other bridge elements are introduced by final bridging of dibromodithiophenes 140.  Treatment with 

BuLi followed by the chloride of the respective element directly yields the bridge-substituted DTT such 

as bismole 64 (Scheme 2).  This approach is analogous to the synthesis of DTT 133 by final bridging of 

dibromo dithiophene 132 with sulfur (Scheme 1).  
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For oligomerization, the coupling of a-linked isomers is chemically preferred (Scheme 3).  Stille coupling 

is most common today.20  The original dimer 12 has been prepared from 141 (without silyl group) by Fe-

mediated coupling.19  Access to b-linked dimers 13 is possible from the same monomer 141.20  The LDA 

initiated “halogen dance” affords the b-bromo isomer 142 in excellent yield.  Stannylation affords 143 

for Stille coupling with 142.  Desilylation of the resulting b dimer with TBAF then yields the final product 

13. 

Scheme 2.  Representative Syntheses of Bridge-Substituted DTT Analogs. 

 

Scheme 3.  Representative Synthesis of a- and b-Linked DTT Dimers. 

 

5.  CHALCOGEN BONDS 

Already in the breakthrough paper from the Barbarella group in 2001, it was observed that DTTO 16 

exhibits very close S-O contacts in the crystal (Figure 10A).1  The bridge oxygen was found precisely  

S

S S

S

S S
13

S

SSTMS Br

S

SSTMS

Br

S

SS
S

SS

12141

S

SSTMS

SnMe3

142

143

1. BuLi, 2. Fe(acac)3
(or Stille coupling)

LDA
92%

1. nBuLi
2. Me3SnCl
    79%

1. Pd(PPh3)4, 60%
2. TBAF, 98%

Bi

SSSS

BrBr

140 64

1. nBuLi
2. pTolBiCl2

41%
pTol

S

Br

SS

O
S

CHO

3. nBuLi
4. I2, 78%
5. PCC, 94% 67

I

I

139

Cu

94%

1. BuLi
2.

127

138
SS

O



 
 

23 

 

 

Figure 10.  (A) Selected S-O contacts in X-ray structures.  (B) s-Hole interactions between a s* orbital 

of donors D and a lone pair n of acceptors LB.  (C) s Holes increase with the polarizability of donors in 

groups V-VII (MP2 calculations, a.u.).  (D) Annotated MEP surface of 30 (red: electron rich, blue: 

electron poor).  Adapted with permission from ref. 8.  Copyright 2016 American Chemical Society. 

 

between the two sulfur atoms in the core of the neighboring molecule.  Similar observations were reported 

for several related motifs, for instance the carbonyl-bridged diselenophene 95.78 

Intermolecular S-O contacts to the central DTT sulfurs from the outside rather than from the inside occur 

in the crystals of DTT diimide 26.24  These complementary S-O contacts nicely illustrate the presence 

and location of overall four s holes on the central DTT sulfurs, two per atom (Figure 10B–D).  s Holes 
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refer to highly localized areas of high electron deficiency on the molecular electrostatic potential (MEP) 

surfaces (Figure 10D).8,12,17,98–117 They can accept electron density from Lewis-basic donors, including 

anions and lone pairs of neutral donors.  The resulting interactions are referred to as halogen, chalcogen, 

pnictogen and tetrel bonds.  Increasing with polarizability of the atom,98 the interaction energies increase 

to the left and to the bottom of the periodic table (Figure 10C).  Related to the antibonding s* orbital, 

chalcogens can offer two bonds, whereas halogens can produce one, pnictogens three and tetrels four 

(Figure 10B, C).  Compared to hydrogen bonds, chalcogen bonds are much more hydrophobic and 

directional, i.e., ideal for contacts at high accuracy.  At best, they extend co-linearly to the covalent bonds 

from the opposite side of the donor. 

Chalcogen bonds have been extensively studied in the solid and for intramolecular conformational 

control, particularly in medicinal chemistry.8,12,17,98–117  The DTT scaffold appeared attractive for 

chalcogen bonding because, as illustrated in the MEP of 30, the two inward oriented holes promised 

powerful acceptor recognition in their focal point (Figures 10C, D).8  At best, this recognition on the focal 

point of the inward s holes could be further controlled through switches at the two outward oriented 

s holes. 

 

6.  ANION BINDING 

For anion binding, the direct chalcogen-bonding counterpart to hydrogen bonding bipyrrole 144 would 

be 2,2’-bithiophene 4.  However, anion binding to 2,2’-bithiophene 4 is weak because the focal point of 

the inward s holes is too close to the scaffold.  This mismatch described by a too small bite angle of 23º 

produces chloride complexes with too small bond angles of 149º, resulting in too long chalcogen bonds 

up to 3.4 Å.  To correct this mismatched topology, both thiophenes have to rotate inward (Figure 11B).  

This is achieved by the tight, single-atom sulfur bridge in DTTs (Figure 11C).  Computational models of 

chloride complexes of unmodified DTT 15 testify for a perfect bite angle of 45º, adjusted bond angles  
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Figure 11.  Anion binding with DTTs.  (A) Poor chloride (green) recognition above the mismatched focal 

point of the inward s holes of the central sulfur atoms in 2,2’-bithiophene 4, with (**) bite angle, bond 

angle and bond length.  (B) Required bite angle adjustment from (**) 34º to (*) 45º by inward rotation of 

both heterocycles.  (C) Anion recognition in the adjusted focal point of the s holes in DTT 15, compared 

to classics such as bipyrrole 144 and bipyridine 145.  Dissociation constants KD of chloride complexes in 

THF (in mM) are given in comparison to computed interaction energies (in kcal mol–1) and measured 

LUMO energies (in eV against –5.1 eV for Fc+/Fc). 

 

near 180º, shortened chalcogen bond length below the sum of the VdW radii, and increased interaction 

energies as a consequence. 

Chalcogen bonding in the focal point of their inward s holes identifies DTTs as a privileged scaffold that 

is reminiscent of classics such bipyrroles 144 for anion binding by hydrogen bonding as bipyridines 145 

for cation binding (Figure 11).  The failure of the atom-per-atom analogous bithiophene 4 to perform like 

bipyrrole 144 nicely illustrates that chalcogen-bond donors are more directional than hydrogen bond 

donors.  Upon bite angle adjustment in DTTs 15, amplification of this high directionality in the focal 
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point of two s holes therefore promises access to high-precision activities in the corresponding functional 

systems.  The computed chloride interaction energies increase from sulfide bridges in 15 to sulfone 

bridges in 30, 34 and 35.  On the sulfone level, chloride interaction energies increase from peripheral 

aldehydes in 35 to sulfones in 34 and cyano acceptors in 30.  This increase corresponds to the decrease 

of the LUMO levels, i.e., the depth of the s holes. 

Chloride binding in THF can be followed directly by changes in absorption and emission maxima in the 

presence of increasing concentrations of TBACl (Figure 4).8  The resulting dissociation constants KD 

decrease from 35 with KD = 7.0 mM to 34 with KD = 4.9 mM and 30 with KD = 1.1 mM.  The coincidence 

of this stabilization of the 1:1 complexes with decreasing LUMO levels and increasing interaction 

energies supports the existence of operational chalcogen bonds. 

The peripheral aldehydes in 35 are of particular interest because they could form switchable 

intramolecular 1,4 O-S chalcogen bonds with the outward s holes in the DTT core (Figure 11).  These 

outward chalcogen bonds weaken the inward chalcogen bond to the anion in their focal point from –30.9 

kcal/mol in 35b to –24.8 kcal/mol in 35a.  Compared to cyano acceptors in 30 (–3.70 eV) that do not 

form these competitive outward chalcogen bonds, the LUMO level of 35 is with –3.42 eV indeed rather 

high.  In contrast, chloride binding by 35 (KD = 7.0 mM) is not much weaker than by 30 (KD = 1.1 mM).  

This strong chloride binding despite high LUMO suggests that without anion, the peripheral aldehydes 

reinject charge density by chalcogen “back-bonding” in 35a, whereas upon anion binding, the outward s 

holes weaken, the intramolecular chalcogen bonds break and conformer 35b dominates.  This anion-

responsive conformational switch on the outward s holes in the DTT core is most attractive for dynamic 

adaptive control in functional systems (vide infra).  Theoretical conformational analysis of 2,5-diamide-

thiophene derivatives confirms the corresponding preference for double chalcogen bonding 

interactions.118  DTTs were not the first chalcogen-bonding anion hosts,8 several reports with unrelated 

systems have appeared previously.119–121 
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Anion binding in the focal point of the inward s holes of DTTs has been confirmed in computational 

studies in systematic comparison with phosphorus, arsenic and germanium in the core of analogs 146-

148 (Figure 12).122  Coverage of the full series for sulfide, sulfoxide and sulfone bridges indicates that 

interaction energies increase with decreasing LUMO levels.  Increasing interaction energies with 

S<P<As<Ge in the core are consistent with the polarizability of these atoms (Figures 10C, 6).  For all 

compounds tested, significant F>Cl>Br>I selectivity sequences were obtained.  With hydrogens 

completing the elements in the core, it is understood that 146-148 are hypothetical molecules.  The same 

accounts for computational studies that suggest strengthened anion binding by nitrogens added next to 

the sulfurs in the DTT scaffold.123 

 

 

Figure 12.  Selected interaction energies in kcal mol–1 computed for DTT analogs operating with 

pnictogen and tetrel bonds (HM = hypothetical molecules).  

 

7.  CATALYSIS 

Anion stabilization in the ground state obviously implies that anionic transition states can also be 

stabilized in the focal point of the inward s holes in the DTT core.  To elaborate on DTTs as catalysts, 

the transfer hydrogenation of quinolines 149 with Hantzsch ester 150 as hydride donor was selected as 

model reaction, affording amines 151 and pyridine 152 as products (Figure 13).25  Transfer hydrogenation 

of imines 153 to amines 154 was added for comparison.  Computational studies confirm recognition of 

nitrogen lone pairs in aromatic heterocycles as in substrate 149 in the focal point of the inward s holes 

of DTTO2 30.  Rate enhancements up to kcat/kuncat = 1290 for DTTO2 diimide 29 were found (Figure 14).  
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Increasing rate enhancements with increasing anion binding energies support the existence of operational 

chalcogen bonds in catalysis.  This first observation of intermolecular catalysis with chalcogen bonds 

realized with the DTT scaffold was quickly followed by other examples, extending also to pnictogen 

bonds.124–127  Catalysis with halogen bonds and covalent conformational control by chalcogen bonds 

during catalysis has been explored previously in several examples.103,128,129  

 

 

Figure 13.  Catalysis with DTTs.  Rate enhancements measured for the transfer hydrogenation of a) 

quinolines 149 (R1 = R2 = R3 = H) and (in parenthesis, b) imines 153, R4 = Ph) with Hantzsch ester 150 

(R5 = COOEt) in the presence of different catalysts, with measured transition-state stabilization DDG‡ in 

kJ mol-1 against computed chloride-binding energies in kcal mol-1. 
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Figure 14.  Left:  Anion transport across lipid bilayer membranes mediated by DTTO2 30 (l) and 33 

(¡) and the redox-switched DTTO (o) and DTT controls (¯).  Right:  Formation of product 151 from 

hydride acceptor 149 and hydride donor 150 without (¯) and with 30 mol% catalyst 29 (l), 30 (¡) and 

34 (o). 

 

The replacement of sulfur with single-carbon bridges together with eccentric nitrogen acceptors as in 109 

gives rate enhancements in the range expected from anion-binding energies.  Substitution of the central 

sulfurs in DTT by the more polarizable seleniums was likely to boost catalytic activity.86  However, 

placed into the DTT scaffold as in 90 (Figure 8), the longer Se-C bonds were predicted to increase the 

bite angle and thus move the focal point of the inward s holes on the central chalcogens away from the 

scaffold.  The resulting mismatch for chalcogen-bond formation was expected to reduce anion binding 

and catalysis.  To readjust the focal point, molecular models suggested to expand the bridge from one to 

two atoms.  The resulting benzodiselenazoles, a new scaffold, gave the expected activities up to kcat/kuncat 

= 150 000 for 122, a catalyst equipped with eccentric nitrogens and peripheral sulfone and cyano 

acceptors.  The injection of positive charges by alkylation of the endocyclic nitrogens in 123 was explored 

as alternative strategy to deepen the s holes on the Se donors.87  Crystal structures show one of the two 

triflate counterions in the focal point of the inward s holes on the central selenium donors, thus supporting 

that catalysis still occurs by chalcogen bonding and not by ion pairing. 
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8.  ANION TRANSPORT 

Experimental support for DTTs as privileged scaffold for anion binding in the focal point of the inward 

s holes invited not only for applications to catalysis but also for anion transport.  Anion transport along 

membrane spanning scaffolds has been achieved for hydrogen bonds,130 C-H anion interactions,131 ion 

pairing,132 anion-π interactions133 and halogen bonds.134  Trimers 155 expand this series to anion transport 

with chalcogen bonds (Figure 15).135 

In 155, three DTTs with deep s holes are aligned to offer a chalcogen-bonding cascade across the 

hydrophobic core of lipid bilayer membranes.  Irregular single-channel currents are observed in 

conductance experiments, supporting the self-assembly of amphiphiles 155 into dynamic bundles.  A 

submicromolar EC50 = 280 nM is consistent with the formation of synthetic ion channels (EC50 = the 

effective concentration needed to reach 50% of maximal activity).  This EC50 is more than one order of 

magnitude below controls 156-158 and 30.  These include trimers without a transmembrane chain of deep 

s holes (156, EC50 = 3.5 µM), shortened dimers (157, EC50 = 4.0 µM), and more twisted dimers with 

isobutyl groups along the scaffold (158, EC50 = 7.8 µM).  

These amphiphilic oligomer controls are also less active than the best monomeric anion carrier 30 (EC50 

= 1.9 µM).8  Contrary to the immobile, membrane-spanning channels 155, ion carriers 30 shuttle across 

the bilayer membranes together with the bound anion they transport.  In carrier 30, the s holes for anion 

binding are deepened by sulfone and cyano acceptors in bridge and periphery, respectively.  Activities 

decrease with decreasing depth of the s holes.  Examples include DTTO2 31 with only one cyano 

acceptor (EC50 = 7.0 µM), DTTO 32 with a sulfoxide bridge (EC50 = 22 µM) and DTTO2 33 without 

cyano acceptors (EC50 = 9.4 µM, Figures 3, 14. 15).  Carrier 30 and channel 149 are the first examples 

for transmembrane anion transport mediated by chalcogen bonds.  Other examples and extension to 

pnictogen bonds followed.136  
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9.  FLUORESCENT PROBES 

The potential of DTTO2 as fluorescent probes was pointed out early on in the Barbarella group.137,138  A 

small collection of rainbow probes 159-169, covering the whole visible window, blue to orange 

fluorescence, was equipped with isocyanates for bioconjugation with amines (Figure 16).  Binding to 

antibodies did not change the optical properties, and photostability was very high. 

 

 

 

Figure 15.  Anion transport across lipid bilayer membranes by (A) anion hopping along chalcogen-

bonding cascades occurs in trimer 155 but not in controls 156-158 and the best chalcogen-bonding anion 

carrier 30.  Given are EC50 for transport in vesicles (in µM, the lower the better), absorption maxima in 

disordered membranes (in nm) and average red shifts of the lowest-energy excitation maxima in ordered 

membranes (+, in nm). 
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The imaging of physical forces in action is one of the central challenges in current biology.139–143  

Revealing gravity long ago, Newton’s apple illustrates the fundamental nature of the challenge.  To do 

the same for biology called for fundamentally new chemistry.  For the development of DTTs as 

fluorescent force probes, the color change of lobsters during cooking was recognized as a source of 

inspiration.144–147  In living lobster, the twisted carotenoid pigment is planarized and polarized until it 

literally turns blue.  Thermal protein denaturation during cooking then allows the pigment to relax into 

its preferred twisted conformer.  Whereas similar combinations of chromophore planarization and 

polarization in the ground state account for much of the chemistry of vision, particularly color 

vision,148,149 fluorescent probes that would operate the same way do not exist.  Planarizable push-pull 

probes were introduced for this purpose.144  Whereas original proof of principle mechanical planarization 

in the ground state was readily accessible with twisted push-pull oligothiophenes,144 compatibility with 

bioimaging remained beyond reach for long time.150,151  To solve the two key problems, DTTs were 

introduced as “fluorescent flippers” because they offer i) large enough surface areas to feel the 

environment, i.e. mechanosensitivity and ii) sufficient monomer fluorescence to also keep shining when 

twisted out of conjugation.152  In the current best probe 157,153 the average excitation maximum in liquid-

disordered (Ld) membranes is at 435 nm (Figure 17, yellow).  Moving from Ld to liquid-ordered (Lo) and 

solid-ordered (So) membranes, this excitation maximum shifts +48 nm to the red, and a shoulder 

originating from the 0-0 transition in partially resolved vibronic finestructure appears around ~+70 nm 

(Figure 17, red).  At the same time, emission intensity ISo/ILd increases 2.7 times.  The insensitivity of the 

emission maxima to increasing order of the surrounding membrane nicely illustrates that the mode of 

action of fluorescent flippers differs from other membrane probes operating in the excited state by TICT 

(molecular rotors), ESIPT, PET, ICT (solvatochromisim), FRET, unbending, and so on.91,154–167 
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Figure 16.  Rainbow probes for bioconjugation from the Barbarella group.  

Red-shifted absorption rather than emission was consistent with the planarization of the twisted push-

pull DTT dimer 157 with increasing order of the surrounding membrane (Figure 18).  In this dimer, the 

two DTT flippers are twisted out of conjugation by “chalcogen-bond repulsion” between the two methyls 

and the outward s holes on the endocyclic sulfur atoms.  The push-pull system is built on sulfide donors 

and sulfone acceptors in the bridges.  The latter is supported by a cyano acceptor.  An intramolecular 

chalcogen-bond donor at the other end marks the beginning of the ether-triazole-carboxylate headgroup.  
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The triazole is essential to prevent elimination (vide infra), the carboxylate to deliver the mechanophore 

to the plasma membrane of cells. 

The structure of Flipper-TRTM 157 has been optimized atom by atom.  This effort is documented in the 

design, synthesis and evaluation of analogs 170–183 (Figure 18).  With regard to the less explored 

deplanarization, it was reported that increasing twisting in the leucine flippers 158 destroys all 

mechanosensitivity in membranes and results in excited-state twisting (TICT) rather than ultrafast 

planarization (Figure 15).95  Most reported studies focus on the push-pull system.  Substitution of the 

thenyl ether in 157 by a thenyl ester in 170 shifts the excitation maximum in disordered membranes to 

the red and, most importantly, mechanosensitivity with regard to both red shift and intensity increase with 

membrane order (Figure 18).153  These improvements are roughly independent of the nature of the 

acceptor on the other terminus, that is cyano in 170 or aldehyde in 171. 

 

Figure 17.  The planarization of twisted push-pull DTT dimers 157 and 170–183 in the ground state with 

increasing order of lipid bilayer membrane (left) causes a red shift of excitation and an increase in 

intensity (right). 

 

Despite the superior spectroscopic properties compared to Flipper-TRTM 157, probes 170 and 171 are not 

useful for practice because they are chemically unstable and, presumably as a consequence, highly 

cytotoxic.  This chemical instability has been attributed to the elimination of the headgroup, also referred 

to as a “molecular guillotinylation.”153  Activated by acid (H+) or base (B(–)), headgroup elimination 

affords the cationic reactive intermediate 184 (Scheme 4).  This intermediate is routinely observed as the  
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Figure 18.  Twisted push-pull DTT dimers 157 and 170–183 with excitation maxima in nm in Ld 

membranes, shifts from Ld to So membranes in + nm (for maxima/bathochromic shoulders), and, in 

parenthesis, intensities in So relative to Ld membranes, followed by, if available, intensities in solution 

relative to 170.  
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main peak in mass spectra.  The carbocation electrophile then can react with any nucleophile Nu(–) to 

produce a mixture of products. 

Headgroup elimination occurs easily not only with thenyl esters 170 and 171 but also with ethers 185 and 

carbamates 186 (Scheme 4).  In Flipper-TRTM 157, this process is hindered by the proximal triazole base.  

Transient protonation will occur there first rather than on the thenyl oxygen to produce the conjugate acid 

187 with a pKa ~ 1.3 rather than the oxonium cation 188 with pKa < 1.3.168  Further protonation of the 

ether in conjugate acid 189 is then prevented by charge repulsion from the proximal triazolium cation,132 

which increases the acidity of the second cation in 189 to a pKa << 1.3 that can be reached only in the 

presence of an excess of strong acid.   

This inhibition of acid-catalyzed leaving group activation by the proximal triazol stabilizes probe 157 

sufficiently for use in biology.  However, ideally, it would be preferable to attach strong donors directly 

to the DTT to build a push-pull system as strong as possible and thus maximize the red shifts accessible 

upon planarization.  Whereas these strong donors are required in planarized probes, they are poorly 

tolerated in twisted form.  Without conjugation to the acceptor DTTO2 in the dimer, the injection of more 

electron density from additional donors makes the donor DTT too rich in electrons and causes rapid 

oxidation.  For instance, model dimer 190 with a methoxy donor on one side and a sulfone acceptor in 

the other spontaneously decomposes within minutes in the NMR tube under ambient conditions (Figure 

19).169 

To address this dilemma with terminal donors – needed in planar but incompatible with twisted 

conformation –, the concept of turn-on sulfide donors was introduced (Figure 19A, blue).169  Attached to 

electron-rich aromatics, sulfides act as weak acceptors, as demonstrated by the positive Hammett sp = 

+0.03.26  Attached to electron-poor aromatics, sulfides transform into strong donors, as demonstrated by 

the strongly negative Hammett sp+ = –0.60.  For comparison, methoxy donors are at sp = –0.27, roughly 

independent of the electron density in the aromatic ring.  Indeed, in sharp contrast to the fragile dimer  
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Scheme 4.  Headgroup elimination in fluorescent force probes. 

 

 

190 with a methoxy donor, dimer 191 with a sulfide donor instead is perfectly stable under ambient 

conditions.  This “all-sulfur” dimer 191 shows a blue-shifted absorption at 403 nm.  This blue shift is 

consistent with the terminal sulfide acting as an acceptor, reducing the push-pull system and increasing 

the twist.  A smaller blue shift in emission compared to excitation is consistent with conversion of the 

sulfide acceptor into a sulfide donor.  The result is a maximal Stokes shift of 9300 cm–1 for 191 with a 

turn-on sulfide donor compared to 8700 cm–1 for 190 with permanent methoxy donors, promising 

maximal mechanosensitivity in response to planarization in the ground state.  Originating from turn-on 

sulfide donors, the same attractive trends occur naturally also with cyano rather than sulfone acceptors in 

192 and 193.  Time-resolved emission spectra during spontaneous ultrafast planarization from the Franck-

Condon to the first excited state is faster with permanent methoxy (t = 0.45 ps) than with turn-on sulfide 

donors (t = 1.5 ps, Figure 19B), and the latter gives higher quantum yields up to 33%.  The existence of  
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Figure 19.  (A) The concept of turn-on sulfide donors to tackle the dilemma of terminal donors in 

fluorescent force probes:  They act as acceptors in deplanarized conformers and convert into donors only 

upon planarization (blue), with (B) time-resolved emission spectra of 191 (orange) against monomeric 

control 194 (blue).  For model systems 190-193, indicated are pertinent Hammett sp and sp+, excitation 

/ emission maxima in nm, Stokes shifts in cm-1 and fluorescent quantum yields in solution in parenthesis.  

Adapted with permission from ref. 169.  Copyright 2015 American Chemical Society. 

 

ultrafast excited-state planarization of 190 and 191 was supported by mechanosensitive kinetics and the 

absence of any planarization with monomer 194 (Figure 19B). 
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between the absorption maxima of 1 in EtOAc (and all other
solvents) and solid-ordered membranes is thought to originate
from ground-state planarization (Figure 3A, dashed).6 The
absorption maximum of turn-on probe 2 in EtOAc was found at
λabs = 403 nm (Figure 3B, dashed, Table 1). This compared to 1
blue-shifted absorption was in agreement with an increased
ground-state deplanarization in the absence of a strong push−
pull dipole, i.e., with a weakly withdrawing sulfide acceptor at the
partially decoupled, electron-rich dithienothiophene. The
emission of turn-on probe 2 at λem = 635 nm was red-shifted
compared to 1 (Figure 3B, solid, Table 1). This red shift was in
agreement with a strengthened push−pull dipole in the planar S1
state, i.e., the presence of turned-on sulfide donors. Blue shift in
absorption and red shift in emission added up to a large Stokes
shift, increasing by ΔΔν = +1500 cm−1 from original 1 to Δν =
9300 cm−1 for turn-on probe 2 (Table 1, entry 2).16

Compared to original 1, the presence of conventional methoxy
donors in 3 shifted the emission to the red but failed to shift the
absorption significantly to the blue (Figure 3C, Table 1). An
increased Stokes shift by only ΔΔν = +900 cm−1 was the result;
that is not much more than half theΔΔν = +1500 cm−1 obtained
with turn-on donors in 2 (Figure 3C, Table 1). Cyano instead of
sulfone acceptors caused global red shifts (Table 1, entries 2−5).
These uniform shifts implied slightly increased ground-state
planarization and excited-state polarization. Despite their smaller
σp, cyano groups are thus slightly stronger acceptors than
sulfones in these systems. Partially preserved blue-shifted
absorption in 4 compared to 1 showed that the stronger cyano
acceptors are insufficient to turn on sulfide donors in the twisted
ground state. As a result, the Stokes shift with turn-on donors
combined with cyano acceptors in 4 was withΔν = +9400 cm−1;
the largest found in this series. However, compared to
conventional methoxy donors in 3 and 5 , the increase of the
Stokes shift with turn-on sulfide donors was more pronounced in
combination with sulfones in 2 (+600 cm−1) than with cyano
acceptors in 4 (+400 cm−1, Table 1).
Controls 6 without any substituent in the donating position

gave the expected large blue shifts in absorption and emission
with significantly reduced Stokes shift (ΔΔν =−800 cm−1, Table
1, entry 6). Amino donors combined with cyano and ketone
acceptors in 7 and 8 , respectively, removed essentially all
fluorescence in EtOAc. Appreciable emission only in the least
polar solvents such as hexane (7 : λabs = 445 nm, λem = 635 nm,Δν
= 6900 cm−1; 8 : λabs = 420 nm, λem = 642 nm, Δν = 8400 cm−1)
implied that fluorescence quenching occurs by photoinduced
intramolecular electron transfer from the amino donor,8d

independent of the nature of the acceptor.
A novel, extremely versatile broadband fluorescence up-

conversion technique,17 unrivaled in photometric precision, was
applied to gain direct insight into the conformational and
energetic relaxation processes in real-time. Contrary to the
monomeric control 12 (Figure 4A), the time-resolved emission
spectra of 2 and 3 in EtOAc showed a large red shift with time
(using times larger than 0.2 ps, Figure 4B,C). The time-resolved
emission spectra of 2 with turn-on and 3 with conventional
donors were quite similar. In EtOAc, the characteristic instability
of 3 was nicely visible with the mismatch at the transition from
the linear to the logarithmic recording range at 2 ps (30min delay
between the two measurements; Figure 4C, compare to 2D).
Persistent red shifts of almost 1500 cm−1 (t1e > 0.2 ps) in apolar
solvents and their slowing-down with increasing solvent viscosity
supported that the spectral-shift dynamics in apolar solvents
report on the planarization of 2 in the excited state (Figure 4D).

The 1/e time associated with the planarization of 2 in the S1 state
increased from t1e = 1.5 ps at 0.3 cP in n-hexane (Figure 4D, a) to
t1e = 8.0 ps at 2.8 cP in n-hexadecane (Figure 4D, c).
In going from apolar cyclohexane to moderately polar EtOAc,

the time constant of the red-shift dynamics for 3 with the
methoxy group as donor increased from t1e = 0.45 ps up to t1e =
1.8 ps (Figure 4E,□,■). This is in clear contrast to the red-shift
dynamics for 2 , with turn-on sulfides, which showed basically no
dependence on the solvent polarity and was distinctly slower
than for 3 in apolar and polar solvents (t1e≈ 3.5 ps, Figure 4E,○,
●).
These observations allow for two conclusions. First, the

excited-state planarization (the exclusive dynamics being
monitored in apolar solvents) is distinctly slower for 2 than for
3 . The conventional strong donor in 3 thus supports
planarization already in ground state, as expected for push−
pull systems and demonstrated by red-shifted absorption. Thus,
planarization from the less twisted Franck−Condon (FC) S1
state to the planar relaxed S1 state requires little structural
rearrangement. In clear contrast, turn-on donors in 2 support
deplanarization while acting as acceptors in the ground state, as
expected for pull−pull systems and demonstrated by blue-shifted
absorption. As a result, they need correspondingly larger
amplitude motion, and thus more time, to planarize from the
more twisted FC state to the relaxed S1 state while transforming
from weak acceptors to strong donors.
Second, when moving toward polar solvents, the slower

diffusive solvent relaxation starts to dominate the relaxation
dynamics of the S1 state of 3 . In clear contrast, planarization of 2
is slower than solvent relaxation, and thus the excited-state
dynamics of 2 are independent of solvent polarity. This could
indicate that in 2 , planarization is a prerequisite for the excited-
state charge transfer, which may be interpreted as a direct
experimental support of the concept of turn-on sulfide donors.
These insights could be secured only with ultrafast broadband

Figure 4. Time-resolved broadband emission spectra of 12 (A), 2 (B),
and 3 (C) in EtOAc. (D) Normalized shift of the position of the
emission maximum with time, shift = [ν(t) − ν(∞)]/[ ν(0.2 ps) −
ν(∞)], with ν being the frequency of the fluorescence maximum,19b

after excitation at 400 nm (100 fs pulse) for 2 in alkanes of different
viscosity (a, n-hexane, 0.3 cP; b, c-hexane, 0.9 cP; c, n-hexadecane, 2.8
cP). (E) Same for 2 (○,●) and 3 (□,■) in solvents of different polarity
(ethyl acetate (●, ■), cyclohexane (○, □)).
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acceptors, it was possible to move the negatively charged sulfonate headgroup from the donor side in 174 

to the acceptor side in 175.  Located at the outer surface of the membrane, this charge repositioning 

inverted the orientation of the flipper along the lipid tails in the outer leaflet.  This important change does 

not affect spectroscopic properties significantly.  Elongation of the headgroup in 176-178 further 

decreases brightness and mechanosensitivity.  Headgroup shortening by replacement of the turn-on 

sulfide with a 1,6 S-O chalcogen-bonding sulfonate 179 is better tolerated, although I/I0 = 0.52 remains 

disappointing. 

Within the spectroscopically convincing (Figure 18) but chemically fragile (Scheme 4) scaffold of 171, 

oxidation of the donating sulfide bridge into the withdrawing sulfone bridge 180 produces two excitation 

maxima, one highly mechanosensitive, the other not, either an artefact or an interesting observation that 

deserves further investigation (compare dithienodiketophosphepin 125, Figure 9).90,152  The monomeric 

push-pull analog 181 without planarizable bond connecting two DTT flipper naturally lost all 

mechanosensitivity.  Extension of the conjugated system with thiophenes in strong push-pull systems 182 

and 183 shifts the excitation maxima to the red but reduces mechanosensitivity and brightness.135 

The operational probes 157 and, in model membrane, also 171, have been characterized extensively.  

Depth quenching supports alignment along lipid tails with little repositioning upon phase transition.152  

Partition coefficients reveal remarkably little preference among different phases.  Langmuir-Blodgett 

(LB) isotherms of monolayers at the air-water interface suggest that the structure of surrounding 

phospholipid membranes is not affected (as it is, for instance, by the presence of cholesterol).171  

Compatibility with detection by second-harmonic generation (SHG) at biomimetic interfaces has been 

confirmed.172 

To image forces in living cells, only Flipper-TRTM 157 is acceptable, 170 and 171 are too cytotoxic, 

possibly due to headgroup elimination (Scheme 4).173  Fluorescence lifetime imaging microscopy (FLIM) 

was selected for detection because the response is concentration independent.  To calibrate forces with 

FLIM response, GUVs were aspirated with micropipettes, and the produced forces were quantified from 
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the diameter of membrane nanotubes pulled from the GUV with optical tweezers (Figure 20C).  For 

membranes that cannot separate into different domains, the fluorescence lifetime t of flipper 157 

decreases linearly with the tension s applied to the membranes (Figure 20C).  This response is as expected 

for lipid decompression and flipper deplanarization as response to increasing tension (Figure 20A).  For 

membranes that can separate into different domains, the average t increases linearly with s until 

saturation is reached.  This response is consistent with tension-induced assembly and disassembly of 

microdomains that sort out lipids that cannot be stretched (Figure 20B).  With little preference in 

partitioning but oscillator strength increasing with planarization, the average response is then dominated 

by emission from planar probes in highly-ordered microdomains.  Consistent with previous reports,174,175 

tension-induced self-sorting into microdomains could be directly observed in GUVs (Figure 20D). 

In all cells tested, lifetimes of force probes 157 increase with increasing tension.  This result suggests that 

the response of Flipper-TRTM 157 to increasing tension in cells is dominated by the assembly of highly 

ordered microdomains to sort out “unstretchable” lipids, whereas the response to decreasing tension is 

dominated by the disassembly of the same, highly ordered microdomains.  Different slopes are found for 

force-lifetime curves with different cells.  This is meaningful because the composition of their plasma 

membranes changes, and implies that force-lifetime calibration curves are always required for 

quantitative measurements.  However, a quasi-linear increase of lifetimes with tension is observed for all 

cells tested.  This suggests that tension-induced membrane reorganization, the assembly and the 

disassembly of unstretchable microdomains, is general.  The functional relevance of tension-induced 

membrane reorganization is thus expected to be important and general, for example to regulate signal 

transduction cascades, as exemplified with force probe 157 for TORC2, the target of rapamycin complex 

2.176 
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Figure 20.  (A) Lipid decompression by membrane tension s is reported by force probe 157 in 

membranes that cannot phase separate:  Fluorescent lifetimes in FLIM images of GUVs decrease with 

increasing tension applied with micropipettes and measured with optical tweezers (C).  (B) Tension-

induced microdomain (dis)assembly of “unstretchable” lipids is reported in membranes that can phase 

separate (DOPC/SM/CL):  More and less ordered domains appear, average fluorescence lifetimes 

increase with increasing tension (D).  The color code represents fluorescence lifetimes from 5.5 ns (red) 

to 4.0 ns (blue).  Adapted with permission from ref. 173.  Copyright 2018 Springer-Nature. 

 

Flipper-TRTM 157 selectively labels the plasma membrane (Figure 21).  To label specific membrane 

domains, the formation of dynamic covalent boronate esters 195 with vicinal diols in the headgroup of 

gangliosides, particularly sialic acid, was considered first.177  Against close controls such as 196, boronic 

acids were introduced into the headgroup of flippers 197 and 198.  For more general targeting, 

B

+ σ

– σ

A

+ σ

– σ

A

B

C micropipette

force

optical tweezer

domain 
tension-induced 

microdomain 
assembly

domain domain 

D
5  µm



 
 

42 

biotinylated flipper probes 199 were prepared.  Interfacing with the tetravalent streptavidin should allow 

to selectively label any biotinylated target of free choice.  The formation of complex 200 with biotinylated 

lipids was elaborated as example.  Detailed methods development provided access to the selective 

labeling of biotinylated membranes in GUVs and cells with the operational force probe 199.178 

Whereas Flipper-TRTM 157 is the first chemistry tool that provides access to fluorescence imaging of 

forces at cell surfaces, it can be argued that the study of external forces is also possible with physics tools 

such as micropipettes, optical tweezers, cantilevers of atomic force microscopes, and so on.  However, 

these physical tools are obviously incompatible with the study of forces operating within living cells.  To 

direct flipper probes to different organelles, established motifs known from the respective trackers were 

attached (Figure 21).179  Morpholine bases in 201 label endosomes and lysosomes because their 

protonation at the lower pH within these organelles produces cationic headgroups that hinder release by 

diffusion across the membrane.  ER flippers 202 are equipped with a thiol reactive pentafluorophenyl 

group and a very long, hydrophilic spacer to, presumably, react with protein disulfide isomerases (PDI) 

in the membrane of the endoplasmic reticulum.  Mito flippers 203 feature the classical hydrophobic 

phosphonium cation that is attracted by the anionic mitochondrial membrane with high, inside negative 

membrane potential. 

All probes show perfect co-localization with the trackers of the respective organelles.  Their lifetime in 

different organelles differ because the composition of their membranes differs.  However, they all respond 

uniformly with decreasing lifetime to decreasing membrane tension applied by osmotic stress.  They thus 

provide unprecedented access to the detection and study of physical forces within cells.  As an example, 

an increase in membrane tension in mitochondrial constriction sites, presumably on the way toward 

fission, was clearly detectable as locally increasing lifetimes in FLIM images, from 3.0 to 3.5 ns (Figure 

21).  These results suggest that flipper probes are ready as chemical tools to study questions in biology 

that have been of central interest but beyond reach for a long time. 
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Figure 21.  Fluorescent force probes that selectively target gangliosides (195, 197, 198), biotinylated 

lipids (199, 200), the plasma membrane (PM, 157), lysosomes (201), ER (202) and mitochondria (203), 

with selected CLSM (157) and FLIM images (201–203), lifetime changes in response to increasing 

membrane tension by osmotic stress (or mitochondrial constriction, in ns, and PCCs (Pearson’s 

correlation coefficients) for co-localization with trackers; for R, see 157, Figure 18).  The FLIM color 

code represents fluorescence lifetimes from 4.5 ns (red) to 1.0 ns (blue).  Adapted with permission from 

ref. 179.  Copyright 2019 American Chemical Society. 

 

10.  PHOTOSYSTEMS 

The appearance of DTTs in various photosystems will be covered in this chapter.  The first subchapter 

focuses on push-pull systems and applications in non-linear optics and in functional materials such as 

dye-sensitized solar cells (DSSCs).  The next subchapter summarizes DTTs in polymers and their use in 

functional materials such as light emitting diodes (LEDs), organic field-effect transistors (OFETs) and 

organic photovoltaics (OPVs).  A special chapter is devoted to the self-assembly and templated assembly 
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of DTTs into thin films as well as fluorescent fibers, also along microtubules within living cells.  The 

final subchapter bundles pioneering efforts toward the integration of DTTs into more complex 

photosystems. 

10.1.  PUSH-PULL SYSTEMS 

DTTs, presenting a large π surface with efficient electron communication due to the mixing of the sulfur 

orbitals into the system, are attractive scaffolds for electron relay in push-pull, push-push or pull-pull 

systems in applications to non-linear optics (NLO) such as two-photon absorption (TPA) and second-

harmonic generation (SHG), and in DSSCs.  To create such properties, DTTs have been substituted with 

conjugated electronic donors (D) and acceptors (A).  The synthesis and the properties of three D-DTT-A 

systems 204-206 have been reported in 2000 (Figure 22).180  Only one of the push-pull systems is 

fluorescent.  However, they all display an unusual reversed solvatochromic behavior.  Increasing the 

polarity of the solvent leads to hypsochromic shifts, an effect that is more pronounced as the strength of 

the push-pull system increases.  D-DTT-A systems are more stable and display higher hyperpolarizability 

than their polyene or thiophene equivalents, probably because of their extended π delocalization and the 

participation of the sulfur atoms in the delocalized system.181  In the D-DTT-D and D-DTT-A systems 

207-210, D and A are linked to the DTT core by a vinyl linker.182  Surprisingly no strong differences in 

TPA efficiency between the symmetric (207, 208) and asymmetric (209, 210) architectures are observed.  

They all display higher cross-section for TPA (σTPA) than reference compounds available at the time, 

such as 211.  The symmetric D-DTT-D 207 and 208 display an amphoteric electrochemical behavior, 

showing two reversible oxidation waves and one reduction wave.  Interestingly, stable quinoid oxidized 

forms can aggregate into π dimers in both solution and solid phase.183  Push-pull D-DTT-A 212 features 

an extended triphenylaryl core with two fluorenes as donors.184  From this compound, the first DDT-

based small-molecule DSSC reached a power conversion efficiency (PCE) of 7.0% with high 

photostability.  The broad absorption and ease of synthesis of this triad encouraged the synthesis of 

several similar systems for solar energy conversion.  D-DTT-A 213 has been synthesized by consecutive  
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Figure 22.  Push-pull and push-push DTT photosystems used in non-linear optics and dye-sensitized 

solar cells. 

 

Wittig-Horner and Knoevenagel reactions on the symmetric bis-formylated dithiophene-DTT to provide 

a system covering a broad absorption in the solar spectrum with a high extinction coefficient.185  Cyclic 

voltammetry reveals LUMO and HOMO levels that are compatible with those of the iodine/iodide couple 

and the TiO2 conduction bands, which allowed the elaboration and test of a DSC displaying an power 

conversion efficiency of 7.3%.  For similar applications, compounds 214 and 215 were synthesized from 

a succession of palladium-catalyzed cross-couplings yielding D-DTT-A systems with an electron-rich or 
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poor central unit.186  These compounds display a broad absorption and a band gap compatible with DSSC 

technologies, and solar cells prepared from them show power conversion efficiencies of 2.7 and 6.1%, 

respectively.  It should be noted that these compounds were compared to their equivalent featuring a 3-

methylthieno[3,2-b]thiophene (MTT) unit, in reduced or oxidized (MTTO) forms instead of a DTT or 

DTTO2.  While the MTT compound performs better than the DTT one (5.2 vs 4.2%), the opposite is 

observed comparing the MTTO to the DTTO2 bridged systems (2.7 vs 6.1%), possibly due to the better 

absorption properties.  Aiming at improving the organization of DTT-based DSSC solar cells, compounds 

216–218 presenting a tris(dodecyloxy)phenyl were synthesized.  Π Extended compounds 217 and 218 

present broad absorption compatible with DSSC applications.  Push-pull DTT 217, probably because it 

was the only one presenting mesomorphic properties, has been used to prepare the best performing DSSC 

compared to the two other prepared DTT-based dyes.187  In 2013, NLO active push-pull DTTs 219 and 

220 featuring pyranylidene donors were reported.188  These compounds display broad absorption spectra 

with maxima located around 659 and 708 nm, respectively, probably due to a favorable intramolecular 

charge transfer (ICT).  When it comes to electric field-induced second harmonic generation, they display 

good µβ0 values although they were outperformed by their thieno[3,2-b]thiophene (TT) equivalents.  

Carbazole and indoline-based D-DTT-A 221–223 were also synthesized for DSSC applications.189  

Indoline-based compounds reveal a more-red shifted and broader absorption compared to the carbazole 

equivalents.  This was translated into better energy conversion efficiencies, highlighting indoline as an 

alternative donor in these D-DTT-A triads.  Bis-triphenylamine D-DTT-D dyes 224–227 without or with 

thiophene and dithiophene spacers were synthesized for TPA applications.190  These systems show strong 

emission in one-photon excitation with quantum yields between 43% and 67%.  D-DTT-D 226 exhibits 

a high TPA cross section value but it is outperformed by tetrathienoacene (TTA) analogs also reported in 

this study, probably owing to their extended π-system.  Recently, D-DTT-A 227 was reported as an 

electron donor for bulk-heterojunction solar cells using PC71BM as an acceptor.  However, 227 

underperformed compared to the trithiophene homolog because of less-optimal electrochemical 
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properties.191  Overall, these push-pull and push-push systems support DTTs as a versatile and well-

performing π linker, allowing for good communication between the donor and the acceptor and providing 

access to the synthesis of well-performing architectures in NLO and DSSC applications. 

 

Figure 23.  Polymeric photosystems with DTTs or close analogs (dithienosiloles), explored in the 

context of organic photovoltaics; with indication of pertinent absorption / emission maxima (in nm), 

quantum yields (in %), and LUMO energies (in eV vs –5.1 eV for Fc+/Fc). 

 

10.2.  POLYMERS 

The most productive and promising application of DTT-containing polymers as photoactive hole 

transporters in functional organic materials, particularly OPVs, has been reviewed extensively from 

different, more focused points of view.12,15,16  The attention in this research is often directed more toward 

materials engineering than toward the chemical space of DTTs as emerging privileged scaffold.  This 

subchapter will thus highlight only two specific aspects that are of high relevance for the topic of this 
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review.  Polymers with DTT and particularly DTTO2 that contribute significantly to function will be 

covered first, followed by polymers with DTTs or analogs that explicitly consider contributions from s 

hole interactions to function. 

Pure poly(DTT)s 228 have been prepared by electropolymerization (Figure 23).192  Five constitutional 

DTT isomers have been polymerized the same way.  The n and p doping of the resulting conjugated 

polymers has been shown to depend strongly on the structure of the isomer.  The use of the strong 

fluorescence of DTTO2 for LED applications has been explored with fluorene-DTTO2 copolymers 229–

231.193  For all polymers, increasing length causes a red shift of absorption and emission and a decrease 

of fluorescence quantum yield and LUMO energy.  Electroluminescence is mostly blue for the cross-

conjugated 231, yellow for the conjugated 229, and red for 230 with extra thiophenes between fluorene 

and DTTO2. 

DTTs have been integrated into metallopolymers such as 232.194  Their interesting electrochromism is, 

however, not dependent on the presence of the DTT.  The carboxylic acids were installed for further 

interfacing with pyridyl-ZnO nanoparticles. 

Co-polymers 233 composed of DTTs and perylenediimides (PDIs) have initiated the use of DTTs to 

organic photovoltaics (OPVs).195  DTT-PDI copolymers 233 are solution processible, broadband 

absorbing and n transporting.  Electron mobilities up to 1.3 x 10-2 cm2 V-1 s-1 are among the highest known 

at that time for solution processed OFETs.  Hole transport was not observed for donor-acceptor co-

polymers 233.  HOMO levels at –3.90 eV are slightly below those of the most popular fullerene in OPVs 

(–4.20 eV, PCBM).  Combined with a polythiophene as hole transporter, OPVs with average power 

conversion efficiencies larger that 1% were obtained.  The insertion of one additional DTT in copolymers 

234 increases LUMO levels to –4.10 eV and PCE to 1.08%, whereas the insertion of two additional DTTs 

in copolymers 235 decreases LUMO levels to –4.30 eV and PCE to 0.77%.196,197  Acetylene spacers in 

co-polymers 236 lower the LUMO by 0.1 eV, shift the absorption by 89 nm to the red, and show increased 
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electron mobility in OFETs.198  Donor-donor copolymers 237 and 238 provide access to hole mobilities 

in OFETs up to 3.91 cm2 V-1 s-1.199  Absorption from 500 nm to 700 nm covers much of the visible range.  

Related copolymers 239 and 240 have been prepared early on as soluble poly(DTT)s and explored with 

regard to photoluminescence and photoinduced electron transfer to fullerenes and TiO2.200,201 

For OPV applications, co-polymers with DTTs and analogs have been tested with many different partners 

and many other atoms in the bridge.71,89  Several of the monomers used have been covered in chapter 3.1.  

In the context of this review, interested in origins and uniqueness of the emerging multifunctionality of 

DTTs, the use of chalcogen bonding in OPV design deserves particular attention.12,89,202–204 

A chalcogen bond from the dithienosilole to the 1,6 oxygen acceptor is expected to planarize the 

donor−acceptor copolymer 241.89,202  The resulting advantages in packing and charge mobility yield 

OPVs with PCEs up to 5.21%.203,204  The same 1,6 S-O chalcogen bonds from dithienosilole (and 

germoles, cyclopentabithiophenes) to thieno[3,4-c]pyrrole-4,6-diones are computed to fully planarize 

copolymer 242. 12,89,205,206  The results are high OFET charge mobilities and PCEs up to 6.83%.  The 

compared to chalcogen-bond free controls high fill factors support the importance of chalcogen bonding 

for supramolecular organization. 

10.3.  SELF-ASSEMBLED SYSTEMS 

10.3.1.  OPTICAL DEVICES 

The organizing power of intramolecular chalcogen bonding in DTTs and related 3,3’-fused dithiophenes 

has been expanded from polymers to self-assembling monomers.  A comprehensive series from Bazan 

and coworkers focuses on DADAD motifs 243–250 (donor-acceptor-donor-acceptor-donor, Figure 

24).207–209  A central dithienosilole donor is combined with pyridathiadiazole acceptors and terminal 

donors.  The extension of terminal thiophenes in 243 to bithiophenes in 245 is made to red shift 

absorption, that is to lower the bandgap.  The power conversion efficiency of OPVs increases 
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correspondingly to 3.2%.  In pentad 246, intramolecular chalcogen bonds are installed to enforce co-

planarity between the dithienosilole core and the flanking pyridathiadiazole acceptors.  The results 

include OFETs with hole mobility of 0.2 cm2 V-1 s-1 and OPVs from highly-organized co-assembly with 

fullerenes with 7.0% power conversion efficiency.  Deletion of chalcogen bonds in control 248 yields 

poor charge mobility, poor PCE (0.2%) and poor self- and co-assembly.  This focus on chalcogen bonds 

is driven to perfection in constitutional isomers 249 and 250.209  Their remarkably different optical 

thermal and self-assembly properties are shown to originate from chalcogen bonds that planarize but also 

bend isomers 249 (bend angle 112.0º) but not isomer 250 (116.1º) into a more banana-shaped global 

structure.  Replacement of the silicon bridge in 249 by a germanium bridge increases bending (110.8º) as 

expected from strengthened chalcogen bonds, whereas carbon bridges cause the respective decrease in 

bending (bend angle 125.4º).  Several other analogs of this series have been explored for high-efficiency 

OPVs.210,211 

 

Figure 24.  Self-assembling photosystems with DTT conjugates or close analogs. 
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The self-assembly of NDI-DTT-NDI triads 251 and PDI-DTT-PDI triads 252 has been explored for use 

in n-channel OFETs.212,213  Comparison with other bridges did not reveal particular advantages with 

DTTs.  2,2’-DTT dimers 12 (Figure 3), equipped with terminal alkyl tails, have been shown to self-

assemble into highly organized thin films.214  With 20–22 (Figure 6), the sulfur redox switch has also 

been explored to improve self-assembly in highly ordered thin film and the resulting change mobilities.23  

The self-assembling packing of DTTs in single crystals has been extensively shown to be dominated by 

π-π interactions and chalcogen bonds (e.g., 16, 26, Figure 10A). 

The self-assembly of DTTO2 attracted much attention because of the unusually strong fluorescence in 

the solid state.  For DTTO2 3, it was shown early on that emission from the solid occurs at 513 nm with 

a quantum yield of 12%, compared to 446 nm and 75% in solution (Figure 3).1  Similar with two methyls 

in 15:  Emission from the solid at 518 nm with a quantum yield of 16%.  With peripheral phenyls in 18, 

emission with 85% in solution drops to 24% in the solid.  With the more deplanarizing peripheral 

thiophenes in 19, the same record 85% in solution translates much better into 48% emission from the 

solid. 

Since all DTTO2 show high electron affinities and ionization energies, they are promising candidates for 

(electro-)luminescent devices.  An electroluminescent diode made from 18 shows low but still promising 

power conversion efficiency of 0.004%.1  Exploitation of the DTT-structure in 253–255 yields bright 

white-light emitting diodes (Figure 25).215  In solution, DTT 253 emits at 480 nm.  Self-assembly into 

cross-like dimers in solid state affords a strongly red-shifted emission maximum at 680 nm.  Fabrication 

of a device by spincoating DTT 253 between indium tin oxide (ITO) and 

poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) or LiF and Al layers leads to white 

light electroluminescence.  The white light is obtained by the superposition of the blue emission of the 

single molecule with the red-shifted emission of the crossed dimers.  The electroluminescence spectrum 

shows similar features to the photoluminescence, although the low-energy peak is more intense. 
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Therefore, the obtained device exhibits a white-light electro-luminescence (EL) with a luminance of 3800 

cd/m2 at 18 V and an external quantum efficiency (QE) of 0.35%. 

DTTs 254 and 255 were synthesized to investigate the effect of packing.  DTT 254 shows poor brightness 

level, probably due to the lower number of boron atoms.  DTTO2 255 does not show any low-energy 

shifted additional peak in the EL spectrum.  This is in agreement with the expected arrangement of the 

two perpendicularly arranged oxygen atoms, which prevents the formation of crossed dimers.215 

With the elongated sexithiophene analogue 25, OLETs could be obtained from films grown by vacuum 

sublimation and drop-casting (Figure 3).216  They represent the first non-polymeric layer in a light 

emitting transistor made from solution-based techniques, here drop-casting. 

10.3.2.  INTRACELLULAR SELF-ASSEMBLY 

In 2011, the Barbarella group discovered that compounds 18 and 256–258 spontaneously cross the 

membrane of living cells (Figure 25).18,217,218  The compounds are poorly soluble in water, however all 

of them show the right hydrophilicity/hydrophobicity balance to cross the cellular membrane, after 

incubation for 1 h in buffered solutions.  All four compounds stain the cytoplasm, but not the nucleus, 

and stain the cells for at least 7 days, without harm. 

However, DTTO2 18 and 256–258 uniformly stain the cytoplasm of cells only at the beginning.  After 3-

6 hours, they start to migrate to the perinuclear region, where they concentrate in multiple clusters, leading 

to fibril formation (until 12 hours).  The fibrils show complex helical supramolecular structure, and it was 

demonstrated, that they are mainly made of type-I collagen.  It was shown that this phenomenon is most 

probably due to the molecular recognition between compound 18 and the hydroxyproline component of 

the protocollagen polypeptide chains by hydrogen bonding.  The resulting co-assembly in a triple helix 

is more stable than those that would be obtained by the self-assembly of the isolated building blocks.  

Nonetheless a staining of the cytoplasm can be observed even after fibril formation.  
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Figure 25.  DTTs for self-assembly into white-fluorescent thin films and fluorescent fibers inside cells, 

with CLSM images of fluorescent fibers in bone-marrow human tumor fibroblasts incubated with 0.12 

mM DTTO2 18.  Scale bars:  10 µm.  Adapted with permission from ref. 218.  Copyright 2013 Oxford 

Academic. 

 

The ability to form these fluorescent fibers is not limited to a certain kind of cells or proteins.  It was 

demonstrated that the same phenomenon can be seen in HeLa cells, as well as mouse euroblastoma cells, 

in which microfibers with vimentin are formed.219  These studies were recently extended to 

oligothiophenes.220 
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10.4.  TOWARD MORE COMPLEX ARCHITECTURES 

Star-shaped oligomers have emerged as attractive materials because, compared to their linear analogs, 

they show better solubility on the one hand and afford more ordered films on the other hand.221  Star-

shaped DTT tetramers 259 absorb at 460 nm and emit at 523 and 547 nm in solution (Figure 26).  High 

LUMO energies at –3.05 eV are as expected and consistent with the transport of holes rather than 

electrons.  In OFETs, hole mobilities of µ = 0.025 cm2 V–1 s–1 were measured.  This is orders of 

magnitudes faster than in the analogous thienothiophene and dithiophene star controls.  This record 

activity with p-semiconducting DTT stars 259 was shown to originate from the spontaneous self-

assembly into highly-ordered and oriented films, with smooth surface and without large crystallites.  The 

high preorganization contributed by the DTTs to stars 259 in the ground state was confirmed by the 

comparably small Stokes shifts, implying that little conformational reorganization is necessary to reach 

planarization in relaxed excited states (compare chapter 9). 

The [5]helicene-like fused DTT dimers 260 are accessible in 30% yield from the linear dimer 261.32  In 

crystal structures, the dihedral angle between the two central thiophenes is 5.6º.  With selenium atoms 

substituted into the DTT core of analog 262, this minimal helicity almost doubles to 10.6º.  Both 

absorption and emission show strong vibrational bands, particularly at low temperature.  Increasing 

selenium content causes small red shifts, lowers the LUMO slightly, and reduces fluorescence quantum 

yields significantly. 

Diarylethenes are most popular because of their unique photochromism in crystals.222  Photochromism is 

the photoinduced switching between two isomers with different absorption spectra.  With diarylethenes, 

the photochromic transformation is the electrocyclization of formal 1,3,5-hexatrienes 263 into formal 

cyclohexadienes 264.  The integration of DTTs into diarylethenes is of interest to create p semiconductors 

with photoswitchable transport properties.223–225  Best results were obtained with 263:  71% yield for the 

photocyclization, red-shifted absorption of product 264 at 510 nm, and the lowest among the high LUMO 

energies at –3.71 eV.223  Moving the aromatic extension from the diarylethene in 263 to the DTT side in 
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265 and twisting it a bit more reduces all these record values slightly.  Moving the aromatic extension in 

between diarylethene and DTT at constant twist in 266 gives red-shifted cyclization products at lower 

yield of 53%.  Removal of the aromatic extension in 267 restores the yield to 78% but blue shifts the 

absorption of the product up to almost 100 nm.  Fused aromatic extensions in 268 give very poor 

cyclization yield.224  In dimer 269, only one diarylethene forms, the second photocyclization is inhibited 

by intramolecular energy transfer to the product chromophore.  The DTT dimer 270 cyclizes in solution 

and LB monolayers but not in crystals, suggesting that asymmetric diarylethene are important for 

antiparallel packing in the crystal.225 

 

Figure 26.  Integration of DTTs into more complex architectures, with indication of selected absorption 

/ emission maxima in nm, in parenthesis fluorescence quantum or photoisomerization yields in %, 

LUMO energies (in eV vs –5.1 eV for Fc+/Fc), twist angle in degrees, biaromaticity (purple:  shared; 

red, blue: not shared; 272). 
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Bicylces 271 and 272 were designed to produce a 26π and a 34π aromatic circuit that are not coupled but 

share the same π electrons.226  26π Macrocycles are usually planar, as confirmed by models 273 and 274.  

34π Macrocycles, however, roll up into eight-shaped conformations.  The DTT bridge in 271 and 272 is 

introduced to planarize the 34π circuit (blue) and overlay an equally conjugated 26π circuit (red) that 

shares some of the π electrons (purple, Figure 26).  In the crystal structure, the presence of three DTTs 

forces the two macrocycles in 271 into near co-planarity, with the central DTT bridge twisted by 10º out 

of the plane of the 34π macrocycle.  In 272, removal of two out of three sulfide bridges in the DTTs 

increases the deviation of the remaining DTT bridge from the 34π macrocycle only slightly to 16º.  These 

flattened bicycles provide sufficient orbital overlap in both aromatic circuits.  Pertinent shifts in the NMR 

spectra confirm the existence of two separate ring currents, i.e., the biaromaticity of bicycles 271 and 

272.  For instance, the β-CH protons of the DTT in bicycle 272 appear at 7.3 ppm in 1H NMR spectrum.  

The downfield shift compared to the 10.7 ppm in macrocycle 273 demonstrates exposure to the ring 

current of the outside 34π circuit and, by resisting to shift below 7.3 ppm, also to the inside 26π circuit.  

In other words, the shift of the DTT β-CH protons in 272 evinces simultaneous exposure to shielding and 

deshielding ring currents, that is biaromaticity.  

Absorption maxima of 272 at 501 and 605 nm are consistent with competing 26π and 34π aromatic 

systems (Figure 27).  Two more maxima above 800 and 1000 nm are observed, emission occurs at 1100 

nm.  Upon oxidation, changes in the absorption spectra show that the 34π circuit reacts before the 26π 

circuit (Figure 27, left side).  Complete oxidation produces a 33π and a 25π circuit, that is two overlayed 

[4n+1] systems.  The total count of 40π electrons gives a [4n] system that is incompatible with the Hückel 

[4n+2] rule.  However, the spectroscopic signature of the [4n] dication is that of an aromatic system.  

Such a reversal of the Hückel rule from [4n+2] to [4n] aromaticity in ground-state triplet biradicals is 

known in theory as Baird’s rule but has never been observed before. 

A related conjugated macrocycle 275 composed of two naphthobipyrroles and two DTTs has been 

reported separately in the context of proton-coupled redox switching (Figure 26).227  With a 32π circuit, 
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macrocycle 275 is non-aromatic and absorbs below 600 nm.  Full oxidation affords an aromatic 34π 

dication that absorbs up to 1200 nm. 

Thiacalix[4]dithienophene 276, composed of 4 DTTs linked by sulfur, could be isolated as main product 

in 43% from the random oligomerization of dibromo DTT in the presence of first BuLi and then Ph2S2 

(Figure 26).228  These macrocycles formed complexes with two C60.  The highly symmetrical structure 

of this complex yielded condensed strings of fullerenes in the co-crystal. 

 

Figure 27.  Absorption spectra of 272 during oxidative titrations at the first (0.65 V, left) and the second 

oxidation potential (1.10 V, right).  Adapted with permission from ref. 226.  Copyright 2017 Springer-

Nature. 

 

11.  CONCLUSIONS 

The objective of this review was to summarize the multifunctionality of dithieno[3,2-b:2’,3’-d]thiophenes 

comprehensively, and to embed the result in a broader context.   

DTTs – an emerging privileged scaffold, a future classic?  Among the different functions covered, the 

fluorescent probes to image physical forces in biology are unique for DTTs and address a central 

challenge that is otherwise beyond reach.  Other activities such as binding, transport and catalysis do so 

far not perform beyond the ordinary.  In various photosystems, from organic solar cells to photochromes 

and anti-Hückel biaromatics, the presence of DTTs often does not appear really essential. 
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The origin of the unfolding multifunctionality of DTTs is quite promising for future growth.  

Intermolecular chalcogen bonds are just being recognized as high-precision tools in non-covalent 

functional architectures, and the DTT scaffold offers inward-outward chalcogen-bonding cascades of the 

simplicity and purity that distinguishes privileged scaffolds.  The power of this motif is exemplified by 

the fact that the introduction of chalcogen bonds not only to transmembrane ion transport but also to 

catalysis has been realized with DTTs. 

An unusual, versatile and inspiring combination of this chalcogen-bonding chemistry with i) sulfur redox 

switches in the bridge and ii) turn-on fluorescence ultimately accounts for most of the multifunctionality 

of the DTT scaffold.  Efficient electron communication due to integrated sulfur orbitals, yielding maximal 

hyperpolarizability and charge mobilities, or a large, rigid and planarizing π surface, contributing to high-

precision self-assembly into smooth films and fibrils, can be added to these key characteristics.  An 

understanding of the structural space around the DTT scaffold, from heteroatom permutations to bridge 

expansion, is essential to assess the uniqueness of these characteristics.  This knowledge is also needed 

to appreciate and possibly integrate related highlights such as the spectacular white fluorescence of 

twisted diketophosphepins or high-precision self-assembly into functional materials, including 

conformational control with chalcogen bonds in organic solar cells.  While DTTs are synthetically 

accessible since almost five decades, it is important to note that most studies toward their 

multifunctionality are very recent.  The lessons learned remain underexplored in more conventional 

functional systems for this reason.  Their integration can thus be expected to provide access to functions 

that are otherwise beyond reach, as exemplified by the imaging of physical forces in biology or transport 

and catalysis with chalcogen bonds.  We hope that this review will encourage new adventures in this 

direction. 
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