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“Furfurol färbt die Haut stark gelb; berührt man dann den damit gefärbten Theil 
mit einigen Tropfen Anilin, so verändert sich die Farbe langsam in’s Rosenrothe. 
Dieselbe Erscheinung zeigt sich beim Behandeln von Papier, weißer Seide, Lein-
wand oder Baumwollenzeug in der eben angegebenen Weise. Die rothe Färbung 
kommt immer erst nach einigen Minuten zum Vorschein, erhält sich dann einige 
Tage und geht später in’s Braungelbe über.”

Dr. J. Stenhouse, Lecture for the Royal Society of London, 18. April 1850
Justus Liebigs Ann. Chem., 1850, 74 (3), 278–297

Translation: 
Furfural stains skin strongly yellow; once one touches the stained part with a few 
drops of aniline, the color changes slowly to roseate. The same phenomenon is 
observed for the treatment of paper, white velvet, canvas or cotton fabric when 
processed according to the same procedure. The red staining appears always only 
after a few minutes and resides for a few days before it changes into a brown-
ish-yellow color. 
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Chapter 1

ABSTRACT: Molecular photoswitches comprise chromophores that can be interconverted 
reversibly with light between two states with different photochemical and physicochemical 
properties. This feature renders them useful for diverse applications, ranging from material 
science, biology (specifically photopharmacology) to supramolecular chemistry. With new and 
more challenging systems to control, especially extending towards biomedical applications, 
using visible or near-infrared light for photoswitch activation becomes vital. Donor–acceptor 
Stenhouse adducts are a novel class of visible light-responsive negative photochromes that 
provide a possible answer to current limitations of other photoswitch classes in the visible and 
NIR window. Their rapid development since their discovery in 2014, together with first successful 
examples of applications, demonstrate both their potential and areas where improvements are 
needed. A better understanding of DASA characteristics and its photoswitching mechanism has 
revealed that they are in fact a subset of a more general structural class of photochromes, namely 
Stenhouse photoswitches. This chapter provides an introduction and practical guide on DASAs: 
it focuses on their structure and synthesis, provides fundamental insights for understanding their 
photoswitching behavior and demonstrates guiding principles for tailoring these switches for 
given applications.

1.1 Introduction

1.1.1 Molecular photoswitches

Molecular photoswitches1 are small molecules that respond to light as an external stimulus. 
Upon photoswitching, the molecule undergoes a reversible change in geometry, polarity 
and charge distribution.2 Most common photoswitches include azobenzenes, stilbenes, 
spiropyrans/spirooxazines, diarylethenes, hemithioindigo photoswitches, fulgides, fulgimides 
and acylhydrazones. They operate through either a trans–cis double-bond photoisomerization 
(azobenzenes, stilbenes, acylhydrazones and hemithioindigo photoswitches) or a light-
activated cyclization/ring-opening reaction (diarylethenes, spiropyrans/spirooxazines 
and fulgides/fulgimides). Depending on the height of the energetic barrier between the 
two states, and the photoswitching mechanism, a photoswitch can be bistable (P-type, e.g. 
diarylethenes) or thermally reversible (T-type, e.g. spiropyrans). Bi-directional switching 
employing two different wavelengths of light relies on a change in the absorption spectrum 
upon photoswitching together with appropriate thermal stabilities of the isomers. 

The basis for photoswitching is light absorption. Light as an external stimulus offers powerful 
advantages over other stimuli (e.g. pH, small molecules, mechanical force or temperature): 
it does not contaminate the studied sample or system, is orthogonal to most processes, is 
non-toxic and can be delivered in a non-invasive manner. Moreover, the instrumentation 
for light-delivery has rapidly developed in recent decades – especially in the medical realm – 
which now allows for the delivering of light with high spatial and temporal precision with the 
intensity and wavelength desired. 
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What sets photoswitches apart from other light-mediated molecular tools3 is their reversibility. 
In contrast to the irreversible removal of photolabile protecting groups (uncaging),4 

photoswitches can be switched back and forth, usually with little fatigue (decomposition). 
While for many applications irreversible manipulation will suffice, living systems and 
more complex materials benefit from reversible interventions. Therefore, photoswitches 
have had a profound impact on fields such as material sciences, supramolecular chemistry, 
chemical biology, surface chemistry, catalysis and recently even medical applications 
(photopharmacology).5–7 Every photoswitch has its specific set of properties that can be tuned 
and need to be taken into account when a photoswitch is chosen for a given application. These 
include high quantum yields (φ), high extinction coefficients (ε) at visible to near-infrared 
(NIR) wavelengths, spectral shape, high photostationary states (PSS), control over switching 
speed, tunable thermal stability of the isomers and resistance against photodegradation 
(fatigue). Such tuning of photoswitch properties requires a thorough understanding of 
structure-property relationships and the photoswitching mechanism. The definition of what 
constitutes an ideal photoswitch depends on the application. Therefore, the researcher has to 
match system/application and photoswitch by focusing on one or more of the most desired 
properties. 

1.1.2 Towards visible and NIR photoswitching

Light carries energy that is used for the switching process. Visible and NIR-activation of 
photoswitches has received increasing attention primarily because energy-rich UV-light 
can cause photodamage in biological samples and shows reduced tissue penetration.8–10 

Conversely, the use of red-shifted and thus less energy-rich light limits the set of photochemical 
transformations available and poses a challenge to the synthetic photochemist.10 Red-shifting 
can come with pay-offs at other characteristics, such as synthetic accessibility, solubility, 
molecular size and long half-life of the thermally unstable isomer. 

A common problem for photoswitching – particularly at high concentrations and high 
extinction coefficients – is that most of the light is absorbed within the outermost layer of 
the sample. Negative (reverse) photochromism11 overcomes this limitation, as the stable 
form, which is usually strongly colored, undergoes photobleaching upon photoswitching to 
a thermally unstable, colorless state.2 As the photoisomerization proceeds, photoswitching at 
greater depth of the sample becomes easier because of a lack of the colored form and hence 
light absorption. 

1.1.3 Donor–acceptor Stenhouse adducts

In 2014, Read de Alaniz and co-workers described the photochromism of a new class of 
negatively photochromic photoswitches (Figure 1.1, compound 1, first-generation), which 
they termed donor–acceptor Stenhouse adducts (DASAs) in recognition of the late John 
Stenhouse (1809-1880).12,13 In 2016, first-generation DASAs were complemented with a 
second-generation (Figure 1.1, compound 2).14,15 DASAs naturally absorb visible light and their 
synthesis is modular, making use of the inexpensive (bio-based) feedstock chemical furfural. 
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Upon irradiation of the strongly colored elongated triene form (A), rapid photobleaching 
leads to a colorless cyclopentenone (B). This large structural change upon photoswitching 
holds great promise for possible applications, some of which have already been explored in 
the past three years. 

 

Figure 1.1 | Structure and photoswitching of donor–acceptor Stenhouse adducts. 
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1.2 Synthesis

In DASAs, a donor moiety is connected to an acceptor (either Meldrum’s acid 3 or 
1,3-dimethyl barbituric acid 4) through a triene (“polymethine”) bridge, which makes DASA 
a push-pull system. This modular build-up not only is a key feature governing most of DASA 
photochemistry, but is also a guiding principle for their synthesis (Figure 1.2).12,13 The triene 
bridge is based on furfural (5) and the furan oxygen is responsible for the formation of the 
hydroxy group (C2-position). 

 

Figure 1.2 | Synthesis of DASAs and Stenhouse salts. 

In the standard synthetic route, the acceptor is initially fused to furfural (5) by means of a 
Knoevenagel condensation to yield 6. The activated furan core is subsequently opened with 
a nitrogen nucleophile (the donor) through a series of rearrangements around the furan 
core reminiscent of the (aza-)Piancatelli rearrangement13,16,17 resulting in the final DASA 
compound 7. Stenhouse salts, which have first been described by John Stenhouse in 1850,18 

make use of a formation of an iminium species/Schiff base to yield 8. Ring-opening with a 
nucleophile, which is usually the same as that was used for activation, results in Stenhouse salt 
9. Formation of Stenhouse salts relies on acid addition. 

The proposed mechanism of the (aza-)Piancatelli reaction gives insights into the ring-opening 
reaction and formation of both DASAs and Stenhouse salts (Figure 1.3):13,16,17 2-Furylcarbinol 
(10) rearranges in an acidic environment through a cascade (intermediates i to v) to form 
trans-di-substituted cyclopentenone 11. The “unfolded” intermediate iii corresponds 
to A, whereas 11 corresponds to B. Notably, in the (aza-)Piancatelli reaction, the cascade 
proceeds to 11 without stopping at iii. The condensation reaction activates the furan core for 
nucleophilic attack, presumably by increasing the electrophilicity of the position to be attacked 
and allowing a resonance structure similar to i. Most commonly employed acceptors for 
activation are Meldrum’s acid (3) and 1,3-disubstituted barbituric acid (4). The ring-opening 
reaction strongly depends on electronics of the furan core and sterics and nucleophilicity of 
the nucleophile. In general, Meldrum’s acid derivatives are more easily opened as compared 
to 1,3-dimethyl barbituric acid derivatives.19 The presence of Lewis acids might help to further 
activate the furan core for ring-opening.17 Notably, reaction conditions for the ring-opening 
step should not be completely dry.
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Figure 1.3 | Proposed mechanism for the (aza-)Piancatelli rearrangement.16,17 

So far, two generations of DASAs have been reported (Figure 1.1): first-generation compounds 
represented by compound 1 employ a dialkylamine donor,12,13 whereas second-generation 
DASAs represented by compound 2 employ N-alkyl anilines.14,15 Amines with strongly 
electron-withdrawing groups are not nucleophilic enough for ring-opening, even not at 
elevated temperatures. For anilines, the reaction proceeds, but slowly, so longer reaction times, 
additional base, excess of the amine or higher temperatures are necessary. Excess of the amine 
can be detrimental, as when the reaction mixture is concentrated after completion of the 
reaction, nucleophilic addition to the polyene chain can cause degradation and side-product 
formation.14,15 Thus, synthetic procedures of second-generation DASAs usually include a 
precipitation or trituration step to remove the anilines from the product.14,15 DASA compounds 
show rather limited stability on acidic silica gel upon flash column chromatography. The 
scope of possible nucleophiles is illustrative (vide infra, chemical sensing) and the reactivity 
of amines for ring-opening of 6 are (from slowest to fastest):19 ammonia << butylamine ~ 
cadaverine < spermidine << diethylamine ~ dimethylamine < piperidine. Other nucleophiles 
such as alcohols, thiols or phosphines were not able to promote ring-opening. Read de Alaniz 
and co-workers have reported that the stability of DASAs based on primary amines is reduced, 
whereas secondary amines show good stability of the elongated compound.13 The limitations 
of the current synthetic approach – despite its convenience – call for development of novel 
synthetic routes that do not make use of the ring-opening reaction of activated furans. 

1.3 Photoswitching

The isomerization mechanism of a given class of photoswitches sets the basis for the 
understanding of how it responds to its environment and different experimental conditions. 
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Only recently, initial studies on the photoswitching mechanism have been reported.20–22 

However, the discussion will be restricted to mechanistic aspects vital for effective and 
proficient handling of DASAs for applications. Starting with a static picture of DASAs, 
their spectral shape and their solid-state structure, the photoswitching process will then 
be described. In the subsequent section, applications of DASAs are illustrated and design 
principles are highlighted. 

1.3.1 The absorption spectrum

The absorption spectrum of DASAs has two components (Figure 1.4): the absorption of the 
acceptor component (Meldrum’s acid or 1,3-dimethyl barbituric acid; red, highlighted for 
1B) and the absorption of the triene push-pull chromophore (olive, highlighted for 1A). 
The activated di-carbonyl structure in the cyclic acceptor absorbs in the UV-region of the 
spectrum (band around 265  nm, depending on the solvent). In toluene, where reversible 
photoswitching of DASAs is observed, this absorption overlaps with the solvent absorption. 
For second-generation DASAs, the aniline moiety also absorbs in this region. 

 

Figure 1.4 | Schematic representation of the absorption spectrum of compound 1 for both 
the elongated triene form (A) and the cyclopentenone form (B) in water. The push-pull 
system (olive in 1A) and the 1,3-dicarbonyl system (red in 1B), are highlighted. Adapted with 
permission from ref. 20. Copyright© 2016, American Chemical Society. 



8

Chapter 1

The triene push-pull chromophore, reminiscent of merocyanine dyes, has a strong absorption 
band in the visible corresponding to the π-π* transition. For DASAs, this band lies around 450 
– 700 nm. In polar protic solvents, a broadening of the band with concomitant blue-shift of 
the absorption maximum is observed. Importantly, DASAs exhibit almost no absorption (low 
ε and φ) between the UV-absorption (below 300 nm) and the visible light absorption (above 
450 nm) regions, thus offering a photochemical window for operation of other processes; a 
fact that can be used for wavelength selective photoswitching (vide infra).23,24 

Photoswitching breaks the conjugation of the push-pull chromophore that was responsible 
for the visible light absorption and leads to the cyclopentenone structure B. This results in 
the loss of the strong red-shifted π-π* band and thus only the UV-absorption of the aniline/
cyclic acceptor remains. Overall, this behavior renders Stenhouse photoswitches negative 
photochromes,2,11 preventing bi-directional photoswitching so far. Switching back with light 
would require a cyclopentenone that shows a LUMO with density at the bond to break (C1-C5, 
marked orange in Figure 1.1). Furthermore, using UV-light for addressing the cyclized form 
can lead to photodegradation. 

The spectrum of DASAs can be tuned in a rational way as outlined below. 

Acceptor: the acceptor plays an important role for the position of the absorption 
maximum (Figure 1.5). Barbituric-acid-derived DASAs (e.g. compound 12) exhibit 
bathochromically shifted spectra by about 20-25 nm as compared to the Meldrum’s 
acid derived DASAs (e.g. compound 1, Figure 1.5).13,14 Importantly, compound 13 
was found to have an absorption maximum shifted up to 600 nm due to extended 
conjugation on the acceptor side, but does not photoswitch, for reasons that remain 
unclear.13 Synthetic modifications at the nitrogen atoms of barbituric acid are 
well known and used. However, other acceptors – not making use of either the 
Meldrum’s acid or barbituric acid motif – have not been successfully employed for 
photoswitching. 

Donor: second-generation DASAs in general have a bathochromically shifted 
absorption band as compared to first-generation DASAs, because of the extended 
conjugation into the aniline moiety.14,21 For first-generation DASAs, changes in the 
alkyl chains of the amine donor have little influence on the absorption maximum 
(few nm). In general, electron-donating groups lead to a red-shift, whereas electron-
withdrawing groups lead to a blue-shift of the DASA main absorption band.14,15 
The electron-density of anilines as donors can be conveniently controlled with 
substituents in the ortho- and para-position. Herein, strongly donating groups such 
as methoxy- or N,N-dialkylamine- lead to a large bathochromic shift (Table 1.1). 

DASAs with N-methylaniline donors undergo a much reduced spectral shift upon 
introduction of electron donating or withdrawing groups as compared to cyclic 
donors (Table 1.2).14,15 Read de Alaniz and co-workers have related this finding to 
the aniline group twisting out of plane of conjugation.14 They computed that DASAs 
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that employ N-methylaniline donors exhibit larger dihedral angles ΦD-A (up to 40°), 
whereas DASAs with cyclic donors were found to be almost planar (see Figure 1.6). 
This effect also translates to calculated HOMO electron densities that show reduced 
overlap between donor and acceptor groups, in effect reducing the shifting effect of 
electron-density modulation.  

Polyene linker: in analogy to cyanine dyes, one expects a spectral shift of around 
100  nm per added CH group in the polyene chain.25 While an extension of the 
polyene chain might be feasible, shortening the chain will prevent electrocyclization 
to form the five-membered ring.

1 13

12

Figure 1.5 | Absorption spectra of compound 1, 12 and 13.13 Reproduced with permission 
from ref. 13. Copyright© 2014, American Chemical Society. 
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Table 1.1 | Comparison of absorption maxima of selected DASA compounds with different 
donor moieties in dichloromethane (in nm).14 Data taken from ref. 14. 

 

 

    

 

Meldrum’s acid

 

53920 558 575 590 603 648

barbituric acid

 

--- 582 599 615 629 669

Table 1.2 | Comparison of absorption maxima of selected DASA compounds with 
N-methylaniline donors in either chloroform or dichloromethane (in nm).14,15 Data taken 
from ref. 14 and 15. 

 

  

 

  

dichloromethane14 --- 558 558 561 ---
CDCl3

15 557 --- 561 563 574
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14, R = H
15, R = OMe

16, R = H
1,   R = OMe

Figure 1.6 | Change of dihedral angle of the donor moiety of N-methyl- vs. cyclic secondary 
anilines affects the HOMO orbital overlap and the λmax. Reproduced and adapted with 
permission from ref. 14. Copyright© 2016, American Chemical Society. 

1.3.2 Solid-state structures

Bond-lengths of DASAs are important for understanding the bonding character within the 
triene structure and thereby how difficult it is to rotate around these bonds. Bond-length 
alternations (BLA) give insights into the nature of the push-pull system. Generally, this 
structural information is accessible through crystal structures and calculations. Figure 1.7a 
depicts two resonance structures essential for DASAs. In crystal structures, the zwitterionic 
resonance structure is dominant with strong bond length alternations (BLA, Figure 1.7b).15 

Computational studies support this bonding pattern.26 Second-generation DASAs generally 
show reduced BLA. 

At reduced temperature, solution 1H-NMR spectra show that in the case of asymmetric donors 
(R ≠ R’), two isomers can be observed.15,27 At elevated temperatures, these configurational 
isomers are interchangeable, in some cases leading to line-broadening.

The crystal structures of cyclized first-generation DASAs show a zwitterionic form with a clear 
trans-relationship between the donor and acceptor moiety. For second-generation DASAs, 
a neutral form is observed, in accordance with the pKa(H) values (Figure 1.8). Only for a 
derivative with a p-methoxy methylaniline donor moiety (15, cyclized form), the zwitterionic 
form is preferred, which is in contrast to the solution state.15 Beves and co-workers propose 
favorable H-bonding through the crystal lattice to be the cause for this change. Because of the 
reduced pKAH value of the aniline as compared to the dialkyl amine, a zwitterionic structure 
is disfavored. Such changes are influential on photoswitching, as the protonation state and 
polarity determine the energy of the intermediate in different solvents, and thus influence 
equilibrium constants and photostationary states reached. 
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1,30

1,32

1,34

1,36

1,38

1,40

1,42

1,44

Bond Lengths

Bo
nd

 Le
ng

th
(in

 Å
)

N-C5 C5-C4 C4-C3 C3-C2 C2-C1 C1-CA CA = acceptor

a)

b)

Figure 1.7 | Solid state structures of DASAs: a) possible resonance structures; b) bond-length 
analysis, data taken from ref. 13, 15 and 28. Adapted with permission from ref. 15, Copyright© 

2016, The Royal Society of Chemistry. 

 

Figure 1.8 | pKa(H) values associated with structural elements of DASAs are responsible for 
differences of the protonation states in the cyclized form. 
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1.3.3 Photoswitching

The following represents a brief summary of mechanistic aspects of DASA photoswitching 
needed to understand applications described subsequently. As the main body of this thesis 
constitutes this mechanistic work, the reader is kindly referred to Chapter 3–5. 

With an understanding of the structure and the absorption spectrum of both the elongated 
triene form (A) and the cyclopentenone form (B), the effect of irradiation will be discussed 
next. Stimulating the π-π* transition with visible light triggers a photoisomerization of one 
of the “double” bonds. DFT calculations provide access to bond lengths both in the ground 
and excited state (Figure 1.9) of both compound 1 and an analogue lacking the C2-hydroxy 
group (compound 19).22 Notably, the presence of the hydroxy group seems to “(pre)select” 
the bond adjacent to it (C2-C3) for isomerization. Upon removal of the hydroxy group, no 
cyclization is observed and photoisomerization is not restricted to a single bond anymore, but 
is observed for C2-C3 and C3-C4. Ultrafast pump-probe spectroscopy, NMR studies and TD-
DFT calculations suggest that the hydroxy group stabilizes the ground state conformation (A, 
Figure 1.10) through a strong hydrogen bond to one of the carbonyl groups of the acceptor 
and exerts an electronic effect weakly on the ground state and strongly on the excited state.22 

Herein, an elongation of the bond to isomerize (C2-C3) mainly in the excited state is observed 
(Figure 1.9). 

 

Figure 1.9 | Comparison of bond lengths (in Å) for A in the ground state (blue, SMD/
B3LYP/6-31++G(d,p)) and excited state (red, SMD/TD-M06-2X/6-31+G(d)) in chloroform: 
a) for DASA 1 and b) its non-hydroxy analogue 19. Adapted  with permission from ref. 22. 
Copyright© 2018, American Chemical Society. 

For the proposed mechanism behind the transformation of the “double”-bond-isomerized 
intermediate A’ into closed cyclopentenone structure B (Figure 1.10), inspiration can be 
found in the (aza-)Piancatelli rearrangement16,17 and the iso-Nazarov cyclization.29 Herein, 
a pentadienyl cation undergoes a thermally allowed, conrotatory 4π-electrocyclization, 
responsible for the formation of the five-membered-ring. Successful cyclization relies on close 
spatial proximity of C1 and C5. After photoisomerization around C2-C3 (to form A’, Figure 
1.10), spatial arrangement is not yet optimal, but a thermal rotation around C3-C4 does so 
through a twisted intermediate A’’ (Figure 1.10). Studies on the photochemical isomerization 
infer the presence of A’, which is generated on a picosecond timescale.21 With ultrafast 
time-resolved spectroscopy, A’’ and B are not observed, suggesting that they are not directly 
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involved in the actinic step (= the photochemical step). Formation of B relies on a proton-
transfer. Experiments on the role of the hydroxy proton suggest a vital role, however the timing 
and nature of the proton transfer remains elusive to this point. It is not clear whether the 
proton highlighted as orange (Figure 1.10) is effectively staying the same, or whether protons 
are exchanged rapidly with the environment, as suggested by experiments in deuterated 
methanol.22 The cyclization step will need some more attention as mechanistic details of this 
step remain unknown. Notably, the presence of A’ can be observed in time-resolved steady 
state UV/vis measurements, where a transient absorption band red-shifted with respect to 
A is observed.20 In the case of reversible photoswitching, B is thermally unstable and thus 
can revert back to A through the same sequence of steps. Intermediate absorption bands 
are not observed for back-switching in photoaccumulation UV/vis experiments, presumably 
because the steady state concentration of these intermediates is too low to be observed, as 
the isomerization is faster than the ring-opening.20 While the reversible photoisomerization 
itself is fast (picosecond timescale), the electrocyclization step is most likely the rate-limiting 
step in photoswitching experiments. Because the back-reaction (from B to A’ to A, Figure 
1.10) is thermally controlled, reducing the temperature leads to accumulation of either A’ 
or B, depending on the experimental setup and temperature. Photoaccumulated A’ could 
be selectively probed with pump-probe spectroscopy showing that irradiation at the A’ 
absorption band results in back-isomerization to A.21 Photoaccumulated B can be used in 
applications (vide infra): Hooper and co-workers for instance used cross-linked polyurethane 
elastomers doped with first-generation DASAs to measure temperature jumps by making use 
of the re-colouring back-reaction from B to A.30 

 

Figure 1.10 | Proposed photoswitching mechanism of donor–acceptor Stenhouse adducts. 
Adapted with permission from ref. 21, Copyright© 2017, American Chemical Society. 
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In summary, the current mechanistic hypothesis (Figure 1.10) divides photoswitching into 
a light-driven part (actinic step), followed by a series of thermal steps including a thermally 
allowed, conrotatory 4π-electrocyclization (Figure 1.10). Upon irradiation, a “double”-bond 
isomerization occurs on the bond adjacent to the hydroxy group (C2-C3, green) to yield A’. 
Through the presence of the hydroxy group, the triene chain gets polarized in such a way 
that isomerization around the C2-C3 bond is favored as compared with other possible bond 
isomerizations. This mechanistic proposal is based on investigations by NMR, UV/vis steady 
state spectroscopy, ultrafast time-resolved UV/vis and mid-IR spectroscopy and variable 
temperature experiments. The proposed photoswitching mechanism sets the basis for further 
discussion: the energy levels of each of the intermediates involved is dependent on the 
solvent and possibly the environment (e.g. surface or packing). These intermediates differ 
quite drastically in charge, polarity, dipole moment and geometry and their energy levels can 
differ remarkably, thus changing the overall switching properties from solvent to solvent (see 
section 1.3.6). 

1.3.4 Cyclization under exclusion of light

Light as a stimulus is not needed in all cases: especially in polar protic solvents (e.g. water 
and methanol), a background reaction from A to B (Figure 1.10) in the dark is observed, 
where the compound undergoes cyclization independently of light. On a mechanistic level, it 
is so far not understood how this cyclization is facilitated. For second-generation DASAs in 
all solvents studied, an equilibrium between A and B exists and these equilibria differ from 
solvent to solvent (Figure 1.11) and vary for different acceptors (Figure 1.12).14,15 

Read de Alaniz and co-workers suggest that the equilibrium of A and B roughly correlates 
with the pKAH of the donor moiety in case of second-generation DASAs (Figure 1.11).14 With 
increasing basicity, the amount of elongated triene increases in for instance dichloromethane. 
Furthermore, these equilibria are temperature dependent.15 

1.3.5 Kinetics of cyclization and ring-opening

Generally, the observed switching kinetics for both cyclization and ring-opening are strongly 
dependent on the solvent (see section 1.3.6). For first-generation DASAs, compounds based 
on dialkyl barbituric acid show a higher thermal re-isomerization rate than the corresponding 
Meldrum’s acid-based compounds, as exemplified by the comparison of compound 1 and 
12.12 Second-generation DASAs are recolouring more slowly than first-generation DASAs 
in toluene. The electronic properties are influencing the photoswitching markedly, as can be 
seen in Table 1.3.15 
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Figure 1.11 | Comparison of equilibria (in % A) of selected DASA compounds with different 
donor moieties as a ratio of elongated (A) to cyclized (B) determined by 1H-NMR. Data taken 
from ref. 14 and ref. 15. 
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Figure 1.12 | Comparison of the influence of acceptors on equilibria (in % A, in CD2Cl2) 
of selected DASA compounds with different donor moieties as a ratio of elongated (A) to 
cyclized (B) determined by 1H-NMR. Data taken from ref. 14. 
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1.3.6 Solvent effects

With a more thorough understanding of the proposed photoswitching mechanism in hand, 
solvent effects on first and second-generation DASA photoswitching can be discussed. 
Photoswitching of first-generation DASAs (e.g. compound 1) is highly solvent dependent 
(Figure 1.13):12,13 in polar protic solvents, photoswitching from A to B is irreversible (Figure 
1.13a) and a background reaction under exclusion of light is observed (vide supra), since 
energetically the zwitterionic form B is favored in polar solvents. This behavior was originally 
used to isolate and study the cyclic B form.12,13 In chlorinated solvents such as chloroform 
or dichloromethane, no or very little photobleaching, rather reversible photoisomerization 
is observed.20,21 The observed photoswitching resembles that of the non-hydroxy analogue 
19 (vide supra).22 For compound 1, reversible photoswitching is observed only in aromatic 
solvents such as toluene or benzene. Notably, the rate of photoswitching across solvents differs. 
While in toluene photobleaching occurs rapidly, polar protic solvents decelerate this process 
dramatically.20 The observed bathochromically (with respect to the main absorption band, A) 
shifted transient absorption band, indicative for A’, is not apparent in photo–accumulation 
experiments in polar protic solvents. 

Considerations of solvent effects on photoswitching are essential for devising successful 
applications. The system that needs to be controlled by light determines the environment 
the photoswitch will be embedded in and will determine its photoswitching behavior. Thus, 
understanding solvent effects and being able to make use of them according to one’s needs 
influences the success of the applications. A premier example on how knowledge of the behavior 
of first-generation DASAs has been used productively are phase-transfer experiments:13,31 the 
solvent dependent behavior of first-generation DASAs is largely a result of the zwitterionic B 
form.13,23 The elongated triene form A is neutral; upon photoswitching it forms the zwitterionic 
form B that is thermally unstable and prefers a more polar environment. Photoswitching thus 
results in dynamic phase transfer from the organic phase into an aqueous phase, if present 
nearby. This dynamic phase-transfer can be used for extraction experiments, where the 
toluene phase discolors upon photoswitching and the aqueous phase turns yellowish because 
of the presence of B.13,23 B is stable in aqueous environments and thus does not spontaneously 
open up to A. The A form can be recovered by back-extraction with dichloromethane. In this 
environment, A is favored and the compound will ring-open again. 

Interestingly, it is the hydrophobicity/hydrophilicity of the amine donor that dictates the 
efficacy of the phase transfer (Figure 1.13b).13 DASAs bearing a short alkyl chain amine 
donor (e.g. diethyl- or di-n-butylamine) quantitatively transfer to the aqueous phase upon 
irradiation. Conversely, a long alkyl chain donor-derived DASA (e.g. di-n-octylamine), 
undergoes photocyclization but fails to transfer to the aqueous phase. This phenomenon is 
reversed during the recovery with halogenated solvents, where the cyclized form may be 
removed from the aqueous phase after photoinduced transport. Here, the shortest alkyl chain 
donor DASA (diethylamine) is only recovered in 10%, while the moderate length donor 
DASA (di-n-butylamine) is recovered near quantitatively. The donor and acceptor moiety 
(especially for 1,3-dialkyl barbituric acid) allow convenient modification and thus tuning of 
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b)

a)

polar protic solvents

halogenated solvents

Figure 1.13 | Solvent effects on first-generation DASA photoswitching: a) polar protic solvents 
stabilize B, whereas halogenated solvents stabilize A; b) the strong difference in polarity upon 
photoswitching enables phase transfer of the compound. N/A = not available. Adapted with 
permission from ref. 13. Copyright© 2014, American Chemical Society. 

polarity of the compound. Even amphiphiles have been obtained and used for phototriggered 
disassembly of micelles (vide infra).12,32 Because of their different pKa values, second-
generation DASAs (e.g. compound 2) form a neutral B form, thus avoiding such pronounced 
solvent effects.14,15 The presence of the aromatic donor, however, generally reduces solubility 
in polar protic solvents. 

In summary, taking into account solvent effects on DASA photoswitching is an essential 
prerequisite for successful applications. The overall behavior of the compound in question 
is determined by the individual energies of the intermediates involved in the photoswitching 
mechanism and the energetic barriers between them. More work has to be done to disentangle 
different effects governing these behaviors. 
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1.4 Illustrative Applications

With a better understanding of DASA photoswitching and properties in hand, the following 
section will discuss applications of DASAs and how these properties have been employed. 

1.4.1 Drug delivery

First-generation DASAs show a large change in structure and polarity upon photoswitching. 
Such a molecular contraction can be used to disrupt aggregates: with a hydrophilic tail at the 
donor end, and long alkyl chains on the 1,3-dialkyl barbituric acid acceptor, an amphiphile 
was created that can assemble into micelles (Figure 1.14a). Irradiation leads to photo-
disassembly of such micelles as show-cased by Read de Alaniz, Hawker and Soh and co-
workers (Figure 1.14b).12,32 In this case, 1,3-dialkyl barbituric acid (20: octyl-; 21: dodecyl-) 
served as an acceptor for the non-polar side and a clickable PEG-chain (Mw = 3000 g/mol, 
PDI = 1.1)12 was used for the polar end. Nile red can be used to study micelle behavior. Upon 
incorporation into lipid membranes Nile red undergoes a large blue-shift and fluorescence 
enhancement as compared to polar solvents. Disassembly releases the dye, which leads to a 
drop of fluorescence and red-shift. Dynamic light scattering and incorporation of Nile Red 
in the micelles confirmed both the formation of micelles (critical micellar concentration 
CMC(20) = 49 μM) in aqueous environments and cargo-release upon photocyclization. In 
polar solvents, such as aqueous solutions used in this study, first-generation DASAs cyclize 
irreversibly.13 This irreversible cyclization is also observed in the micellar system, where 
irradiation led to complete disappearance of the visible light absorption band around 550 nm 
and was not recovered in time. 

Increasing the hydrophobic acceptor part (compound 21, Figure 1.14a) lowers the CMC 
to 8.5  μM and increases the stability of the micelle (average size ~22  nm in diameter).32 
The DASA-based micelles were used to deliver cargo to cells (Figure 1.14c). Importantly, 
the cyclized amphiphile does not hinder cargo distribution and the amphiphile does not 
reduce cell viability.32 The chemotherapeutic agent paclitaxel was successfully delivered to 
MCF-7 human breast cancer cells (Figure 1.14d) and cell viability assays show the effect of 
paclitaxel release (0.17 wt% drug loading) upon irradiation. Interestingly, the assembled 
micelles seem unaffected by ambient light for shorter time-periods (<3 h). Photoswitching 
of the DASA moieties in micelles under irradiation (see Figure S3 of ref 32; λmax = 553 nm 
in water, 0.5  mg/mL, white light: λ = 350–800 nm, maximum 0.9  mW cm−2) is relatively 
slow in bulk (~1  h). Overall, the described approach offers advantage over some existing 
micellar systems making use of irreversible uncaging3,4 by allowing visible light control. 
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d)

 

 

20: -Alkyl = -C8H17  CMC = 49 μM 21: -Alkyl = -C12H25  CMC = 8.5 μM

21 only
21 + Light
21 + Paclitaxel + No Light
21 + Paclitaxel + Light
Paclitaxel only

Figure 1.14 | DASAs for visible-light mediated release of cargo from micelles: a) DASA-based 
amphiphiles and their associated CMC; b) concept of light-switchable cargo-release; c) in vivo 
assays using MCF-7 cells and Nile-red; d) cell-viability assay with paclitaxel. Adapted with 
permission from ref. 32. Copyright©, 2016, Royal Society of Chemistry.
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1.4.2 Dynamic phase-transfer for catalyst recycling

Read de Alaniz and co-workers devised a recyclable organo-catalyst for a thiourea-catalyzed 
lactide polymerization based on first-generation DASAs (Figure 1.15), making use of the large 
change of polarity upon photoswitching.31 Herein, a DASA tag was attached to a thiourea-
based organocatalyst, using a click-reaction to form 22. Under light-irradiation, the catalyst 
could be separated from the reaction mixture and then reused. Catalyst 22 was found to 
promote polymerization and lead to polymer conversions of 60-70% within 48 h, PDIs of 

 

Figure 1.15 | DASA-based recyclable thiourea catalyst for lactide polymerization. Adapted 
with permission from ref. 31. Copyright©, 2015, ScienceDirect, Elsevier. 

1.12–1.31 and molecular weights of 8.1–11.2 kg/mol in three subsequent cycles of catalysis 
and catalyst recovery. The authors note that catalyst separation could be useful to reduce 
transesterification reactions and potential polymer degradation. 

1.4.3 Applications in polymers and on surfaces

DASAs undergo photobleaching upon irradiation that can be used to create patterns on 
surfaces with high spatial precision. In 2015, Singh et al. reported the functionalization of 
a polycarbonate surface with DASA molecules, where lithographic masks were used for 
photopatterning (Figure 1.16).33 Polycarbonate foils were functionalized with branched 
polyethyleneimine (Figure 1.16a). The free primary and secondary amines were then used to 
open up the furfurylidene group (6) to generate DASA groups 23 at the surface. The DASA-
containing surface was rendered photoresponsive (Figure 1.16b), but the photoswitching 
was irreversible, which might stem from the polar environment of the surface due to the 
layer of polyamines. The surface modification and formation of the cyclized form 23B upon 
irradiation was studied thoroughly by 1H-NMR, ATR–IR, ToF-SIMS and XPS techniques. 
With the large change of polarity, a change of surface wettability (as analyzed by contact angle 
measurements: before irradiation = 74.2°; after irradiation = 56.3°) was achieved. 
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23A 23B

i ii
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Figure 1.16 | Covalently attached first-generation DASA 23 on a polycarbonate surface: a) 
synthesis and b) surface patterning. Patterns obtained after 18 h of irradiation with linewidths 
of 20 μm (i), 40 μm (ii), 60 μm (iii), 100 μm (iv) and using a photolithographic test mask (v, 
3 μm – submicron scale). Adapted with permission from ref. 33. Copyright©, 2015, American 
Chemical Society. 

A similar approach was taken by He and co-workers (Figure 1.17)34 who studied a polystyrene-
based polymer with attached DASA groups in solution and spin-coated on surfaces. Upon 
irradiation, a change in surface wettability and color pattern is observed. A poly(styrene-co-
4-vinylbenzyl chloride) polymer was synthesized by radical polymerization of 24 and 25. 
Subsequent functionalization of the vinylbenzyl chloride moieties (1:5 ratio with respect 
to styrene) with n-butylamine rendered the polymer suitable for DASA synthesis using the 
activated furan 6 to form DASA 26 attached to the polymer. Upon irradiation of the spin-
coated polymer on quartz slides, a change of the water contact angle from 93.4° to 72.6° was 
observed. As before, the photoswitching is irreversible in the polymer, which is surprising 
giving the apolar environment. 

 

Figure 1.17 | Functionalization of a poly(styrene-co-4-vinylbenzyl chloride) polymer with 
first-generation DASAs. Adapted with permission from ref. 34. Copyright©, 2016, Wiley-
VCH Verlag GmbH & Co. KGaA. 
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a)

Fe3O4 nanoparticles functionalized with 28
4.2 nm 8.6 nm 12.7 nm 

b)

4.2 nm 8.6 nm

spontaneous photobleaching

no irradiation no irradiation first order kinetics

c)

Figure 1.18 | Catechol containing DASAs 27 and 28 for surface functionalization of magnetite 
nanoparticles: a) molecular structure of DASAs 27 and 28; b) TEM images of magnetite 
nanoparticles of different size functionalized with DASA 28 in toluene; c) bleaching of the 
DASA absorption band without irradiation on the surface of magnetite nanoparticles of 
4.2 nm and 8.6 nm diameter over the period of several hours [nanoparticles] = 0.25 mg mL-1. 
The time-evolution of absorbance follows first order kinetics. Adapted with permission from 
ref. 27. Copyright©, 2017, Wiley-VCH Verlag GmbH & Co. KGaA. 
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The problem of irreversible photoswitching in polar environment has also been encountered 
by Klajn and co-workers (Figure 1.18).27 Based on previous extensive work on inorganic 
nanoparticles modified with responsive elements to create out-of-equilibrium systems, they 
set out to attach DASA-photoswitches to magnetite (Fe3O4) nanoparticles by extending the 
amine donor with a 1,2-dihydroxybenzene unit to yield compounds 27 and 28. Nanoparticles 
were modified with either compound 27 or 28 (Figure 1.18a and b), and their behaviour 
was found to differ dramatically: the small methyl group in 27 facilitates ring-closure and 
upon addition of 27 to oleate-protected magnetite nanoparticles and purification, the 
resulting solids were insoluble.27 Photoswitch 28, on the contrary, contains an alkyl chain 
for solubilisation and lacks a hydroxy group in the donor part, solving some of the problems 
encountered before, but resulting in reduced switching capabilities in solution inferred by 
slow switching under irradiation and low photostationary states reached. Even in non-polar 
solvents, this first-generation DASA photoswitch existed in an equilibrium (open-closed), 
which is unusual.12–15,20 Notably, a small absorption band at 620 nm (Figure 1.19) is observed 
in solution in toluene and dichloromethane, possibly representing an intermediate in the 
photoswitching mechanism stabilized by an interaction between the catechol moiety and 
the Meldrum’s acid part. This is not the case in methanol. Upon surface immobilization, 
the catechol group would be involved in the surface binding, removing such caveats. 
However, once functionalized, these magnetite particles showed irreversible, spontaneous 
photobleaching (Figure 1.18c). Interestingly, Klajn and co-workers find that a possible (anti-
parallel) intercalation of DASA moieties seems to slow down their cyclization on the surface 
by stabilizing the elongated triene form. They further noted a slow bleaching reaction of 
DASAs in glass vials initiating at the glass surface (see SI Figure S6 of ref. 27). The authors 
conclude that cyclization is promoted by both polar surfaces such as glass and neighbouring 
cyclized zwitterionic DASAs. 

28 in toluene
28 in CH2Cl2
28 in MeOH

Figure 1.19 | Absorption spectra of compound 28 in different solvents: the small absorption 
band around 620  nm highlighted by the authors is observable in non-polar solvents and 
chlorinated solvents, but not polar protic solvents. In toluene, irradiation does not change the 
position or the amount of the small absorption band. Adapted with permission from ref. 27. 
Copyright©, 2017, Wiley-VCH Verlag GmbH & Co. KGaA. 
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Importantly, there have been examples that allow for reversible DASA photoswitching in 
polymers: in 2016, Hooper and co-workers doped a polyurethane-based elastomer with di-n-
octylamine based DASA 29 (Figure 1.20),30 using the long alkyl chains to increase solubility. 
The so-obtained gel remained colorless upon storage in cooled environment, but showed 
temperature-dependent re-coloration upon heating. This temperature dependent-recoloration 
enabled heat-mapping of peak temperature of ballistic entries into the polymer. The DASA 
photoswitch was uniformly distributed in the gel and showed no agglomerates, enabling a high 
spatial resolution of the temperature history of the elastomer. Prolonged irradiation of a heated 
sample results in re-cyclization of DASA and partial decomposition of the photoswitch. It is 
remarkable that the relatively non-polar hydroxyl-terminated polybutadiene (HTPB)-based 
crosslinked polyurethane polymer allows thermal cycloreversion and thus re-coloration. 

a)

b)

c)

i ii iii

iv

v

vi

vii

Figure 1.20 | Temperature mapping using DASA 29 (a) in a hydroxyl-terminated polybutadiene 
(HTPB) polymer crosslinked with hexamethylene diisocyanate (b): (i) irradiated, (ii) heated 
and (iii) impacted (Hopkinson bar compression). c) temperature mapping after projectile 
impact on the elastomer: (iv) before, (v and vi) after bullet perforation, (vii) calculated peak 
temperatures in cut open polymer. Adapted with permission from ref. 30. Copyright©, 2016, 
AIP Publishing LLC. 

As the cyclopentenone form B of second-generation DASAs is neutral and not zwitterionic 
(Figures 1.8 and 1.10), irreversible photoswitching in polar media due to polarity can be 
avoided. To that end, the groups of Boesel and Read de Alaniz synthesized a range of acrylate 
and methacrylate polymers bearing 3-4  mol% of a first-generation DASA 30 or different 
secondary DASA groups 31–34 covalently attached (Figure 1.21a).35 Functionalization made 
use of displacement of a pentafluorophenyl ester with a primary amine (Figure 1.21b). DASAs 
were incorporated into poly(methyl acrylate) (PMA), poly(butyl methacrylate) (PBMA), 
poly(propyl methacrylate) (PPMA) and poly(ethyl methacrylate) (PEMA) polymers. Second-
generation DASAs exist in an equilibrium between the open form A and the neutral closed 
form B strongly depending on the solvent, also in the polymer (vide supra, section 1.3.4). 
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2nd generationa) 

b) 

d) 

c) 
31 32 33 34

30

Figure 1.21 | Photoswitching of DASA-polymer conjugates: a) the PMA polymer, first-
generation DASA 30 and second-generation DASAs 31–34 used; b) the functionalization 
method; c) reversible photoswitching of the second-generation DASA moieties covalently 
attached to the PMA polymer matrices in thin films (DASAs 31–34); d) for comparison 
irreversible photoswitching of a first-generation DASA–PMA conjugate (30). Adapted with 
permission from ref. 35. Copyright©, 2017, American Chemical Society. 

Irradiation of spin-coated polymers with white light leads to full photobleaching, which 
could be reversed upon heating (Figure 1.21c). The polymer matrix state (rubbery vs. 
glassy) influences photoswitching kinetics, as the glassy state seems to trap the cyclized form 
effectively preventing ring-opening to a large extent. Reversible photoswitching was not 
possible with first-generation DASA 30 (Figure 1.21d).

In summary, DASAs are ideally suited for responsive materials, where their strong change in 
color and molecular properties upon photoswitching can be harnessed. A current limitation 
of first-generation DASAs is the irreversible photobleaching in polymers and on surfaces. 
This can be overcome in apolar environments and by DASAs not being covalently attached 
to the surface or polymer. Second-generation DASAs do not generate a zwitterionic B form 
upon cyclization allowing for reversible photoswitching even in polymers. It has to be taken 
into account, however, that they exist in an equilibrium between the open form A and the 
closed form B. 
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1.4.4 Liquid crystals

DASAs have also been employed in liquid crystalline systems (Figure 1.22).36 Graham, Boyd 
and co-workers have reported a lipid-based lyotropic liquid crystalline mesophase in water 
using phytantriol as the liquid crystal matrix and DASA 35 as a dopant (Figure 1.22a). The order 
of the liquid crystalline system also changes with temperature. The transition temperature 
for order-order phase changes decreases with increasing amount of the photoswitch present 
(above 2.5%). Upon irradiation with 532 nm light at 37 °C, an order-order phase transition 
was observed, which was strongly dependent on the DASA concentration, with higher 
concentrations leading to a larger change of lattice parameters and phase (Figure 1.22b). 
At ≤0.5% DASA dopant, an incomplete, but reversible change from the bicontinuous cubic 
phase (V2) to the hexagonal phase (H2) was observed. Higher DASA concentrations would 
promote complete phase transitions (2.5% DASA), which turns irreversible at 5% and extends 
to V2 -> H2 -> L2 (reverse micelle). Despite some reversible order-order phase transitions for 

a) b)

c)

Figure 1.22 | DASA 35 in a lipid-based lyotropic liquid crystalline mesophase in water: a) 
structures of phytantriol and DASA 35; b) temperature dependent phase-transitions of 
the mesophase with illustrations of the different phases; c) absorption spectra of the liquid 
crystalline system doped with DASA under irradiation (532 nm) and the evolution of the 
UV-signal at 560 nm in time during and after cessation of irradiation. Very little recovery of 
absorbance is observed. Adapted with permission from ref. 36. Copyright©, 2017, American 
Chemical Society. 
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low DASA concentrations on the mesophase level, DASA photoswitching was found to be 
irreversible in the liquid crystalline system (Figure 1.22c). The authors hypothesize that the 
structural change stems from both the change in structure upon photoswitching (irreversible) 
and potential local photothermal effects (reversible). Once cyclized, DASA 35 could transition 
into the water layer, thus stabilizing the cyclized form. 

1.4.5 Wavelength-selective photoswitching

The spectra of DASAs show – in most cases – an optical window with no significant 
absorption bands between 300 nm and 450 nm (Figure 1.23a). In this spectral region, other 
photochromes with compatible absorption spectra can be operated. This complementarity 
allows for wavelength-selective addressing of photochromes. This concept is well-known and 
frequently employed for photo-removable protecting groups,24 but until recently it has not 
been extended in an orthogonal fashion to photoswitches. In 2016, our group showed that the 
combination of azobenzenes (36–39) and DASAs (1 or 12) allows orthogonal photo-control 
in toluene (Figure 1.23b, see also Chapter 2).23 Even though the combination of photoswitches 
to molecular dyads or triads is well-known in the field of molecular logics, such studies most 
often focus on properties that emerge from energetic coupling of two chromophores.37,38 To 
test to what extent such coupling would be observed in one molecule, an azobenzene and 
DASA were connected through alkyl linkers differing in length (compounds 40 and 41; Figure 
1.24a). Indeed, some coupling was observed: especially when addressing the DASA moiety, a 
cis-trans isomerization of the azobenzene moiety was induced (Figure 1.24a, i) irradiation 3 
and ii) irradiation 3 and 4). 

This combination was then used as a molecular machine using an azobenzene to control 
binding to α-cyclodextrin, while the DASA moiety can control phase-transfer between an 
organic phase (toluene) and an aqueous phase (Figure 1.24b). 
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a)

b) DASA 12 (at 570 nm)Azobenzene 36 (at 360 nm)

Figure 1.23 | Orthogonal photoswitching of a combination of donor–acceptor Stenhouse 
adducts and azobenzenes: a) principle and spectral compatibility; b) proof of principle of 
orthogonal photoswitching of 36 and 12 in toluene. Adapted with permission from ref. 23. 
Copyright©, 2016, Macmillan Publishers Limited, part of Springer Nature. 
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a)

b)

40

41

41

41

41

41

i)

ii)

Figure 1.24 | Molecular machine making use of a dyad of an azobenzene and a first-generation 
DASA: a) intramolecular combination with different linker lengths gives rise to compounds 40 
and 41; b) photoswitching of the DASA moiety of compound 41 leads to light-mediated phase 
transfer from toluene to the aqueous layer (pH 9), whereas photoswitching of the azobenzene 
controls reversible host-guest binding to α-cyclodextrin. Adapted with permission from ref. 
23. Copyright©, 2016, Macmillan Publishers Limited, part of Springer Nature. 

The potential of a DASA-azobenzene dyad was further studied by Deng, Liu and co-workers 
(Figure 1.25).39 Compound 42 was synthesized in four steps employing a non-red shifted 
azobenzene and a Meldrum’s acid based DASA. Interestingly, irradiation with 525  nm on 
cis-azo-open-DASA resulted in ring-closure of the DASA as expected, but the cis-azobenzene 
moiety remained unaffected (Figure 1.25a). Furthermore, fluorescence emission spectra 
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(from exciting the DASA moiety) were reported. Upon photoswitching of the azobenzene 
moiety with 365  nm within the dyad, a small blue-shift and decrease of the fluorescence 
emission was observed (Figure 1.25b). 

c)

b)a)
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ce
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an

ce

Fluorescence Intensity (a.u.)

 

10 μM, toluene 10 μM, toluene

thermally adapted
365 nm, 4 min.
525 nm, 30s

Wavelength (nm) Wavelength (nm)

thermally adapted
365 nm, 3 min.

Figure 1.25 | Photoswitching of a molecular dyad: a) absorption spectra of 42 upon application 
of different light-stimuli in toluene (10 μM); b) absorption and fluorescence emission spectra 
in toluene; c) photopatterning of 42 dispersed in a polystyrene polymer. Adapted with 
permission from ref. 39. Copyright©, 2017, Royal Society of Chemistry. 

Deng, Liu and co-workers also used the DASA-azobenzene combination 42 for molecular 
logical units, specifically the NOR- and the INHIBIT-gate.39 Furthermore, when immersed in 
a polystyrene-based thin film, photopatterning (Figure 1.25c) was achieved under visible light 
irradiation. Similar to what was observed by the groups of Hooper and Read de Alaniz,30 the 
device showed thermally reversible photoswitching. 

Read de Alaniz and co-workers showed that wavelength selective photoswitching was 
also possible with two second-generation DASAs.14 Within their tunable spectral range of 
absorption, a pair of second-generation DASAs 14 and 43 can be found, which have regions of 
non-overlap that allows for selective photoswitching (Figure 1.26a). Importantly, wavelength-
selective photoswitching was also possible for DASAs suspended in drop-cast poly(methyl 
methacrylate) (PMMA) polymer films (Figure 1.26b), where reversible photoswitching is 
possible and promoted by heating of the cyclized form. 
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Figure 1.26 | Wavelength selective photoswitching of a combination of second-generation 
DASAs in solution and as a suspension in a polymer: a) combination of 14 and 43 in solution 
and their absorption spectra upon selective photoswitching; b) compounds 14 and 43 (~1 
wt%) suspended in PMMA drop cast polymer films. Adapted with permission from ref. 14. 
Copyright©, 2016, American Chemical Society. 

Wavelength-selective photoswitching is also possible for covalently attached DASAs 
in poly(methyl acrylate) (PMA) polymers (vide supra, Figure 1.21).35 Here, tertiary 
photopatterning with high spatial resolution (Figure 1.27) was achieved. Notably, 
photoswitching was non-orthogonal, but good enough for patterning purposes. 

31
32
33
34

31 32a) b)

Figure 1.27 | Wavelength-selective photoswitching of secondary DASAs in PMA polymers: 
a) normalized absorption spectra of compounds 31–34; b) tertiary photopatterning using 
different wavelength of irradiation. Adapted with permission from ref. 35. Copyright©, 2017, 
American Chemical Society. 

Initial investigations towards wavelength selective photoswitching are promising. When 
combining photoswitches, the thermal stability of the isomers plays a crucial role. T-type 
photoswitches are easier to combine than P-type photoswitches, as the thermal back-reaction 
in the case of T-type photoswitches renders the need for a further wavelength of irradiation 
for control unnecessary. The combination of azobenzenes and DASAs thus relies on three 
selective wavelengths of irradiation and a thermal process, whereas the combination of 
two DASAs makes use of two irradiation wavelengths and two thermal processes. Future, 
ideal systems would make use of four distinct wavelengths of irradiations in an orthogonal 
manner. However, this is difficult: photoswitches normally are not only exhibiting a single 
absorption band, but show non-negligible absorption through-out the spectrum. Despite 
being T-type photoswitches, DASAs exhibit very little absorption between 300 and 450 nm 
allowing combinations with other switches or even photo-labile protecting groups. This does 
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not mean, however, that other photoswitch combinations will not allow for wavelength-
selective photoswitching. If electronic properties of photoswitches are carefully chosen, 
suitable pairs within the same class or across classes may be found and successfully exploited. 
While orthogonal control relies on full compatibility of photoswitches, “suboptimal” 
combinations may benefit from difference in photoswitching kinetics and/or quantum 
yields. For wavelength-selective uncaging, sequential activation/removal of protecting 
groups has proven very successful.24 When comparing potential candidates for photoswitch 
combinations, spiropyrans/spirooxazines are highly interesting for wavelength-selective 
photoswitching, because of a roughly similar visible light absorption as compared to DASAs 
in some cases.40 Stilbenes, hemithioindigo photoswitches and acyl hydrazones may be used 
as the component that absorbs in the 300–450 nm optical window where DASAs and some 
spiropyrans/spirooxazines do not absorb significantly. 

1.4.6 Chemosensing

DASAs show responsiveness to stimuli other than light, which renders them suitable as 
chemosensors.41 Applications include the detection of nerve gas mimics,42 amines,19 pH and 
metal ions43,44 and the use of this responsiveness in polymer dots43 and molecular logics.44 

For detecting diethyl cyanophosphate (DCNP, 44, Figure 1.28), a mimic of Tabun (a chemical 
warfare agent), Lee and Balamurugan made use of the irreversible covalent modification 
of the amine donor of DASA 45.42 DCNP activates the amine-donor side-chain based on 
2-(2-aminoethoxy)ethanol for cyclization. The resulting quaternary amine breaks conjugation 
and prevents photo-cyclization. 

DASA-photoswitches were incorporated into a polymer obtained by RAFT polymerization 
of glycidyl methacrylate (GMA) and dimethylacrylamide (DMA). 2-(2-aminoethoxy)ethanol 
was reacted with the epoxide to provide a secondary amine that then could be used as an 
attachment point for the DASA photoswitch (resulting in about 6% modification of the polymer 
with DASAs). Photobleaching of the DASA sidechains in a 1,4-dioxane solution proved 
irreversible, but upon drying, re-dissolving the polymer in chloroform and warming (40 °C), 
around 75% of the initial absorbance was reconstituted. The nucleophilic hydroxy group 
stemming from 2-(2-aminoethoxy)ethanol can attack the electrophilic organophosphorus 
compound DCNP. Such activation allows nucleophilic attack by the amine donor to cyclize 
to form a quaternary morpholino group (Figure 1.28a), which leads to discoloration of the 
polymer by breaking conjugation. The dose-dependent discoloration of DASA was used for 
sensing applications both in solution (as polymer) and gas phase (as spin-coated polymer, 
Figure 1.28b). Once reacted, the switch cannot cyclize anymore. 
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a)
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A B

Figure 1.28 | Sensing of diethyl cyanophosphate (DCNP, 44): a) irreversible modification of the 
donor-amine by DCNP-induced side-chain cyclization. Photoswitching relies on the integrity 
of the amine donor; b) light-controlled gas-phase detection of DCNP vapor. Adapted with 
permission from ref. 42. Copyright©, 2016, American Chemical Society.
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Figure 1.29 | Chemosensing of amines by utilizing the DASA synthetic route: a) DASA 
synthesis; b) comparison of acceptors with respect to their response to diethylamine 
(monitored in THF at 532  nm); c) colorimetric detection of the reaction of 6 (20  mM in 
THF) and diethylamine after 5  min. at different concentrations (in ppm); d) thin-layer 
chromatography stain developed from this method and compared to ninhydrin staining 
show-cased on compounds 46–50. Adapted with permission from ref. 19. Copyright©, 2017, 
Wiley-VCH Verlag GmbH & Co. KGaA. 

Another approach to chemosensing to detect primary and secondary amines19 (Figure 1.29) by 
Read de Alaniz, Hawker and co-workers made use of the synthetic route to DASAs involving 
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a ring-opening of the activated furan with a secondary amine (vide supra).12,13 Compound 
6 (Meldrum’s activated furan, MAF; Figure 1.29a) is yellow, but immediately turns strongly 
purple/reddish (ε(λmax) ~105 M-1 cm-1) upon addition of the amine forming DASA 1. Detection 
of amines was successful on solid support, in solution and gas phase down to sub-ppm level. 

Furan rings activated with Meldrum’s acid open about two times faster upon addition of 
diethylamine, as compared to 1,3-dimethyl barbituric acid derivatives (Figure 1.29b). The 
formation of the DASA product results in a strong color change allowing for a colorimetric 
read-out (Figure 1.29c). The nature of the amine nucleophile is crucial, with secondary > 
primary > ammonia (fastest to slowest) allowing to distinguish different types of amines. 
Other nucleophiles (O-, S- and P-based) showed no or very slow reaction with the activated 
furans. Nylon filter membranes soaked in THF solutions of compound 6 and dried were able 
to reliably detect amine vapor at low concentrations. This allowed for instance sensing of 
volatile amines from the decay of two fish samples (cod and tilapia) over the course several 
days. Worth highlighting is certainly a Thin-layer chromatography stain based on this reaction 
(20 mM 6 solution in THF) that allows easy and practical staining of different types of amines 
(46–50, Figure 1.29d). The easily prepared solution is bench-top stable (over six months) and 
thus presents a procedure that is certainly commendable for organic synthesis laboratories. 

DASAs can also be used for the chemosensing of Cu2+ and Fe3+ ions.43 Wang and co-workers 
utilized DASA-functionalized polymer dots that respond both to light and change in pH 
(Figure 1.30a) and that can detect metal ions. Functionalization of branched polyethyleneimine 
(Mw = 600  g/mol) with compound 6 in ethanol lead to the formation of DASA-modified 
polymer dots (Figure 1.30b) with an absorption maximum at 366  nm (n-π* and surface 
moieties of polymer dots) and 522 nm (DASA absorption) in ethanol. These dots exhibit an 
interesting change of fluorescence emission spectra upon changing the excitation wavelength 
(Figure 1.30c). Fluorescence also allows for the detection of Cu2+ and Fe3+ ions, as increasing 
concentrations result in a net-decrease of fluorescence. Detection limits were determined to 
10.1 nM (Fe3+) and 1.3 nM (Cu2+). 

Besides chemosensing, Wang and co-workers studied the behavior of DASA 1 in acidic or 
basic ethanol (pH 6 or pH 8, respectively, Figure 1.30d). Basifying resulted in a blue-shift 
of the absorption spectrum and cyclization. Despite the fact that acid stabilizes the open 
form, reversible pH-dependent switching was not possible. DASA-functionalized polymer 
dots, however, showed reversible switching upon alternating the pH. Light-irradiation caused 
irreversible cyclization, but in acidic environment ring-opening was observed. Upon placing 
in water, DASAs cyclized rapidly and spontaneously. Table 1.4 summarizes size-changes of 
the polymer dots under different conditions (both measured with TEM and dynamic light 
scattering, DLS).43 These changes can be attributed to different aggregation states: cyclization 
reduces the size and changes polarity of the DASA moiety which results in dissociation of the 
particles. Reducing pH can lead to a swelling of the dots due to repulsion of the positively 
charged amine groups. Changes in aggregation, size and solubility would also influence 
fluorescence. 
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a)

open form closed form

b)

c) d)

Figure 1.30 | Stimuli-responsive polymer dots: a) polymer dot synthesis; b) TEM and size-
distribution of polymer dots in ethanol (DLS analysis); c) UV/vis absorption spectrum, 
excitation spectrum (Ex., λem = 520  nm) and emission spectrum (Em., λex = 420  nm) 
and fluorescence emission spectra depending on the excitation wavelength in ethanol; 
d) comparison of absorption spectra of DASA 1 in ethanol at pH  6 and pH  8 and under 
irradiation. Adapted with permission from ref. 43. Copyright©, 2017, ScienceDirect, Elsevier. 

Table 1.4 | Polymer dot sizes (in nm) as estimated by TEM and dynamic light scattering (DLS) 
under different conditions. Data taken from ref. 43. 

Method Ethanol Ethanol (pH 8) Ethanol (pH 6) Ethanol (irr.) Water

TEM 150 6 60 70 65
DLS 342 122 50 164 200



41

 The (Photo)chemistry of Stenhouse Photoswitches: Guiding Principles and System Design

1

Another group reported on the detection of Cu2+ concentrations based on DASA fluorescence 
modulation in solution.44 Taking the well-known 1,8-naphthalimide fluorescent moiety  and 
connecting it to a second-generation DASA gives rise to adduct 51 (Figure 1.31a). Two 
absorption bands dominate the spectrum in chloroform (Figure 1.31b): one at 440  nm 
corresponding to the 1,8-naphthalimide moiety and one corresponding to the DASA 
photoswitch at 625 nm. The fluorescence spectrum shows two bands upon excitation with 
442 nm light, corresponding to the open form (620 – 720 nm, φex

open = 0.23) and the closed 
form (520 – 620 nm, φex

closed = 0.46), both present in equilibrium in chloroform (Figure 1.31b). 
The fluorescence emission of the closed form overlaps with the DASA absorption band (open 
form) thus effectively reducing the fluorescence by energy transfer. Cyclization of the DASA 
moiety with white light result in a net-increase of fluorescence intensity (Figure 1.31b). In 
chloroform, the observed equilibrium between the open and closed form amounts to 22:78 (as 
compared to the corresponding indoline-based DASA: 31:69 in deuterated dichloromethane14). 
In acetonitrile, fluorescence is dramatically reduced. Addition of trifluoroacetic acid leads to 
a decrease of both the absorption and fluorescence and prevents photobleaching, which is 
attributed to protonation of the indoline moiety and thus breaking of the conjugation (Figure 
1.31b). Addition of copper(II) acetate reduces absorption and fluorescence intensity of the 
open form, but due to reduced coordination in the cyclized form, a fluorescence increase is 
observed upon photoswitching (Figure 1.31b). Luo and Qu and co-workers44 make use of 
these properties and showcase the potential of compound 51 as NOR and AND logical gate 
(Figure 1.31c). The compound itself is relatively fatigue resistant showing about 5% fatigue 
over ten photoswitching cycles.  

Within three years since the introduction of donor–acceptor Stenhouse adducts, not only 
have the switching properties been better understood20–22,26,45 and further optimized,14,15 but 
also the field has seen a remarkable number of applications. Successful examples range from 
chemical sensing, to applications in material science and surface chemistry and drug-delivery. 
Notably, DASAs can be combined with azobenzenes to form a complementary pair for 
orthogonal control of function, a concept that hopefully will be extended to other photoswitch 
combinations, for example spiropyrans/spirooxazines, diarylethenes, hemithioindigo 
photoswitches and fulgides/fulgimides. Many of the described applications make deliberate 
use of DASA properties that are immediate consequences of the photoswitching mechanism. 
With a better understanding of it, the field is eagerly awaiting further improvements and 
exciting applications in new avenues. 



42

Chapter 1

 

a)

b) UV/Vis Fluorescence

c)
A = Cu2+ (10-4 M; Cu2(OAc)4)
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Figure 1.31 | Fluorescent DASA adduct shows fluorescence modulation for different stimuli 
(white light, acid and Cu2+): a) compound 51; b) UV/vis and fluorescence spectra and their 
response to irradiation, addition of acid or copper(II) acetate in chloroform; c) molecular 
logic gate constructed from this system. Adapted with permission from ref. 44. Copyright©, 
2017, ScienceDirect, Elsevier. 
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1.5 Stenhouse Photoswitches

Read de Alaniz and co-workers described the previous work that lead to the discovery of 
DASA photoswitches.12,13 The following section, however, aims at providing a brief discussion 
of the much older Stenhouse salts and their chemistry to highlight similarities and differences 
to DASAs (Figures 1.32 and 1.33). Together, DASAs and Stenhouse salts form the structural 
class of Stenhouse photoswitches. While DASAs make use of a cyclic bis-carbonyl-based 
acceptor that allows for efficient hydrogen bonding to the C2-hydroxy group, Stenhouse salts 
use an iminium ion as the acceptor and are thus inherently charged and lack a hydrogen-bond 
(Figure 1.32). Their photochemistry remains to be explored. 

 

Figure 1.32 | Structure of Stenhouse photoswitches and comparison of their properties. 
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Although much older – Stenhouse salts were first described in the middle of the 19th 
century by the Scottish chemist John Stenhouse (see opening quote)18 – their ability to 
photoswitch was not discovered until 1982.46 Honda’s work still remains the only report of 
their photoswitching and gives initial insights into the importance of pH and pKa on their 
photoswitching behavior. Remarkably, Stenhouse salts have been intimately intertwined with 
organic chemistry as a developing field: around the turn of the 19th century until deep into the 
20th century, an extended discussion was focussed on their chemical structure (Figure 1.33).47 

Zincke and Mühlhausen proposed an elongated structure, as opposed to a branched structure 
put forward by Schiff.48 Research related to this brought us not only the categorization of 
polymethine dyes by Walter König, and the Zincke reaction, but also the term Schiff-base 
(imine) by Hugo Schiff. 
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2000

K. G. Lewis & C. E. Mulquiney, 
Tetrahedron, 1977, 33, 463
Decomposition and Reactivity
for Stenhouse salts under basic
and acidic conditions
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salts in alcoholic solvents. Dependence
on temperature and pH.

Šafář, P.; Považanec, F.; Prónayová, N.; 
Baran, P.; Kickelbick, G.; Kožíšek, J.; 
Breza, M. Collect. Czech. Chem. 
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Figure 1.33 | Brief historical overview of the development of Stenhouse switches. 

With their photoswitching properties largely unexplored, Stenhouse salts offer an interesting 
venue for novel applications that could complement DASAs. 
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ABSTRACT: The wavelength-selective, reversible photocontrol over various molecular processes 
in parallel remains an unsolved challenge. Overlapping ultraviolet-visible spectra of frequently 
employed photoswitches have prevented the development of orthogonally responsive systems, 
analogous to those that rely on wavelength-selective cleavage of photo-removable protecting 
groups. In this chapter, we report the orthogonal and reversible control of two distinct types 
of photoswitches in one solution, that is, a donor–acceptor Stenhouse adduct (DASA) and an 
azobenzene. The control is achieved by using three different wavelengths of irradiation and a 
thermal relaxation process. The reported combination tolerates a broad variety of differently 
substituted photoswitches. The presented system is also extended to an intramolecular 
combination of photoresponsive units. A model application for an intramolecular combination 
of switches is presented, in which the DASA component acts as a phase-transfer tag, while the 
azobenzene moiety independently controls the binding to α-cyclodextrin. 

2.1 Introduction

Light as an external stimulus has been extensively used in chemistry, biology and material 
sciences to control processes and properties in a non-invasive manner with high spatio-
temporal precision.1–7 However, as systems grow more complex, this control often needs to 
be extended to processes that act simultaneously, using multiple sources of light at different 
wavelenghts8 in an orthogonal fashion. When Bochet and co-workers reported the proof-of-
principle for the irreversible wavelength-selective removal of photolabile protecting groups 
(PPGs, Figure 2.1a) in 2000,9,10 it paved the way for numerous impressive applications.8 

These include functionalized surfaces,11 hydrogels12 and lithography,13 control of nucleic 
acids,14 gene-expression,15,16 regulation of enzyme activity17,18 and interference with neuronal 
processes.19 Despite the successful use of this concept, light-mediated uncaging is an 
inherently irreversible process,6 which limits future applications towards responsive systems 
both in material and life sciences. 

On the other hand, the field of molecular photoswitches exploits the reversibility of the 
photoswitching process.2,3,20–24 However, the concept of addressing photoactive molecules in 
parallel with light of different wavelengths has not been translated from wavelength selective 
uncaging of PPGs to independent photoswitching (Figure 2.1b). Such orthogonal control has 
great potential for employment in various fields, as many of the above-mentioned applications 
used for wavelength-selective uncaging would benefit from the reversibility of activation. 
Furthermore, reversible orthogonal photocontrol would enable independent modulation of 
different material properties and investigation of complex networks of signalling pathways 
in biological systems. The wavelength-selectivity (orthogonality) of the photoswitching 
is essential and the lack thereof currently represents a major limiting factor for successful 
applications (NB: throughout this chapter we refer to orthogonality as a characteristic of a 
system, where each component of the system can be controlled independently and irrespective 
of the order of addressing25). 
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Figure 2.1 | Comparison of concepts described in this chapter: wavelength-selective uncaging 
of photolabile protecting groups (a) and orthogonal photoswitching (b).

Although the idea of combining two different photoswitches in an intermolecular fashion and 
addressing them independently may seem simple, its execution remains a major challenge.26 

Wavelength selective control was so far confined to irreversible processes likely due to the fact 
that many of the most abundantly used photoswitches, such as azobenzenes, diarylethenes 
and spiropyrans have overlapping absorption bands in the UV/vis region.2,8 Thus it is difficult 
to find spectral regions with large differences in photoswitching efficiency (defined, at a given 
wavelength, as a product of extinction coefficient, ε and quantum yield, φ). Moreover, the 
possibility of undesirable energy transfer between the chromophores27 can lead to a major 
loss of selectivity. In this chapter, we present an orthogonal, intermolecular combination 
of two classes of photoswitches and their intramolecular combination as a first-generation 
orthogonally addressable, dual functional molecular system. The reported intermolecular 
combination of photoswitches is based on a donor–acceptor Stenhouse adduct (Figure 2.2a) 
and an azobenzene (Figure 2.2b). Both photoswitches can be independently controlled by 
irradiation with light of three different wavelengths and by taking advantage of a thermal 
isomerization process. The modular and experimentally robust combination allows for 
functionalization of each constituent. A model application for an intramolecular combination 
of switches is presented, in which the DASA component acts as a phase-transfer tag, while the 
azobenzene moiety independently controls the binding to α–cyclodextrin. 

2.2 Results and Discussion

2.2.1 Selection of a compatible photoswitch pair

Defining a photochromically-compatible pair of photoswitches would constitute the first 
example of wavelength-selective/orthogonal control of multiple photoswitches in one solution. 
For this reason, we aimed to find compatible classes of photoswitches, especially those that 
would exhibit a high complementarity in the 300–800 nm spectral region where photoswitches 
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normally operate (Figure 2.2). We chose azobenzene photoswitches as one class: they have 
been successfully applied in molecular photocontrol,20–24,28–31 are easily accessible and allow 
for custom modification, functionalization and spectral fine-tuning. Azobenzenes have their 
main absorption bands located between 300 and 500 nm (π–π* and n–π* transitions; Figure 
2.2b and c).20,32 We envisioned that the T-type2 donor–acceptor Stenhouse adducts (DASA 
1 and DASA 2, Figure 2.1a) could be used as the complementary class,33,34 since they show 
very little absorption between 300–500 nm (Figure 2.1a and c).35–37 Due to the fact that the 
reverse switching of DASAs is thermally driven,33,34,36,37 three different wavelengths would be 
sufficient for wavelength-selective control. Importantly, for the design of orthogonal systems, 
one can exploit the tunability of thermal half-lives of the thermodynamically unstable states 
of the photoswitches in use. By changing the substitution pattern of azobenzenes, both long 
and short thermal half-lives have been attained. Increased thermal stability could be achieved 
for example through ortho-substitution.32,38–41 On the other hand, compounds with shortened 
thermal half-lives can be obtained by tuning of the electron density, through incorporation 
of both electron-donating groups (e.g. –NMe2 and –OMe), electron withdrawing groups 
and combinations of both (push-pull systems).42 For the donor–acceptor Stenhouse adducts 
a clear relation between half-life and structure has not been determined yet.33,34 However, 
it has been shown that changing the acceptor can influence the half-life to some extent.33,34 

Methylbarbituric acid-based cyclized DASAs (Figure 2.2a, X = NMe; Y = C=O) are generally 
less thermally stable in comparison to the ones based on Meldrum’s acid (Figure 2.2a, X = O; 
Y = C(Me)2). Finally, tuning half-lives of switches is often relatively independent of structural 
features required for function. This leaves ample space to tune the thermal relaxation rate of 
switches to magnitudes needed for different applications.20–24,28–31,43 

 

Figure 2.2 | Orthogonal reversible photoswitching: molecular structures and switching 
of donor–acceptor Stenhouse adducts (DASA 1–2, (a)) and azobenzenes (3–6, (b)) with a 
conceptual representation of the UV/vis spectra of compound 1 and 3 (c).
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2.2.2 Intermolecular combination of photoswitches

Initially, we studied push-pull azobenzene 3 in combination with DASA 1 (Figure 2.2). DASA 
1 was synthesized by opening the activated acceptor 7 with diethyl amine (Scheme 2.1). 
Activation of furfural to yield acceptor 7 was achieved with a Knoevenagel condensation of 
furfural and 1,3-dimethyl barbituric acid.33,34 

 

Scheme 2.1 | Synthesis of DASA 1. 

Azobenzene 3 was synthesized by generating the nitroso-compound 844 from the 
corresponding aniline followed by a Mills reaction in acetic acid and ethanol (Scheme 2.2). 

 

Scheme 2.2 | Synthesis of azobenzene 3. 

The 4’-methoxy-group in azobenzenes increases photostationary states45 (PSS, defined 
as the percentage of the thermodynamically unstable isomer that can be produced upon 
irradiation at a given wavelength) while the ester moiety represents a handle for convenient 
functionalization. The absorption spectrum of the mixture of 1 and 3 is, to a large degree, 
a linear combination of the spectra of the separate photoswitches, indicating a low level of 
intermolecular energy transfer (Figure 2.3).26 
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Figure 2.3 | Reversible photochromism of the dual-photoswitch system (compound 1 and 3; 
1: ~4 µM; 3: ~20 µM; toluene; room temperature): (a) Absorption spectra of the individual 
photoswitches (trans-3 and open-1) and their combination in solution. (b) Absorption spectra 
of the four different states that can be achieved by irradiation in the mixture of 1 and 3 (trans–
open; trans–cyclized; cis–open and cis–cyclized). 

Table 2.1 | Overview of molar absorptivities of photoswitches 1 and 3 at relevant wavelengths. 

Entry λ [nm] open-DASA 1
ε [102 M–1 cm–1]

trans-azobenzene 3  
ε [102 M–1 cm–1]

1 360 < 3 356.5 ± 4.1
2 365 < 3 349.4 ± 4.2
3 370 < 3 324.8 ± 4.1
4 430 < 3 17.0 ± 0.8
5 445 5.7 ± 1.5 16.7 ± 0.7
6 515 279.7 ± 2.9 4.3 ± 0.7
7 570 1758.0 ± 15.3 < 3
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Table 2.2 | Overview of photoswitch characteristics

Entry Switch t1/2 λmax [nm]
PSS for irradiation at λ = [a]

365 430 590 white light

1 azo 3 > 8 h 360 (π–π*)
445 (n–π*) 4:96 70:30 ND 77:23

2 azo 4 180 s 434 (π–π*)
374 (n–π*) ND ND ND ND

3 azo 5 > 8 h 320 (π–π*)
436 (n–π*) 32:68[b] 82:18 ND 77:23

4 azo 6 > 8 h 348 (π–π*)
444 (n–π*) < 3:97 69:31 ND 76:24

5 DASA 1 37 s 570 ND ND < 20:80[c] < 20:80[c]

6 DASA 2 130 s 545 ND ND < 20:80[c,d] < 20:80[c]

[a] trans/cis; ND = not determined; [b] same for 312 nm; [c] open/cyclized; [d] 546 nm.

The combination of photoswitches 1 and 3 showed a remarkably high level of wavelength-
selectivity, apparent in UV/vis spectra and reversible photochromism plots (Figure 2.4 and 
2.5). Irradiation of azobenzene 3 led to a selective, nearly quantitative trans–cis isomerization 
(λ = 370 nm, irradiation 1, Figure 2.4), which proceeds with a quantum yield of φ = 0.15. 
The relatively long half-life of the cis-isomer of azobenzene 3 (t1/2> 8 h; Table 2.2) makes it 
thermally stable on the time-scale of the experiment (< 1 h). Irradiation of the cis-3 isomer (λ 
= 430 nm, irradiation 2, Figure 2.4) allowed selective cis–trans isomerization without affecting 
photoswitch 1. DASA 1 could be selectively cyclized by longer wavelength irradiation (λ = 590 
nm, irradiation 3, Figure 2.4), without affecting the azobenzene, after which it showed a short 
thermal half-life for cycloreversion (37 s at room temperature; Table 2.2). DASA 1 can also be 
switched selectively (irradiation 5, Figure 2.4) without affecting the azobenzene 3 after it has 
been switched to the cis-isomer (irradiation 4, Figure 2.4). By using a broad-spectrum visible 
light source (white light), both switches could be addressed at the same time (irradiation 6, 
Figure 2.5) and different combinations of PSS could be attained by adjusting the irradiation 
intensity and/or duration of irradiation (irradiations 7–12, Figure 2.5). Moreover, this 
intermolecular combination operates successfully throughout a large concentration range. 
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Figure 2.4 | Orthogonal control of a mixture of photoswitches: proof-of-concept for the 
reversible and orthogonal photocontrol in a mixture of DASA 1 (—) and azobenzene 3 (- - -). 
The orthogonal photoswitching of both compounds in one solution (1: ~4 µM; 3: ~20 µM; 
toluene, room temperature) was monitored at characteristic wavelengths for each photoswitch 
(λ = 360 nm for 3 and λ = 570 nm for 1). Steps 1–5 indicate distinct irradiation experiments. 
Colored areas indicate different wavelengths of irradiation. The colored bar below the figure 
indicates the different states of the photoswitches. The structure of photoswitches and their 
corresponding photostationary states (determined by 1H-NMR and UV/vis spectroscopy) are 
given for the different states during photoswitching. 
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Figure 2.5 | Orthogonal photoswitching of a mixture of compound 1 and 3 (1: ~4  µM; 3: 
~20  µM; toluene; room temperature) monitored at characteristic wavelengths for each 
photoswitch (λ = 360 nm for 3 and λ = 570 nm for 1). Wavelengths of irradiations are indicated. 

In summary, in a mixture of photoswitches 1 and 3 (Figure 2.2), azobenzene 3 could be 
selectively switched from trans to cis (irradiation 1) and back from cis to trans (irradiation 2). 
The same applies for DASA photoswitch 1, which could be selectively cyclized (irradiation 3) 
and then relaxed back to its thermally stable state. It is important to note that full chromatic 
orthogonality was observed because both states of 1, as well as the thermal relaxation process, 
were not affected by light pulses that address 3 (irradiations 1, 2, and 4). Similarly, both states 
of 3 were not affected by light pulses addressing 1 (irradiations 3 and 5). 

2.2.3 Structural scope of photoswitches

Subsequently, we investigated if other azobenzenes could be used in a two-switch system 
with compound 1. Towards that end, azobenzenes 4–6 (Figure 2.6, Table 2.2) were selected. 
These photochromes are not only structurally diverse, but they also exhibit largely different 
functional characteristics: the λmax of 4 is bathochromically shifted,20,38–42 whereas λmax of 5 and 
6 are hypsochromically shifted (Figure 2.6, Table 2.2) as compared to compound 3. Moreover, 
they differ markedly in the half-lives of their thermally unstable cis-isomers as compared to 
3, with a shortened half-life for 4,20,32,38–42 comparable half-life for 6 and a longer half-life for 
520 (Table 2.2). All combinations of DASA 1 with azobenzenes 3, 4, 5 or 6 showed chromatic 
orthogonality, thus showing the tolerance of this photoswitch combination towards structural 
modification of the azobenzene core with functionally different behaviour. 

We then investigated possibilities for structural diversity of DASAs that can be incorporated 
in an orthogonal switching system with azobenzenes. In principle, changing the acceptor part 
of this photochromic compound affects the absorption maximum and thermal half-life, while 
the dialkylamine donor moiety has little influence on λmax, affecting only its solubility.33,34 DASA
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Figure 2.6 | Structural scope of photoswitches: structural scope of DASAs (1 and 2) and 
azobenzenes (3–6): Overlay of the UV/vis absorption spectra of compound 1–6 (compound 1 
and 2: ~4 µM; compounds 3–6: ~20 µM; toluene; room temperature) with their corresponding 
absorption maxima. 

2 (Figure 2.6), with a Meldrum’s acid-derived acceptor moiety, shows a hypsochromically 
shifted absorption maximum (Figure 2.6, Table 2.2) and its cyclized form exhibits a longer 
half-life (~130 s), when compared to that of DASA 1.33,34 We selected azobenzene 6 (Figure 
2.6) to study the orthogonality of photoswitching in solution since it is compatible with DASA 
2 (scheme 2.3) due to its hypsochromically shifted π–π* absorption band (Figure 2.6, Table 
2.2). Gratifyingly, both switches 2 and 6 can also be selectively addressed in parallel with 
light of different wavelengths (Figures 2.7 and 2.8). The flexibility with regard to the DASA 
photoswitch highlights the robustness and modularity of the photoswitch combination and 
bodes well for versatile use in different applications.  

 Scheme 2.3 | Synthesis of DASA 2. 
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Figure 2.7 | Reversible photochromism of the two-photoswitch system (compound 2 and 6; 
2: ~4 µM; 6: ~15 µM; toluene; room temperature): (a) Absorption spectra of the individual 
photoswitches (trans-6 and open-2) and their combination in a solution. (b) Absorption 
spectra of the four different functional states that can be achieved by irradiation in the mixture 
of 2 and 6 (trans–open; trans–cyclized; cis–open and cis–cyclized). 

 
Figure 2.8 | Orthogonal photoswitching of a mixture of compound 2 and 6 (2: ~4  µM; 6: 
~15  µM; toluene; room temperature) monitored at characteristic wavelengths for each 
photoswitch (λ = 348 nm for 6 and λ = 545 nm for 2). Wavelengths of irradiations are indicated.  
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2.2.4 Orthogonal photoswitching in an intramolecular system

Apparently, loss of selectivity through energy-transfer did not pose a problem for the 
intermolecular system described thus far, even at high concentrations up to ~80  µM (1) 
and ~400 µM (3). Therefore, the reversible photocontrol in the intermolecular case is purely 
dependent on the spectral properties of the two photoswitches involved. For an intramolecular 
combination, on the other hand, linker-design, geometry and distance of the photochromes 
becomes more important.26 While intramolecular energy transfer between chromophores 
can drastically reduce the switching selectivity,8,26,27 it can be partially controlled by adjusting 
the lifetime of the photo–excited state and/or by changing the design of the linker.8,26,27 
Furthermore, properties that arise from energy transfer and the interplay of the combination 
of two photoswitches can sometimes be desired. This is the case for example in molecular 
logics,26,46–49 where such hybrid multiswitches (or multiphotochromes) allow (sequential) 
access to multiple different states,46,47 usually in combination with external stimuli other than 
light.50–57 

To probe whether the level of selectivity of the intermolecular combination could be retained 
in the intramolecular system, or whether new properties could be observed, we combined an 
azobenzene and a DASA photoswitch into a single molecule. Towards that end, compounds 
10 and 11, which differ only in the length of the linker, were synthesized (Scheme 2.4): 
diazotization of 4'-aminoacetanilide and quenching with phenol under basic conditions 
lead to azobenzene 12. Alkylation of the free phenol with the dibromo-alkyl linker yielded 
azobenzene 13/14. Nucleophilic substitution of the therminal bromine with ethylamine 
installed a secondary amine (15/16) used to generate the DASA moiety in 10/11 through 
reaction with barbituric acid activated furan. 

With compound 10 and 11 in hand, the selectivity of their photoresponsiveness was evaluated 
and compared to the photoswitching of their respective intermolecular combination 
(Figure 2.9 and 2.10). Both intermolecular combinations show orthogonal photoswitching. 
Importantly, for the intramolecular combination the selective switching of the azobenzene 
moiety is retained. However, irradiation with λ = 590 nm not only switched the DASA moiety 
but also affected, to some extent, the azobenzene part in both 10 and 11. Generally, improved 
selectivity was observed with the elongated linker unit (from –(CH2)4– to –(CH2)12–). In 
compound 10 (shorter linker), irradiation at λ = 370 nm (Figure 2.9) does partially affect 
the DASA moiety, which is not observed for compound 11 (longer linker, Figure 2.10). 
Interestingly, compound 11 shows a slight decrease in addressability of exclusively the DASA-
photoswitch with irradiation at λ = 590 nm, but not with white light (Figure 2.10). No such 
effect is observed for the compound with the shorter linker (compound 10). 
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Scheme 2.4 | Synthesis of compounds 10 and 11 used to probe the chromatic selectivity in 
intramolecular photoswitching. 
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Photoswitch 15 
Photoswitch 1 
Mixture 
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trans-cyclize 
cis-cyclized 
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15 (at 365 nm) 1 (at 570 nm) 

10 (at 365 nm) 10 (at 570 nm) 

c) Intermolecular 

d) Intramolecular 

Figure 2.9 | Photoswitching of 10 and its constituents 1 and 15: a) absorption spectra of 
the individual photoswitches (trans-15 and open-1: ~4  µM; 15: ~10  µM; toluene; room 
temperature) and their combination in a solution; b) absorption spectra of the four different 
functional states that can be achieved by irradiation in the mixture of compounds 1 and 15 
(trans–open; trans–cyclized; cis–open and cis–cyclized); c) orthogonal photoswitching of a 
mixture of compound 1 and 15 (1: ~4 µM; 15: ~10 µM in toluene); d) photoswitching of 
compound 10 (~4 µM in toluene). Monitored characteristic wavelengths for each photoswitch 
and wavelengths of irradiations are indicated. 
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Photoswitch 16 
Photoswitch 1 
Mixture 
PSS 430 nm 

trans-open 
trans-cyclized 
cis-cyclized 
cis-open 

 

16 (at 365 nm) 1 (at 570 nm) 

11 (at 365 nm) 11 (at 570 nm) 

c) Intermolecular 

d) Intramolecular 

Figure 2.10 | Photoswitching of 11 and its constituents 1 and 16: a) absorption spectra of 
the individual photoswitches (trans-16 and open-1; 1: ~4  µM; 16: ~20  µM; toluene; room 
temperature) and their combination in a solution; b) absorption spectra of the four different 
functional states that can be achieved by irradiation in the mixture of 1 and 16 (trans–open; 
trans–cyclized; cis–open and cis–cyclized); c) orthogonal photoswitching of a mixture of 
compound 1 and 16 (1: ~4 µM; 16: ~20 µM in tolueene; d) photoswitching of compound 
11 (~4  µM in toluene). Monitored characteristic wavelengths for each photoswitch and 
wavelengths of irradiations are indicated. 
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2.2.5 Model application in modulation of phase transfer and 
supramolecular interactions

We proceeded to apply this intramolecular system for controlling the location and the 
function of the molecule. Previously reported extraction experiments of DASA molecules33,34 
established the potential of DASAs as a phase-transfer tag.34,37 Reversible photoswitching 
of DASAs is only observed in aromatic solvents. Polar protic solvents (as e.g. methanol or 
water) stabilize DASA’s zwitterionic cyclized state, whereas halogenated solvents favor the 
elongated triene structure. In a biphasic solvent system, photoswitching results in formation 
of the hydrophilic zwitterionic cyclized form and phase-transfer to the aqueous layer.34 We 
envisioned exploiting this behavior to transport photoswitchable cargo, i.e. an azobenzene. 
On an independent level of photocontrol, the isomerization of the azobenzene could be 
used to manipulate a certain function, for example the well-known host-guest binding to 
cyclodextrins (CDs, especially α-CD).58–61 

Toluene

Aqueous Layer (pH = 9)Phase-Transfer

VIS

365 nm

430 nm

430 nm or VIS

365 nm

trans-cyclized 11

α-cyclodextrin

trans-open 11 cis-open 11

cis-cyclized 11

Figure 2.11 | Design principle of switchable and dynamic phase transfer: schematic outline of 
the application of light-controlled guest 11 with light-controlled phase-transfer properties: 
compound 11 (trans-open) is soluble in toluene. Irradiation with λ = 365  nm (trans-cis 
isomerization) and λ = 430 nm (cis-trans isomerization) controls the state of the azobenzene. 
Cyclization of the DASA moiety with visible light results in phase-transfer of compound 11. 
In the aqueous layer (pH ≥ 9), the azobenzene binds the water-soluble α-CD in its trans-state, 
but not the cis-state. 
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A model system with dual functionality was thus devised (Figure 2.11) in which the 
DASA moiety of 11 controls the phase where the molecule resides (location), whereas the 
azobenzene moiety controls the supramolecular binding to α-CD (function). In toluene, the 
azobenzene moiety of compound 11 could be switched selectively between trans- and cis-
forms. Upon cyclization of the DASA moiety, phase-transfer of compound 11 to the aqueous 
layer is expected. In the aqueous layer, the photocontrol of the azobenzene moiety would 
allow control over binding to the water-soluble α-CD. 

Towards that end, we first set out to establish dynamic phase-transfer within an intermolecular 
system. The combination of azobenzene 3 and DASA-analogue 17 shows orthogonality in 
photoswitching and selective phase-transfer of the DASA-moiety upon irradiation. Notably, 
the photoswitching proved independent of the order of irradiation as was show-cased by 
using different irradiation sequences (samples A and B, Figure 2.12).  

We then established the phase-transfer behavior of DASA in the intramolecular system 11 
(Figure 2.13). Inspired by traditional logPI

(oct/wat) measurements,62 a functional phase-transfer 
system was designed to operate at pH 9 (using a saturated aqueous NaHCO3-solution to 
adjust the pH; Figure 2.13). The extraction experiment described in figure 2.13 establishes the 
photoswitching and light-controlled phase-transfer behavior of compound 11. Compound 
11 is dissolved in toluene and the organic layer is underlayed with water (pH 9). Upon 
irradiation of the biphasic mixture (stage I, Figure 2.13) with λ = 365 nm, the azobenzene 
part of 11 is selectively switched, as can be observed by UV/vis spectroscopy (stage II, Figure 
2.13). Subsequent irradiation with white-light results in a successful phase-transfer of 11 to 
the aqueous layer (stage III, Figure 2.13). Separation of the biphasic mixture and addition 
of dichloromethane to the aqueous phase results in back-extraction and recoloration of the 
organic solution (stage IV, Figure 2.13), taking advantage of the short half-life of the DASA 
1-type moiety. Importantly, the geometry of the azobenzene moiety can be controlled without 
affecting the DASA moiety in the organic phase (Figure 2.13). Isolation of phase-transferred 
compound 11 and photoswitching in water (pH ≥ 9, K2CO3) established reversibility with 
negligible fatigue of the azobenzene moiety in the basic aqueous phase. 



68

Chapter 2
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b) 365 nm → 590 nm → 430 nm → back-extraction 
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c) 365 nm → 430 nm → 590 nm → back-extraction 

 

Figure 2.12 | Dynamic phase transfer of a mixture of azobenzene 3 and DASA 17 in toluene/
water. Two samples A and B were subjected to different irradiation sequences (A: 365 nm → 
590 nm → 430 nm → back-extraction; B: 365 nm → 430 nm → 590 nm → back-extraction) and 
the process was monitored by color (a) and UV/vis spectroscopy (b) and is conceptualized 
in (c). a) The switching process can be monitored by phase-color (3: 500 μM; 17: 100 μM; 
toluene/water; room temperature). b) UV/vis absorption spectra of both the organic and 
aqueous layer (at stages i to v) (3: 20 μM; 17: 4 μM; toluene/water; room temperature). c) The 
presence of compounds 3 and 17 in the different phases is schematically depicted. 
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Figure 2.13 | Demonstration of light-controlled phase transfer: dynamic phase transfer of 
compound 11 in a toluene/aqueous NaHCO3 (pH = 9) mixture. The independent switching 
and phase-transfer events can be monitored by phase-color (a) and UV/vis spectroscopy (b). 
Stage I: initial conditions, compound 11 resides in the organic phase (purple color). Stage II: 
the azobenzene part of compound 11 was switched with irradiation at λ = 365 nm. The DASA 
part remains untouched. Stage III: irradiation with white light results in the cyclization of 
the DASA moiety, decoloration and phase-transfer of compound 11. Stage IV: separating the 
layers and back-extraction of the aqueous layer with dichloromethane results in back-transfer 
of compound 11 to the organic phase, as can be observed by the recoloration of this phase 
(purple color). The presence of compounds in the different phases is schematically depicted 
(c). 

Having established the light-induced phase-transfer of compound 11 through DASA-
cyclization (light-control of location), we studied the possibility of controlling host-guest 
binding of compound 11 in water (light-control of function). Cyclodextrins are well-known 
as host-molecules with a multitude of studied guest-molecules.58,59,61 α-CD binds trans-
azobenzenes high affinity, but cis-azobenzenes with low affinity.60,63 

Compound 11 was isolated after phase-transfer and was then subjected to binding studies 
with α-CD in water (pH ≥ 9).58 A clear change in the absorption spectrum upon titration 
of the host was observed for the thermally adapted compound 11, indicating the binding of 
trans-azobenzene moiety of 11 to α-CD (Figure 2.14). For irradiated samples, this effect was 
markedly reduced, suggesting a much weaker binding of the cis-azobenzene moiety of 11 to 
α-CD. Photoswitching is retained even in the bound state, where interestingly different PSS 
values are observed. Thus, by switching the azobenzene moiety, the affinity for the α-CD host 
can be tuned (Figure 2.14).

Overall, the azobenzene moiety of compound 11 can be independently controlled by light in 
the organic phase with irradiation at λ = 365 nm (trans-cis isomerization) and λ = 430 nm 
(cis-trans isomerization). Upon switching of the DASA moiety with white light, compound 
11 undergoes phase-transfer to the basic aqueous layer. Herein, the trans-azobenzene moiety 
binds to α-CD more strongly than the cis-azobenzene one. Compound 11 can be recovered 
from the aqueous layer by back-extraction to dichloromethane. In summary, compound 11 
incorporates the two independently photocontrolled, functionally different capabilities for (i) 
phase-transfer, induced by DASA cyclization and (ii) host-guest binding, dependent on the 
geometry of the azobenzene moiety. 
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Figure 2.14 | Binding between azobenzene and α-CD: binding studies on the host-guest binding 
of α-CD and compound 11: titration of α-CD to an aqueous solution (pH ≥ 9) of compound 
11 (11 µM). A clear change of the absorption spectrum is observed indicating binding of the 
trans-azobenzene moiety of 11 (a). Binding is significantly reduced in a photostationary state 
reached under 365 nm irradiation (inducing trans-cis isomerization, b). 

2.3 Conclusion

In conclusion, an intermolecular two-switch system consisting of a DASA and an azobenzene 
was developed by rational, spectrum-guided design. The robustness of the photoswitch 
combination is illustrated by the compatibility of differently substituted azobenzenes, as 
well as donor–acceptor Stenhouse adducts. The flexibility in functional group substitution 
emphasizes the generality and modularity of this approach and may potentially also allow 
combination with other classes of photoswitches or PPGs. Furthermore, control of thermal 
relaxation allows specific tailoring of the switch to the needs of the system. Recent non-
orthogonal applications of independent switches in the same solution highlight the great 
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potential of our approach.64–69 The intramolecular photoswitching extends the applicability 
of this combination, which was exemplified by a dual functional molecule where both the 
binding to α-CD and phase-transfer can be controlled with different wavelengths of light. 
The intramolecular combination shows interesting switching behaviour dependent on the 
linker length. The presented study reports levels of orthogonal selectivity that are unparalleled 
both for wavelength-selective uncaging8 and multiphotochromes.26 It represents a major step 
towards the development of future orthogonal and reversible photoswitchable tools that can 
be used for non-invasively interfering with and the manipulation of multifunctional molecular 
systems. Future research should focus on overcoming the strong solvent-dependence of 
the photoswitching of the donor–acceptor Stenhouse adducts and establishing orthogonal 
switching in the near infra-red region of the spectrm.38–41 
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2.6 Experimental Data

2.6.1 Materials and Methods

For the general methods section, please refer to section A, Materials and Methods. For further 
details, please refer to the supporting information of the published article (DOI: 10.1038/
ncomms12054). 

Chemicals: Furfural, diethylamine, di-n-butylamine, ethylamine solution (2  M in THF), 
oxone (monopersulfate compound), anisidine, N,N-dimethylaniline, 1,4-dibromobutane, 
1,12-dibromododecane and methyl 4-aminobenzoate were purchased from Sigma 
Aldrich. 1,3-Dimethylbarbituric acid and azobenzene were purchased from TCI Europe. 
4-Aminoacetanilide was purchased from Acros Organics. 4-Methoxyazobenzene was 
purchased from Combi-Blocks. 

Determination of quantum yields: The quantum yield (φ370) for the photoswitching process 
of compound 3 at wavelengths λ = 370 nm (trans-cis; MARL 260019 UV EMITTER, TO-
46, 100DEG) was determined in toluene (58.3 µM) at room temperature. The determined 
value is a result of triplicate measurements. The switching process was followed by UV/vis 
spectroscopy and the change in absorbance determined at λmax = 360 nm. Care was taken 
that the toluene solution containing 3 absorbs ≥ 95% of the incident light (Absorbance ≥ 
1.98). Furthermore, short irradiation times were used to keep conversions low (~10%, linear 
regime of Δt and ΔA). The incident light intensity was determined using standard ferrioxalate 
actinometry70 under identical irradiation conditions (Reference value: φact,365.6 = 1.21). The 
quantum yield was determined as φ = 0.15. 

Photoswitching experiments: Each mixture of compounds was analysed by measuring UV/
vis spectra of the different accessible states and by kinetic measurement of the time-dependent 
reversible photochromism. Henceforth, each photoswitch was followed at its absorption 
maximum (λmax). Importantly, samples were irradiated during measurements at a ~90° angle 
to the light-path of the UV/vis spectrometer. 

2.6.2 Synthesis and Characterization

Synthesis of donor-acceptor Stenhouse adduct (DASA, 1):33,34 

 

Compound 7 has been prepared according to a reported procedure.33 Spectral properties 
matched previously reported values. 
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5-((2Z,4E)-5-(diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-1,3-dimethylpyrimi-
dine-2,4,6(1H,3H,5H)-trione (1):33

 

7 (234 mg, 1.00 mmol) was suspended in tetrahydrofuran (10 mL). Subsequently, diethylamine 
(104 µL, 1.00 mmol) was added to the suspension at room temperature, followed by water 
(few drops). The reaction mixture was stirred for 30 min at room temperature. The color of 
the reaction mixture turned dark purple. 

Upon consumption of the starting material (TLC), additional tetrahydrofuran (10  mL) 
was added and the product was precipitated from the reaction mixture with cold pentane. 
Compound 1 was filtered to obtain dark purple crystals (275  mg, 89% yield) that can be 
further purified by recrystallization from warm acetonitrile, if needed. Mp. 141–142  °C; 
1H NMR (400 MHz, CDCl3) δ 1.31 (t, J = 7.2 Hz, 3H, NCH2CH3), 1.34 (t, J = 7.2 Hz, 3H, 
NCH2CH3), 3.34 (s, 3H, NCH3), 3.35 (s, 3H, NCH3), 3.48 (q, J = 7.2 Hz, 2H, NCH2CH3), 3.50 
(q, J = 7.4 Hz, 2H, NCH2CH3), 6.07 (t, J = 12.4 Hz, 1H, vinylH), 6.75 (dd, J = 12.3, 1.5 Hz, 1H, 
vinylH), 7.15 (s, 1H, vinylH), 7.22 (d, J = 12.3 Hz, 1H, vinylH), 12.54 (s, 1H, OH); 13C NMR 
(101 MHz, CDCl3) δ 12.5, 14.7, 28.4, 28.6, 44.2, 51.9, 98.7, 102.7, 139.5, 146.7, 151.1, 152.1, 
156.4, 163.5, 165.2; HRMS (ESI+) calc. for C15H22N3O4 [M + H]+: 308.1608, found: 308.1605

Synthesis of donor-acceptor Stenhouse adduct (DASA, 2):33 

 

Compound 9 has been prepared according to a reported procedure.33 Spectral properties 
matched previously reported values. 
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5-((2Z,4E)-5-(diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-2,2-dimethyl-1,3-
dioxane-4,6-dione (2):33

 

9 (1.00 g, 4.50 mmol) was suspended in tetrahydrofuran (10 mL). Subsequently, diethylamine 
(465 µL, 4.50 mmol) was added to the suspension at room temperature, followed by water 
(few drops). The reaction mixture was stirred for 10 min at room temperature and 20 min at 
0 °C. The color of the reaction mixture turned dark purple. Upon cooling, a precipitate was 
formed which was then collected by filtration and washed with cold diethyl ether and cold 
pentane and dried. The final product 2 was obtained as dark red crystals (1.08 g, 81% yield). 
Mp. 132–134 °C; 1H NMR (400 MHz, CDCl3) δ 1.29 (t, J = 7.3 Hz, 3H, NCH2CH3), 1.33 (t, J 
= 7.2 Hz, 3H, NCH2CH3), 1.70 (s, 6H, C(CH3)2), 3.49 (q, J = 7.2 Hz, 4H, 2 x NCH2CH3), 6.05 
(t, J = 12.3 Hz, 1H, vinylH), 6.73 (dd, J = 12.4, 1.5 Hz, 1H, vinylH), 7.28 (d, J = 12.3 Hz, 1H, 
vinylH), 11.41 (s, 1H, OH); 13C NMR (101 MHz, CDCl3) δ 12.4, 14.6, 26.8, 44.2, 52.0, 90.6, 
102.4, 103.5, 139.0, 145.0, 151.5, 157.2, 165.4, 167.2; HRMS (ESI+) calc. for C15H22NO5 [M + 
H]+: 296.1493, found: 296.1496. 

Synthesis of compound 3:44,72,

 

Compound 8 has been prepared according to a reported procedure.44 Spectral properties 
matched previously reported values. 

Methyl (E)-4-((4-methoxyphenyl)diazenyl)benzoate (3): 

 

To a solution of methyl 4-nitrosobenzoate (8, 1.00 g, 6.10 mmol) in EtOH (10 mL) was added 
4-methoxyaniline (0.75 g, 6.10 mmol) and glacial acetic acid (10 mL). The reaction mixture 
was stirred at room temperature for 16 h. 

After consumption of the substrates (as assessed by TLC), water (20 mL) was added and the 
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aqueous phase was extracted with CH2Cl2 (3 x 20 mL). The combined organic extracts were 
washed subsequently with 1M aq. HCl-solution (20 mL), sat. aq. NaHCO3-solution (20 mL), 
water (20 mL) and sat. aq. NaCl-solution (20 mL) and were dried over MgSO4, filtered and 
concentrated in vacuo. Recrystallization from hot EtOAc furnished compound 3 as bright 
orange crystals (1.39 g, 85% yield). Mp. 165–167 °C; 1H NMR (400 MHz, CDCl3) δ 3.90 (s, 
3H, OCH3), 3.95 (s, 3H, CO2CH3), 7.03 (d, J = 8.9 Hz, 2H, ArH), 7.91 (d, J = 8.5 Hz, 2H, ArH), 
7.95 (d, J = 9.0 Hz, 2H, ArH), 8.17 (d, J = 8.5 Hz, 2H, ArH); 13C NMR (101 MHz, CDCl3)  
δ 52.4, 55.8, 114.5, 122.5, 125.3, 130.7, 131.3, 147.1, 155.5, 162.8, 166.8; HRMS (ESI+) calc. 
for C15H15N2O3 [M + H]+: 271.1077, found: 271.1081. Spectral properties matched previously 
reported values.73

Characterization in toluene-d8: 

trans-3: 1H NMR (400 MHz, toluene-d8) δ 3.24 (s, 3H), 3.52 (s, 3H), 6.71 (d, J = 9.0 Hz, 2H), 
7.90 (d, J = 8.8 Hz, 2H), 7.97 (d, J = 8.9 Hz, 2H), 8.14 (d, J = 8.8 Hz, 2H). 

cis-3: 1H NMR (400 MHz, toluene-d8) δ 3.09 (s, 3H), 3.44 (s, 3H), 6.35 (d, J = 8.9 Hz, 2H), 6.56 
(d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 7.82 (d, J = 8.5 Hz, 2H). 

Methyl (E)-4-((4-(dimethylamino)phenyl)diazenyl)benzoate (4): 

 

To a solution of methyl-4-aminobenzoate (300 mg, 2.00 mmol) in aq. 1M HCl (10 mL) was 
added drop-wise a solution of NaNO2 (138 mg, 2.00 mmol) in H2O (1.0 mL) on ice. This 
solution was stirred for 15 min at room temperature. The resulting mixture was slowly added 
to a solution of N,N-dimethylaniline (242 mg, 2.00 mmol) and NaOAc (57.0 mg, 0.70 mmol) 
in EtOH (10  mL) in an ice-water bath. Upon addition, the reaction mixture turned dark 
red and it was subsequently stirred for 1h in an ice-water bath and 1h at room temperature. 
CH2Cl2 (50 mL) was added to the reaction mixture and the layers were separated and the 
aqueous layer extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were washed 
with H2O (50 mL), aq. 0.1 M HCl-solution (50 mL) and sat. aq. NaCl-solution (2 x 50 mL) 
and dried over MgSO4, filtered and concentrated in vacuo. Recrystallization from acetonitrile 
yielded 4 as bright red crystals. (250 mg, 45%). Mp. 183–184 °C; 1H NMR (400 MHz, CDCl3) 
δ 3.11 (s, 6H, N(CH3)2), 3.94 (s, 3H, OCH3), 6.76 (d, J = 9.2 Hz, 2H, ArH), 7.87 (d, J = 8.5 Hz, 
2H, ArH), 7.91 (d, J = 9.1 Hz, 2H, ArH), 8.14 (d, J = 8.6 Hz, 2H, ArH); 13C NMR (101 MHz, 
CDCl3) δ 40.4, 52.3, 111.7, 122.1, 125.7, 130.2, 130.7, 143.8, 153.0, 167.0; HRMS (ESI+) calc. 
for C16H18N3O2 [M + H]+: 284.1394, found: 284.1395. 
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Synthesis of compound 10: 

 

(E)-4-(4’-hydroxyphenylazo)acetanilide (12, following a literature procedure): 

 

To an ice-cold solution of 4-amino-acetanilide (1.35 g, 9.00 mmol, 1.04 equiv.) in aq. 6N HCl 
(9.0 mL) was added drop-wise a solution of NaNO2 (635 mg, 9.20 mmol, 1.02 equiv.) in water 
(2.0 mL), followed by a few crystals of urea. The resultant yellow mixture was added slowly 
to a cooled (ice-water bath) solution of phenol (828 mg, 8.80 mmol, 1.00 equiv.) and NaOH 
(1.70 g, 42.5 mmol, 4.70 equiv.) in water (6.0 mL). After 2h, the mixture was allowed to warm 
to room temperature and was acidified with 30% aq. HCl to pH = 6. The resultant precipitate 
was filtered off, washed with water and dried, furnishing product 12 (1.79 g, 80%) as a brown 
solid. 1H NMR (400 MHz, DMSO-d6): δ 2.07 (s, 3H, CH3CO), 6.91 (d, J = 8.0 Hz, 2H, ArH), 
7.71-7.90 (m, 6H, ArH), 10.19 (s, 1H, NH). Spectral properties matched previously reported 
values.74 
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(E)-N-(4-((4-(4-bromobutoxy)phenyl)diazenyl)phenyl)acetamide (13): 

 

A solution containing (E)-4-(4’-hydroxyphenylazo)acetanilide (12, 255  mg, 1.00  mmol), 
1,4-dibromobutane (2.00  mL, 17.0  mmol, 17.0  equiv.), potassium carbonate (276  mg, 
2.00 mmol, 2.00 equiv.) and potassium iodide (17 mg, 0.10 mmol, 0.10 equiv.) in acetone 
(10  mL) was heated under reflux for 2.5h. The reaction mixture was diluted with EtOAc 
(100  mL), washed with 1N aq. HCl (2 x 100  mL), sat aq. NaHCO3 (100  mL) and sat. aq. 
NaCl solution (100 mL) and dried over MgSO4. Solvents were partially evaporated, and the 
product was precipitated with pentane, to give 13 (310 mg, 80% yield) as an orange solid. Mp. 
172–174 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.75–1.96 (m, 4H, BrCH2CH2CH2), 2.08 (s, 
3H, CH3CO), 3.60 (t, J = 6.8 Hz, 2H, BrCH2), 4.09 (t, J = 6.4 Hz, 2H, OCH2), 7.08 (d, J = 8.0 
Hz, 2H, ArH), 7.70-7.85 (m, 6H, ArH), 10.23 (s, 1H, NH); 13C NMR (101 MHz, DMSO-d6): δ 
24.6, 27.8, 29.5, 35.2, 67.5, 115.4, 119.5, 123.7, 124.7, 142.2, 146.6, 147.9, 161.4, 169.1; HRMS 
(ESI+) calc. for C18H21BrN3O2: 392.0797, found: 392.0783. 

(E)-N-(4-((4-(4-(ethylamino)butoxy)phenyl)diazenyl)phenyl)acetamide (15): 

 

(E)-N-(4-((4-(4-bromobutoxy)phenyl)diazenyl)phenyl)acetamide (13, 195  mg, 0.50  mmol) 
was added to ethylamine (2M in THF, 5.0 mL) and the resulting solution was stirred at room 
temperature for 16 h. The reaction mixture was added to 1N aq. HCl (50 mL) and the resulting 
mixture was washed with EtOAc (50 mL). The aqueous phase was alkalized with aq. KOH 
solution to pH > 10. The product was extracted with EtOAc (2 x 70 mL). The organic phase 
was dried (MgSO4) and the solvent was evaporated. The product was recrystallized from hot 
Et2O to furnish 15 (60 mg, 34%) as an orange powder. Mp. 114–116 °C; 1H NMR (400 MHz, 
CDCl3): δ 1.13 (t, J = 7.2 Hz, 3H, CH3CH2), 1.60–1.90 (m, 5H, OCH2CH2CH2, CH2NH), 2.20 
(s, 3H, CH3CO), 2.65–2.75 (m, 4H, CH2NHCH2), 4.05 (t, J = 6.4 Hz, 2H, OCH2), 6.97 (d, J 
= 8.4 Hz, 2H, ArH), 7.58 (br s, 1H, AcNH), 7.64 (d, J = 8.4 Hz, 2H, ArH), 7.84–7.88 (m, 4H, 
ArH); 13C NMR (101 MHz, DMSO-d6): δ 15.6, 24.6, 26.4, 27.0, 43.9, 49.2, 68.4, 115.4, 119.5, 
123.6, 124.7, 142.2, 146.6, 147.9, 161.5, 169.1; HRMS (ESI+) calc. for C20H27N4O2: 355.2129, 
found: 355.2126. 
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N-(4-((E)-(4-(4-((5-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)-4-
hydroxypenta-1,3-dien-1-yl)(ethyl)amino)butoxy)phenyl)diazenyl)phenyl)acetamide 
(10): 

 

(E)-N-(4-((4-(4-(ethylamino)butoxy)phenyl)diazenyl)phenyl)acetamide (15, 18  mg, 
51  µmol) was suspended in tetrahydrofuran (0.5  mL). 5-(Furan-2-ylmethylene)-1,3-
dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (7, 13 mg, 56 µmol, 1.10 equiv.) was subsequently 
added to the suspension at room temperature, followed by H2O (three drops). The reaction 
mixture was stirred for 60  min at room temperature resulting in a dark purple solution. 
Upon consumption of the starting material (1H NMR), the reaction mixture was diluted with 
tetrahydrofuran (3.0 mL) and addition of cold pentane (100 mL) to the solution resulted in 
deposition of product 7 on the walls of the flask. The product was washed subsequently with 
cold pentane (3 x 10 mL) and diethylether (3 x 10 mL) to furnish 10 (25.2 mg, 84% yield) as a 
mixture of protomers, which was observed before for donor-acceptor Stenhouse adducts.33,34 

1H NMR (400 MHz, CDCl3): δ 1.29 and 1.31 (two t, J = 7.2 Hz, 3H; NCH2CH3, 6), 1.73–1.94 
(m, 4H; OCH2CH2CH2, 2–3), 2.21 (s, 3H, CH3CO), 3.36 (s, 6H, 2 x NCH3), 3.45 (m, 4H; 
CH2NCH2, 4, 6), 4.03 (m, 2H; OCH2, 1), 6.01 and 6.04 (two t, J = 12.3 Hz, 1H, vinylH), 6.60 
(dd, J = 22.4, 12.3 Hz, 1H, vinylH), 6.90–6.99 (m, 2H, ArH), 7.06–7.20 (m, 2H, vinylH), 
7.65–7.73 (m, 2H, ArH), 7.84–7.90 (m, 4H, ArH), 12.47 and 12.63 (two s, 1H, OH); 13C NMR 
(101 MHz, CDCl3): δ 12.4, 14.7, 24.3, 24.9, 26.1, 26.2, 26.6, 28.4, 28.6, 44.3, 49.0, 52.2, 57.0, 
67.4, 67.5, 98.8, 102.6, 102.8, 114.7, 114.8, 114.8, 115.3, 119.9, 123.7, 123.8, 124.7, 124.8, 139.6, 
140.4, 140.5, 146.6, 146.7, 147.3, 147.3, 149.1, 149.1, 149.1, 150.9, 151.0, 152.0, 156.7, 156.9, 
160.9, 161.0, 163.6, 163.6, 165.2, 168.7; HRMS (ESI+) calc. for C31H37N6O6: 589.2769, found: 
589.2752. 

Synthesis of compound 11: 
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(E)-N-(4-((4-((12-bromododecyl)oxy)phenyl)diazenyl)phenyl)acetamide (14): 

 

A solution containing (E)-4-(4’-hydroxyphenylazo)acetanilide (12, 127  mg, 0.50  mmol), 
1,12-dibromododecane (2.61  g, 8.00  mmol, 16.0  equiv.), potassium carbonate (138  mg, 
1.00 mmol, 2.00 equiv.) and potassium iodide (8.3 mg, 0.05 mmol, 0.10 equiv.) in acetone 
(5.0  mL) was heated under reflux for 3  h. The reaction mixture was diluted with EtOAc 
(100 mL), washed with 1N aq. HCl solution (2 x 100 mL), sat aq. NaHCO3 solution (100 mL) 
and sat. aq. NaCl solution (100 mL) and dried over MgSO4. Volatiles were partially evaporated, 
and the product was precipitated with pentane, to give 14 (97 mg, 39% yield) as a brownish 
solid. Mp. 120–121 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.20–1.46 (m, 16H, alkylH), 1.68–
1.82 (m, 4H, alkylH), 2.09 (s, 3H, CH3CO), 3.50 (t, J = 6.6 Hz, 3H, BrCH2), 4.05 (t, J = 6.5 Hz, 
2H, OCH2), 7.09 (d, J = 8.6 Hz, 2H, ArH), 7.75–7.86 (m, 6H, ArH), 10.25 (s, 1H, AcNH); 13C 
NMR (101 MHz, DMSO-d6): δ 24.1, 25.4, 27.5, 28.1, 28.6, 28.7, 28.9, 28.9, 28.9, 29.0, 32.2, 
35.2, 67.9, 114.9, 119.1, 123.2, 124.2, 141.7, 146.1, 147.5, 161.1, 168.7; HRMS (ESI+) calc. for 
C26H37BrN3O2 [M + H]+: 502.2064, found: 502.2049. 

(E)-N-(4-((4-((12-(ethylamino)dodecyl)oxy)phenyl)diazenyl)phenyl)acetamide (16): 

 

N-(4-((4-((12-bromododecyl)oxy)phenyl)diazenyl)phenyl)acetamide (14, 60 mg, 119 µmol) 
was added to ethylamine (2M in THF, 4.0 mL) and the resulting solution was stirred at room 
temperature for 16 h. After completion of the reaction, sat. aq. NaHCO3 solution (20 mL) was 
added to the reaction mixture, the phases were separated and the aqueous layer was extracted 
with EtOAc (3 x 20 mL). The combined organic layers were dried over MgSO4, solvents were 
partially evaporated and the product was precipitated with pentane, to give 16 (34 mg, 61% 
yield) as an orange solid. Mp. 109–111 °C; 1H NMR (400 MHz, CDCl3) δ 0.97 (t, J = 7.1 Hz, 
3H, NCH2CH3), 1.18–1.47 (m, 18H, alkylH), 1.74 (m, 2H, alkylH), 2.09 (s, 3H, CH3CO), 
2.44 (t, J = 7.0 Hz, 2H, NHCH2); 2.48 (t, J = 7.6 Hz, 2H, NHCH2CH3); 4.06 (t, J = 6.5 Hz, 2H, 
OCH2), 7.09 (d, J = 9.0 Hz, 2H, ArH), 7.75–7.86 (m, 6H, ArH), 10.25 (s, 1H, AcNH); 13C 
NMR (101 MHz, CDCl3) δ 15.1, 24.1, 25.4, 26.9, 28.6, 28.7, 29.0, 29.0, 29.0, 29.0, 29.5, 29.5, 
43.5, 49.2, 67.9, 115.0, 119.1, 123.2, 124.2, 141.7, 146.1, 147.5, 161.1, 168.7; HRMS (ESI+) 
calc. for C28H43N4O2 [M + H]+: 467.3381, found: 467.3371. 
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N-(4-((E)-(4-((12-((5-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)-
4-hydroxypenta-1,3-dien-1-yl)(ethyl)amino)dodecyl)oxy)phenyl)diazenyl)phenyl) 
acetamide (11): 

 

(E)-N-(4-((4-((12-(ethylamino)dodecyl)oxy)phenyl)diazenyl)phenyl)acetamide (16, 19  mg,  
41  µmol) was suspended in tetrahydrofuran (0.4  mL). 5-(Furan-2-ylmethylene)-1,3-
dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (7, 10 mg, 45 µmol, 1.10 equiv.) was subsequently 
added to the suspension at room temperature, followed by H2O (three drops). The reaction 
mixture was stirred for 60 min at room temperature resulting in a dark purple solution. 

Upon consumption of the starting material (1H NMR), the reaction mixture was diluted with 
tetrahydrofuran (3.0 mL) and addition of cold pentane (100 mL) to the solution resulted in 
precipitation of product 11. The resulting dark purple crystals were collected by filtration and 
washed subsequently with cold pentane (3 x 10 mL) and diethylether (3 x 10 mL) to furnish 
11 (21.4 mg, 75% yield) as a mixture of protomers. Protomers have been observed before with 
donor-acceptor Stenhouse adducts.33,34 Mp. 111–112 °C; 1H NMR (400 MHz, CDCl3) δ 1.17 
– 1.40 (m, 17H; alkylH 4–10; NCH2CH3, 14), 1.41 – 1.52 (m, 2H; alkylH, 3), 1.56 – 1.66 (m, 
2H; alkylH, 11), 1.76 – 1.86 (m, 2H; alkylH, 2), 2.18 – 2.21 (m, 3H; CH3CO), 3.36 (s, 6H; 2 x 
NCH3), 3.25 – 3.47 (m, 4H; CH2NCH2, 12–13), 4.04 (t, J = 6.5 Hz, 2H; OCH2, 1), 6.02 (t, J = 
12.3 Hz, 1H, vinylH), 6.58 (t, J = 12.0 Hz, 1H, vinylH), 6.98 (d, J = 9.0 Hz, 2H, ArH), 7.08 (s, 
1H, vinylH), 7.10 (dd, J = 28.5, 12.3 Hz, 1H, vinylH), 7.65 – 7.73 (m, 2H, ArH), 7.83 – 7.89 
(m, 4H, ArH), 12.55 and 12.56 (two s, 1H, OH); 13C NMR (101 MHz, CDCl3) δ 12.4, 14.6, 
15.4, 24.8, 25.9, 26.0, 26.1, 26.1, 26.5, 27.0, 27.3, 28.4, 28.6, 29.1, 29.1, 29.1, 29.2, 29.3, 29.3, 
29.3, 29.4, 29.4, 29.5, 29.5, 29.6, 29.7, 44.4, 49.5, 52.3, 57.4, 66.0, 68.3, 68.4, 68.5, 98.3, 102.9, 
103.1, 114.8, 114.9, 119.9, 120.0, 123.7, 124.7, 138.7, 140.4, 146.6, 146.6, 147.0, 149.1, 151.5, 
152.1, 157.1, 157.3, 161.6, 163.6, 163.7, 165.2, 168.7; HRMS (ESI+) calc. for C39H53N6O6 [M + 
H]+: 701.4021, found: 701.4003. 

5 - ( ( 2 Z , 4 E ) - 5 - ( d i b u t y l a m i n o ) - 2 - hy d r ox y p e n t a - 2 , 4 - d i e n - 1 - y l i d e n e ) - 1 , 3 -
dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (17): 

 

7 (1.00  g, 4.27  mmol) was suspended in tetrahydrofuran (10  mL). Subsequently, di-n-
butylamine (719 µL, 4.27 mmol) was added to the suspension at room temperature, followed 
by water (few drops). The reaction mixture was stirred for 30 min at room temperature. The 
color of the reaction mixture turned dark purple. Upon consumption of the starting material 
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(as assessed by TLC), all volatiles were evaporated under reduced pressure. The dark purple 
residue was taken up in dichloromethane (20 mL) and 1M aq. HCl-solution (20 mL) was 
added. The phases were separated and the aqueous phase was extracted with CH2Cl2 (3 x 
20 mL). The combined organic extracts were washed subsequently with 1M aq. HCl-solution 
(20 mL), sat. aq. NaHCO3-solution (20 mL), water (20 mL) and sat. aq. NaCl-solution (20 mL) 
and were dried over MgSO4, filtered and concentrated in vacuo. Compound 17 was obtained 
as a dark purple solid (1.13 g, 73% yield). 1H NMR (400 MHz, CDCl3) δ 0.96 (t, J = 7.4 Hz, 3H, 
N(CH2)3CH3), 0.97 (t, J = 7.3 Hz, 3H, N(CH2)3CH3), 1.35 (m, 4H, 2 x NCH2CH2CH2CH3), 
1.66 (m, 4H, 2 x N(CH2)2CH2CH3), 3.33 (s, 3H, NCH3), 3.34 (s, 3H, NCH3), 3.36 – 3.43 
(m, 4H, 2 x NCH2(CH2)2CH3), 6.05 (t, J = 12.3 Hz, 1H, vinylH), 6.73 (dd, J = 12.4, 1.4 Hz, 
1H, vinylH), 7.12 (s, 1H, vinylH), 7.20 (d, J = 12.3 Hz, 1H, vinylH), 12.53 (m, 1H, OH); 13C 
NMR (101 MHz, CDCl3) δ 13.5, 13.6, 19.6, 20.1, 28.1, 28.2, 29.1, 30.9, 49.4, 57.4, 97.4, 103.2, 
137.3, 146.2, 151.6, 151.8, 158.2, 163.1, 164.8; HRMS (ESI+) calc. for C19H30N3O4 [M + H]+: 
364.2231, found: 364.2234. 

2.6.3 Binding Studies

Phase-transfer

 

In a 4 mL vial with cap, compound 11 (1–2 mg) was dissolved in toluene (1.0 mL). Basic 
aqueous K2CO3-solution (pH ≥ 9) was added (1.0  mL). The biphasic mixture was stirred 
vigorously for 30 min under white light irradiation. Phase transfer of compound 11 from the 
organic layer to the aqueous layer is apparent through color change. No remaining DASA was 
detected in the organic layer by 1H-NMR spectroscopy. The aqueous layer was lyophilized 
overnight to obtain a mixture of cyclized-11 and K2CO3. 

UV/vis studies on host-guest binding58,75–79

UV/vis titrations were performed to assess the binding of the azobenzene moiety of cyclized-8 
to α-CD. To a solution A (11 µM cyclized-11), a solution B (11 µM cyclized-11; 4 mM α–CD) 
was added stepwise and the change in the absorption spectrum quantified. 

The following titrations were performed: 

Binding: 
• Thermally adapted cyclized-11
• PSS 365 nm cyclized-11
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Controls: 
• Control experiment 1 

Rationale: An intermediate ratio of cis/trans-cyclized-11 would be expected to show an 
intermediate change of the absorption spectra upon binding. 

• Control experiment 2 
Rationale: Irradiation of solution A, but not B should result in a more pronounced 
change of the absorption spectra upon binding during titration as the concentration of 
cyclized-11 remains unaltered, but the ratio of cis/trans changes. 

Summary: 
The observed changes in the UV/vis spectra during the titration experiments are consistent 
with stronger binding of trans-cyclized-11 than cis-cyclized-11. 

2.6.4 Photochemical Characterization of Two-Photoswitch Mixtures

2.6.4.1 Mixture of compound 1 + 4

Figure 2.15 | Reversible photochromism of the two-photoswitch system (compound 1 and 4; 
1: ~4 µM; 4: ~20 µM; toluene; room temperature): (a) absorption spectra of the individual 
photoswitches (trans-4 and open-1) and their combination in solution; (b) absorption spectra 
of the four different states that can be achieved by irradiation in the mixture of 1 and 4 
(trans–open; trans–cyclized; cis–open and cis–cyclized). Remark: In Fig. 2.15b, there are two 
spectra depicted for the case cis–cyclized. The reason for this is exemplified in Fig. 2.16 with 
irradiations 9/10: irradiation with λ = 590 nm also partially affects the azobenezene (4). 



85

 Orthogonal Photoswitching in a Multifunctional Molecular System

2

Figure 2.16 | Orthogonal photoswitching of a mixture of compound 1 and 4 (1: ~4 µM; 4: 
~20  µM; toluene; room temperature) monitored at characteristic wavelengths for each 
photoswitch (λ = 434 nm for 4 and λ = 570 nm for 1). Wavelengths of irradiations are indicated. 

2.6.4.2 Mixture of compound 1 + 5

Figure 2.17 | Reversible photochromism of the two-photoswitch system (compound 1 and 5; 
1: ~4 µM; 5: ~20 µM; toluene; room temperature): (a) absorption spectra of the individual 
photoswitches (trans-5 and open-1) and their combination in solution; (b) absorption spectra 
of the four different states that can be achieved by irradiation in the mixture of 1 and 5 (trans–
open; trans–cyclized; cis–open and cis–cyclized). 
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a)

b)

Figure 2.18 | Orthogonal photoswitching of a mixture of compound 1 and 5 (1: ~4 µM; 5: 
~20  µM; toluene; room temperature) monitored at characteristic wavelengths for each 
photoswitch (λ = 320 nm for 5 and λ = 570 nm for 1). Two plots (a) and (b) with different 
order of irradiation. Wavelengths of irradiations are indicated. Remark: Irradiation with λ 
= 312  nm switches compound 5 (λmax = 320  nm), but also results in slow degradation of 
photoswitch 1 (irradiations 6, 8 and 9). This is in accordance to earlier reports.33,34

2.6.4.3 Mixture of compound 1 + 6

Figure 2.19 | Reversible photochromism of the two-photoswitch system (compound 1 and 6; 
1: ~4 µM; 6: ~15 µM; toluene; room temperature): (a) absorption spectra of the individual 
photoswitches (trans-6 and open-1) and their combination in solution; (b) absorption spectra 
of the four different states that can be achieved by irradiation in the mixture of 1 and 6 (trans–
open; trans–cyclized; cis–open and cis–cyclized). 
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Figure 2.20 | Orthogonal photoswitching of a mixture of compound 1 and 6 (1: ~4 µM; 6: 
~15  µM; toluene; room temperature) monitored at characteristic wavelengths for each 
photoswitch (λ = 348 nm for 6 and λ = 570 nm for 1). Wavelengths of irradiations are indicated. 
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ABSTRACT: Molecular photoswitches have opened up a myriad of opportunities in applications 
ranging from responsive materials and control of biological function to molecular logics. In this 
chapter, we show that the photoswitching mechanism of donor–acceptor Stenhouse adducts 
(DASAs) proceeds by photoinduced Z–E isomerization, followed by a thermal, conrotatory 
4π-electrocyclization. The photogenerated intermediate is manifested by a bathochromically 
shifted band in the visible absorption spectra of the DASAs. The identification of the role of this 
intermediate reveals a key step in the photoswitching mechanism that is essential to the rational 
design of switching properties via structural modification. 

3.1 Introduction

Molecular switches undergo reversible changes in their structure in response to external 
stimuli, such as light or changes in the chemical environment.1 The use of light as an external 
stimulus is often preferred over chemical stimuli due to its non-invasive nature,2–6 and 
orthogonality to many other processes. Furthermore, light can be applied with precise spatial 
and temporal control.3,4 The photoinduced changes to molecular structure are manifested in 
changes to molecular properties, such as dipole moment, conjugation and charge, which can 
alter the function of molecules in more complex systems.7–11 Photoswitchable control elements 
have been applied successfully in material sciences,5,12–16 supramolecular chemistry17–21 and 
biological systems.22–27 The range of well-established photoswitches includes azobenzenes, 
diarylethenes and spiropyrans.1,15,28–32 The properties of photoswitches can often be tuned 
easily to provide optimum performance for specific applications, primarily because of the 
detailed understanding of the underlying electronic and steric factors that control their 
photoswitching behavior. 

An especially important tunable property is that of switching with visible light.26,33–36 Indeed 
visible light controlled photoswitches are receiving increasing attention mainly due to photo-
damage and -degradation observed with short wavelength irradiation in biological and 
material systems.26,37–39 Photoswitches that respond to light in the wavelength range 650 nm to 
900 nm are especially important for biological applications,40,41 as was recently demonstrated 
by Woolley and co-workers with the switching of azobenzenes in whole blood.42 

A new class of visible light photoswitches, the donor–acceptor Stenhouse adducts (DASAs), 
has been recently introduced by Read de Alaniz and co-workers (Figure 3.1).43–45 DASAs are 
stable, synthetically accessible T-type photoswitches.1,43,44 Initial reports explored the structural 
scope of DASAs and demonstrated the remarkable control over micelle stability that they 
can provide and the potential to act as phase-transfer tags.43–48 Upon irradiation with visible 
light (λ = 540–580 nm) in aromatic solvents (e.g. toluene), the linear triene-form A of DASA 
cyclizes to a zwitter-ionic form B (Figure 3.1). Form B is thermally unstable and reverts to 
the triene isomer A on the time-scale of seconds to minutes (Figure 3.1). The triene form A is 
strongly colored (ελmax ~ 105 M–1 cm–1), whereas B is colorless.43 Although mechanistic studies 
have, to the best of our knowledge, not been reported to date,46,49 a 4π-electrocyclization is 
anticipated to be crucial, by analogy to the Piancatelli rearrangement.50–52 
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Figure 3.1 | Molecular structure and photoswitching of donor–acceptor Stenhouse adducts 
(DASAs; 1–2) in toluene. 

The understanding of the specific mechanism by which DASAs undergo photoswitching 
is essential to enable the full potential of these highly promising switches to be realized. 
It is furthermore important for addressing the pronounced solvent-dependence of the 
photoswitching and the ability to tune thermal half-life of B and wavelength of excitation 
for A. Insight into the mechanism is expected to lead to the application of DASAs in more 
complex functional systems, as was the case with spiropyrans after their switching mechanism 
was understood well enough to use these photochromic compounds in a highly diverse range 
of applications.15,30–32,53–55

In the following, we show that the photoswitching mechanism of DASAs involves an actinic step 
which precedes a thermal 4π-electrocyclization. We identify a photo-generated intermediate 
A’ (proposed Z–E isomerization), which then undergoes thermal 4π-electrocyclization to 
give the closed form B. Temperature dependent UV/vis absorption spectroscopy and NMR 
measurements (in addition to TD-DFT calculations) provide insight into the mechanism and 
reaction kinetics. 

3.2 Results and Discussion

Consideration of possible reaction mechanisms led us to propose initial Z–E isomerization (to 
form A’, Figure 3.2) followed by cyclization to B (Figure 3.2). Considering the stereochemistry 
of B (confirmed by X-ray analysis by Read de Alaniz group43,44), the cyclization is expected to 
be a conrotatory, thermally allowed 4π-electrocyclization.43,44 
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Figure 3.2 | Photoswitching mechanism of DASAs: a) proposed photoswitching mechanism; 
b) representation of the photoswitching pathway in an energy level diagram.

Hence, we focused on observing the intermediate A’. Study of the photoswitching process 
in toluene led to the observation of a transient band in the UV/vis absorption spectrum 
during photoswitching of 1 (Figure 3.3). Upon irradiation, the main absorption band of the 
linear triene (“open”) A at 545 nm diminishes, while a new, red-shifted absorption band at 
transiently appears. 
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Figure 3.3 | Observation of a transient absorption band: a) absorption spectra at indicated 
time-points during photoswitching of 1 (293 K, 4 µM in toluene) under broad band visible 
irradiation; b) time-dependent change in absorption of A (at 545 nm) and A’ (at 600 nm) with 
enlarged irradiation regime. 

The time-dependent behavior of the transient visible absorption of DASA 1 at 293 K is as 
follows (Figure 3.3b): a rapid initial increase in absorbance at λmax = 600 nm is observed upon 
irradiation, followed by a slower decay. Cessation of irradiation is followed by a rapid decrease 
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in absorbance at 600  nm. Notably, this absorption band is not observed upon thermal 
relaxation from state B to A. The maximum absorption reached at 600  nm was directly 
dependent on the photon flux (Figure 3.5) and wavelength of irradiation. 
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Figure 3.4 | Definition of the various phases involved in the photoswitching of compound 1 
at different temperatures: a) 293 K, b) 283 K and c) 253 K. The blue solid line corresponds to 
the time-evolution at the absorption maximum of A at 545 nm and the light blue dotted line 
at the absorption maximum of A’ at 600 nm. 

At 253  K, the absorption band at 600  nm increases and is then stable during irradiation 
(Figure 3.4a; Figure 3.6). Upon cessation of irradiation, the absorbance of the band decreases 
exponentially with an isosbestic point maintained at 566  nm (Figure 3.6). At 283  K, an 
intermediate situation is observed (Figure 3.4b), whereas at 323 nm rapid establishing of the 
PSS and rapid generation of B is observed. 

We thus propose to divide the photoswitching of compound 1 and 2 into five phases (i to v, as 
apparent with UV/vis absorption spectroscopy, Figure 3.4). 

• phase i Before irradiation. 
• phase ii Irradiation; generation of A from A’ (reaching a PSS). 
• phase iii Irradiation: 

• Low temperature: PSS maintained, k2,obs. is negligible. 
• High temperature: PSS maintained, but generation of B from A’. 

• phase iv After irradiation; A’ reverts to A (fast), B reverts to A (slow). 
• phase v After irradiation; B reverts to A via A’. 
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Figure 3.5 | Normalized reversible photochromism plot for the photoswitching of DASA 1 
(λmax = 545 nm; 4 µM in toluene; room temperature). Irradiation of the sample was performed 
at λmax = 546 nm (white light with 546 nm band-pass filter). 
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These data indicate that the formation of isomer A’, the absorption of which is red-shifted 
compared to that of 1, is due to photoinduced Z–E isomerization. Upon irradiation, A’ is 
generated from A, with a photostationary state (PSS) reached rapidly (φ = 0.17; Figure 3.4, 
phase ii) and maintained under irradiation. k1(hν) and k-1(hν) are both photochemical reaction 
rates that are dependent on the photokinetic factors (Figure 3.2a). At low temperature (< 
253 K) the absorption (Figure 3.4a, phase iii) remains unchanged once the PSS is reached, 
indicating that k1,obs.[A] = k-1,obs.[A’] (vide infra for kinetic analyses). At higher temperatures, 
A’ not only reverts to A (k-1(hν) and k-1,thermal) but can also cyclize to B (k2). This leads to a 
decrease in absorption during irradiation (phase iii, Figure 3.4b at 283 K and Figure 3.4c at 
323 K ). As k-1,thermal > k2,obs., most of A’ is switched back to A (Figure 3.4, phase iv). However, B 
also can revert back to A thermally (Figure 3.4, phase v) via A’ (k-2,obs. and k-1,thermal). A’ does not 
reach a significant steady state concentration under these conditions, and hence, the transient 
absorption in back switching from B to A is not observed (k-1,thermal >> k-2,obs.). Furthermore, 
A’ generated through irradiation at low temperature (< 253  K), does not react further to 
form B (Figure 3.4c and Figure 3.6). These data and the model developed are summarized 
in the energy level diagram in Figure 3.2b. The photoswitching behavior of 2 under identical 
conditions is similar to the one of compound 1. Despite the fact that the rate of thermal 
relaxation is higher for 2, a transient absorption band is also observed. 

The photoswitching of 1 and 2 by photochemical Z–E isomerization is followed by a 
conrotatory, thermal 4π-electrocyclization. The rate limiting step for the overall reaction from 
A to B is k2,obs.. For reversion of B to A, the rate limiting step is k-2,obs.. Importantly, the proposed 
mechanism (Figure 3.2) further involves a late-stage proton-transfer. In the presence of water, 
these steps are expected to be fast. However, some solvents may favor isomeric distributions 
(similar to spiropyrans,31,56 diarylethenes57 and azobenzenes58,59) and thus influence the 
kinetics and thereby the possible observation of the absorption band. Halogenated solvents 
(e.g. dichloromethane) favor the elongated triene structure A.44 Nevertheless, photoswitching 
to A’ is observed. Polar protic solvents (e.g. methanol and water) result in irreversible 
photoswitching from A to B44 with no observed transient absorption (Chapter 6, Figure 6.2). 
No decomposition of B in water upon prolonged irradiation was observed. Moreover, under 
aqueous conditions A cyclizes slowly, but spontaneously to B in the dark. 

To further investigate the nature of intermediate A’, and to connect its structure to the observed 
bathochromic shift of the transient absorption, TD-DFT calculations were performed 
(Scheme 3.1 and Figure 3.7). The obtained results confirmed that Z–E isomerization can 
cause a bathochromic shift in the absorption spectrum. 
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Scheme 3.1 | Possible intermediates A’ (I-III) upon phototriggered Z–E isomerization of A. 

Figure 3.7 | Calculated absorption spectra for A and A’ I-III. 
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This finding is further supported by reports on the bathochromic shift of the absorption 
spectrum upon photoisomerization of analogous merocyanine dyes that cannot undergo 
cyclization.60,61 Moreover, low-temperature 1H-NMR spectroscopy measurements with NMR 
in situ-irradiation show the photogeneration of a single unstable intermediate in deuterated 
dichloromethane that mainly affects chemical shifts in the polyene region (Figure 3.8). 
Notably, a low PSS was obtained potentially reflecting a combination of the weak irradiation 
source, high concentration (4 mM) and high molar absorptivity of DASA 1. 

Figure 3.8 | 1H-NMR in situ-isomerization studies of 1 (4 mM in CD2Cl2) at 203 K: overlay of 
the non-irradiated (orange) and irradiated (cyan) sample. 

Finally, the kinetics of photoswitching were studied in more detail. Reaction rates of the 
different steps were measured directly or indirectly (Table 3.1) and fitted to a kinetic model 
based on our mechanistic hypothesis (Figure 3.2). The time-dependence of the production 
and consumption of B was calculated by making the assumption that A’ and B show negligible 
absorbance at 545  nm and A and B show negligible absorbance at 600  nm. Overall, the 
measured and modelled reaction rates agree qualitatively and are in line with the proposed 
energy level diagram (Figure 3.2b). 
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Table 3.1 | Measured rate constants and activation parameters for DASA 1 (given for 293 K). 

Entry Rate-constant[a] k (s-1) ΔG‡ (kJ mol-1) t1/2 (s)

1 k-1,thermal 1.62 70.6 0.43
2 k2 0.17 76.0 4.05
3 k-2 0.0045 84.9 154

[a] See Figure 3.2.

3.3 Conclusion

In conclusion, we report the observation of a transient absorption band during the 
photoswitching of DASA, which we propose manifests Z–E isomerization. The Z–E 
isomerization is followed by thermally driven ring-closure. The observed photoswitching 
behavior is analogous to that of spiropyrans.15,30–32,62–64 Notably, for spiropyrans the cisoid 
intermediates are generally not observed and usually only stable enough to be detected at low 
temperature and in presence of steric bulk in the molecule.15,62,65–67 In DASAs, the observed 
intermediate A’ is responsible for a bathochromically shifted (∆λ = 55  nm) absorption 
that appears transiently during irradiation. A’ is thermally unstable, but nevertheless it can 
be studied spectroscopically at low temperature (253  K). Importantly, the present study 
lays the foundation for a more detailed understanding of this new class of photoswitches. 
It gives insights into the nature of intermediate A’ and the relative stabilities of A’ and B. 
Understanding the role of each species in the overall photoswitching mechanism enables a 
structured approach to address the thermal stability of the intermediates, spectral properties 
and solvent dependence. For example, solvatochromism will be mainly governed by the 
relative stability of A and B, whereas the wavelength of activation will depend only on the 
Z–E isomerization step. These data will enable the full potential of this remarkable new class 
of photoswitch to be realized. 
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ABSTRACT: Donor-acceptor Stenhouse adducts (DASAs) are negative photochromes that 
hold great promise for a variety of applications, ranging from supramolecular chemistry to 
smart materials. Key to optimizing their switching properties is a full understanding of the 
photoswitching mechanism, which, as yet, is absent. In this chapter, we fully characterize the 
actinic step of DASA-photoswitching and of its key intermediate. The intermediate was trapped 
and studied using a combination of ultrafast visible and IR pump-probe spectroscopies and TD-
DFT calculations. Comparison of the time-resolved IR spectra with DFT computations allowed 
to unambiguously identify the structure of the intermediate, confirming that light absorption 
induces a sequential reaction path in which Z–E photoisomerization of C2–C3 is followed by a 
rotation around C3–C4 and a subsequent thermal cyclization step. First and second-generation 
DASAs share a common photoisomerization mechanism in chlorinated solvents with notable 
differences in kinetics and life-times of the excited states. The photogenerated intermediate of 
the second-generation DASA was photo-accumulated at low temperature and probed with 
time-resolved spectroscopy, demonstrating the photo-reversibility of the isomerization process. 
Taken together, these results provide a detailed picture of the DASA isomerization pathway on 
a molecular level. 

4.1 Introduction

Molecular photoswitches1 allow reversible optical control in a plethora of applications.2–7 Each 
photoswitch has its own favorable and adverse properties that ultimately determine how well 
it is suited for photoregulating a particular responsive system. Highly desirable properties 
include switching with visible light8,9 and negative photochromism.10 

Donor-acceptor Stenhouse adducts (Figure 4.1a) are an emerging class of photoswitches.11,12 

They are particularly attractive due to their modular nature and rapid synthesis and undergo 
a large structural change upon photoswitching with visible light. Theoretical studies have 
provided a first effort to rationalize their photoswitching characteristics.13,14 Structural 
improvements of these adducts have led to a second-generation of DASAs.15,16 Successful 
applications of DASAs have already emerged for smart materials,17–22 sensors,23,24 catalysis25 
and drug-carriers.11,26 Although such applications are promising and highlight the potential of 
DASAs, the understanding of their photoswitching behaviour is far from complete. 
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C3–C4 
rota�on

Figure 4.1 | Photoswitching of DASAs: (a) photoswitches used in this study; (b) refined 
mechanistic proposal; and (c) findings of this work. The red (blue) relative energy levels 
correspond to DASA 1 (2). In the electron density differences (EDD) plot, the blue (red) 
regions correspond to decrease (increase) in electron density upon electronic transition for 
DASA 1.
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Initial insights into the DASA photoswitching mechanism stem from the observation of an 
intermediate, presenting a bathochromically shifted transient absorption band in the UV/vis 
spectrum with respect to the main absorption band upon light irradiation (Chapter 3).27 Time- 
and temperature-dependent studies revealed a strong dependence on temperature and light 
intensity, and suggested that this intermediate results from a photoinduced Z−E isomerization 
followed by a thermal conrotatory 4π-electrocyclization (Figure 4.1b).27 This observation 
suggests the separation of the mechanism into an actinic step and a thermal step. Intermediate 
A’’ (Figure 4.1b) is needed for successful cyclization, but a simple Z−E isomerization leads only 
to intermediate A’. Intermediate A’’ could result from a photoisomerization around C2−C3 
followed by a rotation around C3−C4 or from a concerted hula-twist movement as commonly 
observed in confined spaces such as protein cavities.28 

Time-resolved spectroscopy in both the UV/vis and IR region has proven very successful 
in elucidating structural changes occurring on the femto/picosecond time-scale29,30 and in 
characterizing the electronic properties of short-lived reaction intermediates. In this chapter, 
we report in-depth studies on the photoswitching mechanism of DASAs using ultrafast 
visible and Mid-IR spectroscopy, elucidating the timescale of the photoinduced isomerization 
process and the structure of the intermediate resulting from the actinic step. This intermediate 
was trapped and manipulated at low temperature and could be structurally confirmed to be 
A’. Comparison between the experimental transient infrared and DFT-computed spectra 
supports a sequential photoswitching mechanism (Figure 4.1b and c), showing that in the 
analyzed solvents (chloroform/dichloromethane) isomerization between the elongated triene 
form A and the twisted intermediate form A’’ does not occur through a hula-twist mechanism. 
Furthermore, we provide evidence that – even though the same intermediate is formed for 
both first and second-generation DASAs – the second-generation isomerizes at least ten times 
slower. 

4.2 Results and Discussion

Compound 2 was synthesized analogously to DASA 1 with 5-methoxy-2,3-dihydroindoline 
as donor. 

 

Scheme 4.1 | Synthesis of DASA 2. 

DASA 1 does not cyclize in chlorinated solvents (Figure 4.2), while 2 undergoes a reversible 
cyclization reaction to form a neutral cyclic form reminiscent of B (Figure 4.3).15,16 
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Figure 4.2 | Photoisomerization of compound 1: a) absorption spectra (λmax = 541 nm; ~8 μM 
in chloroform; 293 K) and b) corresponding time-evolution. Photoswitching with white light 
observed at 541 nm and 590 nm. 
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in chloroform; 293 K) and b) corresponding time-evolution. Photoswitching with white light  
observed at 605 nm and 660 nm. 
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Figure 4.4 | Evolution-associated difference spectra obtained from global analysis31 of time 
resolved visible data recorded for 1 (a) and 2 (b) in chloroform. 

Figure 4.4 reports the evolution-associated difference spectra (EADS) obtained by global 
analysis31 of visible pump-probe data recorded for DASA 1 and 2 in chloroform. Similar 
spectra with comparable EADS life-times are obtained for 1 in toluene, where reversible 
cyclization occurs (Figure 4.5). 
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Figure 4.5 | Evolution-associated difference spectra obtained from global analysis31 of time 
resolved visible data recorded for sample 1 in toluene. Spectral range omitted due to scattering. 
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Table 4.1 | Comparison of life-times associated to the measured EADS.

Entry Measurement τ1 (ps) τ2 (ps) τ3

1 1, VIS 2.21±0.02 10.0±0.3 4.76±0.01 ns
2 1, TRIR 2.11±0.01 10.2±0.1 712±2 ps
3 2,VIS 2.05±0.05 27.8±0.1 3.12±0.02 ns
4 2, TRIR 2.01±0.03 24.1±0.3 537±1 ps

Table 4.2 | Spectral maxima and minima associated with the measured EADS.

Entry Compound Excited 
State

EADS 1
 (black)

EADS 2
 (red)

EADS 3
 (blue)

1 1 460 nm 537 nm 567 nm 586 nm
2 2 482 nm 610 nm 607 nm 649 nm

Upon photoexcitation, bleaching of the ground state absorption (Figure 4.4, black lines) is 
observed as a negative signal peaking at 537 nm for 1 and 610 nm for 2. Importantly, this 
short living component exhibits a blue-shifted excited state absorption, peaking at 460 and 
482 nm for 1 and 2, respectively. At long pump-probe delays, the appearance of a positive 
band (Figure 4.4, blue lines), red-shifted compared to the bleaching signal, identifies the 
formation of a photogenerated intermediate corresponding to the transient absorption band 
previously identified for 1.27 For sample 1, the A→A’ photoreaction happens on a 2 ps timescale 
as indicated by the appearance of a positive band peaking at 567 nm in the second EADS (red 
lines in Figure 4.4a) while both the ground state bleaching of A and its excited state absorption 
band, peaked at 460 nm, significantly decrease. On the following 10 ps timescale, the induced 
absorption band associated with the photoproduct is subject to a spectral evolution due to a 
vibrational cooling process in the ground state of the non-isomerized form A (vide infra). In 
case of sample 2 (Figure 4.4b) the 2 ps component is mostly associated with an excited state 
relaxation of A, while the appearance of the intermediate band (peaked at 649 nm) occurs on a 
longer 27 ps timescale (red to blue curve evolution in Figure 4.4b). The quantum yield for the 
intermediate formation estimated from the residual bleaching signal in transient absorption 
spectra constitutes ~10% for 1 and ~17% for 2. 

In order to get detailed insight into the conformation of the intermediate, visible-pump/
Mid-IR probe spectra were measured for both samples in the 1100–1750 cm-1 spectral range. 
Figure 4.6 shows the EADS obtained by global analysis31 of the time-resolved infrared (TRIR) 
spectra for sample 1 and 2, together with their steady-state FTIR spectra, which identify the 
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Figure 4.6 | EADS obtained from global analysis31 of the TRIR spectra of 1 (a) and 2 (b) in 
chloroform. The black spectrum on top of each panel is the FTIR spectrum of the linear A 
form. 

vibrational bands of the elongated form. The time constants obtained from the analysis of 
TRIR spectra match those obtained from the visible pump-probe experiments except for 
the long timescale. This is due to the larger error on the long time constant in the TRIR 
measurements, for which a smaller acquisition time window was used. 

The long-living component (blue line in Figure 4.6a and b) allows to identify the structural 
changes that occur during the formation of the intermediate. For both samples, major spectral 
changes occur in the 1150 and 1450 cm-1 region, mainly associated with triene chain C–C/
C=C stretching and C–H rocking/scissoring vibrations according to our DFT calculations. 
In particular, in the long-lived spectral component (blue lines in Figure 4.6a and b) negative/
positive bands are present at 1154/1188 cm-1 for 1 and at 1160/1170 cm-1 for 2. A differential 
band pattern in the same regions has been previously observed in different molecules 
undergoing cis/trans photoisomerization such as rhodopsin32,33 and the Photoactive Yellow 
Protein (PYP).34 This pattern strongly suggests that a similar process occurs in the present 
compounds. We have compared the long living experimental TRIR spectral component with 
computed IR difference spectra obtained at the B3LYP/6-31++G(d,p)/SMD level35–38 for 
isomerizations leading to both A’ and A’’. For both samples the best match between computed 
and experimental spectra is obtained for the A→A’ transition (Figure 4.7). We thus conclude 
that for both DASAs, photoexcitation leads to the formation of the A’ photoproduct, which, 
in turn, excludes the hula-twist mechanism. 

The TRIR spectra confirm the timescale of photoisomerization: the intermediate bands in the 
1100–1200 cm-1 fingerprint region appear on a 2 ps timescale for 1 and on a 24 ps timescale 
for 2. In case of 1 additional positive bands appear in the second EADS, as for instance at 1139 
and 1331 cm-1. These signals decay in the following 10 ps evolution, suggesting that they are not 
attributable to A’ but possibly to the hot ground state of the A species. Target analysis31 of both 
the visible and IR transient data of 1 assuming a branched decay of A* in both A’ and the hot 
ground state of A successfully disentangles the individual spectra of these two species (scheme 
4.2). In contrast, the initial (vibrational) relaxation of 2 occurs on the A* excited state surface. 
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a) 

1 

 

b) 

2 

Figure 4.7 | A comparison of the experimental and DFT-computed long-lasting IR spectral 
component of 1 (a) and 2 (b) in chloroform. The conversion of A→A’ (blue) and A→A’’ (hula 
twist, red) are depicted. 
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Notably, in the first spectral component of both samples, assigned to the A*–A difference 
spectrum, only a few low intense positive bands are noticed, indicating much weaker IR 
absorption in A*. The most prominent band shifts in the initial EADS are in the 1600 cm-1 

region, attributable to carbonyl stretch vibrations according to the DFT calculations. 

Besides the analysis of the IR spectra, our calculations of relative energies, electron density 
differences (EDD) and geometrical changes upon excitation provide additional information 
supporting the proposed mechanism. The EDD plots (Figure 4.1c and 4.8) show that for 
both samples the electron density changes upon excitation are localized on the π-conjugated 
linker. In the excited state electron density flows towards the carbon atom functionalized by 
an OH group, resulting in decreased electron density on “double” bonds. Upon excitation, the 
structure remains planar (Figure 4.9), but the bond lengths increase by ca. 0.01–0.02 Å along 
the chain, except for the central C3–C4 bond, in line with the EDD analysis. The experimental 
and theoretical red shift of 2 vs. 1 in the excitation energy for A→A* (Figure 4.4) is related 
to an extension of the π-conjugation to the indoline moiety. The energy level diagram also 
reveals that the A’→A’’ barrier is ca. 2 kcal/mol lower for 2 suggesting faster kinetics for the C3–
C4 bond rotation step, which is related to a less distorted transition state structure (difference 
of ca. 5°) for this derivative. 

Figure 4.8 | Electronic density difference plots between the ES and the GS of A for DASA 1 
(left) and 2 (right) obtained in chloroform at the M06-2X/6-311++G(2df,2p) level of theory. 
The blue (red) regions correspond to decrease (increase) in electron density upon electronic 
transition. A contour threshold of 0.001 a.u. has been applied. 
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Figure S6.10 | Optimized ES geometries of the A form of DASA 1 (a) and 2 (b), and geometry difference 
plots between the ES and the GS of A for DASA 1 (c) and 2 (d) obtained in chloroform at the SMD/M06-
2X/6-31+G(d) level of theory. The red/blue values correspond to the increase/decrease of the bond 
lengths (in Å) with respect to the ground state structure.  
 
  

Figure 4.9 | Optimized ES geometries of the A form of DASA 1 (a) and 2 (b), and geometry 
difference plots between the ES and the GS of A for DASA 1 (c) and 2 (d) obtained in 
chloroform at the SMD/M06-2X/6-31+G(d) level of theory. The red/blue values correspond 
to the increase/decrease of the bond lengths (in Å) with respect to the ground state structure. 

Finally, we attempted to photo-accumulate intermediate A’ of compound 2 at 233 K and  to 
study its behaviour. Irradiation of compound 2 at 233 K showed that photo-isomerization is 
still possible, but proceeds more slowly (Figure 4.10). When A’ was photo-accumulated at 
233 K under continuous illumination at 520 nm in deuterated dichloromethane, excitation 
at 660 nm resulted in back-switching to the elongated A species as assessed by TRIR spectra 
(Figure 4.11). These results suggest that reversible isomerization can be induced by selectively 
pumping A or A’, while ring-closure to form B is only possible via thermal pathway. 

1100 1125 1150 1175

-5

-4

-3

-2

-1

0

1

a)

A

Frequency (cm-1)

 

 

 0.5 ps
 23.7 ps
 94.5 ps
 2 ns

2

1100 1125 1150 1175

-1,0

-0,5

0,0

0,5

1,0

b)

 0.5 ps
 23.7 ps
 94.5 ps
 2 ns

A

Frequency (cm-1)

 

 

2

Figure 4.10 | a) EADS obtained from global analysis of kinetic traces recorded by performing 
a transient absorption measurement with visible excitation (centred at 580 nm) and mid-IR 
probe. Measurements have been performed in deuterated dichloromethane. The sample has 
been cooled to 233  K. The analysed spectral region is that showing the marker bands for 
the intermediate formation. It is evident that the reaction occurs also at low temperature, 
however the kinetics for the Z–E isomerization is slower. The formation of the A’ band peaked 
at 1167 cm-1 is highlighted in the normalized EADS (panel b). 
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Figure 4.11 | a) EADS obtained from global analysis of kinetic traces recorded by performing 
a transient absorption measurement with visible excitation and mid-IR probe. Measurements 
have been performed in deuterated dichloromethane. The sample has been cooled to 233 K 
and kept under continuous green light illumination (520 nm). In this way, the isomerized 
form is trapped and can be selectively excited. The ultrafast pump pulse has been centred 
at 660  nm. The analysed spectral region is again the one where the marker bands for the 
intermediate formation are observed. In this case, by pumping the intermediate, the recovery 
of the elongated form can be observed (the band of the intermediate is bleached and that of 
the elongated form appears with positive sign on a 44 ps timescale). The formation of the 
elongated form A band peaked at 1140 cm-1 is highlighted in the normalized EADS (panel b). 

4.3 Conclusion

The electrocyclization is several orders of magnitude slower than the actinic step, thus 
being the rate-determining step, as tentatively concluded before.27 Our study identifies key 
factors for improving switching characteristics, for instance, increasing the photochemical 
quantum yield by optimizing A’ properties and disfavor the reverse isomerization process. 
It also suggests that the reason why first-generation DASAs do not cyclize in chloroform or 
dichloromethane, as opposed to second-generation DASAs, is solely a question of energy 
levels and barriers involved in the thermally induced 4π-electrocyclization, and is not due to 
the actinic step. The presented results elucidate the timescale of the actinic step and bode well 
for implementation of photoswitch improvement. 
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4.6 Experimental Data

4.6.1 Materials and Methods

For the general methods section, please refer to section A, Materials and Methods. For further 
details, please refer to the supporting information of the published article (DOI: 10.1021/
jacs.7b09081). 

Chemicals: Furfural was purchased from Sigma Aldrich. 5-Methoxyindole and 2,2-dimethyl-
1,3-dioxane-4,6-dione were purchased from Combi Blocks. 

Visible transient absorption measurements: The apparatus used for the transient absorption 
spectroscopy (TAS) measurements has been described in detail before.39 Briefly, 100  fs 
pulses centred at 795 nm were produced by an integrated Ti:sapphire oscillator-regenerative 
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amplifier system (Spectra Physics Tsunami-BMI Alpha 1000). The excitation wavelength was 
set at 520 nm for compound 1 (first-generation DASA) and 580 nm for compound 2 (second-
generation DASA) and the excitation power was set at 30-50 nJ for all measurements. Visible 
pulses were generated by pumping a home-made non-collinear optical parametric amplifier 
(NOPA) with a portion of the fundamental 795 nm. The pump beam polarization has been 
set to magic angle with respect to the probe beam by rotating a λ\2 plate, to exclude rotational 
contributions. The white light probe pulse was generated by focusing a small portion of the 
fundamental laser radiation on a 2 mm thick sapphire window. A portion of the generated 
white light was sent to the sample through a different path and used as a reference signal. After 
passing through the sample, the white light probe and reference pulses were both directed to 
a flat field monochromator coupled to a home-made CCD detector [http://lens.unifi.it/ew]. 
Transient signals were acquired in a time interval spanning up to 500 ps. The sample was 
contained in a 2  mm quartz cuvette, mounted on a movable holder in order to minimize 
photodegradation. Measurements were performed at room temperature. Concentrations were 
adjusted to an absorbance of 0.9–1.0 OD (for the respective optical path) at the absorption 
maximum which amounted to about 0.3–0.5 OD at excitation wavelength. Before and after 
the measurements, the integrity of the sample was checked on a PerkinElmer LAMBDA 950 
spectrophotometer. 

Infrared transient absorption measurements: The experimental setups used for time-
resolved infrared measurements have been previously described.40 Briefly, a portion of the 
output of a Ti:sapphire oscillator/regenerative amplifier, operating at 1  kHz and centered 
at 800  nm (Legend Elite, Coherent), was split in order to generate the mid-IR probe and 
the Visible (VIS) pump. The infrared beam was generated by pumping a home built optical 
parametric amplifier (OPA) with difference frequency generation. The output of the OPA was 
split into two beams of equal intensity, which were respectively used as probe and reference. 
Broadband visible pulses were obtained by a pumping home-made non-collinear optical 
parametric amplifier (NOPA). The wavelength used for transient measurements were selected 
using appropriate cut-off filters. The polarization of the pump beam was set to magic angle 
with respect to the probe beam by rotating a λ\2 plate. Time resolved spectra were acquired 
within a time interval spanning from -5 to 300 ps. After the sample, both probe and reference 
were spectrally dispersed in a spectrometer (TRIAX 180, HORIBA JobinYvon) and imaged 
separately on a 32 channels double array HgCdTe detector (InfraRed Associated Inc., Florida 
USA). In order to obtain the complete transient infrared spectrum in the 1100–1700 cm-1 

region six spectral windows were separately recorded and then overlapped. The sample cell 
consisted of two calcium fluoride windows separated by a Teflon spacer of 100  μm. FTIR 
spectra were recorded in the same cell used for transient measurements using a Bruker 
Alpha-T. Integrity of the sample was checked before and after the transient measurements. 
All measurements were performed at room temperature unless noted otherwise. 

Low-temperature measurements: Time resolved infrared measurements at low temperature 
were performed using the setup described above. The sample was contained in a home-made 
cooling cell provided of a Peltier element. Temperatures down to 233 K could be reached at 
the sample position. Transient infrared spectra were recorded in the 1100–1250 cm-1 region 
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for two excitation conditions for sample 2 dissolved in deuterated dichloromethane. In 
the first case, the excitation wavelength was set at 580 nm, and the evolution of the excited 
elongated triene form of the molecule was probed in a time interval spanning up to 300 ps. In 
the second experiment, the sample was kept under continuous green light illumination, such 
as to photoaccumulate the intermediate A’ species. The continuous source was provided by 
an Argon laser (LaserPhysics 300m). The photoaccumulated intermediate was pumped with 
a 660 nm pulse, generated from the NOPA mounted in the transient infrared setup. Transient 
spectra of the photoaccumulated intermediate were acquired in the same time interval used 
for previous measurements. 

Data analysis: Femtosecond transient spectra, both in the visible and infrared spectral 
ranges, have been analysed by global analysis, allowing a simultaneous fit at all the acquired 
frequencies.31 The parameterization of the spectral evolution was accomplished by assuming 
first-order kinetics, and describing the temporal dynamics as the sum or combination of 
exponential functions. Global analysis was performed using the GLOTARAN package 
(http://glotaran.org/),41,42 employing a linear unidirectional “sequential” model. The number 
of kinetic components to be used in the global fit was determined by a preliminary singular 
value decomposition (SVD) analysis.43,44 The output of the global analysis procedure retrieved 
both kinetic constants and the associated spectral components (EADS, evolution associated 
decay spectra). In case of sample 1 an additional target analysis was performed, using the 
kinetic scheme depicted in Scheme 4.2, producing the SADS (species associated decay 
spectra) depicted in Figure 4.12 and the kinetic constants reported in Table 4.3. 

4.6.2 Synthesis and Characterization

Synthesis of second-generation donor-acceptor Stenhouse adduct (DASA, 2):

 

5-methoxyindoline (3):45,46

 

5-methoxyindoline (800 mg, 5.44 mmol) was dissolved in glacial acetic acid (50 mL). Then, 
sodium cyanoborohydride (1.02 g, 16.3 mmol) was added in small portions to the stirring 
solution at room temperature. The reaction mixture was stirred for 2 h and monitored by 
TLC. Upon completion of the reaction, water (4 mL) was added to the reaction mixture and 
all volatiles were evaporated. Aq. NaOH-solution was added to the residue (adjust to pH >9) 
and the aqueous phase extracted with dichloromethane (3 x 50 mL). The combined organic 
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extracts were washed with water (100 mL) and sat. aq. NaHCO3-solution (100 mL), then dried 
over MgSO4, filtered and concentrated under reduced pressure to afford 5-methoxyindoline 
(3, 732 mg, 90% yield) as a yellow oil. Spectral properties matched previously reported 
values.45,46 1H NMR (400 MHz, CDCl3) δ 3.01 (t, J = 8.3 Hz, 2H, NCH2CH2Ar), 3.25 (s, 1H, 
NH), 3.54 (t, J = 8.3 Hz, 2H, NCH2CH2Ar), 3.75 (s, 3H, OCH3), 6.61–6.59 (m, 2H, 2 x ArH), 
6.76 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3) δ 30.4, 47.7, 55.8, 110.0, 111.4, 112.0, 131.0, 
145.3, 153.4; HRMS (ESI+) calc. for C9H12NO [M + H]+: 150.0913, found: 150.0913. 

5-((2Z,4E)-2-hydroxy-5-(5-methoxyindolin-1-yl)penta-2,4-dien-1-ylidene)-2,2-
dimethyl-1,3-dioxane-4,6-dione (2):15

 

4 (1.00  g, 4.50  mmol) was suspended in tetrahydrofuran (10  mL). Subsequently, 
5-methoxyindoline (3, 671 mg, 4.50 mmol) was added to the suspension at room temperature. 
The reaction mixture was heated to 50 °C for 4 h. Upon completion of the reaction as assessed 
by TLC, the reaction mixture was cooled down to room temperature and then further to 
-20 °C for 30 min. The formed blue precipitate was filtered off and washed thoroughly with 
cold diethyl ether (5 x 30 mL) and cold pentane (5 x 30 mL) to yield dark blue crystals (776 mg, 
46% yield). Mp. gradual decomposition above 160 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.62 
(s, 6H, C(CH3)2), 3.27 (t, J = 7.7 Hz, 2H, NCH2CH2Ar), 3.78 (s, 3H, OCH3), 4.28 (t, J = 7.6 
Hz, 2H, NCH2CH2Ar), 6.16 (app t, J = 12.2 Hz, 1H, vinylH), 6.77 (s, 1H, vinylH), 6.96 (dd, J 
= 8.8, 2.6 Hz, 1H, ArH), 7.02 (d, J = 2.4 Hz, 1H, ArH), 7.15 (dd, J = 12.8, 1.5 Hz, 1H, vinylH), 
7.52 (d, J = 8.9 Hz, 1H, ArH), 8.58 (d, J = 11.7 Hz, 1H, vinylH), 11.38 (d, J = 1.3 Hz, 1H, OH). 
13C NMR (101 MHz, DMSO-d6) δ 26.1 (1, 1’), 27.3 (12), 49.8 (11), 55.7 (19), 87.9 (5), 102.6 
(2), 106.3 (9), 111.2 (14), 112.8 (17), 114.2 (16), 133.9 (6), 134.8 (13), 136.2 (18), 144.4 (7), 
148.1 (10), 150.6 (8), 158.8 (15), 163.8 (3/4), 166.5 (3/4); formation of some B within the time-
course of the 13C-NMR experiment. HRMS (ESI+) calc. for C20H22NO6 [M + H]+: 372.1442, 
found: 372.1415. Matches previously reported values.15

1H NMR (400 MHz, CDCl3) δ 1.73 (s, 6H, C(CH3)2), 3.30 (t, J = 8.0 Hz, 2H, NCH2CH2Ar), 
3.82 (s, 3H, OCH3), 4.13 (t, J = 7.9 Hz, 2H, NCH2CH2Ar), 6.15 (app t, J = 12.3 Hz, 1H, vinylH), 
6.71 (d, J = 12.3 Hz, 1H, vinylH), 6.83 (d, J = 8.2 Hz, 1H, ArH), 6.84 (s, 1H, vinylH), 7.04 (d, J 
= 8.5 Hz, 1H, ArH), 7.25 (s, 1H), 7.63 (d, J = 12.5 Hz, 1H, vinylH), 11.40 (s, 1H, OH). 

1H NMR (400 MHz, CD3CN) δ 1.66 (s, 6H, C(CH3)2), 3.27 (t, J = 7.8 Hz, 2H, NCH2CH2Ar), 
3.79 (s, 3H, OCH3), 4.19 (t, J = 7.7 Hz, 2H, NCH2CH2Ar), 6.18 (app t, J = 12.3 Hz, 1H, vinylH), 
6.89 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 6.92 – 6.97 (m, 2H, vinylH, ArH), 7.02 (d, J = 12.7 Hz, 1H, 
vinylH), 7.26 (d, J = 8.9 Hz, 1H, ArH), 8.06 (d, J = 12.0 Hz, 1H, vinylH), 11.41 (s, 1H, OH). 
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4.6.3 Target analysis for DASA 1

A*

A’Hot GS

A

k2 k1

k3 k4

Scheme 4.2 | Kinetic scheme used for target analysis of the time resolved data for sample 1 
recorded both in the visible and IR spectral range. 

Table 4.3 | Comparison of kinetic constants associated to the species associated spectra (SAS) 
obtained from target analysis. 

Entry Measurement k1 (ps-1) k2 (ps-1) k3 (ps-1) k4 (ps-1)

1 1, VIS 0.657 1.53 0.115 0.000259
2 1, TRIR 0.638 1.489 0.105 0.00155
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Figure 4.12 | Species Associated Spectra (SAS) retrieved from a target analysis employing the 
kinetic scheme depicted in Scheme 4.2 of the time resolved data recorded both in the visible 
(a) and IR (b) spectral range for sample 1.  
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ABSTRACT: Donor acceptor Stenhouse adducts (DASAs) are closely related to (mero)cyanine 
dyes with the sole difference being a hydroxy group in the polyene chain. The presence or absence 
of the hydroxy group has far-reaching consequences for the photochemistry of the compound: 
cyanine dyes are widely used as fluorescent probes, whereas DASAs hold great promise for visible 
light-triggered photoswitching. In this chapter, we analyze the photophysical properties of a DASA 
lacking the hydroxy group. Ultrafast time-resolved pump-probe spectroscopy in both the visible 
and IR region show the occurrence of E–Z photoisomerization on a 20 ps timescale, similar to 
the photochemical behavior of DASAs, but on a slower timescale. In contrast to the parent DASA 
compounds, where the initial photoisomerization is constrained to a single position (next to 
the hydroxy group), 1H-NMR in situ-irradiation studies at 213 K reveal that for non-hydroxy 
DASAs E–Z photoisomerization can take place at two different bonds, yielding two distinct 
isomers. These observations are supported by TD-DFT calculations, showing that in the excited 
state the hydroxy group (pre)selects the neighboring C2–C3 bond for isomerization. The TD-DFT 
analysis also explains the larger solvatochromic shift observed for the parent DASAs as compared 
to the non-hydroxy analogue, in terms of the dipole moment changes evoked upon excitation. 
Furthermore, computations provide helpful insights into the photoswitching energetics, indicating 
that without the hydroxy group the 4π-electrocyclization step is energetically forbidden. Our 
results establish the central role of the hydroxy group for DASA photoswitching and suggest that 
its introduction allows for tailoring photoisomerization pathways, presumably both through 
(steric) fixation via a hydrogen bond with the adjacent carbonyl group of the acceptor moiety, 
as well as through electronic effects on the polyene backbone. These insights are essential for the 
rational design of novel, improved DASA photoswitches and for a better understanding of the 
properties of both DASAs and cyanine dyes. 

5.1 Introduction

Polymethine dyes, and more specifically cyanine dyes (Figure 5.1a),1 have been used for a 
plethora of applications, such as material science2,3 and chemosensing,4 and continue to be 
essential for modern cellular biology.5–7 Hallmarks of this structurally highly diverse class 
of photochromic molecules include high extinction coefficients, high fluorescence quantum 
yields and photostability. Since their introduction, they have been used for photography 
based on silver halides and in optical discs.2 More recently – together with other fluorescent 
dyes – they have had a profound impact on cellular biology as labels and fluorescent 
probes.8,9 Merocyanines (Figure 5.1a) have additional properties, including a pronounced 
solvatochromism and a large change in dipole moment upon excitation, which make them 
ideal chromophores for developing novel materials for optoelectronics and non-linear optical 
applications.10 They contain donor and acceptor moieties connected by a polyene chain, giving 
rise to a push-pull system. The charge transfer between donor and acceptor renders them 
strongly colored and sensitive to the polarity of the environment. Besides being fluorescent, 
polymethine dyes can undergo E–Z isomerization and in some cases light-mediated additions 
of nucleophiles to the polymethine backbone.11–14 Computationally, these systems are difficult 
to tackle and have been found to pose quite a challenge in reproducing their spectroscopic 
properties and correctly estimating their transition energies.15 
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Figure 5.1 | Polymethine dyes and donor-acceptor Stenhouse adducts (DASAs): structural 
overview (a); proposed photoswitching mechanism of DASAs (b) and a related DASA 
compound lacking a hydroxy group (c). 

Photoswitches16 rely on light as an external stimulus to undergo a reversible change in 
structure, absorption spectrum, dipole moment, polarity and charge.17 The possibility of 
exerting light control over molecular properties enables numerous applications.18–25 Herein, 
fluorescence is usually an undesired property (with notable exceptions26,27) since it reduces 
the photochemical quantum yield of isomerization. Recently, donor–acceptor Stenhouse 
adducts (DASAs) have been introduced (Figure 5.1).28,29 DASAs are negative photochromes 
with a tunable absorption maximum in the visible to near-infrared window. They are easily 
synthetized and exhibit very little absorption between 300 and 500 nm, a property that has 
been employed for orthogonal photoswitching (Chapter 2).30 Upon irradiation, the colored 
elongated triene A cyclizes to a colorless form B that then thermally opens to give back A 
(Figure 1a). The initially designed DASAs could be reversibly switched in aromatic solvents, 
but no other organic media, and underwent irreversible cyclization in polar solvents, such 
as water or methanol.29 Following investigations on their photochromic behavior (see also 
Chapter 3),31–33 structural modifications both in the donor and acceptor moiety have been 
introduced, aimed at improving their photochromic activity, resulting in second-generation 
photochromes.34,35 Reversible switching of such derivatives is not limited to aromatic apolar, 
aprotic solvents and can be extended to solid matrices (e.g. poly(methylmethacrylate)).34 

Importantly, DASA photoswitches incorporate vital aspects of merocyanine dyes: they are 
based on a cyclic acceptor (Meldrum’s acid or 1,3-dimethyl barbituric acid) connected to a 
secondary amine-donor through a polyene, with one noticeable difference, the hydroxy group 
in the C2 position. 
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Recent efforts by our group have shed light on the DASA photoswitching mechanism and 
especially the structural details of the actinic step (Figure 5.1b, Chapters 2 and 3).33,36 Applying 
a combination of ultrafast spectroscopy and theoretical DFT calculations, the nature of a short 
lived intermediate A’ was identified which is produced following light absorption and which 
allows the system to evolve between the initial elongated triene form A and the colorless 
cyclized form B (Figure 5.1b). The use of time-resolved IR spectroscopic techniques enabled 
the interpretation of the structural modification induced by light absorption as the result of 
a photochemical Z–E isomerization of the C2–C3 bond (red, Figure 5.1b).36 A subsequent 
bond rotation around C3–C4 (to form A’’) arranges the molecule’s structure to facilitate the 
formation of the cyclized product B. The latter step has been interpreted in terms of a thermal 
4π-electrocyclic rearrangement.29,33,36,37 This mechanism is operative in chlorinated solvents 
for both first and second-generation of DASAs, although the timescale and kinetics of the 
intermediate formation is different between the two families of molecules.36 The thermal 
electrocyclization step is reminiscent of both the (aza-)Piancatelli rearrangement,38–40 as 
suggested by Read de Alaniz and co-workers29 and of the iso-Nazarov cyclization (Chapter 1).41 
De Lera and co-workers have provided an in-depth computational study on the cyclization 
mechanism of hydroxypentadienyl cations relevant for these type of reactions37 and suggested 
an operative electrocyclization mechanism for the polarized pentadienyl cation in favor of an 
ionic mechanism. 

The fundamental understanding of the role of the hydroxy moiety is crucial to elucidate the 
photochemical differences between DASAs and their related cyanines. To clarify its effect 
on the polyene chain and its photochemistry, in this chapter we report a donor-acceptor 
Stenhouse adduct lacking the hydroxy group (compound 1, Figure 5.1c). Considering the 
photoswitching mechanism proposed for its parent DASA structure 2,33,36 the removal 
of the OH functionality is likely to prevent the thermal ring closure.37,42 Indeed, previous 
photochemical investigations on related merocyanine dyes have shown the occurrence of a 
photoisomerization reaction, but no observed cyclization.13,14 Thermal cyclization in the dark is 
known, but only occurs at elevated temperature.43 Our results confirm these observations and 
shed further light on the structure-property relationship of both merocyanines and DASAs. 
Using a combination of time-resolved spectroscopy, both in the visible and IR spectral ranges, 
NMR in situ-irradiation experiments and theoretical DFT calculations, we have characterized 
the photochemistry of compound 1 (non-hydroxy DASA, Figure 5.1c) and compared it with 
compound 2 (parent DASA, Figure 5.1b). We find that compound 1 undergoes isomerization 
around bond C2–C3 (orange, Figure 5.1c) but also around C3–C4 bond (olive, Figure 5.1c). 
This is in contrast to DASAs that were only found to isomerize around the C2-C3 bond (red, 
Figure 5.1b) adjacent to the hydroxy group and to cyclize to form cyclopentenones (B-form). 
Time-resolved spectra recorded for compound 1 in both the visible and infrared spectral 
range, are qualitatively similar to those of the related DASA compound 2, thus confirming the 
occurrence of a light-induced isomerization. The time constant for the isomerization process 
is, however, larger for the non-hydroxy analogue: the process occurs on a 20 ps timescale for 
compound 1 as compared to a 2 ps timescale observed for compound 2 (in chloroform).36 

Furthermore, compared to DASA 2 the fluorescence increases for compound 1. Recently, Qu 
and co-workers have attached a 1,8-naphthalimide fluorophore to create a DASA-fluorophore 
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conjugate for fluorescence modulation.44 Taken together, these results show that the hydroxy 
group in DASAs serves as a “selector” of the bond to isomerize by polarizing the polyene 
chain weakly in the ground state and strongly in the excited state. The strong hydrogen bond 
between the hydroxy group and the adjacent carbonyl of the acceptor moiety also prevents 
large structural distortions in the excited state as well as in the C3–C4 bond rotation step 
(Figure 5.1b). The latter step eases the formation of the intermediate A’’ that prepares the 
structure for a ring-closure via a 4π-electrocyclic conrotatory rearrangement. In this step, 
the presence of the hydroxy group is vital, because it takes part in the proton transfer process 
and contributes in stabilizing the charge distribution along the polyene chain driving the 
electronic rearrangement which ends with the ring closure reaction.

5.2 Results and Discussion

5.2.1 Synthesis

Compound 1 was synthesized by activation of pyridine with 1-chloro-2,4-dinitrobenzene 
(compound 3) and subsequent ring-opening with diethyl amine (compound 4, scheme 
5.1). Knoevenagel condensation of the obtained aldehyde 4 with Meldrum’s acid in pyridine 
yielded final product 1. 

 

Scheme 5.1 | Synthesis of non-hydroxy DASA analogue 1. 

5.2.2 Steady state spectroscopy

In order to elucidate the responsive switching behavior of DASA 1, photoisomerization 
was studied by steady state spectroscopy. Figure 5.2 shows the UV/vis absorption spectra of 
compound 1 measured in different solvents and for comparison the solvatochromic shifts of 
2. 
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Figure 5.2 | Comparison of UV/vis absorption spectra of compound 1 and 2 in different 
solvents: a) compound 1 and 2 in toluene; b) solvatochromism of compound 1 and c) 
solvatochromism of compound 2. 

Compared to the spectra of the parent DASA compound 2 (Figure 5.2c), the absorption band 
of compound 1 (Figure 5.2b) undergoes a hypsochromic shift in all solvents, indicating that 
the removal of the hydroxy functional group increases the gap between the HOMO and LUMO 
orbitals involved in the S0–S1 transition, which are mainly localized on the conjugated triene 
chain (see Figure 5.3a and b). The observed shifts are in good agreement with theoretical 
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values (e.g. -0.27 eV vs. -0.36 eV for toluene) obtained by the TD-M06-2X method45 using 
the 6-311++G(2df,2p) basis set46 in combination with the universal continuum solvation 
model based on solute electron density (SMD)47 and the corrected linear response (cLR) 
approach48 to account for the solvent effects on both ground state (GS) and excited state 
(ES) electron densities. A red shift of the absorption as a function of decreasing polarity is 
observed among the investigated aprotic solvents, while the absorption band appears notably 
blue shifted in protic media such as water and methanol. The presence of the protic group 
in 2 leads to a generally stronger solvatochromism (Figure 5.2c). The observed trends are 
again well reproduced by the cLR/SMD/TD-DFT calculations. In particular, the stronger 
solvatochromism of 2 can be rationalized in terms of the changes of the dipole moment upon 
excitation. Whereas for 1 the change is almost negligible (0.29 D in chloroform) leading to 
minor solvatochromic shifts, for 2 it is noticeably larger and negative (-1.16 D in chloroform). 
Consequently, the more polar the solvent is, the more stabilized the GS becomes compared to 
the ES, leading to larger hypsochromic shifts. 

Figure 5.3 | Electronic density difference (EDD) plots between the ES and the GS of A for 
compounds 1 (a) and 2 (b) in chloroform obtained at the SMD/M06-2X/6-311++G(2df,2p) 
level of theory. The blue (red) regions correspond to decrease (increase) in electron density 
upon electronic transition. A contour threshold of 0.001 a.u. has been applied. Bond lengths 
(in Å) are depicted for GS (blue) and ES (red) structures of the A form for 1 (c) and 2 (d) in 
chloroform. GS and ES geometries correspond to geometries optimized at the SMD/B3LYP/6-
31++G(d,p) and SMD/TD-M06-2X/6-31+G(d) levels of theory, respectively. 

The FTIR spectrum of compound 1 is reported in Figure 5.4 and compared to that of 2 is also 
shown for comparison. Furthermore, Figure 5.4 reports the simulated FTIR spectra for both 
molecules obtained at the SMD/B3LYP/6-31++G(d,p) level using the harmonic approximation 
(FWHM = 12 cm-1; scaling factor 0.98). It can be seen that spectra computed for A of both 
1 and 2 satisfactorily reproduce all main features of the measured spectra, confirming that 
both molecules in the ground state attain a similar elongated triene conformation. Analysis 
of mode composition, as obtained by DFT, suggests that the differences between the FTIR 
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spectra of 1 and 2, in the reported frequency region, mainly arise from a different character 
of the C–C bonds along the conjugated chain, which is affected by the presence of a hydroxy 
group, and from the possibility to form a hydrogen bond between the hydroxy group and the 
acceptor carbonyl group in 2. Whereas in 1 the bond length alternation indicates efficient 
π-conjugation, in the case of 2 the C(A)–C1 (A=Acceptor) and C2–C3 bonds are noticeably 
longer (see Figure 5.3c and d). The weakening of these two bonds brings about a small red 
shift of the 1160 cm-1 peak, which mainly accounts for the C1–C2/C2–C3 asymmetric bond 
stretching (coupled with the C4–C5 stretching and C–H rocking), and also more pronounced 
shifts of the ca. 1350–1380 cm-1 and 1500 cm-1 bands associated predominantly with the C(A)–
C1 stretching and C(A)–C1/C1–C2 asymmetric stretching modes, respectively. A significant 
increase of the intensity of a band at ca. 1500 cm-1 is also observed in the case of compound 1. 

Figure 5.4 | Comparison of the measured (upper) and simulated (lower) FTIR spectra of 
compound 1 (red line) and 2 (black line) in deuterated chloroform. For the computational 
details, see text. 

Further differences are noted in the 1600-1700 cm-1 region: in particular, the band observed 
at 1623 cm-1 in 2 almost disappears, while a band at 1674 cm-1 appears in the spectrum of 
the non-hydroxy analogue 1. Our previous DFT analysis of 2 showed that there is a strong 
H-bond between the OH group linked to the triene chain and one of the carbonyl groups of 
the acceptor ring.31,36 1H-NMR spectroscopy confirms the facile exchangeability of this proton 
(Figure 5.5). No signal for the hydroxy proton is observed. The proton is quickly exchanged 
with a deuterium atom in methanol-d4. 
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1 435 -N(CH2CH3)2 -N(CH2CH3)2

-C(CH3)2

Figure 5.5 | 1H-NMR spectrum of compound 2 in CD3OD at 293 K. 

The observed spectral changes in the carbonyl region suggest the assignment of the 1623 cm-1 

band to the H-bonded ring carbonyl stretch in case of 2, which, upon the removal of the 
hydrogen bond in 1, blue-shifts to 1674 cm-1 indicating a very strong hydrogen bond. This 
assignment is further supported by the presence of a band at 1700 cm-1 in 2, due to the second 
non H-bonded carbonyl. The occurrence of a strong H-bond interaction in DASAs is also 
evidenced by the inspection of the FTIR spectra of compounds 1 and 2 in the 2500–3500 cm-1 

region, which show for 2 an OH-stretch band at ca. 2900 cm-1 (see Figure 5.6). As yet, this 
H-bond has not received extensive attention, but it is clear that it will have mechanistic 
implications as it will influence the proton transfer step to form the zwitterionic structure 
B shown in Figure 5.1b for the first-generation DASA 2. From this point of view, studies of 
DASA derivatives in which the strength of such a hydrogen bond can be modulated would be 
highly interesting. 
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Figure 5.6 | Comparison of the FTIR spectra recorded in deuterated chloroform of compound 
2 and the corresponding non-hydroxy analogue 1 in the OH stretching absorption region. 

To assess the usefulness of 1 as photoswitch, UV/vis spectroscopy with irradiation under 
steady-state conditions was performed (Figure 5.7 in chloroform). No photobleaching of the 
sample is observed upon irradiation as would be the case for 2. However, a photostationary 
state is rapidly reached and maintained under irradiation. After irradiation is stopped, rapid 
relaxation is observed. A bathochromically shifted absorption band is temporarily apparent, 
reminiscent of the intermediate formed in the photoswitching of 2.33 Solvent-polarity 
influences the extent of this red-shift. Compound 1 shows clean photoswitching throughout 
a range of solvents (toluene, dichloromethane, chloroform, methanol, dimethyl sulfoxide, 
acetone, water and PBS buffer), with little fatigue observed in aqueous environments. 



143

 Tailoring Photoisomerization Pathways in Donor-Acceptor Stenhouse Adducts: The Role of the Hydroxy Group

5

450 500 550 600

Wavelength / nm

A
bs

or
ba

nc
e

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
493 nm 522 nm

a) Compound 1
thermally adapted
PSS white light

Time / s

A
bs

or
ba

nc
e

0 50 100 150 200

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

b) at 493 nm at 522 nm white light

Figure 5.7 | a) Absorption spectra for the photoisomerization of compound 1 (λmax = 493 nm; 
~6 µM in chloroform; 293 K; optical cut-off filter < 440 nm, SCF-50S-44Y) with white light 
and b) corresponding time-evolution observed at 493  nm and 522  nm. The shaded area 
indicates the irradiation period. 

5.2.3 Time-resolved spectroscopy

Time-resolved spectroscopy allows detailed insights into the structure and dynamics of the 
compound in question during the actinic step. The evolution-associated difference spectra 
(EADS) obtained by global analysis49 of visible pump-probe data recorded for compound 1 in 
chloroform upon λ = 480 nm light excitation are shown in Figure 5.8 and 5.9. As evidenced 
from photo-accumulation experiments, the sample does not cyclize irrespective of the solvent. 
Nonetheless, a long-lived bathochromically shifted band peaking at 512 nm 
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Figure 5.8 | a) EADS obtained from global analysis49 of time-resolved visible pump-probe data 
recorded for compound 1 dissolved in chloroform and excited at 480 nm; b) kinetic traces 
recorded on the maximum of the product band in various solvents. 

appears in the transient spectra ca. 20 ps after light absorption (Figure 5.8a) and it closely 
resembles that assigned to the Z–E isomerized intermediate (A’) observed in the parent DASA 
2.33

The EADS shown in Figure 5.8 closely follow those reported for DASA 2 (Chapter 4).36 As 
noticed from inspection of Figure 5.8, in chloroform a bleaching band peaked at 500 nm, 
promptly appears upon photoexcitation. The signal intensity partially recovers in 2  ps, 
then, on a timescale of 20 ps, a positive band, peaking at 512 nm, appears in the transient 
spectra (see the blue EADS component reported in Figure 5.8a). The EADS obtained from 
transient absorption measurements repeated in different solvents are depicted in Figure 5.9. 
The qualitative appearances of the transient signal and the observed spectral evolution do 
not significantly change when the solvent is changed. In all cases, a positive band peaking 
at 500–515 nm is observed in the long-lived spectral component. However, the maximum 
absorption band of the photoproduct and the observed shift with respect to the ground 
state absorption both depend on the solvent. This explains why in methanol, where the 
ground state absorption band is broad, a bathochromically shifted band is hardly seen in 
steady-state photoaccumulation experiments (Figure 5.18). The quantum yields for the 
photoisomerization of 1 were estimated by comparing the absorption maximum of the black 
EADS with the remaining negative signal of the blue EADS from the ultrafast measurements 
and are 6% (toluene), 11.9% (dichloromethane), 13.8% (chloroform), 8.6% (methanol) and 
7% (dimethyl sulfoxide). 
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The dynamics of photoproduct formation is influenced by solvent polarity. A comparison 
of the kinetic traces recorded at the maximum absorption of the photogenerated species 
is reported in Figure 5.8b, showing that the rate of appearance of the positive peak in the 
transient spectra slows down upon increasing the polarity of the solvent. The time constant for 
the photoproduct formation is in fact 8.5 ps in toluene and increases up to 56 ps in dimethyl 
sulfoxide, where, besides a polarity effect, also the increased viscosity could play a role. It is, 
however, worth noticing that even in case of toluene the photoproduct is formed with a slower 
rate compared to the parent DASA 2 (in that case the intermediate is observed on a 2 ps 
timescale) and no further spectral evolution of the product band is observed in any solvent. 

To further characterize the nature of the photoproduct obtained upon light absorption for 
compound 1, ps-transient infrared spectra were recorded (Figure 5.10). IR-based techniques 
are particularly suited to shed light on changes occurring in molecular structures upon 
photoexcitation and have been widely used to investigate light induced structural changes 
in polyene systems.50–52 The EADS obtained from global analysis49 of transient spectra 
acquired between 1100–1750 cm-1 are reported in Figure 5.10. In case of transient infrared 
measurements, the sample has been excited on the red-edge of its absorption band, at 510 nm. 
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Figure 5.10 | a) EADS obtained from global analysis49 of time-resolved infrared data recorded 
for compound 1 in deuterated chloroform; the last spectral component is magnified in panel 
b). The gray line on the top panel of the figure reports the FTIR spectrum of the molecule in 
the same solvent. c) Comparison of experimental and simulated last EADS components in 
the same solvent. The blue/pink/red/green lines correspond to the GS difference harmonic 
IR spectra of the species A’(A)/A’(B)/A’(A)+A’(B)(1:1)/A’’ with respect to the spectrum of 
A obtained at the SMD/B3LYP/6-31++G(d,p) level of theory (FWHM = 20  cm-1, scaling 
factor=0.98). 

The initial spectral component (black EADS in Figure 5.10a) shows several negative bands, 
whose position well corresponds to the bleaching of ground state modes. As already noticed 
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in case of the previously studied DASA photoswitches, very few excited-state absorption 
bands are observed (Chapter 4).36 DFT calculations of the vibrational spectra in the excited 
state have shown a strong decrease of intensity of almost all the vibrational bands occurring 
in the excited state, and only minor shifts compared with ground state band positions, which 
explains the predominance of negative signals in the transient spectrum.36 In the carbonyl 
stretching region (1600–1750 cm-1), the excited state bands are clearly visible. In this region, 
three positive signals at 1606, 1635 and 1694 cm-1 are observed. On a 7 ps timescale, the intensity 
of the bleaching signals decreases, while the observable positive bands slightly sharpen and 
blue-shift. This spectral behavior allows assigning the 7 ps component to vibrational cooling 
in the excited state. The initial evolution appears to be slower than what observed in transient 
visible measurements, which may be due to the different excitation conditions used in this 
case, preventing excess vibrational energy in the S1 state. The following evolution, occurring 
on a 21.5  ps timescale, is associated to a further recovery of the bleaching signals and to 
the appearance of a few more positive bands. In particular, small absorption bands at 1190, 
1236, 1340 and 1421 cm-1 develop (Figure 5.10b). The spectrum of the long-living spectral 
component extracted from the globally analyzed time resolved data of compound 1 resembles 
that observed for the parent DASA photoswitch 236 and is assigned to a photogenerated 
intermediate resulting from E–Z isomerization. In the present case, however, two positive 
bands are noticed in the 1190–1240 cm-1 region. Moreover, the differential signal at 1160(-
)/1190(+) cm-1 is less pronounced if compared to that observed for compound 2, possibly 
because the negative signal is in this case much broader. DFT simulations reproduce all main 
features of the observed spectrum (Figure 5.10c), except for predicting a negative signal at 
ca. 1200 cm-1, which is a consequence of an overestimated absorption intensity of A in its GS 
(cf. Figure 5.4). Nevertheless, the similarity between the spectral evolution of the transient 
infrared signal of compounds 1 and 2 leads us to conclude that the photoproducts obtained 
in systems with and without the OH functionality have a similar nature and result from a 
photoisomerization event. 
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5.2.4 1H-NMR in situ-irradiation experiments

The structure of the photoproduct has been further investigated by performing NMR in situ-
irradiation studies at low temperature (203–213 K). Notably, irradiation of 1 at 213 K with 
470 nm light in deuterated dichloromethane leads to the reversible formation of two isomers 
A’(A) and A’(B) (Figure 5.11). 
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Figure 5.11 | NMR in situ-irradiation experiments of compound 1 reveal two sets of 
photogenerated peaks corresponding to isomers A’(A) (green) and A’(B) (grey). Acetone-d6 
was used to verify the coupling constants, as in deuterated dichloromethane some signals 
were overlapping. Formation of A’(A) and A’(B) isomers is reversible and light-dependent. 
A schematic representation of the relevant spectra (obtained by line fitting) is provided for 
clarity. 
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Full structural assignment of these two isomers was performed in deuterated acetone due 
to overlapping NMR signals of isomer A’(B) with the parent compound 1 in deuterated 
dichloromethane (for a comparison, refer to Figure 5.12).

Acetone-d6, 213 K
470 nm

CD2Cl2, 203 K
470 nm

1 23 451 2 3 45

1 23 45 1 2 3 45

A’(A)
A’(B)

A’(A)
A’(B)

Figure 5.12 | Comparison of 1H-NMR spectra of compound 1 in CD2Cl2 at 203 K (4 mM) and 
acetone-d6 at 213 K (4 mM) under irradiation. 

2D-NMR spectroscopy under irradiation (1H,1H-COSY, 1H,1H-TOCSY and 2D-NOESY) 
and analysis of the coupling constants between the polyene protons suggest a comparable 
behavior of 1 in deuterated dichloromethane and deuterated acetone, which is also observed 
by UV/vis spectroscopy. While coupling constants in the parent compound are in the range 
of 11–14 Hz indicative of a linear, elongated configuration, lower coupling constants (<10 Hz) 
strongly suggest a Z-configuration for 1 after photoisomerization. We thus conclude that the 
two isomers A’(A) and A’(B) differ in the position of the Z-bond within the polyene chain 
(C2–C3 vs. C3–C4). This is supported by the through-space connectivity deduced from nuclear 
Overhauser spectroscopy. For clarity, A’(B) is drawn in its resonance form, noting the partial 
double bond character throughout the conjugated system (see discussion of bond lengths 
above). Upon cessation of irradiation, both isomers revert to A. The fact that two independent 
isomers are formed is remarkable, as for DASA 2 only one isomer is formed under otherwise 
identical conditions (deuterated dichloromethane, 213 K, 530 nm, see also Chapter 3).33 The 
hydroxy group thus seems to (pre)select the bond to be isomerized (C2–C3) and to suppress 
isomerization of the C3–C4 bond (Figure 5.1). Electronic density difference (EDD) plots and 
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213 K 218 K 223 228 K 233 K

Figure 5.13 | Time evolution of 1H-NMR spectra of compound 1 (4  mM in acetone-d6) 
after switching off irradiation at specified temperatures (213  K, 218  K, 223  K, 228  K and 
233 K; left to right), temporal spacing adjusted to 200 s. The two photoaccumulated isomers 
are disappearing with different rates. The photostationary states reached are temperature 
dependent. The colors blue and orange indicate the two different isomers A’(B) and A’(A). 

analysis of bond-length alternations (Figure 5.3) support this observation. As the isomers are 
red-shifted with respect to A, irradiation near their absorption maximum should accelerate 
their back isomerization to A. Irradiation of the sample with 530 nm indeed accelerates the 
relaxation to A. Temperature-dependent 1H-NMR (Figure 5.13) and UV/vis studies show 
a different thermal behavior of the two isomers, accounting for the observed change in 
photostationary states achieved under irradiation at different temperatures, and different 
rates of thermal relaxation. While A’(B) dominates over A’(A) in steady-state concentration 
under irradiation at 213 K in acetone-d6, the ratio changes in favor of A’(A) with increasing 
temperature, leading to an almost disappearing signal of A’(B) at 233 K (Figure 5.14). 
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213 K

218 K

223 K

228 K

233 K

1.00 : 0.55

1.00 : 0.75

1.00 : 1.20

1.00 : 2.12

1.00 : 4.57

* *
*

Figure 5.14 | Comparison of photostationary states (PSS) reached at different temperatures 
during irradiation of compound 1 (4 mM) in acetone-d6 with 470 nm light. Different ratios 
of the two isomers A’(B) and A’(A) are observed. Overall, the PSS decreases with increasing 
temperature. 

TD-DFT calculations support these findings. The photoisomerizations are likely to be 
reversible as was previously shown for DASA 2.36 Importantly, the thermal stability of the 
isomers (especially of A’(A)) lies in the range of what was observed before for 2 (Chapter 3).33 
Given the calculated energies, the formation of A’’ could potentially be possible. However, 
none of the employed spectroscopic measurements (NMR, TRIR) indicates that this is 
actually occurring. 

To rationalize the lack of cyclization of compound 1 upon photoexcitation, we analyzed the 
change of bond lengths and charge distribution during the transformation from A to B. The 
calculations show that the presence of the hydroxy group is essential to polarize the polyene 
chain in the correct way to drive cyclization, once the molecule reaches the A’’ configuration. 
Furthermore, since a proton transfer is expected to take place during cyclization, the activation 
barrier for the proton transfer cyclization step for compounds 1 and 2 was estimated (Figure 
5.15). Two potential energy curves along the reaction coordinate related to the C1–C5 interatomic 
distance have been calculated at the SMD/B3LYP/6-31+G(d) level by constrained optimizations 
of all coordinates, with the C1-C5 bond length kept frozen, using methanol as typical protic 
environment (Figure 5.15). The green curves shown in Figure 5.15 describe the ring closure 
in the A’’ form, while the blue curves refer to the ring opening in the B form. The crossing  
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Figure 5.15 | Potential energy curves for the proton transfer cyclization step, i.e., A’’ to B 
transformation for compounds 1 (a) and 2 (b) computed at the SMD/B3LYP/6-31+G(d) level 
of theory. The green curve corresponds to the ring closure in the A’’ form, while the blue curve 
corresponds to the ring opening starting from the B form. The reaction coordinate (in Å) is 
defined as the negative relative distance of carbon atoms with respect to the equilibrium C1…
C5 bond distance in A’’. The crossing point of the green and blue curves indicates the barrier 
for intermolecular proton transfer. The star point on the green curve in (b) corresponds to an 
intramolecular proton transfer configuration. The fact that it is positioned behind the crossing 
point implies that H+ is preferentially transferred to the environment or to a neighboring 
DASA molecule. 

point of the two curves enables us to estimate a barrier for intermolecular proton transfer 
(mediated by protic solvent). It can be seen that the barrier for the cyclization of compound  
1 is high (ca. 34 kcal/mol). On the other hand, in the case of compound 2 the presence of 
the hydroxy group clearly facilitates the proton transfer and electrocyclization, decreasing 
the activation barrier to ca. 26 kcal/mol. A proton-transfer step is important, as Stenhouse 
salts lacking such a strong hydrogen bond show strongly pH-dependent photoswitching.42 
In addition, our calculations suggest that the presence of the OH stabilizes a partial positive 
charge on carbon C5 and a small negative charge on carbon C1, favoring the ring closure step. 
This is not possible for compound 1, lacking the hydroxy group, majorly contributing to the 
observed higher barrier for cyclization of 1 as compared to 2. 
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5.3 Conclusions

The presented experimental and theoretical analyses have elucidated the important role of 
the hydroxy substituent on the DASA photoswitching capacity, focusing in particular on the 
intermediate products originating from the actinic step. Our experimental and theoretical 
work shows that the hydroxy group acts by restricting photoisomerization of compound 2 
towards the sole formation of isomer A’(A). The “preselection” of bond C2–C3 is likely due to 
a decreased electron density and elongation of that particular bond (particularly in the ES). 
Notably, in case of the non-hydroxy analogue 1, two isomers A’(A) and A’(B) are accumulated 
at low temperature under irradiation as observed by NMR spectroscopy. 

Time-resolved UV/vis and IR spectroscopy have provided spectroscopic insights into details 
and timescales of the isomerization pathway. They fully support the occurrence of an E–Z 
isomerization upon photoexcitation, and support the formation of two photoswitched 
isomers, although the similarity of the DFT-predicted IR spectra of A’(A) and A’(B) impedes 
an unambiguous distinction of the two isomers. The comparison of the photoisomerization 
kinetics of 1 and 2 shows that the non-hydroxy analogue 1 isomerizes about ten times slower 
than the parent DASA. The increased photoisomerization rate observed for compound 2 can 
be rationalized in terms of the influence that the hydroxy substituent has on the triene bond 
length alternation and through steric effects. A somehow related effect has been previously 
observed in case of the rhodopsin chromophore, where the introduction of a methyl 
substituent accelerates the photoisomerization rate in solution.53,54 Overall, our results show 
that by introducing a hydroxy group in the C2-position of the polyene chain one can control 
photoswitching pathways and favor cyclization. The role of the strong hydrogen-bond in the 
proton transfer step leading to B in compound 2 is of considerable interest but needs further 
study. 

The presented results are directly applicable for improvements of DASA photoswitching, 
and are important for acquiring a better understanding of the (photo)chemical properties 
of DASAs and cyanine dyes. One particularly attractive approach includes the substitution 
of the hydroxy group with other polar protic groups such as thiols and amines or polarizing 
groups such as halides, and varying the position of these groups. Such studies are presently 
being pursued. 
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5.6 Experimental Data

5.6.1 Materials and methods

For the general methods section, please refer to section A, Materials and Methods. For further 
details, please refer to the supporting information of the published article (DOI: 10.1021/acs.
jpca.7b10255).

Chemicals: Pyridine and diethylamine were purchased from Sigma Aldrich. 1-Chloro-2,4-
dinitrobenzene and 2,2-dimethyl-1,3-dioxane-4,6-dione were purchased from Combi Blocks. 

Visible transient absorption measurements: The system used to record transient absorption 
spectra (TAS) has been previously described.55 Briefly, it is composed of an integrated 
Ti:sapphire oscillator-regenerative amplifier system (Spectra Physics Tsunami-BMI Alpha 
1000) delivering 100 fs pulses centred at 795 nm. A small portion of the fundamental laser 
radiation is used to produce the white light probe beam, obtained by focussing the 795 nm 
light on a 2 mm thick sapphire window. The generated white light is then divided in a probe 
and reference beam through a 50% beamsplitter. The visible pump pulse, set at 500 nm, is 
generated by pumping a home-made non collinear optical parametric amplifier (NOPA) with 
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a portion of the fundamental 795 nm. The pump beam polarization was set to magic angle 
with respect to the probe beam by rotating a λ\2 plate, to exclude rotational contributions. 
Before the generation of the probe light, the portion of fundamental radiation directed on 
the probe/reference pathway is sent through a motorized delay stage, which allows to vary 
the relative time of arrival of pump and probe beam and to collect transient spectra in a 
temporal interval going up to 1.5  ns. Both pump and probe are overlapped at the sample 
position through a 150 mm spherical mirror, while the reference beam crosses the sample 
on a different position. After passing through the sample the white light probe and reference 
pulses are both directed to a flat field monochromator coupled to a home-made CCD detector 
[http://lens.unifi.it/ew]. The sample was contained in a 2  mm quartz cuvette, mounted on 
a motorized stage in order to minimize photodegradation. The excitation wavelength was 
set at 480  nm and excitation power to 30–40  nJ. Measurements were performed at room 
temperature. Before and after the measurements, the integrity of the sample was checked on 
a PerkinElmer LAMBDA 950 spectrophotometer. 

Infrared transient absorption measurements: The experimental setups used for time-
resolved infrared measurements is based on a Ti:sapphire oscillator/regenerative amplifier, 
operating at 1 kHz and producing 40 fs pulses centered at 800 nm (Legend Elite, Coherent).56 

The fundamental laser output is split in order to generate the mid-IR probe and the Visible 
(VIS) pump. Visible pulses are obtained by a pumping home-made non-collinear optical 
parametric amplifier (NOPA), the excitation wavelength is set at 510 nm with a 50–100 nJ 
power. The infrared beam is generated by a pumping home built optical parametric amplifier 
(OPA) with difference frequency generation. The output of the OPA is split into two beams of 
equal intensity, which are used as probe and reference beams. The polarization of the pump 
beam was set to magic angle with respect to the probe beam by rotating a λ\2 plate. Time 
resolved spectra were acquired within a time interval spanning from -5 to 500 ps. After the 
sample, both probe and reference are spectrally dispersed in a spectrometer (TRIAX 180, 
HORIBA JobinYvon) and imaged separately on a 32 channels double array HgCdTe detector 
(InfraRed Associated Inc., Florida USA). The recorded infrared spectrum, spanning in the 
frequency interval 1100–1750 cm-1 is obtained by recording six separate partially overlapping 
spectral windows, of about 200 cm-1. The sample is contained between two calcium fluoride 
windows separated by a 50 μm Teflon spacer and mounted on a movable sample holder. FTIR 
spectra are recorded in the same cell used for transient measurements using a Bruker Alpha-T 
spectrometer. All measurements have been performed at room temperature. 

Data analysis: The acquired time resolved spectra, both in the visible and infrared spectral 
ranges, have been analysed using a global analysis procedure, which consists of the 
simultaneous fit at all the acquired frequencies with sums or combination of exponential 
decay functions.49 Global analysis was performed using the GLOTARAN package (http://
glotaran.org),57,58 employing a linear unidirectional “sequential” model. The number of 
kinetic components to be used in the global fit is determined by a preliminary singular value 
decomposition (SVD) analysis performed with the same software.59,60 The output of the global 
analysis procedure retrieves both kinetic constants and the associated spectral components 
(EADS, evolution associated decay spectra). 
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5.6.2 Synthesis and characterization

Synthesis of non-hydroxy DASA (1):

 

Compound 3 has been prepared according to a reported procedure.61,62 Spectral properties 
matched previously reported values. 

1-(2,4-dinitrophenyl)pyridin-1-ium chloride (3): 

 

Compound 3 was synthesized according to a known procedure:61,62 1-chloro-2,4-
dinitrobenzene (6.06 g, 29.9 mmol) was dissolved in acetone (20 mL) and pyridine (2.53 mL, 
31.4  mmol) was added to form a red-orange solution. The reaction mixture was heated 
under reflux (80 °C, use of a reflux condenser) for 40 h, after which it was cooled to room 
temperature and the formed solid was filtered off and washed with acetone (3 x 50 mL) and 
pentane (3 x 50 mL). This yielded 6.68 g of 3 (79% yield) as a pale yellow solid, pure enough to 
proceed without further purification. Mp. decomposition above 195 °C; 1H NMR (400 MHz, 
D2O) δ 8.38 (d, J = 8.7 Hz, 1H, Ar-H1), 8.49 (t, J = 7.3 Hz, 2H, Ar-H5), 8.99–9.09 (m, 2H, Ar-
H2 and Ar-H6), 9.30 (d, J = 5.8 Hz, 2H, Ar-H4), 9.42 (d, J = 2.5 Hz, 1H, Ar-H3); 13C NMR (101 
MHz, D2O) δ 122.7, 128.5, 130.7, 131.3, 138.7, 142.9, 145.4, 149.2, 149.6; HRMS (ESI+) calc. 
for C11H8N3O4 [M – Cl]+: 246.0509, found: 246.0494. 

(2E,4E)-5-(diethylamino)penta-2,4-dienal (4): 

 

To synthesize compound 4 an adapted procedure was used:61,62 3 (2.00 g, 7.10 mmol) was 
added to a 100 mL round-bottomed flask equipped with stirring bar and a reflux condenser 
and the solid was dissolved in ethanol (12 mL). Diethylamine (1.47 mL, 1.04 g, 14.20 mmol) 
was added dropwise, resulting in a dark-red solution. The reaction mixture was heated under 
reflux under nitrogen atmosphere for 2  h and then let cool down to room temperature. 
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All volatiles were removed under reduced pressure and water (100  mL) was added to the 
residue and the resulting mixture cooled to 0 °C for 30 min. The precipitated dinitroaniline 
was removed by filtration. After washing with excess cold water (3 x 50 mL), 5N aq. NaOH 
solution (100 mL) was added dropwise to the dark orange filtrate and stirred. The aqueous 
solution was extracted with dichloromethane (4–6 x 50 mL). After drying with MgSO4 and 
subsequent filtration, solvents were evaporated under reduced pressure to yield 0.664 g (61% 
yield) as a redish oil. The compound was used without further purification. If needed, one 
can purify the compound via flash column chromatography (1:1 EtOAc/Pentane, Rf = 0.24). 
1H NMR (400 MHz, CDCl3) δ 1.20 (t, J = 7.3 Hz, 6H, N(CH2CH3)2), 3.27 (q, J = 7.2 Hz, 4H, 
N(CH2CH3)2), 5.33 (app t, J = 12.1, 1H, vinylH), 5.78 (dd, J = 14.2, 8.4 Hz, 1H, vinylH), 6.87 
(d, J = 12.6 Hz, 1H, vinylH), 7.15 (dd, J = 14.2, 11.6 Hz, 1H, vinylH), 9.25 (d, J = 8.5 Hz, 1H, 
CHO); 13C NMR (101 MHz, CDCl3) δ 12.8 (br.), 45.7 (br.), 77.2, 96.2, 118.0, 150.9, 157.2, 
191.2; HRMS (ESI+) calc. for C9H16NO [M + H]+: 154.1226, found: 154.1216. 

5-((2E,4E)-5-(diethylamino)penta-2,4-dien-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6-
dione (1): 

 

To synthesize compound 1, an adapted procedure was used:63 4 (372 mg, 2.43 mmol) was 
dissolved in pyridine (4  mL). Subsequently 2,2-dimethyl-1,3-dioxane-4,6-dione (327  mg, 
2.27 mmol) was added to the reaction mixture and the resulting solution was stirred for 16 h 
at room temperature under exclusion of light. After completion of the reaction, diethyl ether 
was added (50 mL) and the reaction mixture was cooled. The precipitated product was filtered 
off as red crystals and dried to yield 439 mg of 1 (69% yield). Mp. 191–192 °C; 1H NMR (400 
MHz, CDCl3) 1.25 (t, J = 7.2 Hz, 3H, NCH2CH3), 1.30 (t, J = 7.1 Hz, 3H, NCH2CH3), 1.69 (s, 
6H, C(CH3)2), 3.39 (m, 4H, 2 x NCH2CH3), 5.69 (t, J = 12.2 Hz, 1H, H4), 7.07 (d, J = 12.3 Hz, 
1H, H5), 7.22 (t, J = 12.6 Hz, 1H, H3), 7.44 (t, J = 13.2 Hz, 1H, H2), 7.94 (d, J = 13.1 Hz, 1H, 
H1); 13C NMR (101 MHz, CDCl3) δ 12.2, 14.8, 27.3, 43.7, 51.5, 96.6, 103.2, 103.3, 118.6, 155.9, 
157.8, 162.7, 163.2, 165.6; HRMS (ESI+) calc. for C15H22NO4 [M + H]+: 280.1543, found: 
280.1523. 

CD2Cl2

1H NMR (400 MHz, CD2Cl2, 293 K) δ 1.26 (m, 6H, N(CH2CH3)2), 1.65 (s, 6H, C(CH3)2), 3.39 
(m, 4H, N(CH2CH3)2), 5.76 (app t, J = 11.8 Hz, 1H, H4), 7.14 (d, J = 12.2 Hz, 1H, H5), 7.30 
(app t, J = 13.1 Hz, 1H, H3), 7.36 (app t, J = 12.7 Hz, 1H, H2), 7.86 (d, J = 12.5 Hz, 1H, H1).

DMSO-d6

1H NMR (400 MHz, DMSO-d6) δ 1.16 (t, J = 7.1 Hz, 3H, N(CH2CH3)2), 1.23 (t, J = 7.2 Hz, 
3H, N(CH2CH3)2), 1.56 (s, 6H, C(CH3)2), 3.52 (m, 4H, N(CH2CH3)2), 6.04 (t, J = 12.2 Hz, 1H, 
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H4), 7.20 (t, J = 13.2 Hz, 1H, H2), 7.49 (t, J = 12.8 Hz, 1H, H3), 7.62 (d, J = 13.7 Hz, 1H, H1), 
7.79 (d, J = 11.7 Hz, 1H, H5).

Acetone-d6

1H NMR (400 MHz, acetone-d6, 293 K) δ 1.28 (t, J = 7.3 Hz, 3H, N(CH2CH3)2), 1.32 (t, J = 
7.2 Hz, 3H, N(CH2CH3)2), 1.59 (s, 6H, C(CH3)2), 3.59 (q, J = 7.2 Hz, 4H, N(CH2CH3)2), 5.93 
(app t, J = 12.1 Hz, 1H, H4), 7.32 (app t, J = 13.1 Hz, 1H, H2), 7.45 (app t, J = 12.7 Hz, 1H, H3), 
7.61 (d, J = 12.1 Hz, 1H, H5), 7.76 (d, J = 13.1 Hz, 1H, H1). 

CD3CN

1H NMR (400 MHz, CD3CN) δ 1.22 (m, 6H, N(CH2CH3)2), 1.60 (s, 6H, C(CH3)2), 3.45 (m, 
4H, N(CH2CH3)2), 5.93 (app t, J = 12.2 Hz, 1H, H4), 7.28 (app t, J = 13.1 Hz, 1H, H2), 7.42 (d, 
J = 12.0 Hz, 1H, H5), 7.44 (app t, J = 12.8 Hz, 1H, H3), 7.76 (d, J = 13.4 Hz, 1H, H1). 
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5.6.3 Photoswitching
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Figure 5.16 | a) Absorption spectra for the photoisomerization of compound 1 (λmax = 486 nm; 
~7  µM in acetone; 293 K; optical cut-off filter < 440 nm, SCF-50S-44Y) with white light 
(shaded area) and b) corresponding time-evolution observed at 486 nm and 518 nm. 
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Figure 5.17 | a) Absorption spectra for the photoisomerization of compound 1 (λmax = 491 nm; 
~5 µM in dichloromethane; 293 K; optical cut-off filter < 440 nm, SCF-50S-44Y) with white 
light (shaded area) and b) corresponding time-evolution observed at 491 nm and 522 nm. 
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Figure 5.18 | a) Absorption spectra for the photoisomerization of compound 1 (λmax = 482 nm; 
~5  µM in methanol; 293 K) with white light (shaded area) and b) corresponding time-
evolution observed at 482 nm and 515 nm. 
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ABSTRACT: Donor–acceptor Stenhouse adducts (DASAs) are negative photochromes that 
switch with visible light and are highly promising for applications ranging from smart materials 
to biological systems. However, the strong solvent dependence of the photoswitching kinetics 
limits their application. The nature of the photoswitching mechanism in different solvents is key 
for addressing the solvatochromism of DASAs, but as yet has remained elusive. Here, we employ 
spectroscopic analyses and TD-DFT calculations to reveal changing solvatochromic shifts and 
energies of the species involved in DASA photoswitching. Time-resolved visible pump-probe 
spectroscopy suggests that the primary photochemical step remains the same, irrespective of the 
polarity and protic nature of the solvent. Disentangling the different factors determining the 
solvent-dependence of DASA photoswitching, presented in this chapter, is crucial for the rational 
development of applications in a wide range of different media.

6.1 Introduction

Molecular photoswitches change structure and properties reversibly upon light-irradiation,1 
enabling successful applications for the dynamic control of functions in material sciences,2–4 
supramolecular chemistry5,6 and in the biological context.7–12 Applications differ markedly 
in the environment the photoswitch is exposed to, be it different solvents,13,14 matrices or 
surfaces, and understanding how a given photoswitch behaves in various environments is 
crucial for its success in any application. 

Donor–acceptor Stenhouse adducts (DASAs, Figure 6.1a) were introduced in 201415,16 and  
feature important advantages as compared to traditional photoswitches, including visible light 
responsiveness11,17,18 and negative photochromism.19 Moreover, their modular architecture20 
allows for a fine-tuning of properties, which can be modulated for example by using different 
cyclic acceptors (Meldrum’s acid or 1,3-dimethyl barbituric acid) or nitrogen-based donors. 
First-generation DASAs (1 and 2, Figure 6.1a)15,16 are based on dialkylamine donors, whereas 
second-generation DASAs (3)21,22 employ secondary anilines leading to bathochromically 
shifted spectra. Upon irradiation in toluene, the strongly coloured elongated DASA (A) 
cyclizes to a colourless form (B) that then thermally opens back to the triene form (A). 
So far, it has not been possible to induce ring-opening photochemically.23 First-generation 
DASAs switch reversibly only in aromatic solvents such as toluene. Overall, in toluene DASAs 
based on 1,3-dimethyl barbituric acid switch faster as compared with Meldrum’s-acid-based 
DASAs.15 In water and methanol, in contrast, irreversible cyclization takes place. In chlorinated 
solvents, photo-isomerization (to form A’, Figure 6.1b) is observed, but this is not followed 
by cyclization.16,24,25 Second-generation DASAs, however, do cyclize in chlorinated solvents. 
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Figure 6.1 | Donor–acceptor Stenhouse adducts: a) photoswitches used herein; b) proposed 
photoswitching mechanism24,25 and c) corresponding energy level diagram in kcal/mol for 1 
in selected solvents obtained at the M06-2X/6-31+G(d)/SMD level of theory. In the electronic 
density difference (EDD) plot (inset), the blue (red) regions correspond to a decrease (increase) 
in electron density upon electronic excitation. The energy levels of the product correspond to 
B and B’ structures in protic and aprotic solvents, respectively. 

A clear understanding of the photoswitching mechanism is key to disentangle the influence 
of solvents on the observed photoswitching behavior (Figure 6.1b). Our current mechanistic 
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hypothesis suggests an initial photoisomerization around C2–C3, followed by a rotation 
around C3–C4, to facilitate a subsequent thermal cyclization accompanied with proton transfer 
(Figure 6.1b, see also Chapter 4).25 Recent work by Bieske and co-workers, further showed 
the possibility to drive the thermal steps in the gas phase by additional light-absorption.26 
Earlier, observation of a transient absorption band in toluene under steady state conditions 
for first-generation DASAs was attributed to the product of the actinic step A’ (Figure 6.1b 
and 6.2c, see also Chapter 3).24 Importantly however, such a transient absorption band cannot 
be detected in polar protic solvents (e.g. methanol and water, Figure 6.2e) under steady-state 
conditions where photoswitching is slowed down by at least two orders of magnitude (Figure 
6.2) and proceeds, albeit slowly, even without irradiation. These observations raise questions 
about the nature of the photoswitching mechanism in various solvents. 
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Figure 6.2 | Solvent effects on DASA photoswitching for compound 1 (a) and 3 (b). Absorption 
spectra manifesting the photoswitching process of compound 1 and 3 in toluene (c and d) and 
methanol (e and f). 

We set out to study the actinic step of 1–3 using ultrafast time-resolved spectroscopy27,28 across 
a range of solvents, in order to verify if the nature of the intermediate species formed upon 
light absorption remains the same. We further tried to understand why photoswitching is 
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reversible only in selected solvents and which factors determine the observed large differences 
in photoswitching kinetics. In this chapter, we provide evidence that DASAs undergo the same 
actinic step irrespective of the solvent used. DFT calculations unveil the overall kinetics and 
thermodynamics governing the reversibility of photoswitching (Figure 6.1c). Furthermore,  
solvents influence the band-overlap of A and A’, potentially influencing the photostationary 
states reached and thus affecting overall cyclization kinetics. 

6.2 Results and Discussion

Figure 6.3 reports the evolution-associated difference spectra (EADS) obtained by global 
analysis29 of ultrafast visible pump-probe data recorded for compounds 1 and 2 in toluene 
(for other solvents see the experimental section and Table 6.1). Upon excitation, the bleaching 
of the ground state population is observed as an intense negative band (λmax = 554 nm for 1 
and λmax = 574 nm for 2). A low-intensity excited state absorption band is visible in the first 
EADS (black EADS in Figure 6.3), peaking at 466 nm and 437 nm for 1 and 2, respectively. 
In the case of 1, the intensity of the bleaching band recovers by more than half in about 2.7 ps 
and on the same timescale an absorption band peaking at about 575 nm develops (red EADS 
in Figure 6.3). For DASA 2, this happens within 4.7 ps and leads to a band at λmax = 594 nm. 
On a 9.3 (10.7) ps timescale for 1 (2), the intermediate absorption band slightly red-shifts 
while its intensity decreases (blue EADS in Figure 6.3, λmax = 596 nm for 1 and λmax = 619 nm 
for 2). Despite the difference in the acceptor moiety that affects the A→A* transition, the 
kinetics of the actinic step are comparable. In fact, only a slight increase in both the first and 
second lifetime is observed for the barbituric system, which contrasts with the overall faster 
photoswitching of 2 as compared to 1.15 A target analysis29 of the transient absorption data 
recorded in chloroform suggested that the broad positive band in the red EADS (Figure 6.3, 
see also Chapter 4) results from the combined absorption of two species, originating from a 
branched decay of A* into both A’ and the hot ground state of A.25 Table 6.1 reports the time 
constants describing the kinetics of the photoinduced isomerization for both compounds and
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Figure 6.3 | Evolution-associated difference spectra (EADS) obtained by global analysis29 of 
compound 1 and 2 in toluene. 
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an estimation of the quantum yield for the process, showing that even though the investigated 
solvents are very different in terms of polarity, polarizability and protic nature, the observed 
kinetics do not differ significantly. In all cases, the absorption band associated with intermediate 
A’25 is observed to rise on a few picoseconds timescale. For sample 2, a slight dependence of 
the kinetic traces taken at the maximum of the intermediate absorption on solvent polarity is 
observed (Figure 6.14), which is barely noted in the case of sample 1 (Figure 6.12). 

The behaviour of second-generation DASA 3 in different solvents follows closely the previously 
described behaviour in chloroform25 (Table 6.1, Figure 6.15 and 6.16). The major difference 
with first-generation DASAs is that the excited state of the elongated form lives long enough to 
allow cooling to occur in the excited state before isomerization. As a result, the red shift of the 
positive band rising on the picoseconds timescale is not observed since the hot ground state 
of A is not involved in the relaxation process. Solvent effects on the isomerization kinetics are 
generally minor, except in dimethyl sulfoxide where the photoisomerization rates decrease for 
all the analysed compounds and more markedly for compound 3. Notably, this is also the case 
when the viscosity of the solvent is increased (as for instance can be achieved with a 60/40 w% 
glycerol/methanol mixture, Figure 6.11-6.14). Figure 6.4 shows that increasing the viscosity 
leads to a slower in-growth of the positive absorption band attributed to the intermediate. As 
a result, the absorption band of the intermediate appears in dimethyl sulfoxide (Figure 6.4b) 
as a structuring of the bleaching feature instead of a single absorption band as observed in 
methanol (Figure 6.4a). The kinetics of the primary photochemical step for both dimethyl 
sulfoxide and glycerol/methanol are very similar, but distinctly different from pure methanol 
(see figures 6.12 and 6.14).
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Figure 6.4 | Influence of viscosity on transient absorption spectra of DASA 1. 

Analysis of time-resolved infrared (TRIR) spectra and the comparison of experimental and 
computed difference spectra of the possible photogenerated isomers provides additional 
information on the structure of the intermediate A’ in different solvents. 
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Figure 6.5 | Comparison of EADS obtained by global analysis29 of TRIR data in DMSO for 
a) DASA 1 and DMSO-d6 for b) DASA 3. For comparison, the corresponding long-lived 
component in deuterated chloroform (red line) is shown in the lower panels.25 

The comparison of the long-lived spectral component of DASA 1 and 3 in different solvents 
(Figure 6.5a and b, respectively), which represents the A’–A difference spectrum, shows that 
the IR spectrum of compound 3 is barely influenced by the solvent, while a few differences 
can be noticed for compound 1, particularly in the C–C stretching and C–H rocking region 
(1100–1200  cm-1). This is also noticeable for their corresponding FTIR spectra (Figure 
6.17–6.18). Nevertheless, the comparison between experimental and computed difference IR 
spectra (vide infra) suggest that the light induced photoisomerization remains the same in all 
investigated solvents, and that small changes in the EADS shapes are caused by solvatochromic 
shifts of the IR absorption bands. 

To better understand the effects of substitution and solvent on the kinetics and 
thermodynamics of the photoswitching process, key steps of the proposed mechanism were 
studied by (TD)-DFT in combination with the implicit solvent model (SMD). In line with 
experimental observations, the calculations show that the nature of the solvent strongly 
affects both the kinetic and thermodynamic of the photoswitching reaction. In particular, 
the activation barrier for the C3–C4 bond rotation and the product stability are significantly 
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6Figure 6.6 | Comparison of experimental and calculated ground state IR spectra (a and b) and 
the long-lived component of TRIR EADS (c and d) of compounds 1 and 3 in selected solvents. 

affected, inducing different DASA behaviour after photoactivation. The irreversibility of 
the whole process for 1 and 2 in polar protic solvents, such as water and methanol, can be 
rationalized in terms of a higher thermodynamic stability of the zwitterionic form B compared 
to A and also by a relatively high barrier for the backward B→A’’ transition. The formation of 
B through intermolecular proton transfer could further be mediated by the protic solvent. On 
the other hand, in aprotic solvents the cyclization step stops at the formation of a neutral form 
B’ whose stability (taking the energy of A as zero) decreases with increasing solvent polarity. 
This can explain the observed reversible photoswitching in toluene, whereas in more polar, 
chlorinated solvents the cyclization does not occur. Importantly, it also should be noticed that 
the transition barriers (for both A’→A’’ and A’’→B’/B) are the lowest for toluene, which again 
explains the reversibility and relatively fast kinetics of the photoswitching in this solvent. On 
the contrary, the barrier for the C3-C4 bond rotation is the highest for methanol (due to a 
smaller dipole moment of the transitions state (5.0 D) compared to A' (11.3 D) as revealed 
by DFT computations), which explains the observed slow dynamics in this solvent. Whereas 
the TS(A’→A’’) parameters are comparable for 1 and 2, the barrier is noticeably smaller (by ca. 
2 kcal/mol) for 3. 
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In Figure 6.6 we present a comparison of experimental and simulated ground state IR spectra 
and the long-lived component of the TRIR EADS of compounds 1 and 3 in various solvents, 
the latter being constructed from the A’–A difference spectrum. The main features of the 
measured spectra are well reproduced by the DFT calculations. Notably, although the overall 
shapes of the ground state IR spectra of both compounds (Figures 6.6a and b) are preserved 
in the solvents employed, even small frequency shifts and changes of peak intensities can have 
a large impact on the shape of IR EADS (Figures 6.6c and d). The most significant feature of 
the ground state IR spectra of DASAs is the band at ca. 1150 cm−1 that mainly corresponds 
to concerted stretching vibrations of single C–C bonds coupled with C–H rocking/scissoring 
vibrations. Its frequency slightly decreases with increasing polarity of the solvent, which is 
reflected in the EADS as well. The long-lived EADS component of 3 is much less sensitive to 
the polarity of solvent than that of 1, which is related to larger solvatochromic shifts for 1A’ 
compared to 3A’. 

Calculations not only account for the negative DASA solvatochromism (Figures 6.8–6.10),30  
but also for solvent-induced differences in the spectral shifts for A and A’ observed in ultrafast 
and steady-state measurements. The spectral separation of the maximum absorption of A’ 
(positive peak in the long-lived component, blue EADS) and A (negative band in short-
lived component, black EADS) decreases with increasing solvent polarity, with concurrent 
broadening of the absorption band of the elongated form A in more polar protic solvents. 
This explains why a bathochromically shifted absorption band was not observed in previous 
steady-state spectroscopic measurements performed under continuous illumination.24 

A proton-transfer – the nature of which remains elusive – is expected to be involved in the 
photoswitching mechanism (Figure 6.1b). To rule out direct solvent involvement on the 
actinic step, the influence of deuterated solvents on the photoswitching kinetics was tested. 
A comparison of the photoswitching of compound 1 in normal methanol and deuterated 
methanol shows negligible differences in the band shape of the transient spectra and 
their associated kinetics (Figure 6.7), indicating that at the level of the actinic step solvent 
deuteration does not have any detectable influence, and excluding an early solvent-mediated 
proton-transfer. 

The present data thus unambiguously demonstrate that solvents influence the thermal steps in 
the photoswitching mechanism but barely affect the nature of the actinic step itself. Notably, 
solvatochromism of A and A’, altering their band-overlap, suggests that the photostationary 
state of A’ reached under irradiation could govern the overall photoswitching rate. In polar 
protic solvents, where the A and A’ bands overlap strongly, a lower steady-state concentration 
of A' is expected, since it can be switched back to the elongated form upon irradiation at 
the same wavelength used to isomerize A. Together with the increased stabilization of the 
zwitterionic, colorless cyclized form B in such media, these effects account for the observed 
slow and irreversible photoswitching of DASAs. 
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Figure 6.7 | Comparison of EADS obtained from global analysis29 of transient absorption data 
for compound 1 recorded in methanol vs. methanol-d4. 

6.3 Conclusion

In conclusion, although solvent strongly influence the overall photoswitching of DASAs, the 
kinetics of the actinic step are only slightly perturbed. Time resolved spectroscopy suggests 
that the same key intermediate A’ is produced across all solvents studied, giving credibility 
to the proposed photoswitching mechanism,24,25 and showing that in the presented cases the 
thermal steps are likely rate-limiting. With a full understanding of the actinic step that has now 
been obtained, it is clear that the focus of future studies will need to shift toward the thermal 
part of the reaction mechanism to further improve photoswitching and reduce detrimental 
solvent effects. We foresee immediate application of the lessons learned that make use of the 
peculiarities of DASAs, not seen in other photoswitches, to inspire the rapidly developing 
field of visible light molecular photoswitches and beyond. 
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6.6 Experimental Data

6.6.1 Materials and Methods

For the general methods section, please refer to section A, Materials and Methods. For further 
details, please refer to the supporting information of the published article (DOI: 10.1002/
anie.201803058)

Visible transient absorption measurements: The apparatus used for the transient absorption 
spectroscopy (TAS) measurements has been described in detail before.31 Briefly, 100  fs 
pulses centred at 795 nm were produced by an integrated Ti:sapphire oscillator-regenerative 
amplifier system (Spectra Physics Tsunami-BMI Alpha 1000). The excitation wavelength was 
set at 520 nm for compound 1 and 2 (first-generation DASA) and 580 nm for compound 3 
(second-generation DASA) and excitation power was set at 30–50 nJ for all measurements. 
Visible pulses were generated by pumping a home-made non-collinear optical parametric 
amplifier (NOPA) with a portion of the fundamental 795 nm. The pump beam polarization 
has been set to magic angle with respect to the probe beam by rotating a λ\2 plate, to exclude 
rotational contributions. The white light probe pulse was generated by focusing a small 
portion of the fundamental laser radiation on a 2  mm thick sapphire window. A portion 
of the generated white light was sent to the sample through a different path and used as a 
reference signal. After passing through the sample the white light probe and reference pulses 
were both directed to a flat field monochromator coupled to a home-made CCD detector 
[http://lens.unifi.it/ew]. Transient signals were acquired in a time interval spanning up to 
500 ps. The sample was contained in a 2 mm quartz cuvette, mounted on a movable holder in 
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order to minimize photodegradation. Measurements were performed at room temperature. 
Concentrations were adjusted to an absorbance of 0.9–1.0 OD (for the respective optical path) 
at the absorption maximum. Before and after the measurements, the integrity of the sample 
was checked on a PerkinElmer LAMBDA 950 spectrophotometer. 

Infrared transient absorption measurements: The experimental setups used for time-
resolved infrared measurements have been previously described.32 Briefly, a portion of the 
output of a Ti:sapphire oscillator/regenerative amplifier, operating at 1  kHz and centered 
at 800  nm (Legend Elite, Coherent), was split in order to generate the mid-IR probe and 
the Visible (VIS) pump. The infrared beam was generated by pumping a home built optical 
parametric amplifier (OPA) with difference frequency generation. The output of the OPA was 
split into two beams of equal intensity, which were respectively used as probe and reference. 
Broadband visible pulses were obtained by a pumping home-made non-collinear optical 
parametric amplifier (NOPA). The wavelength used for transient measurements were selected 
using appropriate cut-off filters. The polarization of the pump beam was set to magic angle 
with respect to the probe beam by rotating a λ\2 plate. Time resolved spectra were acquired 
within a time interval spanning from -5 to 300 ps. After the sample, both probe and reference 
were spectrally dispersed in a spectrometer (TRIAX 180, HORIBA JobinYvon) and imaged 
separately on a 32 channels double array HgCdTe detector (InfraRed Associated Inc., Florida 
USA). In order to obtain the complete transient infrared spectrum in the 1100–1700 cm-1 

region six spectral windows were separately recorded and then overlapped. The sample cell 
consisted of two calcium fluoride windows separated by a Teflon spacer of 100  μm. FTIR 
spectra were recorded in the same cell used for transient measurements using a Bruker 
Alpha-T. Integrity of the sample was checked before and after the transient measurements. 
All measurements were performed at room temperature. 

Data analysis: Femtosecond transient spectra, both in the visible and infrared spectral 
ranges, have been analysed by global analysis, allowing a simultaneous fit at all the acquired 
frequencies.29 The parameterization of the spectral evolution was accomplished by assuming 
first-order kinetics, and describing the temporal dynamics as the sum or combination of 
exponential functions. Global analysis was performed using the GLOTARAN package 
(http://glotaran.org/),33,34 employing a linear unidirectional “sequential” model. The number 
of kinetic components to be used in the global fit was determined by a preliminary singular 
value decomposition (SVD) analysis.35,36 The output of the global analysis procedure retrieved 
both kinetic constants and the associated spectral components (EADS, evolution associated 
decay spectra). 
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6.6.2 Solvatochromic Shifts

350 400 450 500 550 600 650 700
Wavelength / nm

A
bs

or
ba

nc
e

(n
or

m
al

iz
ed

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
toluene
dichloromethane
acetone
dimethyl sulfoxide
acetonitrile
2−propanol
methanol
water

545 nm
539 nm
530 nm
525 nm
524 nm
524 nm
515 nm
480 nm

Figure 6.8 | Comparison of absorption spectra (normalized) of compound 1 (~4-8 μM) in 
different solvents (toluene, dichloromethane, dimethyl sulfoxide, methanol, acetonitrile, 
acetone, water; 293 K). 
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6.6.3 Time-resolved spectroscopy

6.6.3.1 Compound 1
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Figure 6.11 | EADS obtained from global analysis of transient absorption data of compound 1 
recorded in the solvents indicated. The shaded area indicates scattering. 
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Figure 6.12 | Kinetic traces measured at the maximum of the intermediate absorption band of 
the transient absorption data of compound 1 recorded in the solvents indicated analyzed by 
global analysis. The corresponding fit obtained from global analysis for each kinetic trace is 
shown as a dotted line. 
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6.6.3.2 Compound 2
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Figure 6.13 | EADS obtained from global analysis of transient absorption data of compound 2 
recorded in the solvents indicated. 
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Figure 6.14 | Kinetic traces measured at the maximum of the intermediate absorption band of 
the transient absorption data of compound 2 recorded in the solvents indicated analyzed by 
global analysis. The corresponding fit obtained from global analysis for each kinetic trace is 
shown as a dotted line.
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6.6.3.3 Compound 3

450 500 550 600 650 700 750
-0,24

-0,20

-0,16

-0,12

-0,08

-0,04

0,00

0,04

0,08 3

A

Wavelength (nm)

 

 

 1.0 ps
 23.8 ps
 26.0 ns

450 500 550 600 650 700 750
-0,20

-0,16

-0,12

-0,08

-0,04

0,00

0,04 3

A

Wavelength (nm)

 

 

 2.1 ps
 25.9 ps
 1.32 ns

450 500 550 600 650 700 750

-0,24

-0,20

-0,16

-0,12

-0,08

-0,04

0,00

0,04 3

A

Wavelength (nm)

 

 

 2.1 ps
 27.8 ps
 3.1 ns

450 500 550 600 650 700 750
-0,20

-0,16

-0,12

-0,08

-0,04

0,00

0,04 3

A

Wavelength (nm)

 

 

 1.5 ps
 20.6 ps
 1.9 ns

450 500 550 600 650 700 750

-0,10

-0,05

0,00

3

A

Wavelength (nm)

 

 

 2.5 ps
 62.3 ps
 2.3 ns

Toluene Dichloromethane[2]

Chloroform[2] Methanol

Dimethyl sulfoxide

Figure 6.15 | EADS obtained from global analysis of transient absorption data of compound 3 
recorded in the solvents indicated. The shaded area indicates scattering. 
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Figure 6.16 | Kinetic traces measured at the maximum of the intermediate absorption band of 
the transient absorption data of compound 3 recorded in the solvents indicated analyzed by 
global analysis. The corresponding fit obtained from global analysis for each kinetic trace is 
shown as a dotted line.

6.6.4 FTIR-spectroscopy

Rationale: Different solvents will favor different resonance structures of A and could thus 
potentially influence the mechanism of photoswitching. FTIR spectroscopy can help 
distinguishing such effects.

 

Summary: Both compound 1 and 3 show a change of the FTIR spectrum around 1500 cm-1 

(Figure 6.17 and 6.18). The changes in vibrational modes could be attributed to changes in 
the resonance forms. In CD3OD, the DASA 1 shows a change also in the carbonyl region 
(1550–1700 cm-1) attributed to H-bonding (Figure 6.17).
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Figure 6.17 | Comparison of the experimental FTIR spectra of DASA 1 in deuterated methanol, 
deuterated chloroform and deuterated dimethyl sulfoxide the 1100–1750 cm-1 region. 
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Figure 6.18 | Comparison of the experimental FTIR spectra of DASA 3 in deuterated 
dichloromethane, deuterated chloroform and deuterated dimethyl sulfoxide in the 1100–
1750 cm-1 region. All solvents are fully deuterated. 
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In conclusion, Stenhouse photoswitches are an interesting and nascent class of photoswitches. 
Despite their origins dating back over 150 years, many aspects are still poorly understood 
and shortcomings need improvement. With their successful work in recent years, the groups 
of Read de Alaniz and Hawker, together with other groups, have set a solid foundation to 
establish donor–acceptor Stenhouse adducts and to challenge and complement existing 
prevalent photoswitches such as azobenzenes, diarylethenes, spiropyrans, hemithioindigo 
photoswitches and stilbenes. Within these efforst, this thesis has provided in-depth studies 
on DASA’s photoswitching mechanism (Chapters 3–6)1–3 and introduced orthogonal 
photoswitching (Chapter 2).4 

Particularly strong advantages of DASAs are that they are inherent visible light switchable 
negative photochromes that are rapidly synthesized in a modular fashion. They further 
show a large change of polarity, dipole moment, geometry and UV/vis spectrum upon 
photoswitching. The structural scope, so far explored, allows to choose different structures 
for different types of applications and their modular architecture enables chemists to easily 
tune their properties – once they are understood. However, the overall structural diversity is 
rather limited, allowing for only two tolerated acceptor moieties. Currently, rational tuning of 
the thermal stability of the cyclized form is not possible. Moreover, the irreversible cyclization 
of DASAs in the dark in polar protic solvents can pose a problem for biological applications. 
While in some cases their delicate photoswitching behavior in different environments can be 
beneficial for applications, in other cases these properties might currently limit DASAs’ use. 

Mechanistically, DASA’s photoswitching is likely governed by a photoisomerization around  
C2–C3 adjacent to the hydroxyl group and a subsequent rotation around C3–C4. Optimally 
spatially arranged, the molecule then undergoes a thermal, conrotatory 4π–electrocyclization 
to form a cyclopentenone. Structural features have a tremendous influence on the 
photoswitching as highlighted for instance by the difference between first and second-
generation DASAs, thus enabling the synthetic chemist to specifically tailor photoswitches 
for a given system. From existing applications, the potential and short-comings of DASAs can 
be studied, insights gained and lessons learned. Thus, for this photoswitch class to realize its 
full potential, we identify the following factors that will be essential for overcoming current 
limitations: 

Structure-property relationships: Understanding the mechanism of 
photoswitching and what structural features of Stenhouse photoswitches are 
responsible for which properties (ε, φ, t1/2, λmax, solubility, photoswitching kinetics) 
is essential for deliberate use and tuning of photoswitches for applications. 

(Excited) energy surface (computation): A solid computational understanding of 
Stenhouse switch behavior through its energy surface will allow to identify areas for 
improvements and help synthetic chemists to devise novel target structures. 

Solvent effects: A current major limitation of Stenhouse photoswitching is its 
strong dependence on the environment. To overcome this limitation, a better 
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understanding of the governing parameters for switching in various media 
is essential. However, it should be mentioned that strong solvent-dependent 
photoswitching can also be beneficial, if this behavior is deliberately taken into 
account when devising applications. 

Bistability: Some applications require the use of bistable photoswitches. So far, 
DASAs as T-type photoswitches rely on one wavelength for photoswitching 
and a thermal back-isomerization. Having bi-directional control with different 
wavelengths of irradiation would substantially extend the scope of Stenhouse switch 
applications, but will require innovative and unconventional solutions. 

Extending the acceptor scope: Currently, DASAs are limited to two acceptors 
either based on Meldrum’s acid or 1,3-disubstituted barbituric acid. Besides 
potential problems of novel acceptors (e.g. 1,3-indandione in the case of compound 
13, Chapter 1) with photoswitching, the synthesis of DASA target structures is 
often the limiting factor. The development of novel synthetic routes to access such 
structures beyond the current use of Zincke-type reactivity is strongly encouraged. 

Photopharmacology:5–7 Achieving full control over photoswitching under 
physiological conditions remains a main goal. Herein, hydrolytic stability and high 
solubility in aqueous environments will be a key factor. The potential for orthogonal 
photocontrol in combination with other photoswitchable bioactive compounds 
constitutes a powerful future tool for biomedical research. 

Near-Infrared (NIR) photoswitching: Currently the absorption spectra of the 
most red-shifted DASA photoswitches tail above 700 nm in dichloromethane, thus 
allowing for convenient visible light and NIR operation in organic solvents and 
material science. However, DASAs currently do not show high enough solubility 
in aqueous environments and if soluble show a large blue-shift of absorption. The 
so-called “near-infrared phototherapeutic window”7–11 would be ideal for medical 
applications, but would require further red-shifting of compounds. 

For the coming years, we envision key advances both in understanding and improvement 
of Stenhouse photoswitches that will be essential for rapid and productive development 
of the field. Researchers from different backgrounds will have to work together to better 
understand the dynamic behavior of Stenhouse switches and to realize their full potential. 
Notably, reversible switching on surfaces and in polar protic media (e.g. under physiological 
conditions) and expanding the synthetic scope of these switches are most pressing issues. 
Given the rapid development this class of photoswitches has undergone in the last three years, 
we are confident of many interesting and exciting opportunities and applications to come. 
After being dormant for over a century, the future of Stenhouse photoswitches is particularly 
bright.
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Science has a simple faith, which transcends utility. Nearly all men 
of science, all men of learning for that matter, and men of simple 
ways too, have it in some form and in some degree. It is the faith 
that it is the privilege of man to learn to understand, and that this 
is his mission. If we abandon that mission under stress we shall 
abandon it forever, for stress will not cease. Knowledge for the sake 
of understanding, not merely to prevail, that is the essence of our 
being. None can define its limits, or set its ultimate boundaries. 

Vannevar Bush
Science is Not Enough (1967), p 191
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Chapter 8

8.1 Introduction

The following section includes some thoughts on possible future developments at the interface 
of supramolecular chemistry, biology and material science. 

8.2 Photopharmacology

Photopharmacology has undergone rapid development in the past decade. Researchers from 
fields as diverse as chemistry, medicine, pharmacy, and molecular biology are realizing the 
clinical potential of this approach, and new and exciting applications are being reported. 
There remains, however, still a lot to be done: 

Target evaluation: The photopharmacological approach should always take into 
consideration localized diseases with targets where the delivery of light is feasible. 
Reversible light activation is, therefore, not just a feature, but should bring additional 
value to a drug (i.e. reduce the build-up of environmental resistance, reduced side 
effects, increased control over activity, precise targeting, etc.). 

Optical properties: A major goal for photopharmacology is to move the absorption 
bands of photoswitchable drugs into the optical window between λ=650 nm and 
900 nm (see below). The use of red-shifted azobenzene derivatives up to λ=450 nm 
(n-π* transition) is simply not enough to bring the responsive drugs to the clinic. 

Photoswitch stability and toxicity:1 The development of new photocontrolled 
drugs must be matched by continuous efforts in studying their cellular stability and 
toxicity. For azobenzenes, in particular, there is already a large body of literature 
that describes the influence of structural features on their stability under reducing 
conditions, together with the toxicity of photoswitches and the products of their 
degradation. Similar extensive studies for other photoswitches are needed to 
establish the feasibility of their application in photopharmacology.

Light delivery: Currently, an external delivery of light is envisioned in 
photopharmacological treatments. However, one should not exclude the possibility 
of using internal, exogenous light sources, such as luminescent compounds. This 
possibility would provide multiple benefits. Firstly, the problems of the penetration 
of light through the skin and tissue could be avoided, since light would be delivered 
directly at the side of action. Secondly, an additional level of selectivity could be 
attained if the luminescent source was specifically targeted to the disease. Finally, 
in this way, photopharmacology could be used in a theranostic approach, bringing 
together molecular imaging (diagnostics) and targeted drug activation (therapy). 
Alternatively, photochemical upconversion methods might offer attractive 
alternatives to apply near-IR irradiation that can penetrate deeper. For such 
purposes, one could envision combining photopharmacology with optical imaging, 
where luminescent compounds are used for the localization of the disease. Clearly, 
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much research is needed to establish if the photon flux in these methods is efficient 
enough for photoswitching. However, initial research on the use of light emitted 
by luciferase for the photoswitching of spiropyran-based MRI contrast agents2 
supports the feasibility of using internal, exogenous light delivery systems for local 
drug activation.

Cross-activity: it is important to realize that the two isomers of the photoswitchable 
drugs are often not simply “ON” and “OFF” forms, but they can have different 
biological activities towards completely different targets.3,4 This selectivity towards 
different functions might under certain circumstances be desirable, but can often be 
problematic. Thus, researchers should bear this aspect in mind when transitioning 
to in vivo experiments. 

Biological understanding: A better understanding of the biological effects of 
photoswitches will be needed. Studies should address differences in characteristics 
of the two states of the photoswitches with respect to solubility,5 binding affinity, kon 
and koff to the target, allosteric effects, off-target effects and behavior for absorption, 
distribution, metabolism, and excretion. 

Phenotypic screening: So far, photopharmacology has only made use of rational 
drug design, starting from a known drug or bioactive compound and based 
on structure–activity relationship studies. In contrast, phenotypic screening 
for photoswitchable drugs may give new insights into targets and methods in 
photopharmacology.6 

Towards rational design and computational modeling: So far, 
photopharmacological projects rely largely on the intuition of the researcher and 
luck.1,7 Despite the many successful examples, a general rational design strategy 
beyond for example azologation8 does not yet exist. Photopharmacology should be 
complemented with computational drug-design studies and the predictive power of 
these methods for photopharmacology should be improved. 

Synthetic methods and mechanistic studies: Photopharmacology is dependent on 
the availability and synthetic accessibility of photoswitches. Thus, new developments 
of robust, rapidly synthesized chromophores are in high demand.

8.3 Wavelength-selective and orthogonal photocontrol

It is important to define what orthogonal photo-cleavage/photoswitching entails: 
orthogonality9 with respect to wavelength-selectivity is defined as a characteristic of a system, 
where each component of the system can be controlled independently and irrespective of the 
order of addressing. This includes that there is no cross-talk between the different elements of 
the system to be addressed. Importantly, the term orthogonality is binary, meaning it is either 
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true or false. In contrast to orthogonality, wavelength-selectivity is a continuum that goes 
from non-selective to fully-selective. Wavelength-selective control can be fully selective, but 
can depend on the order or irradiation thus such a system is not orthogonal. 

Light-mediated and wavelength-selective removal of photoprotecting groups (PPGs) has 
developed into a powerful tool in the past decade.10,11 Despite the advances, the field is still 
focused on further red-shifting the absorption spectrum, increasing quantum yields and 
hydrolytic stability. The following points will be crucial to further develop the toolbox of 
complementary PPGs: 

Developing a toolbox: Currently, the field consists of a collection of single 
proof-of-concept studies using specific PPGs. Future efforts should – besides 
the development of new PPGs – focus on the creation of a set of PPGs that are 
complementary to each other within a set of environments (e.g. aqueous solutions 
and common laboratory solvents) and allow for a range of structural modifications 
that allow ease of incorporation into target molecules with different attachement 
groups (amines, alcohols, carbamates, carbonates, etc.) without compromising their 
wavelength-selectivity. 

Absorption spectrum: A better control over the absorption spectrum of PPGs 
that reduces absorption (especially) in the UV-region of the spectrum will increase 
compatibility of PPGs. A common problem when devising a wavelength-selective 
uncaging system with two or more levels of control is that almost all PPGs absorb 
within the UV-region. This usually leads to reduced selectivity and only allows 
for sequential deprotection of the PPGs by first using longer wavelength and less 
energy-rich light, followed by shorter wavelength and more energy-rich UV-light. 

Synthetic accessibility: Some established strategies for red-shifting the absorption 
spectrum of photoremovable protecting groups are reducing synthetic accessibility.
New, rapid and facile synthetic routes to red-shifted PPGs and more robust ways 
of red-shifting their absorption spectrum are necessary that do not increase bulk, 
hydrophobicity, and a drop in quantum yield. 

Polarity and biological activity: The polar, protic environment given by aqueous 
solutions can alter the photochemical properties of the compound dramatically 
with respect to the observed properties in organic solvents. Furthermore, 
photoprotecting groups can increase the lipophilicity of the compound, thus 
reducing the solubility in buffer or aqeous solutions. This is often aggravated 
for red-shifted photoremovable protecting groups. Biological evaluation can be 
challenging, as the influence of the different wavelengths of light used for uncaging 
on the biological system needs to be tested and the biological activity of both the 
protected and unprotected molecules and the cleaved PPG has to be understood, 
including their ADMET properties. 
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Chirality: The use of circularly polarized light for selective uncaging of chiral PPGs 
should be further developed.  

Two-Photon processes:12 Two-photon uncaging has been explored in some cases, 
but deserves more attention. This method not only offers high three-dimensional 
resolution,13 but also improved tissue-penetration.14 Especially differences in two-
photon absorption cross-sections could be exploited to the benefit of the researcher. 

Differences in kinetics and quantum yields: Initial reports on using differences in 
kinetics and/or quantum yields to achieve selectivity in photo-removal at different 
wavelengths are laudable.15 Such methods could be further used to increase the 
number of levels of control by avoiding the need for spectral complementarity. 

Compared to wavelength-selective uncaging,10,11 fully optical control of two or more 
molecular photoswitches is more difficult to achieve. As reversible changes are induced, not 
one but two distinct wavelengths of irradiation are required per element to control. Thus, full 
optical control over a simple two-switch system will be based on four distinct wavelengths. 
As discussed for PPGs, organic photochromes rarely only exhibit one single absorption band 
within the electromagnetic spectrum. Thus, finding photoswitch combinations that do not 
show overlap between their absorption spectra of each form is difficult. 

The azobenzene – DASA combination16,17 reported in this thesis (Chapter 1 and 3) simplifies 
matters by employing one T-type photoswitch. Having a short-enough thermal half-live of the 
unstable isomer obliterates the need for two wavelengths of control for the given photoswitch. 
In the simplest case, only two distinct wavelengths of irradiation will be required, reminiscent 
of uncaging. 

There is plenty of room for wavelength-selective photoswitching, if parts of the wavelengths 
used for photoswitching are the red-visible and near-IR part of the electromagnetic 
spectrum. Red-shifting existing photoswitches has been an active field within the past 
year.18,19 This, however, is not very easy, and red-shifted variants are sometimes difficult to 
access synthetically.20 Other possibilities include making use of sensitizers, differences of 
photoswitching kinetics, quantum yields and possibly two-photon absorption cross-sections.  
Differences in solubility, solvatochromism, or other characteristics could also be used to the 
benefit of selectivity. For the future, the following areas are worth paying attention to: 

Extending combinations of compatible photoswitches: The set of complementary 
photoswitch classes should be extended. As has been mentioned in Chapter 1, 
spiropyrans/spirooxazines21 could be a class that could be used instead of DASAs. 
When developing novel classes of photoswitches, spectral compatibility to other 
classes should be taken into account. 

Towards fully optical control: Two photoswitches with sufficient thermal stabilities 
(in the ideal case P-type photoswitches) should be combined for wavelength-
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selective photoswitching. Such a fully optical photoswitching pair will be vital for 
the further development of the field. 

Towards more complicated systems: Wavelength-selective photoswitching is not 
limited to two photoswitches, but could include any combination of photoswitches, 
photoremovable protecting groups and other light-responsive elements and stimuli 
other than light for applications, where combinations of stimuli are desirable. 

8.4 Functional responsive materials

To progress on the development of dynamic functional materials that can respond to stimuli 
and exert multiple functions, multidisciplinary research is necessary. Chemists are important 
in providing molecules and being able to understand how these molecules behave and interact. 
Functional materials build on chemistry, but are inherently hierarchical, bridging the nano- 
and macroscale. For successful functional materials, researchers need to make deliberate use 
of length-scales and architectures that can be a result of bottom-up approaches (e.g. through 
self-assembly) or top-down fabrication strategies or a combination of the two. 

When devising molecules for functional applications, we as chemists not only have to be 
able to make the molecules and build in properties that allow them to self-assemble and/or 
interact with each other dynamically, but also we need to understand and master fabrication 
strategies that help building up these materials. Furthermore, interfacing of organic/inorganic 
and biological systems holds great promise for future developments. 

Concerning the functional output of such materials, we should be looking for cooperativity, 
amplification, synchronization, feedback loops, formation of complex patterns and control 
of non-linear behavior. To achieve that, a better (mechanistic) understanding not only of 
chemistry, but also of interactions on different length-scales and across different architectures 
and hierarchies is necessary. 

With functional systems becoming more complex, meeting quality standards and maintaining 
reproducibility for commercial products is becoming increasingly hard. It is not enough to 
have compounds pure and well-characterized, but hierarchies need to be reproducible with 
comparable macromolecular characteristics and features. For that, research has to provide 
a solid understanding on how to build and control these systems together with robust and 
reliable fabrication methods. 

8.5 Out-of-equilibrium systems

Recently, researchers have recognized the importance of bringing chemical systems and 
networks out-of-equilibrium.22 With these efforts the understanding of kinetics and control 
of reaction networks has benefited tremendously.  With many leaps still to take, the field may 
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benefit from the following focus-points: 

Definition: The field currently lacks a general consensus and definition of what 
out-of-equilibrium systems comprise. A definition should be achieved that could 
lead and direct  current and future research in the field. 

Towards function: Many current systems showcase the use of fuel to to achieve a 
temporary state out-of-equilibrium manifesting in for example a change of global 
system parameters as pH, color or concentration of an indicator. As a next level, 
such systems should exhibit a preliminary function that goes beyond a simple state 
of out-of-equilibrium. 

Better mechanistic understanding: To better understand kinetics and governing 
factors for out-of-equilibrium systems will allow to devise design principles for 
more functional and better controllable systems. 

8.6 Conclusion

With environmental and societal challenges abound, there will be enough work for many 
decades ahead. Chemistry will hopefully remain a central science and the ability to make 
molecules and to be able to control their interactions will not soon be obsolete. 
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Think that you are part of a big construction called science and 
you are not just a chemist but you are a scientist. Be modest but 
proud. Modest because zou know you will not be able to solve other 
problems because your life is too short. But be proud because you 
are contributing to it. Some people will bring a small stone to the 
building and some people will bring a big one but nevertheless no 
one can take that stone away from you. 

Jean-Marie Lehn
Interview

Chemistry is Trying to Answer the Biggest Questions
www.lindau-nobel.org
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Summary
The use of molecular photoswitches allows the reversible control over two or more structurally 
distinct states using light as an external stimulus. This approach has been remarkably 
successful over the last few decades, enabling applications in fields ranging from material 
sciences, supramolecular chemistry, molecular machines, molecular logical units, switchable 
catalysis, chemical biology and biomedical sciences. 

Successful employment of switchable units, however, relies on four vital pillars: 
1. Synthesis: Rapid and practical access to the desired structure. 
2. Understanding: Thorough understanding of the structure-property relationship of any 

given photoswitch in a specific environment 
3. Tunability: Possibility to modify and tune photoswitch properties as needed and to 

access their structure synthetically. 
4. Choice of system: System parameters to be controlled need to be taken into account and 

will define the constraints on the photoswitch properties. 

This thesis contributes to this through a better understanding and utilization of an emerging 
photoswitch class, the so-called donor–acceptor Stenhouse adducts (DASAs). Introduced 
in 2014 by Read de Alaniz and co-workers, this inherently visible light-activatable negative 
photochrome holds great promise for practical use in different areas (Chapter 1). Advantages 
of DASAs are a rapid and modular synthesis, a large structural change upon photoswitching 
and a relatively high photochemical quantum yield (8–17%). 

 

One striking feature of DASAs is their absorption spectrum which exhibits a “photochemical 
window” between 300–450 nm. This allowed azobenzene photoswitches to be added in the 
same solution and to control both photoswitches in an orthogonal fashion (Chapter 2), with 
hitherto unseen orthogonality. An azobenzene and a DASA photoswitch were then combined 
into a single molecular dyad to study interaction and energy transfer between the switching 
units. This combination was subsequently used as a rudimental molecular machine for 
transport and molecular recognition where the DASA-moiety controls the phase-transfer of 
the compound, whereas the azobenzene moiety allows binding to α-cyclodextrin. 
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DASA photoswitching has only been studied insufficiently. Observation of a transient 
absorption band bathochromically shifted with respect to the main absorption band during 
irradiation revealed a key-intermediate in the photoswitching mechanism of DASAs (Chapter 
3). This thermally unstable isomer was studied in time and temperature dependent UV/vis 
and NMR studies and could be trapped at low temperature. These investigations lead to a 
proposed photoswitching mechanism that was separated into an actinic step consisting 
of a Z–E double-bond isomerization and a thermal step including a proton transfer and a 
conrotatory, 4π electrocyclic rearrangement, the latter based on earlier studies. 

This mechanistic proposal was subsequently refined (Chapter 4): extended TD-DFT 
computation (performed by A. Laurent, M. Medved’ and D. Jacquemin) and ultrafast UV/
vis and mid-IR spectroscopy (performed together with M. Di Donato, A. Lapini, A. Iagatti, L. 
Bussotti and P. Foggi) provided detailed insights into the structure of the intermediate, time-
scales and energetics of the actinic step. 

To study the influence of the hydroxy group on DASA photoswitching, an analogue lacking 
the hydroxy group was synthesized and studied (Chapter 5). Its similarity to cyanine dyes 
suggested a simple E–Z isomerization and no further thermally induced cyclization. This was 
confirmed and NMR in situ-irradiation studies at lower temperature (213 K) revealed two 
distinct isomers resulting from an isomerization around different bonds within the triene 
bridge. 

The proposed photoswitching mechanism was found to hold in a broad range of solvents 
(dichloromethane, toluene, dimethyl sulfoxide and methanol) across both first and 
second-generation DASAs (Chapter 6). Throughout these solvents, the formation of a 
key intermediate as a product of the actinic step resulting from a photoisomerization was 
observed with comparable kinetics. Notably, despite the similarity at the level of the actinic 
step, overall photoswitching speed differs remarkably in different solvents, slowing down 
orders of magnitude in polar protic ones. Computations (A. Laurent and M. Medved’) reveal 
overall thermodynamics in the different solvents together with absorption spectra of the 
intermediates in solution. These results, together with pump-probe experiments (both in the 
UV/vis and mid-IR region, performed together with M. Di Donato, A. Lapini, A. Iagatti, 
L. Bussotti and P. Foggi) highlight the generality of the photoswitching mechanism and the 
importance of the thermal cyclization step. 

Since the introduction of DASAs in 2014, this photoswitching class has seen rapid 
development and their potential has been show-cased with interesting applications in e.g. 
surface patterning, liquid crystals, photoswitching in polymers and for drug-release from 
micelles. The work presented in this thesis provides a solid fundamental understanding 
of DASA structure–property relationships and bodes well for future improvements of this 
switch and utilization in applications that have not been possible yet. Nevertheless, a lot of 
mechanistic work remains to be done with exciting design opportunities and we are looking 
forward to many interesting future developments (Chapter 7). 
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Moleculaire schakelaars kunnen door middel van licht als externe stimulus worden geschakeld 
tussen twee of meer structureel verschillende toestanden. Deze methode is buitengewoon 
succesvol gebleken in de afgelopen decennia en heeft vele toepassingen in onder andere 
de materiaalkunde, supramoleculaire chemie, moleculaire machines, schakelbare katalyse, 
chemische biologie en medicinale chemie. 

Een succesvolle toepassing van dergelijke schakelbare elementen hangt af van vier belangrijke 
factoren: 
1. Synthese: Een snelle en gemakkelijke toegang tot de beoogde structuren.
2. Begrip: Een grondig begrip van de eigenschappen van een moleculaire schakelaar onder 

verschillende condities.
3. Mogelijkheid om eigenschappen te verfijnen en veranderen: Het vermogen om de 

structuur van een moleculaire schakelaar te veranderen zodat de gewenste eigenschappen 
worden verkregen waarbij de nieuwe structuren synthetisch toegankelijk moeten blijven.

4. Keuze van de toepassing: De uiteindelijke toepassing bepaalt de vereiste eigenschappen 
van de moleculaire schakelaar. 

Dit proefschrift draagt bij aan de ontwikkeling van nieuwe schakelbare elementen door een 
nieuw soort moleculaire schakelaars genaamd Donor–Acceptor Stenhouse Adducts, oftewel 
DASA's, te leren begrijpen en gebruiken. Dit soort schakelaars werd in 2014 ontwikkeld door 
Read de Alaniz en collega's. DASA's zijn kleurstoffen die met zichtbaar licht kunnen worden 
aan- en uitgeschakeld en zijn daarom veelbelovende moleculaire schakelaars voor nieuwe 
toepassingen, bijvoorbeeld voor het gebruik in nieuwe materialen of in de geneeskunde 
(Hoofdstuk 1). Voordelen van DASAs zijn hun eenvoudige, snelle en modulaire synthese, 
hoge fotochemische kwantumopbrengst (8–17%) en de grote verschillen van de moleculaire 
structuur en daarmee samengaand eigenschappen tussen de schakelbare toestanden. 

 

Het absorptiespectrum van DASAs is bijzonder belangrijk: ze absorberen vrijwel geen 
licht tussen 300 en 450 nm. Aangezien het absorptiespectrum van azobenzeen moleculaire 
schakelaars precies in dit gebied ligt, kunnen beide klassen moleculen in één oplossing 
worden gecombineerd en volledig onafhankelijk van elkaar worden geschakeld (Hoofdstuk 
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2). Deze onafhankelijkheid geeft een nieuwe vorm van selectiviteit. Wanneer men een 
azobenzeen en een DASA combineert in één molecuul wordt het mogelijk hun interactie en 
bijvoorbeeld energie-overdracht te bestuderen. Deze moleculaire combinatie kan vervolgens 
worden gebruikt als een rudimentaire moleculaire machine voor transport en moleculaire 
herkenning. Het DASA-gedeelte regelt in dit geval de dynamische overdracht tussen 
verschillende vloeistoffasen en het azobenzeen-gedeelte bindt aan α-cyclodextrine. 

Tot dusver was er over het schakelmechanisme van DASAs nog weinig bekend. De ontdekking 
van een kortstondige absorptiepiek – die naar hogere golflengte verschoven is ten opzichte 
van de belangrijkst absorptiepiek – tijdens het schakelproces, maakte het mogelijk om 
een belangrijk tussenproduct in het schakelmechanisme te identificeren en te bestuderen 
(Hoofdstuk 3). De levensduur van dit tussenproduct is afhankelijk van de temperatuur en 
de aard van de DASA isomeer en kon verder worden onderzocht in studies met tijd- en 
temperatuurafhankelijke UV/vis en NMR spectroscopie. Het gevormde tussenproduct kan 
bij lage temperaturen worden geïsoleerd, wat verdere studie mogelijk maakt. Samen geven 
deze studies een eerste inzicht in een mogelijk schakelmechanisme van DASAs. 

Het schakelmechanisme van DASAs kan worden verdeeld in een fotochemische stap en 
meerdere daaropvolgende thermische stappen. De fotochemische stap bestaat uit een Z–E 
isomerisatie van een dubbele binding en de thermische stappen bestaan uit een overdracht 
van een proton en zoals beschreven in eerdere studies, een conrotatorisch, 4π elektro-
cyclische omlegging. Vervolgens is de oorspronkelijke hypothese voor het schakelmechanisme 
verfijnd door verdere studies (Hoofdstuk 4): TD-DFT berekeningen (uitgevoerd door A. 
Laurent, M. Medved' en D. Jacquemin) en ultrasnelle UV/vis en midden-IR spectroscopie 
(in samenwerking met M. Di Donato, A. Lapini, A. Iagatti, L. Bussotti en P. Foggi) hebben 
een diepgaand inzicht opgeleverd in de structuur van het tussenproduct, de timing van het 
schakelmechanisme en de benodigde energie voor de eerste fotochemische stap.

Om het effect van de alcoholgroep van DASAs op hun schakelmechanisme te onderzoeken 
werd een gerelateerd DASA-molecuul gesynthetiseerd zonder een dergelijke alcoholgroep. 
Deze werd vervolgens uitgebreid onderzocht (Hoofdstuk 5). De gelijkenis met cyanine 
kleurstoffen suggereert dat deze moleculen niet volledig kunnen cycliseren, maar slechts een 
enkele E–Z isomerisatie van een dubbele binding ondergaan. Dit feit werd bevestigd en NMR 
in situ-bestralingsexperimenten onder lage temperatuur omstandigheden (213 K) maakten 
de identificatie mogelijk van twee verschillende DASA-isomeren die het resultaat zijn van 
isomerisatie van een dubbele binding op verschillende posities in de geconjugeerde keten.

Het voorgestelde mechanisme van het schakelproces is hetzelfde voor DASAs van de 
eerste en tweede generatie in verschillende oplosmiddelen (dichloormethaan, tolueen, 
dimethylsulfoxide en methanol) (Hoofdstuk 6). In al deze oplosmiddelen werd hetzelfde 
tussenproduct geobserveerd  met vergelijkbaar kinetisch profiel. Hieruit valt te concluderen 
dat de fotochemische stap een door licht geactiveerde isomerisatie van een dubbele binding 
behoeft en dat deze stap hetzelfde is in alle oplosmiddelen. De algehele kinetiek van het 
schakelproces – in contrast met/ondanks de relatieve overeenkomst van het fotochemische 
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gedeelte – verschilt sterk van oplosmiddel tot oplosmiddel, waarbij een vertraging van enkele 
orden van grootte in polaire oplosmiddelen wordt waargenomen.

Berekeningen (door A. Laurent en M. Medved') tonen de thermodynamica van het 
schakelproces in verschillende oplosmiddelen en de spectra van de tussenproducten in 
oplossing. Deze resultaten, samen met andere UV / Vis en IR spectroscopische metingen (in 
samenwerking met M. Di Donato, A. Lapini, A. Iagatti, L. Bussotti en P. Foggi), maken het 
mogelijk om een gedetailleerd overzicht van het moleculaire schakelmechanisme van DASAs 
te verkrijgen. Deze resultaten suggereren dat dit mechanisme vergelijkbaar is in verschillende 
oplosmiddelen en dat de thermische ringsluiting belangrijk is voor de algehele kinetiek van 
het schakelproces. 

DASAs hebben sinds hun introductie in 2014 als nieuwe klasse moleculaire schakelaars 
een snelle ontwikkeling doorgemaakt en hun potentieel is door interessante toepassingen 
in bijvoorbeeld oppervlaktelithografie, vloeibare kristallen, het schakelen van polymeren 
en de afgifte van medicijnen uit micellen door licht gedemonstreerd. Dit proefschrift biedt 
fundamenteel inzicht in hoe de structuur van DASAs de eigenschappen beïnvloedt en maakt 
de verdere ontwikkeling en toepassing van deze nieuwe klasse moleculaire schakelaars 
mogelijk, ook in gebieden waar dat voorheen niet mogelijk was. Niettemin blijven veel 
mechanistische vragen onbeantwoord. Toch zijn er veel nieuwe mogelijkheden voor 
intelligent molecuulontwerp en we geven een vooruitzicht naar deze interessante toekomstige 
ontwikkelingen (Hoofdstuk 7). 
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Zusammenfassung

Mit Hilfe von Licht als Antrieb können Molekulare Schalter von Ausserhalb zwischen zwei 
oder mehr strukturell verschiedenen Zuständen hin und her geschaltet werden. Dieser Ansatz 
war in den letzten Jahrzehnten ausserordentlich erfolgreich und hat viele Anwendungen 
in Gebieten wie den Materialwissenschaften, Supramolekularer Chemie, molekularer 
Maschinen, molekularer logischen Schaltungen, schaltbarer Katalyse, chemischer Biologie 
und der Biomedizin hervorgebracht. 

Die erfolgreiche Anwendung solcher schaltbarer Elemente beruht jedoch auf vier 
Grundpfeilern: 
1. Synthese: Einfacher und schneller Zugang zu Zielstrukturen. 
2. Verständnis: Ein vertieftes Verständnis wie die Struktur eines molekularen Schalters 

dessen Eigenschaften in einer beliebigen Umgebung vorgibt. 
3. Möglichkeit zur Feinabstimmung von Eigenschaften: Die Möglichkeit die Struktur 

eines molekularen Schalters so zu verändern, dass gewünschte Eigenschaften erreicht 
werden und dass dies auch synthetisch möglich ist. 

4. Wahl der Anwendung: Die systemrelevanten Parameter, die durch den molekularen 
Schalter kontrolliert werden sollen, müssen in Betracht gezogen werden und beeinflussen 
direkt die benötigten Eigenschaften des molekularen Schalters. 

Die vorliegende Doktorarbeit unterstützt diesen Ansatz durch die Erforschung und das 
dadurch gewonnene bessere Verständnis einer neuen Klasse von molekularen Schaltern 
mit dem Namen: Donor-Akzeptor Stenhouse Addukte, kurz DASAs. Diese Klasse von 
Schaltern wurde 2014 von Read de Alaniz und Mitarbeitern entwickelt. DASAs sind negative 
photochrome Moleküle die mit sichtbarem Licht ein- und ausgeschaltet werden können. Sie 
sind daher viel versprechende molekulare Schalter für neue Anwendungen, bei denen solche 
Eigenschaften von Vorteil sind, wie zum Beispiel in neuen Materialien oder in der Biomedizin 
(Kapitel 1). Besonders attraktiv an DASAs ist deren einfache, schnelle und baukastenartige 
Synthese, die grosse Veränderung in Struktur und Eigenschaften zwischen den schaltbaren 
Zuständen zulässt, sowie deren hohe photochemische Quanten-Ausbeute (8–17%). 

  

9



222

Chapter 9

Besonders interessant ist das Absorptions-Spektrum von DASAs: Sie absorbieren praktisch 
kein Licht zwischen 300–450 nm. Da auf Azobenzol basierende molekulare Schalter genau in 
diesem Bereich absorbieren, kann man beide Molekül-Klassen in einer Lösung kombinieren 
und diese komplett unabhängig voneinander mit bisher einzigartiger Selektivität steuern 
(Kapitel 2). Wenn man ein Azobenzol-Schalter und einen DASA Schalter zu einem einzigen 
Molekül verbindet, dann kann man deren Zusammenspiel und mögliche Energie-Transfers 
erforschen. Diese molekulare Dyade wurde dann als rudimentäre molekulare Maschine 
für Transport und molekulare Erkennung gebraucht. Der DASA-Teil kontrolliert den 
dynamischen Transfer zwischen Phasen und der Azobenzol-Teil bindet an α-Cyclodextrin. 

Bisher wurde der Schaltmechanismus von DASAs nur ungenügend erforscht. Die 
Entdeckung eines kurzlebigen Absorptionsbandes während des Schaltvorganges, welches 
rotverschoben zum Haupt-Absorptionsband liegt, ermöglichte das Studium eines 
wichtigen Zwischenprodukts im Schalt-Mechanismus (Kapitel 3). Die Lebenszeit dieses 
Zwischenprodukts ist temperaturabhängig und die Natur dieses DASA-Isomers konnte 
in Zeit- und Temperaturabhängigen UV/vis und NMR Studien eingehender erforscht 
werden. Dieses Zwischenprodukt konnte sogar bei kalten Temperaturen akkumuliert und 
studiert werden. Zusammengenommen ergeben diese Studien einen ersten Einblick in 
einen möglichen Schaltmechanismus und haben zu einem vorgeschlagenen Mechanismus 
geführt. Dieser Mechanismus kann in einen photochemischen Schritt und darauffolgender 
thermischer Schritte geteilt werden. Der photochemische Schritt ist eine Z–E Isomerisierung 
einer Doppelbindung und die thermischen Schritte bestehen aus dem Transfer eines 
Protons und einer konrotatorischen, 4π-elektrozyklischen Umlagerung, welche aufgrund 
vorhergehender Studien vorgeschlagen wurde. Der ursprüngliche Schaltmechanismus wurde 
dann durch weitere Studien verfeinert (Kapitel 4): Weiterführende TD-DFT Berechnungen 
(durchgeführt durch A. Laurent, M. Medved’ und D. Jacquemin) und ultraschnelle UV/
vis und mittel-IR Spektroskopie (durchgeführt in Zusammenarbeit mit M. Di Donato, A. 
Lapini, A. Iagatti, L. Bussotti und P. Foggi) erlaubten vertiefte Einblicke in die Struktur des 
Zwischenprodukts, die Grössenordnungen der Zeitabläufe des Schaltmechanismus und die 
Energien des ersten photochemischen Schrittes. 

Um den Einfluss der Alkohol-Gruppe von DASAs auf deren Schaltmechanismus zu 
untersuchen, wurde ein verwandtes DASA-Molekül synthetisiert, welches keine solche 
Gruppe besitzt (Kapitel 5). Seine Ähnlichkeit mit Cyanin-Farbstoffen suggerierte, dass diese 
Moleküle nicht komplett zyklisieren können, sondern nur eine einfach E–Z Isomerisierung 
einer Doppelbindung durchlaufen. Dieser Sachverhalt wurde bestätigt und NMR in situ  
Bestrahlungs-Experimente unter Kühlung (213 K) ermöglichten die Identifizierung von 
zwei verschiedenen DASA-Isomeren. Diese sind ein Resultat einer Isomerisierung einer 
Doppelbindung an unterschiedlichen Positionen in der konjugierten Kette. 

Der vorgeschlagene Schaltmechanismus scheint in verschiedenen Lösungsmitteln 
(Dichlormethan, Toluol, Dimethylsulfoxid und Methanol) konserviert zu sein für DASAs der 
ersten und zweiten Generation (Kapitel 6). In allen diesen Lösungsmitteln wurde das gleiche 
Zwischenprodukt mit vergleichbarer Kinetik beobachtet. Beachtenswert ist, dass die Kinetik 
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des Gesamtschaltvorganges, trotz der relativen Ähnlichkeit des photochemischen Teils, 
sich von Lösungsmittel zu Lösungsmittel stark unterscheidet. Dabei beobachtet man eine 
Verlangsamung von mehreren Grössenordnungen in polaren Lösungsmitteln. Berechnungen 
(durch A. Laurent und M. Medved’) zeigen die Thermodynamik des Schaltvorganges und die 
Spektren der Zwischenprodukte in verschiedenen Lösungsmitteln. Diese Resultate ergeben 
zusammen mit weiteren spektroskopischen Messungen im UV/Vis und mitteleren IR Bereich 
(in Zusammenarbeit mit M. Di Donato, A. Lapini, A. Iagatti, L. Bussotti and P. Foggi) ein 
Gesamtbild des molekularen Schaltmechanismus von DASAs und suggerieren, dass die 
thermische Ringschlussumlagerung wichtig ist für die Gesamt-Kinetik des Schaltvorganges. 

Seit der Einführung von DASAs im Jahr 2014 hat diese neue Klasse von molekularen 
Schaltern eine rapide Entwicklung unterlaufen und deren Potential wurde durch interessante 
Anwendungen wie zum Beispiel der Oberflächen-Lithographie, in Flüssigkristallen, dem 
Schalten in Polymeren und in der Freisetzung von Medikamenten aus Mizellen durch Licht 
aufgezeigt. Die hiermit vorgestellte Doktorarbeit ermöglicht ein grundlegendes Verständnis 
wie die Struktur der DASAs deren Eigenschaften vorgibt und ermöglicht die Weiterentwicklung 
dieser neuen Klasse von molekularen Schaltern und deren Einsatz in Anwendungsgebieten, 
die bis jetzt nicht möglich waren. Nichtsdestotrotz bleiben noch viele mechanistische Fragen 
unbeantwortet. Viele Möglichkeiten für ein intelligentes Molekül-Design stehen offen und 
wir freuen uns auf spannende, zukünftige Entwicklungen (Kapitel 7). 
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But science teaches more than this. It continually reminds us that 
we are still ignorant and there is much to learn. 

Vannevar Bush
Science is Not Enough (1967) p. 28
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Popular Summary

A better grip on novel molecular switches opens up new avenues in material science, 
medicine and molecular machines. 

Materials shape the world around us. In this century, scientists have started to create novel 
materials that have the potential to reshape our future. Instead of using static materials to 
create functional tools, the materials themselves are becoming responsive. Early signs of such 
approaches are glasses that automatically darken with higher intensity of light, smart surfaces 
and polymers that can respond to electric signals. At the heart of this revolution are molecules 
that can form such materials. In order to be successful, chemists need to create new molecules 
with properties that have never been seen before, and they need to know how to properly 
handle them. 

This thesis helps us to better understand and make use of a novel class of molecules that was 
discovered only three years ago by the group of Prof. Read de Alaniz at UC Santa Barbara: 
the so-called DASAs. This molecule changes its structure upon illumination, which has 
enabled the creation of surfaces that can change their properties with light or it helps building 
molecular machines. Researchers from the University of Groningen, under the guidance of 
Prof. Feringa and in cooperation with an international network of scientists, have uncovered 
the processes that happen when light hits the molecule. This knowledge helps modifying the 
existing molecules in order to reduce decomposition, improve color fastness, and overall 
quality and performance of these responsive materials. Subsequent research will take the 
lessons learned from this work and directly translate them to the development of new tools 
and materials for the future. 
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Een betere beheersing van nieuwe moleculaire schakelaars opent nieuwe mogelijkheden in 
de ontwikkeling van materiaalkunde, geneeskunde en moleculaire machines. 

Materialen geven vorm aan de wereld om ons heen. Wetenschappers in deze eeuw ontwikkelen 
nieuwe materialen die onze toekomst mogelijkerwijs opnieuw vorm kunnen geven. In plaats 
van statische materialen te gebruiken teneinde functionele gereedschappen te ontwikkelen 
zijn het de materialen zelf die responsieve eigenschappen krijgen. Vroege voorbeelden van 
zulke ontwikkelingen zijn bijvoorbeeld brillen die automatisch donkerder worden wanneer 
de lichtintensiteit toeneemt, ‘slimme’ oppervlaktes en polymeren die reageren op elektrische 
signalen. Aan de basis van deze revolutie liggen moleculen die zulke materialen kunnen 
vormen. Om dit soort moleculen te kunnen maken moeten scheikundigen nieuwe moleculaire 
eigenschappen ontwikkelen en ze moeten leren hoe ze met deze nieuwe moleculen om 
moeten gaan. 

Dit proefschrift draagt bij aan een dieper begrip van de eigenschappen en mogelijke 
toepassingen van de zogenoemde DASA, een nieuw soort molecuul die drie jaar geleden is 
ontwikkeld door de onderzoeksgroep van Prof. Read de Alaniz aan de UC Santa Barbara. 
Deze molecuul, die verandert van structuur zodra er licht op schijnt, kan ingezet worden 
voor verschillende toepassingen: zo kan het bijvoorbeeld gebruikt worden in de bouw 
van moleculaire machines of om oppervlaktes te ontwikkelen waarvan de eigenschappen 
veranderen door invloed van licht. Onder begeleiding van Prof. Feringa en in samenwerking 
met een internationaal netwerk van wetenschappers hebben onderzoekers aan de 
Rijksuniversiteit Groningen de processen bestudeerd die in gang worden gezet zodra er licht 
op deze molecuul valt. Kennis van deze processen kan gebruikt worden voor het aanpassen 
van de bestaande moleculen zodat de stabiliteit en de kleurvastheid kan worden verbeterd en 
de algehele kwaliteit en prestatievermogen van de responsive materialen omhoog zullen gaan. 
Vervolgonderzoek kan de resultaten van dit onderzoek direct omzetten naar de ontwikkeling 
van nieuwe materialen en toepassingen.
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Populär-Wissenschaftliche 
Zusammenfassung
Ein besseres Verständnis von neuen molekularen Schaltern ermöglicht neue Anwendungen 
in den Materialwissenschaften, in der Medizin und für molekulare Maschinen. 

Die Materialien in unserer Umgebung prägen unsere Welt. In diesem Jahrhundert haben 
Wissenschaftler mit der Entwicklung von neuen Materialien begonnen, die das Potential 
haben, unsere Zukunft zu verändern. Anstatt der Verwendung von normalen, unveränderbaren 
Materialien und Werkstoffen um Werkzeuge herzustellen, werden die Materialien intelligent 
und selbst zu Werkzeugen. Vorboten dieser Entwicklung sind zum Beispiel Gläser von 
Sonnenbrillen die mit Zunahme der Lichtintensität sich selbst Verdunkeln, oder intelligente 
Oberflächen und Kunststoffe die auf elektrische Signale reagieren. Im Zentrum solcher 
Entwicklungen und dieser Revolution stehen Moleküle. Chemiker, die solche Moleküle 
herstellen, müssen neue Molekülklassen entwickeln und verstehen wie sie diese optimal 
anwenden können. 

Die vorliegende Doktorarbeit hilft uns, durch ein besseres Verständnis einer neuen Klasse 
von molekularen Schalter, in Zukunft solche intelligente Materialien zu entwickeln. Diese 
Schalter mit dem Namen DASAs wurden vor drei Jahren in der Forschungsgruppe von Prof. 
Read de Alaniz an der UC Santa Barbara entwickelt. Unter Lichtbestrahlung verändern diese 
Moleküle Ihre Struktur und Eigenschaften und können damit reaktionsfähige Oberflächen 
und Materialien oder sogar molekulare Maschinen gestalten. Forscher der Universität 
Groningen unter der Leitung von Prof. Feringa zusammen mit einem internationalen 
Netzwerk von Forschern, haben die Prozesse untersucht, die unmittelbar nach der Aufnahme 
von Licht vonstattengehen. Dieses Wissen hilft diese Klasse von molekularen Schaltern zu 
optimieren um Zersetzung zu vermindern, die Farbechtheit und die Qualität und Leistung 
dieser Moleküle und schlussendlich der Materialien zu verbessern. Weitergehende Forschung 
wird dieses Wissen für die Entwicklung von neuen Werkzeugen und Materialien für die 
Zukunft benutzen. 
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excitement, the discovery, the adventure, for going after the most 
elusive catch imaginable in uncharted seas.

Karl Barry Sharpless
Nobel lecture, 2001
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A.1 Synthesis

General reagent information: Preparation of commercially unavailable compounds: 
unless stated otherwise, all reactions were carried out in oven- and flame-dried glassware 
using standard Schlenk techniques and were run under nitrogen atmosphere. The reaction 
progress was monitored by Thin-layer chromatography (TLC). Starting materials, reagents 
and solvents were purchased from Sigma–Aldrich, Acros, Fluka, Fischer, TCI, J.T. Baker or 
Macron and were used as received, unless stated otherwise. Solvents for the reactions were of 
quality puriss., p.a.. Anhydrous solvents were purified by passage through solvent purification 
columns1 (MBraun SPS-800). For aqueous solutions, deionized water was used. 

General considerations: Thin-layer chromatography analyses were performed on 
commercial Kieselgel 60 F254 silica gel plates with fluorescence-indicator UV254 (Merck, TLC 
silica gel 60 F254). For detection of components, UV light at λ = 254 nm or λ = 365 nm was 
used. Alternatively, oxidative staining using aqueous basic potassium permanganate solution 
(KMnO4) or aqueous acidic cerium phosphomolybdic acid solution (Seebach’s stain2) was 
employed. Drying of solutions was performed with MgSO4 and volatiles were removed with a 
rotary evaporator (at 50 °C water bath temperature). 

General analytical information: Nuclear Magnetic Resonance spectra were measured with 
an Agilent Technologies 400-MR (400/54 Premium Shielded) spectrometer (400 MHz) or an 
Agilent Technologies Innova 500 NMR spectrometer (500 MHz). All spectra were measured 
at room temperature (22–24 °C). Chemical shifts for the specific NMR spectra were reported 
relative to the residual solvent peak [in ppm; CDCl3: δH = 7.26; CDCl3: δC = 77.16; CD2Cl2: 
δH = 5.32; CD2Cl2: δC = 53.84; DMSO-d6: δH = 2.50; DMSO-d6: δC = 39.52; CD3CN: δH = 1.94; 
CD3CN: δC = 1.32, 118.26; d6-acetone: δH = 2.05; d6-acetone: δC = 29.84, 206.26; toluene-d8: 
δH = 2.08, 6.97, 7.01, 7.09; toluene-d8: δC = 137.48, 128.87, 127.96, 125.13, 20.43; D2O: δH = 
4.79; CD3OD: δH = 3.31; CD3OD: δC = 49.00].3 The multiplicities of the signals are denoted by 
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad signal), app (apparent). 
All 13C-NMR spectra are 1H-broadband decoupled. 

High-resolution mass spectrometric measurements were performed using a Thermo scientific 
LTQ OrbitrapXL spectrometer with ESI ionization. The molecule-ion M+, [M + H]+ and [M – 
X]+, respectively, are given in m/z-units. Melting points were recorded using a Stuart analogue 
capillary melting point SMP11 apparatus. 
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A.2 UV/visible static and steady state measurements

For spectroscopic measurements, solutions in Uvasol® grade solvents were measured in a 10 
mm quartz cuvette, unless stated otherwise. UV/vis absorption spectra were recorded on an 
Agilent 8453 UV/vis, a Hewlet-Packard HP 8543 diode array or an Analytik Jena Specord S600 
diode array. Temperature-control was exerted through a Peltier based temperature controlled 
cuvette holder (QuantumNorthwest). A non-coherent white light-source was purchased 
from Thorlabs (OSL1-EC). In chlorinated solvents, an optical cut-off filter (< 440 nm, SCF-
50S-44Y) was used. The obtained UV/vis spectra were baseline corrected. Data-analysis was 
performed using Origin, Prism, R (https://www.r-project.org/) or Spectragryph software. 

A.3 1H-NMR in situ-irradiation measurements

For in situ-irradiation experiments, an LED-based irradiation setup was built according to a 
reported system.4 The fiber-optic cable (M28L05; Ø400 μm, 0.39 NA, SMA-SMA Fiber Patch 
Cable, 5 Meters) and the LEDs were purchased from Thorlabs: 470 nm Fiber-coupled LED 
(M470F3, 21.8 mW, FWHM = 20 nm); 530 nm Fiber-coupled LED (M530F2, 9.6 mW, FWHM 
= 30 nm). NMR tubes were purchased from Wilmad-LabGlass (SP Scienceware): WGS-5BL, 
Coaxial Insert for 5 mm NMR Sample Tube and 535-PP-7, 5 mm Thin Wall Precision NMR 
Sample Tube 7” L, 600MHz. Spectra were measured with an Agilent Technologies Inova 500 
spectrometer (500 MHz). 

A.4 Light sources 

Sources for irradiation have been purchased from commercial suppliers. Technical details 
(λem or λmax, intensity, type and supplier) are summarized in Table A1 and A2. 

Table A1 | Comparison of used commercial light sources (Chapter 2–6). 

Entry λmax (nm) Type Supplier

1 312 ENB-280C/FE Spectroline
2 365 (br.) ENB-280C/FE Spectroline
3 365 M365F1 ThorLabs

4 370 MARL 260019 UV EMITTER, 
TO-46, 100DEG Farnell

5 430 607-4304H6 Mouser
6 590 604-APTD1608SYC/J3 Mouser
7 640 604-APTD1608SEC/J3 Mouser
8 white light (wl) OSL1-EC ThorLabs
8 white light (halogen) Plusline ES Small 160W, 3100 lm Philips
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A.4.1 Fiber-coupled LEDs

Table A2 | Used fiber-coupled LEDs for NMR in situ-irradiation (Chapters 3 and 5) were 
purchased from ThorLabs and used with a fiber optic cable (M28L05; Ø400 μm, 0.39 NA, 
SMA-SMA Fiber Patch Cable, 5 Meters). 

Entry λmax (nm) FWHM (nm) Intensity (mW) Type

1 470 20 21.8 M470F3
2 530 30 9.6 M530F2

A.4.2 Optical Filters

The 440 nm optical cut-off filter was purchased from OptoSigma (Molenaar Optics; SCF-50S-
44Y, transmittance limit: λT = 440±5 nm, wavelength slope width Δλ < 25 nm). 

Table A3 | Used optical band-pass filters were purchased from Andover Corporation and used 
in combination with the high-intensity white light source (OSL1-EC). 

Entry λcenter (nm) Bandwidth (nm) Transmission (%) Type

1 430.0 +3/-0 10.0 +2/-2 45 430FS10-50
2 546.1 +2/-0 10.0 +2/-2 55 546FS10-50
3 577.0 +2/-0 10.0 +2/-2 55 577FS10-50
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Pursuing a PhD can be a transformative experience. Doing research is not always easy, 
but neither is life. What research means to me is the joy of going out there and having fun 
exploring thoughts and concepts and discovering things that might be self-evident for most 
people but are fascinating to me. I have been lucky to be surrounded by people that allowed 
me to do exactly this in the past four years. At the end of my PhD, I am left to express my 
gratefulness to all the people I have met and that have influenced me. 

First and foremost, I would like to thank Prof. Dr. Feringa for the opportunity to conduct 
research in his group at the University of Groningen, the funding and guidance throughout 
my PhD Dear Ben, I have never met a person that equals your passion for science, wit and 
intellectual creativity, while maintaining the Dutch virtues of staying down to earth, being 
modest, honest and independent. It definitely has been an honour to work under your 
guidance and it has been a very special occasion to experience autumn 2016 and the Lindau 
Conference in Summer 2017. 

Dear Wesley, thank you for help and guidance throughout my PhD You have always been 
honest, when I needed it and thank you for the weekend measurements and discussions and 
the vital feedback on spectroscopy matters. It has been exciting developing the NMR in situ-
irradiation setup together with Pieter and Dušan and to level-up our UV/vis spectrometer 
and the spectroscopy-room. 

Dear Wiktor, without you, all this would not have been possible. You have been relentlessly 
and continuously supportive and your door was always open. You believe in pure science and 
always enjoy scientific but also profane discussions. Thank you for your patience in making 
me a better scientist and much better writer. You – and all the Feringa group members past 
and present – have transformed the past four years into a very special period. To all members 
of the Feringa group, you are a great bunch! I have learned a lot about science in all different 
facets, Dutch culture and life in general! 

Dear Tineke, we have been lucky to have a terrific “group mum” and secretary that would 
always be there for us and manage everyone in times of the Nobel prize but also the hectic 
times leading up to it and in the crazy aftermath. You have been our Vice Admiral Kathryn 
Janeway, to quote your own words. 

The work presented in this thesis would not have been possible without a set of amazing 
collaborators. Your enthusiasm when it came to untangling and unravelling the behaviour of 
DASAs has definitely been a highlight in my PhD and will continue to serve as an inspiration 
for my future steps. To Florence: Dear Mariangela, Andrea, Alessandro, Laura and Paolo, 
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thank you so much for the time in Florence. The science, food and friendly atmosphere has 
been an enlightenment. Especially Mariangela, many thanks for your hospitality, all the help 
in making my visit possible and for your patience explaining everything. To Amsterdam: 
Dear Wybren Jan, your support and knowledge has definitely been vital for this PhD thesis. 
You always found time to discuss photochemistry and have helped tremendously for the 
success of this project. To Nantes: Adèle, Miro and Denis thanks for the countless hours of 
calculations, meetings with rigorous discussions and all the help! To Enschede: Claudia and 
Habib, thank you for all your ideas and contributions to untangle DASAs’ behaviour. 

Many thanks to the Assessment Committee (Prof. Dr. Sudhölter, Prof. Dr. Otto and Prof. 
Dr. Meech), Wiktor, Ben for correcting and proof-reading my thesis. Thanks to Ben, Mickel 
and Lilian for the Dutch translations. 

Dear Wim, your PhD has many times been a light-house for orientation and motivation, but 
sometimes also a manifestation of frustration as you have already covered so many concepts 
and ideas in photopharmacology. For your advice, discussions and insights, I am indebted. 
Thank you so much for your room (I still love it every day). Dear Sander, many thanks for 
your guidance and ideas throughout. Also, many thanks for your calculations and helping 
me with getting my own (meagre) calculations started. Dear Beatrice, thank you for your 
guidance in and outside the lab and for your perseverance on your projects that has served as 
inspiration for the many of us. 

Dear members of the BioSubGroup: Mickel, thank you for the countless discussions and 
brainstorming sessions about research ideas and questions and what it means to have a 
successful PhD You are an excellent chemist with an astonishing work efficiency! Claudia, 
thank you for the rich social life and the introduction to motors. Friederike, thank you for the 
countless cakes and nice office atmosphere. Dušan, thank you for the evening lab discussions, 
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mind and motivation to go back to biology and taking it to the next level and also for being a 
super nice “buurman”! Kaja, thank you for your creativity and your amazing illustrations. Pier, 
thank you for the many new musical inspirations and for bringing the modeling knowhow 
and Italian flair into the subgroup. Anja, Hugo, Jana, Michael, Verena and students past and 
present, thank you! 
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for explaining me enzyme assays), van Rijn group, Huck group (Aleksandr and Albert) and 
the van der Meer group (Martjin and David). 
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