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Abstract: A survey of heterocyclic hemithioindigo
photoswitches is presented identifying a number of
structural motives with outstanding property profiles.
The highly sought-after combination of pronounced
color change, quantitative switching in both directions,
exceptional high quantum yields, and tunable high
thermal stability of metastable states can be realized
with 4-imidazole, 2-pyrrole, and 3-indole-based deriva-
tives. In the former, an unusual preorganization using
isomer selective chalcogen- and hydrogen bonding
allows to precisely control geometry changes and
tautomerism upon switching. Heterocyclic hemithioindi-
gos thus represent highly promising photoswitches with
advanced capabilities that will be of great value to
anyone interested in establishing defined and reversible
control at the molecular level.

Molecular photoswitches are prominent molecular tools to
control processes at the nanoscale by light irradiation.[1]

They are used in a broad spectrum of applications ranging
from molecular machine building[2] and supramolecular
chemistry[3] to catalysis,[4] chemical biology,[5] materials
sciences,[6] or 3D printing technology,[7] to name just a few.
For each application the properties of photoswitches need to
be tailored to harness their functionalities with highest
effectiveness. Much present research is therefore devoted to
consciously tailoring properties of existing photoswitching
motives or developing new photoswitch architectures
entirely.[8] When it comes to the properties of photoswitches
the enrichment of a particular isomer in the photostationary
state (pss, depending on the wavelength of irradiation) and
the efficiency of the light-induced switching process (quan-
tum yield) are standing out. Visible light addressability, high
thermal stability of isomeric states and precision geometry

control are further crucial properties that need to be present
for optimal performance. Only few photoswitches allow to
quantitatively transform the bulk isomer population rever-
sibly from one state to the other, fewer so at a very quick
pace.[9] Key to this desired behavior is the favorable
combination of large absorption band separation between
isomers and high quantum yields. Even less performance is
seen when further preferred properties as mentioned above
are added to the list and thus new photoswitches and
concepts are urgently needed to alleviate this situation.

Hemithioindigo (HTI) chromophores[10] belong to the
emerging class of indigoid photoswitches[10,11] and have
gained considerable traction in the recent years as a versatile
photoswitch motive. They possess a number of advanta-
geous properties such as visible light responsiveness, consid-
erable absorption differences between isomers, rigid and
thus predictable structures, high thermal stability of meta-
stable states, and straight forward synthetic access.[12]

Mechanistic studies have already revealed a large influence
of substitution on the photophysical and photochemical
properties and allow to tune them much more consciously.[13]

Consequentially HTIs have found their way into many
different applications already, including molecular
machines,[14] supramolecular chemistry,[15] chemical
biology,[16] or multi-switches,[17] photosalient behavior,[18] and
molecular logic.[19] The unsubstituted core chromophore of
HTI allows almost quantitative isomer enrichment in the pss
at suitable wavelengths of irradiation (94% E isomer at
420 nm and 100% Z isomer at 505 nm, respectively) but
substitutions can lead to diminished yield of the E isomer
upon irradiation.[13c,20] This problem has been addressed by
Newhouse and co-workers using pyrrole and 2-imidazole
substituted HTIs, which leads to improved and nearly
quantitative E or Z isomer enrichment in the pss at suitable
wavelengths.[21] The beneficiary effect of the pyrrole is
thought to be manifested via its hydrogen bonding capacity
especially to the carbonyl function in the E isomeric state. A
similar hydrogen bonding interaction with pyrrole has been
explored earlier in the related hemiindigo photoswitches by
Arai and Ikegami.[22] The possible advantageous effects of
heterocyclic derivatization of photoswitches are however
not limited to indigoid chromophores as recent work on
azobenzene[23] or earlier work on diarylethenes[24] have
shown. A variety of weak interactions are coming into play
when heterocycles are introduced into photoswitches often-
times leading to significant improvements of the switching,
new levels of control, and unusual effects on geometries or
electronics. In this work we broadly explore the effects of
heterocycle derivatization of HTI and show how especially
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4-imidazole and 3-indole substitution allow to achieve out-
standing photoswitching performances with visible light
irradiation. The imidazole substituent shows a highly
interesting change of hydrogen bonding pattern, where the
two different tautomers are reversibly interchanged upon
switching. This effect is the result of a competing hydrogen
versus chalcogen bonding[25] interaction, which offers unique
opportunities as preorganization tool in HTI photoswitch
architectures.

To scrutinize the effect of heterocyclic substitution on
HTI photoswitch performance 16 different motives were
incorporated such as imidazole, indole, pyridine, quinoline,
thiazole, pyrrole (for comparison purposes as pyrrole-HTI
compounds have been described already[21,26]), pyrazole,
benzofuran, and benzothiophene. This selection covers
electron rich and electron poor heterocycles with and
without hydrogen bonding capacity, different connection
positions and also additional halogen substitutions enabling
late-stage diversification. The set includes eminent hetero-

cycle motives prevalent in pharmaceutical and medicinal
chemistry (e.g. indoles, pyridines, imidazole, or quinoline)
and also complements known structures such as pyrrole,
furan, thiophene[21] or pyridine[27] derivatives of HTI with
the corresponding benzene-annulated analogues (indoles,
benzofuran, benzothiophene, and quinoline). Motives that
show significant effects in azobenzene photoswitches have
also been included such as thiazole or pyrazole. We have
refrained from introducing significant steric hindrance
however, in order to observe the unperturbed heterocycle
properties especially with respect to electronic effects. The
corresponding Het-HTIs 1–16 are depicted in Figure 1.

Synthesis of Het-HTIs follows established protocols for
HTI synthesis[11a,13c] and encompasses the condensation
reaction between benzothiophenone and the respective
heterocyclic aldehyde as key step (for details see the
Supporting Information). Crystals suitable for X-ray diffrac-
tion analysis were obtained for Het-HTIs Z-1, Z-4, E-8, and

Figure 1. Heterocyclic HTI photoswitches undergo visible light responsive double bond isomerization. Depiction of Het-HTIs 1–16 investigated in
this study and the corresponding structures in the crystalline state of Het-HTIs Z-1, Z-4, E-8, and Z-10.
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Z-10 and the corresponding molecular structures in the
crystalline state[28] are depicted in Figure 1 as well.

The (photo)-physical and photochemical properties of
Het-HTIs 1–16 were scrutinized in different solvents to
elucidate additional solvent effects and test the robustness
of the properties and switching performances. First the
thermal behavior was analyzed (for details see the Support-
ing Information, Figure S44 to S58). For almost all inves-
tigated Het-HTIs the Z isomers are the thermodynamically
most stable states, which renders the corresponding E
isomers metastable. For this reason, leaving E isomer
enriched solutions in the dark at elevated temperatures
leads to thermal back-isomerization to the more stable Z
isomers. Different to the parent HTI, thermal isomerization
to the Z isomers is not always quantitative and in some cases
a thermal equilibrium with both Z and E isomers being
present is established. Kinetic analysis delivers the corre-
sponding Gibbs energies of activation ΔG�, which range
between 20.0 kcalmol� 1 and 30.5 kcalmol� 1. The influence of
the solvent is typically significant and an increase in polarity
leads to increased rate of thermal isomerization. This is
most clearly seen in the pyrrole derivative 4 with ΔG� =

30.5 kcalmol� 1 in toluene-d8 and ΔG� =21.1 kcalmol� 1 in
DMSO solution. With such pronounced differences in ΔG�

the corresponding half-lives of the metastable E isomers can
be tuned consciously by many orders of magnitude depend-
ing on the particular heterocycle and solvent that is used.
With the lower limit of ΔG� =20.0 kcalmol� 1 still sizeable
life-times of the metastable isomers of Het-HTIs in the
minute range at ambient temperatures are established. The
only exception is Het-HTI 8, for which the E isomer is stable
in solution, most probably because of pronounced and
favorable intramolecular hydrogen bonding to the carbonyl
group. The latter is clearly evidenced in the crystalline
structure as shown in Figure 1.

The photophysical and photochemical properties of Het-
HTIs 1–16 were investigated next and the corresponding
quantified behavior is summarized in Table 1. Molar
extinction coefficients in different solvents were measured
to establish photochromism and wavelength selective photo-
switching. Strong absorptions are observed in all cases
within the visible region of the electromagnetic spectrum.
Absorption changes between isomers are pronounced for
almost all derivatives and maxima differences up to 50 nm
are found. The maximum extinction coefficients are typically
in the range of 15000 Lmol� 1 cm� 1 but for the indole
derivatives they reach up to 44000 Lmol� 1 cm� 1 rendering
the latter into very good chromophores (all extinction

Table 1: Summary of (photo)physical properties of Het-HTIs 1 to 16.

Compound Solvent Isomer yield in pss
(at irr. λ in nm)

Quantum
yield Φ
(Z!E, E!Z)

Thermal
isomerization
ΔG� in kcalmol� 1

E isomer half
lives linearly
extrapol.
to 25 °C

Extinction λmax in nm
(isomer, ɛ in Lmol� 1 cm� 1)

1 C6H6 100% E (420), 100% Z (515) 27.7 82 d 450 (Z, 13000), 497 (E, 14000)
THF 91% E (430), 100% Z (530) 69%, 43% 452 (Z, 32900), 492 (E, 27100)
ACN 93% E (405), 100% Z (530) 43%, 17% 24.2 12 h 448 (Z, 17400), 488 (E, 18800)
MeOH 81% E (450), 85% Z (505) 20.0 1 min

2 DMSO – 455 (Z, 27800), 609 (Z, 900)
3 toluene 84% E (405), 100% Z (505) 34%, 17% 24.0 12 h 427 (Z, 15500), 450 (E, 10600)

DMSO 76% E (405), 97% Z (505) 21.0 5 min 433 (Z, 23400), 448 (E, 15500)
4 toluene 100% E (420), 94% Z (505) 30.5 35 years 468 (Z, 12400), 519 (E, 15700)

THF 95% E (450), 95% Z (530) 65%, 41% 471 (Z, 41000), 516 (E, 33800)
DMSO 87% E (420), 95% Z (590) 36%, 43% 21.1 5 min 481 (Z, 17000), 521 (E, 19100)

5 THF 89% E (405), 92% Z (530) 35%, 26% 20.4 1 min 455 (Z, 41900), 487 (E, 38900)
6 THF 87% E (405), 100% Z (530) 42%, 54% 22.6 25 min 452 (Z, 44000), 483 (E, 44000)
7 THF 85% E (405), 100% Z (530) 39%, 48% 22.4 25 min 454 (Z, 44500), 485 (E, 42000)
8 532 (E, 33100)
9 toluene 95% E (450), 88% Z (530) 53% 26.5 15 d 445 (Z, 32000), 475 (E, 23900)

DMSO 80% E (405), 46% Z (505) 21.1 5 min
10 toluene 461 (Z, 35100), 482 (E, 31800)

ACN 80% E (405), 46% Z (505) 19%, 8% 25.5 (DMSO) 3 d 456 (Z,40000), 477 (E, 35000)
11 toluene 24.3 (DMSO) 12 h 432 (Z, 17200), 456 (E, 16000)
12 C6H6 decomposition

DMSO decomposition 434 (Z, 10300)
13 C6H6 decomposition

DMSO decomposition 433 (Z, 9500)
ACN 70% E (450)

decomposition
14 C6H6 decomposition

DMSO decomposition 451 (Z, 17000)
15 toluene decomposition

DMSO decomposition 459 (Z, 17800)
16 toluene decomposition

DMSO decomposition 446 (Z, 9100)
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coefficients are given in the Supporting Information).
Irradiation with light of different wavelengths was then
conducted until no further changes in isomer composition
were observed in the pss. For this purpose, UV/Vis as well
as 1H NMR spectroscopy allowed to quantify the switching.
Again, clear trends were observed for the various hetero-
cyclic structures. In the case of electron poor heterocycles,
i.e. thiazole (Het-HTI 2), pyridines (Het-HTI 12 and Het-
HTI 14), or quinolines (Het-HTIs 15 and 16) the absorption
changes between isomers and thus photochromism are
strongly diminished. No favorable and reversible photo-
switching is observed for these derivatives. Only if the
electron-withdrawing effect on the photoisomerizable dou-
ble bond is suppressed like in 3-pyridine derivative Het-HTI
13, absorption changes between isomers are increased but
reversible switching is still hampered by significant photo-
destruction (see Figure S37 in the Supporting Information).
Similar compromised photostability has been reported for
pyridinium-HTIs in a recent publication[27] however, more
proper switching for ethyl-substituted variants have been
described earlier.[15c] If electron-rich heterocycles such as
pyrrole or 3-indoles are used (Het-HTI 4 and Het-HTI 5 to
7) absorption band separation is pronounced with up to
50 nm shifts between λmax values of the two isomers (Fig-
ure 2, for further details see the Supporting Information and

Figure S2 to S19). In these cases, reversible photoswitching
is highly favorable and very strong isomer accumulation
under irradiation is possible in both directions (Supporting
Information, Table S1 to S9). This behavior is somewhat
comparable to earlier studies on strongly donor substituted
HTIs.[13c,d] The 2-indole derivative Het-HTI 8 shows a very
different behavior with the thermodynamically stable E-
isomer being predominant in solution. The switching
capacity is strongly diminished despite its close structural
relation to the pyrrole derivative Het-HTI 4. This substitu-
tion-position effect highlights the importance of electron
donation over hydrogen bonding capacity in the indole
derivatives. It also shows that intramolecular hydrogen
bonding can lead to abolished photoswitching capacity when
structural stabilization of one particular isomer (E in this
case) is too pronounced.

A very interesting derivative is represented by 4-
imidazole substituted Het-HTI 1 (see e.g. Figure 2). In this
case large absorption band separation between the isomers
and high photoisomerization efficiency lead to the highly
sought after, yet rarely observed, quantitative Z to E and E
to Z photoswitching. For this purpose, blue and green light
can be used and the switching properties are not strongly
affected by polarity of the solvent. Even in very polar
acetonitrile photoisomerization in both directions is almost

Figure 2. Absorption and photoswitching behavior of selected Het-HTIs 1, 5, and 9. a) Molar extinction coefficients. Photographs show cuvettes
containing the respective toluene solutions after irradiation to the pss with green (left) and blue light (right). b) Quantified photoswitching of Het-
HTIs using 1H NMR spectroscopy (from left to right; Het-HTI 1 (1.95 mM, benzene-d6), Het-HTI 5 (4.05 mM, THF-d8), Het-HTI 9 (3.85 mM,
toluene-d8). Spectra were recorded after reaching the pss at the indicated wavelengths of irradiation.
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quantitative (93% E isomer accumulation and 100% Z
isomer accumulation). Only in MeOH solution is E isomer
enrichment diminished to 80%. Thermal stability of Het-
HTI 1 can be tuned to allow for minutes to months
persistence of the metastable E isomer at ambient temper-
atures in solution.

When assessing the exact geometry changes upon switch-
ing (see the structure analysis section of the Supporting
Information for full details) Het-HTI 1 shows a very
noteworthy behavior. In principle there are two different
tautomers as well as two different rotamers possible for the
imidazole in each the Z as well as E isomeric state, which
leads to eight possible structures overall and different
associated methyl-group orientations with respect to the
thioindigo fragment. In solution as well as the crystalline
state however, a clear preference for only one such structure
is observed for each configuration of the double bond, which
evidences a strong preorganization for Het-HTI 1 (Figure 3
a and b). The preorganization is however quite unusual. In
the Z isomer the imidazole tautomer harbors the NH proton
next to the methyl group in a rotamer that is turned away
from the sulfur atom. This orientation establishes a close
chalcogen-bonding contact between the imine-like nitrogen
of the imidazole and the sulfur atom with a corresponding

short distance of 2.92 Å (as measured in the crystal, see
Figure 3b). This preferred isomer is also evidenced in
solution by NMR spectroscopy (see Figure 3c and d and the
Supporting Information for further details). In the E isomer
however, the tautomer as well as rotamer state change and
now the NH proton is residing at the other nitrogen atom
forming an intramolecular hydrogen bond to the carbonyl
group of the thioindigo fragment (see the Supporting
Information for details). Overall, the intricate balance
between avoiding steric clash of the imidazole-methyl group
and the thioindigo fragment, tautomerization, as well as
chalcogen- and hydrogen-bonding leads to a precisely
controlled geometry change in Het-HTI 1. This is man-
ifested most clearly when following the positional changes of
the imidazole-methyl group with respect to the thioindigo
fragment during switching (see Figure 3a). A similar chalc-
ogen bonding interaction is also seen in the crystal structure
of Het-HTI 10 with the oxygen of the benzofuran oriented
towards the sulfur atom at a short distance of 2.90 Å
(Figure 1). A similar hydrogen bonding interaction in the E
isomer is correspondingly seen in the crystal structure of E-8
(Figure 1).

Quantum yield (Φ) measurements (see Supporting
Information Figures S59–S83 and Table S10 for details)

Figure 3. Precise geometry control in Het-HTI 1. a) Selective chalcogen bonding (blue dotted line) occurs in the Z-isomer and selective hydrogen
bonding (red dotted line) in the E-isomer. Concomitantly a tautomerization is taking place, which positions the acidic NH proton at different
nitrogen atoms of the five membered imidazole ring. b) Evidence of the chalcogen bonding in the crystalline state of Z-1, intermolecular hydrogen
bonding locks the NH proton at N4. c) Evidence of the Z-1 isomer structure in solution by NMR spectroscopy using chemical shift analysis in
THF-d8. i)

1H NMR spectrum of imidazole showing the chemical shift of the NH proton as broad signal. ii) 1H NMR spectrum of Z-1 with a similar
shifted NH signal. iii) 1H NMR spectrum of a mixture of Z-1 and E-1, for the latter the NH signal is significantly shifted downfield because of
intramolecular hydrogen bonding. d) ROE NMR spectra of Z-1 in THF-d8 at � 80 °C evidencing the position of the NH proton (signal 4) between
protons 3 and 5 and thus the tautomeric and rotameric state of Z-1.
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revealed that Het-HTI derivatives are exceptional perform-
ers for HTI photoswitches in general. Typically, quantum
yields for the photoisomerizations are in the 5%–20%
region for HTIs and values for the Z to E direction are
significantly higher than for the E to Z direction. However,
in special circumstances quantum yields can be increased
significantly. For example, twisted and strong donor-bearing
HTIs photoisomerize from the Z to the E isomer with up to
Φ=56% but only in very apolar solvents such as
hexanes.[13d,e] Strong donation in conjugation with the photo-
isomerizable double bond allows to increase the quantum
yields of the E to Z direction and similar values of around
Φ=20%–30% as for the Z to E direction can be
achieved.[13c] However, this increase in photoisomerization
efficiency comes at the expense of significantly diminished
thermal stability of the metastable states.[13c,19]

Heterocyclic derivatives Het-HTI 1, 4, 6, and 7 are
distinct in their behavior as they deliver exceptionally high
quantum yields in the range of 39%–69% for both switching
directions even in polar solvents (see also Table S10 in the
Supporting Information) and while also showing consider-
able thermal stability of the metastable isomers. Again Het-
HTI 1 stands out as best performer with the highest
quantum yields of 69% for the Z to E and 43% for the E to
Z photoisomerization, closely followed by Het-HTI 4 with
similarly high values. To the best of our knowledge such
high quantum yields have not been achieved in the entire
class of HTI photoswitches. They also compare very well
with the top-performing photoswitches of other classes such
as azobenzenes[9b,29] or the highly optimized natural counter-
part of retinal.[30] It has to be stressed at this point that
obtaining very high quantum yields for a full 180° rotation
during photoisomerization is not a trivial task and therefore
seldomly achieved. The heterocyclic derivatives reported
here meet this challenge and in addition to the most efficient
photoswitches 1, 4, 6, and 7, Het-HTIs based on pyrazole
and unsubstituted 3-indole (Het-HTI 3 and 5 respectively)
also possess good to very good quantum yields for both
switching directions. Finally, photofatigue was tested for
Het-HTIs 1, 5, and 9. After 15 cycles no photodegradation
was visible showing very good stability against bleaching for
these derivatives (Supporting Information Figure S4, S10,
and S15).

General trends can be drawn from comparing the photo-
chemical behavior of Het-HTIs 1–16. Four aspects need to
be discussed in this regard, steric and electronic effects,
intramolecular interactions, and solvent polarity. Steric
effects cannot be compared well in the series because no
systematic steric alterations are probed by deliberate
substitution without strongly changing electronics and intra-
molecular interactions such as hydrogen bonding. However,
sterics do not appear to play a major role in influencing
properties in the series, because all derivatives can adopt a
fully planar geometry in both isomeric forms, which allows
electronic effects to take full effect (compare for example
the similar behavior of 15 and 16). Electronic effects are
clearly dominating in the series and in general the more
electron rich a heterocycle (as can be determined by e.g. the
corresponding Hammett parameters[31]) the better the

photoswitching properties. This is most dramatically seen by
comparing the favorable photochromic properties of elec-
tron rich five-membered heterocycles like 1, 4, 5–7, 9, or 10
with the seriously impeded performance of electron poor
six-membered heterocycles 12–16 (poor absorption band
separation between isomers, photodegradation irrespective
of the position of the heteroatom in the ring). But also
within more strongly related structural frameworks, like
annulated five-membered heterocycles, the beneficiary ef-
fects of electronic donation can clearly be observed. Thus,
indole derivatives 5–7 or 8 show larger absorption band
separation between Z and E isomers, larger redshift of the
absorptions, higher isomer enrichments in the pss, and
higher quantum yields as compared to the corresponding
benzothiophene and benzofuran derivatives 9, 10, and 11,
respectively. This trend is not entirely linear however, as the
less electron rich benzothiophene 9 gives overall better
performance than the benzofuran-derivatives 10 and 11. The
only drawback of 9 is its significantly reduced quantum yield
for the E to Z photoisomerization. This behavior is mirrored
when comparing pyrrole, furan, and thiophene versions of
Het-HTI.[21] Within the series of five-membered heterocycles
1–4 a similar trend is clearly seen, when the electron
donating character of the nitrogen heteroatom in 4 (very
good performance) is altered into an electron accepting
character in 2 (very small absorption differences between
isomers, no photoswitching). However, clear trends are not
observable when introducing additional (electron withdraw-
ing) nitrogen atoms to the pyrrole core structure (compare 4
with 1 or 3). A noticeable hypsochromic absorption shift is
observed by the additional nitrogen heteroatom but photo-
switching is generally very favorable for these structures.
Solvent polarity does not play a major role with respect to
the photoswitching properties, but somewhat diminished
isomer enrichment in the pss and decreased quantum yields
are observed with increasing polarity. The major effect is on
the thermal double bond isomerization as discussed above.
Intramolecular hydrogen bonding plays a dual role in the
series studied here and is intramolecularly significant only in
the E isomeric structures, which are stabilized by this
interaction and slowed down in their thermal E to Z
isomerization (Het-HTI 1, 4 and 8). When it is forced
however, like in Het-HTI 8, the E isomer is too stabilized
and switching is abolished. Other weak intramolecular
interactions like chalcogen bonding plays a major role in
conformation control in the Z isomers as can be seen most
pronounced for Het-HTI 1 but also for 10 to some degree. It
does not however facilitate switching as Het-HTIs 2, 12, or
15 do no become capable photoswitches despite the
opportunity to form chalcogen bonding.

In conclusion, we have probed the photoswitching
performance of different heterocyclic HTIs and were able to
identify a number of exceptionally performing derivatives.
4-imidazole, 3-indole and 2-pyrrol-based HTIs stand out as
most promising core structures for a new generation of ideal
photoswitches. They bring forward a suite of highly advanta-
geous properties: strong absorptions and large λmax separa-
tion between isomers, quantitative bulk switching, very high
quantum yields, and high—yet tunable—thermal stability of
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the metastable states. The 4-imidazole derivative Het-HTI 1
represents an exceptional performer and introduces a new
concept of preorganization using the intricate balance
between chalcogen and hydrogen-bonding to control very
precise geometry changes upon switching. Additionally,
synthesis of Het-HTIs is straight forward and proceeds in
just two steps from commercially available materials. A
trend analysis also allows to draw important design
principles for maximum photoswitch performance of Het-
HTIs. Most important is a strong electron donating charac-
ter of the heterocycle and thus, five-membered pyrrole- or
indole-based motives are most effective. Further property
amplification can be done by strategic placement of a second
nitrogen heteroatom and hydrogen bonding capacity, which
allows more specific control over conformations, isomer
stabilities, isomer enrichment in the pss, and elevation of
quantum yields. With this survey we have thus identified a
number of very promising, high-performance photoswitch
motives with unique geometry control as well as design
principles for this structure class that will be of great interest
to anyone interested in establishing visible light responsive-
ness at the molecular scale.
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