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Abstract: Photoswitchable small molecules, such as N,N’-
disubstituted indigos, have received great interest within fields such 
as pharmacology, energy storage, and functional materials, as they 
represent key building blocks for reversible and non-invasive control 
of chemical processes. However, to ensure applicability of 
photochromic systems it is of paramount importance to manipulate 
the photostationary state. In this work, we achieved this by tethering 
two redox-active indenofluorene-extended tetrathiafulvalene units to 
an N,N’-disubstituted indigo photoswitch. Upon two-electron oxidation, 
we observe significantly enhanced stability of the Z-isomer, compared 
to the neutral compound, illustrated by a substantial increase in the 
half-life from 0.48 seconds to 22 hours. This remarkable stabilization 
is ascribed to formation of strong, intramolecular π-dimers between 
the oxidized subunits. 

Introduction 

Indigo (Fig. 1, top) is a naturally occurring pigment known for its 
use in coloring of fabrics since at least 2000 BC.[1]  In 1905 Adolf 
von Baeyer received a Nobel prize for the elucidation of the 
structure of indigo[2] as well as for the simplest published 
procedure to obtain indigo synthetically, known as the ‘Baeyer-
Drewsen indigo synthesis’.[3] Indigo is well-known for its high 
photostability and low fluorescence quantum yield due to 
stabilization of the ground state by intramolecular hydrogen bonds 
accompanied by a fast proton transfer in the excited state.[4] In 
contrast, N,N’-disubstituted indigo derivatives (Fig 1, bottom) with 
the N-H protons substituted by e.g. alkyl groups,[5] acetyl or ester 
groups,[6] or aryl groups,[7] are known to undergo light-induced 
E/Z-isomerization, as hydrogen bonds and fast proton transfer no 
longer represent competing factors. Even in the case of mono-
arylated derivatives, substituting only one of the N-H protons of 
the indigo parent structure, E/Z isomerization is possible.[8] Hence, 
upon functionalization of a low-cost and highly stable starting 
material, indigo-based systems become relevant as photo-
responsive compounds.[9] Other indigoid-based systems, such as 

hemithioindigos, have furthermore been extensively investigated 
for their use in supramolecular chemistry.[10] 

Advantages of indigo-based systems include absorption in the 
red-light region (around 660 nm) even prior to extensive 
functionalization, in contrast to e.g. the widely investigated 
azobenzene photoswitch for which isomerization requires 
irradiation in the UV-range.[11] This property of indigo promotes its 
suitability for application within pharmacology and biomedicine. 
Furthermore, indigos are promising as sterical switches as the 
geometrical difference between the E and Z isomer is large, 
compared to e.g. azobenzenes, as the substituents are brought 
either close together (Z-isomer) or far away from each other (E-
isomer). Disadvantages, however, include an inevitable E/Z 
isomeric mixture in the photostationary state (PSS), often with a 
relatively low Z-content.[7] This complicates the use of indigo-
based systems as supramolecular switches, and it is therefore of 
great interest to enhance control of the photochemical process. 

 

 
Figure 1. Top: Structure of parent indigo. Bottom: Light-induced E/Z-
isomerization and thermal back-reaction of N,N’-disubstituted indigo derivative. 

Previously, formation of aggregates has been exploited by Yan 
and co-workers to tune the E/Z equilibrium of azobenzenes.[12] 
They showed that the PSS of a photoactive azobenzene 
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derivative could be manipulated by addition of Zn2+ ions. The 
azobenzene E-isomer would interact in aggregates with the Zn2+ 
ions resulting in precipitation, while the Z-isomer would not, and 
thereby the equilibrium was pushed towards the E-configuration. 
The Z-isomer of indigo has on the other hand been promoted by 
coordination of both oxygen atoms of indigo to Cr(II).[13] It has also 
been shown that the Z-isomer of indigo di- and monoimines can 
be generated upon protonation.[14] Similarly, we planned to push 
the photoreaction of N,N’-disubstituted indigo derivatives further 
towards the Z-configuration by exploiting the possibility of 
intramolecular attraction between neighboring substituents put 
into close proximity of one another in the Z-isomer. To be able to 
control this intramolecular interaction by an orthogonal stimulus, 
we have been looking into the aggregation of redox-active 
tetrathiafulvalene (TTF), as this moiety is known to associate in 
both mixed valence complexes (neutral – radical cation, [TTF2]•+) 
and π-dimers (radical cation – radical cation, [TTF•+]2).[15] Thus by 
introducing TTF appendages, it should in principle be possible to 
control the PSS by oxidation/reduction. However, as the parent 
TTF complexes are known to be rather weak at room temperature 
(association constants of 6.0 and 0.6 M-1 in CH2Cl2, for [TTF]2•+ 
and [TTF•+]2, respectively),[15d] we sought to enhance the strength 
of their association. 

We have previously illustrated three-to-four-orders of 
magnitude enhancement of the association between TTF units by 
extension of the conjugated system with an indenofluorene (IF) 
moiety (Fig 2, top).[16] In analogy to TTF, IF-extended TTFs (such 
as IF-TTF; with alkylthio substituents) form complexes between 
neutral and oxidized species ([IF-TTF2]•+) and between oxidized 
species exclusively ([IF-TTF•+]2) (Fig. 2, bottom). These 
complexes are broken up upon further oxidation to the dications. 
The strong associations of IF-TTF cations are particularly 
noteworthy as for the parent TTF alkylthio substituents weaken 
associations, and in the case of tetramethylthio-TTF associations 
vanish completely.[15a] 

 

 
Figure 2. Top: structures of parent IF-TTF (with alkylthio substituents) and the 
key building block iodo-IF-TTF and their reversible one-electron oxidations. 
Bottom: mixed valence complex ([IF-TTF2]•+) and π-dimer ([IF-TTF•+]2) of IF-TTF 
(R = Bu) and binding constants for these in CH2Cl2 (+ 0.1 M Bu4NPF6). 

We recently reported the formation of very strong intramolecular 
associations of IF-TTFs within a dimeric scaffold tethered by a 
rigid 1,4-bis(2-ethynylphenyl)buta-1,3-diyne moiety.[17] When 
being placed in close proximity of each other, the two IF-TTFs 
interacted strongly both in the neutral and oxidized states, and 

this result has directed our attention to the exploitation of 
intramolecular associations of IF-TTF dimers for stabilization of 
otherwise destabilized indigo isomers. The motif of this work has 
been to exploit the self-aggregation of IF-TTFs to stabilize the Z-
isomer of an IF-TTF-indigo scaffold (1, Fig. 3), in which the IF-
TTFs are tethered to an N,N’-disubstituted indigo via acetylene-
functionalized benzylic linkers, and thereby we reasoned that it 
may be possible to obtain redox-controllable photoisomerization.  

 
Figure 3. Structure of targeted IF-TTF-indigo 1 in the E-configuration. 
Photoswitching to the Z-isomer will force both IF-TTF moieties into close 
proximity. 

Results and Discussion 

Synthesis of 1 
Targeted IF-TTF-indigo 1 could be obtained by functionalization 
of parent indigo in three synthetic steps (Scheme 1). First, the 
parent indigo was alkylated with 1-(bromomethyl)-4-iodobenzene 
in the presence of Cs2CO3 to provide N,N’-disubstituted indigo 2 
via an analogous procedure previously published.[7] Subsequently, 
2 was reacted with TMS-acetylene in a two-fold Pd-catalyzed 
Sonogashira coupling to give 3. Deprotection of the alkynes using 
K2CO3 followed by a two-fold Sonogashira coupling with 
previously reported iodo-IF-TTF (Fig. 2, top)[18] readily afforded 
compound 1 in 33% yield as a bright green solid. 
 
Preliminary investigations of IF-TTF monomer 
Prior to the investigations of IF-TTF-functionalized indigo 1, we 
found it of eminent importance to understand the monomeric 
system in more detail. We have previously illustrated by 
spectroelectrochemical analysis[16] that monomeric IF-TTF (R = 
Bu) is able to undergo two sequential oxidations. First, the radical 
cation IF-TTF•+ (Fig. 2 depicts only one possible resonance form; 
however, the unpaired electron is likely delocalized over the entire 
p-system) is formed, accompanied by the appearance of 
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absorption bands in the range of 500 – 800 nm as well as a broad 
absorption band in the NIR range, 1200 – 2200 nm. The second 
oxidation results in formation of the dication (IF-TTF2+) that was 
observed by disappearance of these  

 
Scheme 1. Synthesis of IF-TTF-indigo 1. TMS = trimethylsilyl. 

absorption bands accompanied by appearance of a new, strong 
absorption band at 905 nm. A significant concentration 
dependence of the NIR absorption of IF-TTF•+ was observed in 
the range from 0.1 to 0.9 mM solutions, which was attributed to 
strong intermolecular interactions stemming from both mixed 
valence (neutral – radical cation) complexes and π-dimers 
(radical cation – radical cation). 

From fitting the evolution of absorptions in the NIR range during 
the course of electrolysis by three Gaussian functions, it was 
suggested that the broad absorption band of IF-TTF•+ consisted 
of three separate absorptions, and these were assigned to the 
isolated radical cation (IF-TTF•+, 1996 nm), the mixed valence 
complex ([IF-TTF2]•+, 1650 nm) and the π-dimer ([IF-TTF•+]2, 
1450 nm). From simulations based on the cyclic voltammograms, 
binding constants for the complexes (with R = Bu) were 
established to be 1 x 104 M-1 and 4 x 103 M-1 for [IF-TTF2]•+ and 
[IF-TTF•+]2, respectively (in CH2Cl2 + 0.1 M Bu4NPF6). 

In previous work,[16] chemical oxidation of IF-TTF (R = Bu) using 
tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“magic 
blue”, MB) was attempted without success as the oxidized 
species were observed to be unstable under the applied 
conditions. In this work, however, we learned that by use of a 
freshly prepared MB stock solution and by preparation of the 
oxidized species directly in the cuvette followed by immediate 
measurement, it was possible to obtain spectra of oxidized IF-TTF 

(R = Hex) (Fig. 4) in complete accordance with previous results 
from spectroelectrochemical analyses.[16] 
 

 
Figure 4. UV-vis-NIR spectra of IF-TTF (orange; R = Hex), IF-TTF/IF-TTF•+ (0.5 
equiv. MB, olive green), IF-TTF•+ (1.0 equiv. MB, green) and IF-TTF2+ (2.0 equiv. 
MB, blue) all obtained by chemical oxidation with MB. Spectra recorded in 
CH2Cl2 at 25 °C. 

 

 

 

 

 

 

Figure 5. ESR spectra of IF-TTF (R = Hex) / IF-TTF•+ (0.5 equiv. MB, olive 
green), IF-TTF•+ (1.0 equiv. MB, green) and IF-TTF2+ (2.0 equiv. MB, blue) 
recorded in CH2Cl2. 

The oxidized species of IF-TTF (R = Hex), obtained by chemical 
oxidation with MB, were further investigated by ESR spectroscopy 
(Fig. 5) recorded in CH2Cl2. For a sample of IF-TTF + 0.5 equiv. 
MB, producing 50% radical cations in the sample, a clear ESR 
signal with a g-value of 2.0046 emerged. Upon addition of a 
further 0.5 equiv. of MB, now fully oxidizing the sample to radical 
cations, this signal was intensified by a factor of approximately 
two. Based on results from the previous spectroscopic analyses, 
formation of π-dimers in the sample is expected. This π-dimer of 
IF-TTF has previously been assumed to be ESR silent, as this is 
the case for the [TTF•+]2 π-dimer.[19] However, as we in this study 
observe a 2:1 ratio between the ESR signals of the fully oxidized 
sample (Fig. 5, green curve) and the partially oxidized sample (Fig. 
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5, olive green curve), it has become evident that this is not the 
case for IF-TTF. If the π-dimer was actually ESR silent we would 
expect a 30:39 ratio between signals stemming from IF-TTF + 1.0 
equiv. MB and IF-TTF + 0.5 equiv. MB, respectively, based on 
previously determined equilibrium constants (See Supporting 
Information for details on this estimate). Thus, complexation 
between IF-TTF radical cations does not seem to result in a 
diminished ESR signal. It implies that the dimer is not a closed-
shell species but exists as essentially uncoupled doublets. This 
result is important when we next turn to studies on IF-TTF-indigo 
1. 
 
Absorption and redox properties of 1 
The absorption spectrum of neutral 1 was recorded in CH2Cl2 
(green solution) at 25 °C (Fig. 6). Strong absorption bands at 361 
nm, 462 nm and 490 nm were observed, stemming from the 
incorporated IF-TTF units, as well as a less intense absorption 
band at 652 nm stemming from the indigo moiety. The spectrum 
thus resembles a superimposition of the absorption spectra of IF-
TTF and an N,N’-disubstituted indigo derivative,[7] suggesting 
minimal electronic communication between the two structural 
units.  

 
Figure 6. UV-vis absorption spectrum of 1 recorded in CH2Cl2 at 25 °C. Inset: 
photo of the solution of 1 in CH2Cl2. 

Chemical oxidation of 1 with MB was furthermore explored, and 
the oxidized species were investigated by UV-vis-NIR absorption 
spectroscopy (Fig. 7). Upon addition of 1.0 equiv. MB to a solution 
of 1, to give 1•+, new absorption bands in the range of 500 – 800 
nm were observed, in accordance with the observations for 
monomeric IF-TTF. Upon addition of a second equiv. MB, to 
obtain 12+, the absorption in this range was increased further. 
These results are in accordance with the oxidation of the first and 
the second IF-TTF unit of 1. Furthermore, broad absorption bands 
in the NIR range were observed upon first and second oxidations. 
For 1•+ (Fig. 7, olive green curve), the strongest absorption in the 
NIR range, at 1998 nm, is assigned to the formation of the 
uncomplexed IF-TTF•+ species, by analogy to previous work.[16] 
Upon addition of the second equiv. of oxidant, this absorption 
band is observed to decrease slightly while the band at 1330 nm, 
attributed to the π-dimer, increases significantly. This strong 

absorption from the π-dimer exceeds what we have previously 
observed for IF-TTF dimers[17] and suggests a particularly strong 
complex formation. The fact that π-dimer complex formation 
appears to be stronger than mixed valence complex formation for 
1 is rather surprising and contrasts the behavior of monomeric IF-
TTFs for which stronger association (vide supra) was obtained for 
the mixed valence complex.[16] However, this result is further 
corroborated by Z-E isomerization studies (vide infra). 

Upon addition of 4.0 equiv. MB, formation of the tetracation, 14+, 
is observed by a decrease in absorption in the NIR-range and 
simultaneous evolution of a strong absorption band at 898 nm, in 
accordance with results observed for the monomeric IF-TTF2+. 
The sharp absorption band at 736 nm (Fig. 7, blue curve) stems 
from excess MB due to slight over-titration.  

 

 
Figure 7. UV-vis-NIR spectra of 1 (orange), 1•+ (1 + 1.0 equiv. MB, olive green), 
12+ (1 + 2.0 equiv. MB, green) and 14+ (1 + 2.0 equiv. MB, blue) all obtained by 
chemical oxidation with MB. Spectra recorded in CH2Cl2 at 25 °C. Absorption 
band at 736 nm (blue curve) stems from excess MB due to slight over-titration.  

The redox properties of 1 were further investigated by cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV) (Fig. 
8) from which a rather complicated redox behavior was observed. 
First, the compound showed oxidations at +0.15 V, +0.26 V, +0.39 
V, and +0.50 V vs. Fc/Fc+ (based on DPV), which we assign to 
oxidations of the IF-TTF moieties, forming radical cationic, 
dicationic and tricationic species as well as various intra- and 
intermolecular complexes of these, and ultimately the tetracation. 
Formation of the tetracation at +0.50 V was supported by a 
spectroelectrochemical study of 1 by the appearance of the 
characteristic absorption band around 900 nm at an applied 
potential of 0.36 – 0.65 V vs. Fc/Fc+ (see Supporting Information). 
A subsequent peak in the DPV at 0.74 V vs. Fc/Fc+ is assigned to 
oxidation of the central indigo unit. It is noted that the first 
oxidation potential (+0.15 V) is similar to that observed previously 
for flexible IF-TTF dimers,[20] while the second oxidation potential 
is slightly lowered, indicating stronger radical cation – radical 
cation interactions of the dication as the UV-vis-NIR studies also 
suggest. The oxidation potential of the indigo unit is significantly 
raised compared to N,N’-dibenzyl indigo (+0.55 V vs. Fc/Fc+ 
based on DPV, see Supporting Information), which is presumably 
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a result of the increased Coulomb repulsion upon generating the 
pentacation of 1.  
 

 
Figure 8. Cyclic voltammogram (CV; top) and differential pulse voltammogram 
(DPV; bottom) of 1 (2.5 ´ 10-4 M); potentials vs Fc/Fc+ (solvent: CH2Cl2; 
supporting electrolyte: 0.2 M Bu4NPF6; scan rate: 0.1 V/s). Oxidation potentials 
based on DPV are indicated. 

Next, ESR spectroscopy of the oxidized species of 1 was 
conducted (Fig. 9). As for monomeric IF-TTF (R = Hex), an ESR 
signal is observed upon oxidation of 50% of the IF-TTF units of 1 
by addition of 1.0 equiv. MB per molecule of 1 (Fig. 9, olive green 
curve). Upon addition of 2.0 equiv. MB per molecule of 1 (Fig. 9, 
green curve), thereby oxidizing all the IF-TTF units in the sample 
to radical cations, the ESR signal approximately doubles in 
intensity. This result furthermore supports our postulate that the 
[IF-TTF•+]2 π-complex is not ESR silent, as we clearly saw 
association of oxidized 1 by the UV-vis-NIR studies. Further 
oxidation to the tetracation results in near vanishing of the ESR 
signal in agreement with the expected ESR silence of individual 
IF-TTF2+ units. 

Altogether, the results suggest that compound 1 behaves in 
principle as separate IF-TTF and indigo units in terms of both UV-
vis-NIR absorption and redox activity with no significant electronic 
communication. However, both optical spectroscopy and cyclic 
voltammetry suggest particularly strong π-dimer formation, which 
could possibly be exploited to stabilize the Z-isomer of 1. 

 

 
Figure 9. ESR spectra of 1•+ (1 + 1.0 equiv. MB, olive green), 12+ (1 + 2.0 equiv. 
MB, green) and 14+ (1 + 4.0 equiv. MB, blue) recorded in CH2Cl2. 

Photoisomerizations of 1, 1•+ and 12+ 
Photoisomerizations of 1 as well as of oxidized species 1•+ and 
12+ were investigated by UV-vis absorption spectroscopy (Fig. 10).  

 

 
Figure 10. Top: UV-vis absorption spectra of 1 irradiated with 660-nm light at; 
left) 25 °C (Z-content of 5% in PSS, t1/2 = 0.48 s), right) at -40 °C (Z-content of 
28% in PSS, t1/2 = 8.6 min). Middle: UV-vis spectra of 1 + 1.0 equiv. MB (1•+) 
irradiated with 660-nm light at; left) 25 °C (no significant isomerization 
observed); right) -40 °C (Z-content of 10% in PSS, t1/2 = 2.3 min). Bottom: left) 
UV-vis spectra of 1 + 2.0 equiv. MB (12+) irradiated with 660-nm light at 25 °C 
(Z-content of 16% in PSS); right) change in absorbance at 620 nm during the 
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thermal back-reaction of 12+ at 25 °C (t1/2 = 22 h). Red line: exponential fit of 
change in absorbance at 620 nm. All spectra measured in CH2Cl2. 

Initially, the photoisomerization of neutral 1 was explored (Fig. 
10, top) by irradiation with 660-nm LED light at 25 °C resulting in 
formation of a small amount of the Z-isomer (5% in PSS, see 
Supporting Information for details on this calculation), observed 

as a slight decrease in absorption at 652 nm accompanied by a 
slight increase in absorption as 595 nm. Irradiation of 1 was 
furthermore conducted at -40 °C at which a significantly larger Z-
content could be obtained (28% in PSS) indicating that the low Z-
content obtained at 25 °C is due to fast thermal back-reaction and 
not necessarily caused by inefficient photoisomerization. Based 
on irradiation and subsequent back-reaction measured at several 
different temperatures the half-life 

 
 

Figure 11. Schematic representation of the results elucidated in this work; upon a two-electron oxidation of 1, the thermal-back reaction from the Z-isomer to the E-
isomer is significantly retarded compared to the neutral compound (half-lives listed).

of the Z-isomer of 1 could be determined to t1/2 = 0.48 s at 25 °C 
(see Supporting Information for details on this calculation). The 
obtained Z-content of 1 is significantly lower than observed for 
N,N’-disubstituted indigos previously studied,[7] which is proposed 
to be due to steric repulsions between the large IF-TTF groups. 
Irradiation of a sample of 1•+, obtained by oxidation with 1.0 equiv. 
MB, with 660-nm LED light (Fig. 10, middle) yielded practically no 
sign of Z-isomer formation at 25 °C while only 10% Z-isomer could 
be obtained in the PSS at -40 °C. This result suggests even faster 
thermal back-reaction of the Z-isomer of 1•+ compared to 1.  

Interestingly, two-fold oxidation resulting in formation of 12+ and 
subsequent irradiation gave a much higher extent of 
photoisomerization (Fig 10, bottom). By irradiating 12+, obtained 
by oxidation with 2.0 equiv. MB, with 660-nm LED light, the Z-
content in the PSS at 25 °C could be increased to 16% and was 
thus significantly larger than that for the two other investigated 
species (1 and 1•+). Yet, while the PSS for the neutral compound 
1 was reached within a few seconds, it took about half an hour to 
reach the PSS for the corresponding dication, which indicates a 
decreased quantum yield of photoisomerization for 12+. The 
higher content of Z-isomer in the PSS reached for 12+ parallels a 
remarkably slower thermal Z-to-E back reaction. Thus, fitting the 
change in absorbance at 620 nm to an exponential fit for an 
irradiated sample of 12+ left in the dark resulted in a half-life of its 
Z-isomer of 22 h at 25 °C, i.e. five orders of magnitude longer than 
for the neutral form 1 (0.48 s). This finding clearly suggests a 
strongly stabilizing effect in the Z-isomer of 12+ that is absent in 1 
(as well as in 1•+). As strong π-dimer formation was evident from 
UV-vis-NIR spectroscopic and cyclic voltammetry investigations 
of 12+, we attribute the observed stabilizing effect prolonging the 
lifetime of Z-12+ primarily to these interactions. The 
photoisomerization and back reaction were furthermore 
investigated at lower concentrations, which did not alter the Z-
content in the PSS or the rate of back reaction. Based on this 
finding we suggest intramolecular interactions, between 
substituents (i.e., IF-TTF radical cations) in close proximity of 

each other, to be stabilizing the Z-isomer of 12+, thereby altering 
the switching properties significantly compared to the neutral 
species. It is worth noting that X-ray crystal structures of neutral 
and cationic IF-TTF derivatives have previously revealed that the 
large p-system of the IF-TTF unit allows two units to undergo p-p 
stacking in a variety of possible orientations.[16] 

Conclusion 

In this work we have presented the straightforward synthesis of 
IF-TTF-indigo 1 from parent indigo via metal-catalyzed coupling 
reactions. Chemical oxidation and subsequent UV-vis-NIR 
spectroscopy, cyclic voltammetry and ESR spectroscopy proved 
that 1, equipped with two redox-active IF-TTF units, has an 
increased affinity for forming intramolecular π-complexes upon 
two-electron oxidation in comparison to previously studied dimers. 
This interaction is manifested in a largely increased thermal half-
life of the Z-isomer of 1 upon oxidation to the 12+ species from 
0.48 s to 22 h, i.e. 79,200 s). We additionally studied oxidized 
species of the IF-TTF monomer with ESR spectroscopy to find 
that the π-dimer of IF-TTF•+ is not a closed-shell species but exists 
as uncoupled doublets. The results presented in this work 
underline the prominence of IF-TTFs for association-driven 
stabilization of otherwise destabilized molecular states and 
encourages future work within this field of applicable 
supramolecular chemistry. 

Experimental Section 

General Methods. Distilled solvents were used for all reactions. 
Elevated reaction temperatures were obtained by use of an oil 
bath. Purification by chromatography was performed using silica 
gel (flash: 40−63 μm). TLC was performed using aluminum sheets 
covered with silica gel coated with a fluorescent indicator. NMR 
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spectra were recorded on at 500 and 126 MHz for 1H- and 13C 
NMR, respectively (using an instrument with a cryoprobe). 
Deuterated chloroform (CDCl3, δH = 7.26 ppm, δC = 77.16 ppm) 
was used as solvent (and reference for calibration). CDCl3 was 
filtered through activated Al2O3 prior to use. Chemical shift values 
are referenced to the ppm scale, and coupling constants are 
expressed in Hertz (Hz). High-resolution mass spectrometry 
(HRMS) was performed using Matrix Assisted Laser 
Desorption/Ionization (MALDI) with dithranol as a matrix and 
using an FT-ICR instrument equipped with a 7-T magnet. 
UV-Vis-NIR Absorption Spectroscopy. UV-vis-NIR absorption 
spectra were recorded by scanning between 2200 and 350 nm. 
Spectra were recorded in CH2Cl2 (HPLC grade) at 25 °C in a two-
mm quartz cuvette.  
Photoisomerizations. Absorption spectra were recorded by 
scanning between 780 and 550 nm while irradiating a solution of 
the sample. Irradiation was done using a collimated (beam 
diameter: approx. 4 cm) M660L4 LED lamp (peak wavelength: 
655-670 nm, minimal optical power: 940 mW) from Thorlabs. The 
distance of the LED lamp to the sample was approx. 5 cm. 
Spectra were recorded in CH2Cl2 (HPLC grade) at 25 °C in a 1-
cm quartz cuvette.  
Electrochemistry. CVs were obtained using a scan rate of 100 
mV/s. Concentration of 1 = 2.5 ´ 10-4 M in 0.2 M Bu4NPF6 in 
CH2Cl2, platinum disc d = 1.6 mm. DPVs were obtained with a 
modulation amplitude of 0.025 V. Concentration of 1 = 2.5 ´ 10-4 
M in 0.2 M Bu4NPF6 in CH2Cl2, platinum disc d = 1.6 mm. 
Measured potentials were referenced to the 
ferrocene/ferrocenium (Fc/Fc+) redox couple. All solutions were 
purged with solvent saturated argon prior to measurement. 
Spectroelectrochemistry. Absorption spectra were recorded 
during cyclic voltammetry of 1 over the range of 0.09 → 1.00 V vs. 
Fc/Fc+ (0.2 M Bu4NPF6 in CH2Cl2, concentration of 1 = 2.5 ´ 10-4 

M, platinium mesh, scan rate = 10 mV/s, quartz cuvette d = 0.5 
mm). 
ESR Spectroscopy. Solution X-band ESR spectra were 
recorded at RT in capillary tubes. Data were acquired on a Bruker 
Elexsys E500 spectrometer equipped with a Bruker SUPER-X 
CW-EPR bridge, a Bruker ER 4116 DM dual mode cavity, and an 
EIP 538B frequency counter.  Modulation amplitudes were around 
0.5 G and microwave power was in the range 2-20 mW. 
Compound 1. To a solution of 3 (110 mg, 0.173 mmol) in THF 
(20 mL) and MeOH (10 mL) was added K2CO3 (130 mg, 0.941 
mmol) and the solution was stirred at rt for 2 h, until TLC analysis 
(30% EtOAc/heptane) showed full desilylation of the starting 
material. The solution was filtered through a plug of SiO2 (CH2Cl2) 
and concentrated in vacuum until only ca. 10 mL solvent remained. 
Now Et3N (20 mL) was added and the solution was concentrated 
in vacuum until only ca. 10 mL solvent (exclusively Et3N) 
remained before iodo-IF-TTF (375 mg, 0.359 mmol), THF (40 
mL) and additional Et3N (20 mL) were added, and the mixture was 
degassed thoroughly with Ar followed by addition of Pd(PPh3)4 
(120 mg, 0.104 mmol) and CuI (60 mg, 0.32 mmol). The reaction 
mixture was stirred at rt under and Ar atm for 21 h before it was 
filtered through a plug of SiO2 (CH2Cl2) and concentrated in 
vacuum. Purification by flash column chromatography (SiO2, 1) 
30% EtOAc/heptane, 2) 1% EtOAc/toluene) followed by 
precipitation from CH2Cl2/MeOH (1:2) yielded compound 1 (132 
mg, 33%) as a bright green solid. Mp. = 81 – 83 °C (decomp., 
from green to black). 1H NMR (500 MHz, CDCl3) δ 7.82 – 7.75 (m, 
2H), 7.52 (s, 2H), 7.49 – 7.45 (m, 4H), 7.44 – 7.40 (m, 4H), 7.40 

– 7.39 (m, 4H), 7.34 (d, J = 7.8 Hz, 2H), 7.29 (d, J = 7.8 Hz, 2H), 
7.22 – 7.20 (m, 2H), 7.14 – 7.11 (m, 2H), 7.08 – 7.02 (m, 6H), 
6.66 (d, J = 8.1 Hz, 4H), 5.48 (d, J = 133.6 Hz, 4H), 3.20 – 2.80 
(m, 16H), 1.90 – 1.65 (m, 16H), 1.59 – 1.44 (m, 16H), 1.38 – 1.28 
(m, 32H), 0.96 – 0.78 (m, 24H) ppm. 13C NMR (126 MHz, CDCl3) 
δ 185.54, 152.32, 138.20, 138.12, 137.49, 137.39, 137.21, 137.01, 
136.17, 136.12, 135.53, 135.28, 134.91, 134.56, 132.28, 129.22, 
128.88, 128.77, 127.65, 127.08, 126.26, 125.69, 125.56, 125.10, 
124.39, 123.43, 122.76, 121.87, 121.61, 120.94, 120.30, 120.24, 
119.05, 118.71, 113.91, 113.59, 111.56, 92.29, 88.53, 70.73, 
50.64, 36.87, 36.85, 36.82, 36.61, 31.63, 31.57, 31.56, 30.15, 
30.09, 30.00, 29.96, 28.63, 28.60, 28.56, 28.52, 22.77, 22.76, 
22.74, 22.70, 14.23, 14.21, 14.18 ppm (two signals missing in the 
aliphatic region, presumably due to overlap). HRMS (MALDI FT-
ICR, dithranol) m/z = 2324.67857 [M+H]+, calcd. for 
(C134H143N2O2S16+) m/z = 2324.67089. 
Compound 2. To a solution of indigo (199 mg, 0.759 mmol) and 
Cs2CO3 (621 mg, 1.91 mmol) in DMF (10 mL) was added 4-
iodobenzyl bromide (900 mg, 3.03 mmol) and the mixture was 
stirred at rt for 3 h before it was diluted with EtOAc (200 mL) and 
filtered. The solution was washed with H2O (2 x 300 mL) and brine 
(1 x 300 mL), dried over Na2SO4, filtered and concentrated in 
vacuum. Repeated purification by flash column chromatography 
(10 – 30% EtOAc/cyclohexane) gave compound 2 (258 mg, 49%) 
as dark purple crystals. Mp. = 209 – 210 °C. 1H NMR (400 MHz, 
CDCl3) δ 7.72 (d, J = 8.1 Hz, 2H), 7.52 – 7.33 (m, 6H), 7.02 (dd, 
J = 15.0, 7.5 Hz, 2H), 6.94 (d, J = 8.3 Hz, 2H), 6.57 (d, J = 8.3 Hz, 
4H), 5.30 (s, 4H) ppm. 13C NMR (101 MHz, CDCl3) δ 185.61, 
152.35, 137.97, 135.88, 135.41, 128.99, 125.86, 124.44, 121.90, 
121.75, 111.68, 93.29, 51.12 ppm. HRMS (MALDI FT-ICR, 
dithranol) m/z = 694.96741 [M+H]+, calcd. for (C30H21I2N2O2+) m/z 
= 694.96869. 
Compound 3. To a solution of 2 (54 mg, 0.078 mmol) in Ar-
degassed THF (10 mL) and Et3N (10 mL) were added Ar-
degassed TMS-acetylene (0.50 mL), Pd(PPh3)4 (54 mg, 0.047 
mmol) and CuI (59 mg, 0.31 mmol) and the mixture was stirred at 
rt under an Ar atm for 4 h before it was filtered through a pad of 
SiO2 (CH2Cl2) and concentrated in vacuum. Purification by flash 
column chromatography (SiO2, 1) 10 – 20% EtOAc/cyclohexane, 
2) 1% EtOAc/toluene) yielded compound 3 (44 mg, 89%) as a 
purple solid. Mp. = 182 – 185 °C. 1H NMR (300 MHz, CDCl3) δ 
7.70 (d, J = 7.4 Hz, 2H), 7.43 – 7.33 (m, 2H), 7.27 (d, J = 8.5 Hz, 
4H), 7.00 (t, J = 7.4 Hz, 2H), 6.87 (d, J = 8.2 Hz, 2H), 6.78 (d, J = 
8.2 Hz, 4H), 5.285408 (s, 4H), 0.22 (s, 18H) ppm. 13C NMR (101 
MHz, CDCl3) δ 185.45, 152.16, 136.48, 135.13, 132.45, 127.43, 
125.76, 124.30, 122.63, 121.98, 121.59, 112.00, 104.74, 94.84, 
52.00, 0.16 ppm. HRMS (MALDI FT-ICR, dithranol) m/z = 
633.24021 [M-H]+, calcd. for (C40H37N2O2Si2+) m/z = 633.23881. 
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Redox-active indenofluorene-extended tetrathiafulvalene units were added as appendages to the indigo photoswitch. Upon oxidation 
of these two units to radical cations, a significantly enhanced stability of the indigo Z-isomer was observed. Thus, the half-life for the 
Z-to-E isomerization changed from less than a second to several hours upon formation of the dication, ascribed to intramolecular 
association between the two radical cation units.     
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