
rsc.li/crystengcomm

 CrystEngComm

rsc.li/crystengcomm

PAPER
Yuan Zhuang et al. 
Structural study on PVA assisted self-assembled 3D 
hierarchical iron (hydr)oxides

Volume 20
Number 15
21 April 2018
Pages 2071-2202

 CrystEngComm

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  F. M. Amombo

Noa, J. Andréasson and L. R. Öhrström, CrystEngComm, 2026, DOI: 10.1039/D5CE01135C.

http://rsc.li/crystengcomm
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5ce01135c
https://pubs.rsc.org/en/journals/journal/CE
http://crossmark.crossref.org/dialog/?doi=10.1039/D5CE01135C&domain=pdf&date_stamp=2026-02-05


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Crystal chemistry of dithienylethene photochromic switches
Francoise M. Amombo Noa,*a,b Joakim Andréasson b and Lars Öhrström* b 

Diarylethene (DAE)-based photochromic molecules, e.g., dithienylethenes, have emerged as versatile candidates for 
molecular switching over a very broad application range. Their popularity can be rationalized by the robust reversible photo-
induced transformations, high thermal stability, excellent fatigue resistance, and reactivity in the solid state. This highlight 
emphasizes DAE performance in the solid-state. It explores, among other things, crystal structures, co-crystals, and Metal-
Organic Frameworks (MOFs). Although the DAE photochromic switches have been indispensable for research into light-
responsive materials since their discovery in 1988, recent structural surveys and database studies reveal critical design 
challenges. Analysis of data in the Cambridge Structural Database, CSD show that dithienylethenes (DTEs) such as 1,2-Bis[2-
methylbenzo[b]thiophen-3-yl]-3,3,4,4,5,5-hexafluoro-1-cyclopentene, account for around 80 % of crystal structures. 
Antiparallel geometry and short C···C distances govern photoactivity, but crystal packing frequently enforces non-reactive 
conformations, complicating rational design. Notable advances include Metal-Organic Frameworks combining two distinct 
photoswitches (DAEs and spiropyrans), photoswitching between porous and non-porous phases, and rare single-crystal-to-
single-crystal transformations in interpenetrated frameworks. Photomechanical crystals capable of face-dependent twisting 
and lifting weights 900 × heavier than the crystal illustrate the potential of crystal engineering for actuators. These findings 
underscore both the opportunities and limitations in translating molecular photochromism into functional solid-state 
devices. 

Diarylethene photochromism - since 1988
Photochromism is the reversible transformation between two 
isomers with distinct absorption spectra. Typically, one isomeric 
form absorbs in the visible region implying that it appears 
coloured, whereas the other absorbs mainly in the UV region, 
why it is often referred to as the colourless isomer. Systems that 
display no or very slow thermal isomerization reactions are 
referred to as P-type photoswitches, and these can only be 
isomerized by exposure to light of different wavelengths.  
Diarylethenes (DAE), such as the frequently used 
dithienylethenes, belong to this class of compounds, and their 
favourable photochromic properties have made them the 
switch of choice for many researchers aiming at photo-optical 
devices operating at both molecular and supramolecular 
magnitudes.1-3

The discovery of the DAE photochromic systems implied a 
significant advance, as Irie and co-workers could show that with 
methyl-substituted heterocyclic rings these compounds “have 
no thermochromic property and the coloured form is stable 
even at elevated temperature”.4 Thus these systems could be 
cycled back and forth using light while being thermally stable in 
both the open and the closed form.

In the crystalline state, DAE photoswitches exhibit nearly 
unity (≈100%) photocyclization quantum yields because all 

open isomers are typically constrained in the antiparallel 
conformation, that is, the only conformation that can undergo 
ring-closure, whereas in solution the open isomers populate 
parallel and antiparallel forms equally. For photocycloreversion, 
several crystals show quantum yields similar to those in 
solution, but others display quantum yields 2–3 times higher 
due to restricted, non-relaxed conformations of the 
photogenerated closed isomers within the crystal lattice. Thus, 
crystallinity enhances the efficiency of both forward and 
backward photoisomerization when molecular packing 
enforces reactive conformations or limits structural relaxation.5

Figure 1 Two diarylethene (DAE) photochromic systems with o and c denoting open and 
closed forms. Top: Compound 1 from the first report in 1988,4  and bottom: 1,2-bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentenes 2.6 

Since then, these versatile photoswitches have been 
suggested for potential applications across various fields, 
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including chemistry, nanotechnology, and biology.7-9 10-12 In 
here, we will exemplify the structural chemistry of the DAEs in 
the crystalline form, also emphasizing its supramolecular 
aspects. 

Important properties of the diarylethenes

As indicated above, the photophysical assets of DAEs in solution 
as well as in solid state are high isomerization quantum yields 
for the colorization reaction, large differences in the maximum 
absorption wavelength between the two isomers, good 
resistance to photofatigue, and short response times.10, 12, 13

Moreover, the absence of thermal isomerization is 
important in many applications.  Reported DAE derivatives 
exhibit half-lives up to hundreds of thousands of years at room 
temperature.14, 15 As for the fatigue resistance, that is, the 
ability to cycle between the two isomers repeatedly with no or 
little photodegradation, it is critical for practical applications 
and more than 14000 cycles in solution and 30 000 cycles in the 
single crystalline phase have been reported.16-18

Although we will herein exclusively highlight systems 
triggered by photoisomerization, there are reports of 
alternative isomerization stimuli, like electrochemistry and 
pH.19

Synthesis of diarylethenes

Invariably the diarylethenes are initially prepared in the open 
form. The preparation of diarylethenes is not trivial though, and 
their large variety means an extensive organic synthesis tool 
book has been used,20 preventing an exhaustive overview. As an 
illustrating example, we chose to highlight  a facile synthetic 
procedure for perhydrocyclopentenes and perfluorocyclo-
pentenes (such as 2o, see Figure 1) reported by Feringa and co-
authors in 2003.21 The procedure can be carried out on large 
scale with inexpensive starting materials.22

Photochromic properties 

The perhydro- and perfluoro-cyclopentene derivatives exhibit 
equivalent photochromic behaviour, with high isomerization 
quantum yields (˃ 0.6 to 1 for the colorization reaction) and 
photoconversion efficiencies (0.85 – 1). 23

The main differences between these two classes lie in their 
photochemical and thermal stability. Some 
perhydrocyclopentene derivatives undergo nearly quantitative 
photochemical isomerization unlike their perfluoro 
counterparts.1-3 Despite this, both types can undergo multiple 
switching cycles without significant photodecomposition with 
thermal interconversion half-lives exceeding 3 hours at 100 °C. 
This makes perhydrocyclopentenes excellent alternatives in 
most applications, while perfluorocyclopentenes might be 
better suited for data storage applications requiring high fatigue 
resistance and thermal stability.

The photo-induced cyclization of diarylethenes

Photo-induced cyclization of DAE derivatives occurs when 
the open form is exposed to UV light, undergoing a conrotatory 

cyclization to form a closed-ring isomer. This closed form is 
coloured and has distinct absorption properties compared to 
the open form.11, 15 Several factors influence the cyclization of 
DAE molecules, including the nature of aryl groups, the central 
ethene bridge, and additional substituents that affect the 
reaction rate.11, 24-26

Thermal stability

Both the open and closed forms of DAE derivatives exhibit 
exceptional thermal stability, with half-lives extending to 
hundreds of thousands of years at room temperature.14, 15 
Many DAE derivatives, including those containing thiophenes, 
benzothiophenes, furans and perfluoro-cyclopentene can 
retain their coloured form over extended time periods even at 
elevated temperatures (e.g.,100 °C) before reverting to the 
thermodynamically stable open form the dark.11, 15, 24, 27, 28 

Thermal stability can be governed by the choice of 
substituents. For example, research by Li and Zeng showed that 
incorporating spirobifluorene groups significantly improved the 
thermal stability of both open and closed forms. The 
spirobifluorene open derivative had a 59 °C higher thermal 
stability judged from a 5 % weight loss limit during 
thermogravimetric analysis (TGA) and the closed form showed 
significantly lower conversion back to the open form in 
solution.29 Figure 2 illustrates the thermal stability of selected 
DAE derivatives.30 

Figure 2 Examples of thermal stability of DAE closed forms.30

The importance of thermal stability lies in its relevance to 
applications such as optical data storage, photoswitchable 
molecular devices, and other technologies where maintaining 
the coloured state over time is crucial. 24, 27It is important to 
note that the thermal stability of the closed isomer is not 
correlated with the photocycloreversion quantum yield. This is 
because the potential energy surface of the ground state differs 
from that of the excited states, which control the 
photocycloreversion quantum yield.11
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Fatigue resistance

Fatigue resistance is a key property of DAE-based molecules, 
allowing them to undergo numerous photochromic cycles 
without significant degradation. Some DAE compounds can 
repeat cyclization - cycloreversion more than 14,000 times in 
solution and 30,000 cycles in the single crystalline phase.16-18 

Fatigue resistance can be affected by several factors, 
including chemical structure,27, 31 host-guest interactions,32 
polymeric matrices33 and excitation conditions.31 It can be 
improved by optimizing the chemical structure of DAEs with 
specific substituents to enhance stability and reduce byproduct 
formation during photoisomerization. For instance, Chung and 
co-authors34 have shown a strategic substitution of functional 
groups at specific reaction sites, using molecular switches for 
high performance polymer field-effect transistors (FETs). Their 
system displays switching ratios of 4,405 and excellent electrical 
fatigue resistance over 100 switching cycles. Other strategies to 
improve fatigue resistance include: controlling the surrounding 
environment at which the experiment is conducted,33, 34 
substitution with 3,5-bis(trifluoromethyl)phenyl or 3,5-
bis(pentafluorosulfanyl)phenyl groups32, 35 and using 
supramolecular complexes. 31,36

 
The solid-state

To date, several thousand DAE derivatives have been 
prepared, and more than a hundred articles are published each 
year as judged by the Web of Science database. Although most 
of these reports concern properties in the solution phase, some 
recent advances emphasize solid-state properties. 

For example, morphological control of patterning by 
sublimation has recently been achieved using 1,2-bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentenes, 2o (Figure 1, 
right),37 and photosalient38 and bio-mimetic functions were 
recently reviewed.39 

The Cambridge Structural Database (CSD)40 contained 1 349 
unique DAE structures in 2023, either in open- or closed ring 
forms.41 Notably, only the open-ring  isomers with antiparallel 
aryl group geometry25 and a reactive carbon separation of 
approximately 4.20 Å are photoactive.42, 43

These CSD structures can be grouped into dithienylethenes 
(80 %), dibenzothienylethenes (8 %), asymmetric DAEs 
(7%), with dipyrrolylethenes and difurylethenes in equal parts 
making up the rest (Figure 3).41 

Figure 3 Classification of the 1 349 unique DAE structures either in open (shown) or 
closed (not shown) ring forms in the Cambridge Structural Database.41 

Crystal growth. DAE derivatives can be crystallized using 
standard techniques with the crystallization process influenced 
by specific DAE derivatives and solvent choice.44 Common 
methods include solubility-based crystallization, solvent 
selection, slow cooling, vapor diffusion and sublimation. 

In solubility-based crystallization, the compounds are 
dissolved in a suitable solvent at elevated temperatures to form 
a saturated solution which is then cooled to allow crystal 
formation. The solvent must dissolve the compounds well at 
high temperatures but poorly at lower temperatures. Solvent 
polarity and intermolecular interactions are key factors that 
affect the choice of solvent.44, 45 The slow cooling method 
promotes the formation of larger, well-defined crystals. Other 
techniques such as vapor diffusion and sublimation are also 
employed, especially for volatile compounds.37 

Substituents and functional groups affect solubility and 
crystallization behavior.44, 46 Another major factor is 
temperature. It plays a crucial role in solubility and crystal 
deformation. Solvent selection is also important to achieving 
successful crystallisation.44 There are also impurities, which are 
to be removed through filtration of the solution before cooling. 
This helps discard any insoluble impurities that hinder crystal 
growth. These considerations are essential for obtaining high-
quality DAE crystals for structural and functional studies.

Basic solid-state and molecular parameters, the size of open and 
closed diarylethenes 

The first DAE crystal structure was obtained for 1,2-bis(3,5-
dimethyl-3-thienyl)perfluorocyclopentene 3o47, 48 and one of 
the first determinations of structures of both open and closed 
forms where for the 2,5-dimethyl-3thienyl derivative, 2o and 
2c.6 While the open form has more flexibility in crystal packing, 
the closed form appears more compact as the ring closure 
makes the two aromatic parts come closer and the molecule 
becomes flatter, see Figure 4. The effect on molecular volume 
on 2 as judged by the unit cells (none of the structures contain 
any significant voids) is that the closed form is 1 % smaller than 
the open form at room temperature, a difference that is 
enhanced at 123 K to 2.5 %, both cells shrinking as the 
temperature drops.

This difference is consistent with the size measurements 
give in Figure 4. If an orthogonal parallelepiped is assumed with 
these metrics to approximate the size, then the shrinking of 2 
from open to closed will be 4.6 %. However, under the 
assumption that 56 % the molecule retains its geometry (14 out 
of 25 heavy atoms do not move significantly) then 2.6 % is a 
more reasonable estimate.

It should be noted that with larger substituents specific 
crystal packing may lead to reverse effects, so that both 
shrinking and expansion of the unit cells are possible upon 
irradiation of the open form.
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Figure 4 Basic dimensions and dimensions changes of diarylethenes using data from one 
of the first single crystal X-ray diffraction determination of the structures of both open 
and closed forms of a diarylethene.6 These dimension changes are consistent with 
the closed form being smaller, 1-2.5 % judging by the unit cell changes.

Structural requirements for photochemical activity
There are also two structural requirements on the open form of 
the diarylethene for photoisomerization to occur:

Antiparallel conformation of the methyl groups is the 
photoactive form. This allows the two reactive carbon atoms to 
approach each other and undergo conrotatory 
photocyclization, forming the closed-ring isomer. This 
conformation has C₂ symmetry, which is symmetry-allowed for 
the electrocyclic reaction under the Woodward–Hoffmann 
rules.49 (The parallel conformation can be seen in Figure 15 for 
23o.)
The C…C distance of the reacting carbon atoms. The 
photocyclization yield has been shown to drop dramatically to 
almost zero for distances larger than 4.2 Å50 

Single-crystal-to-single-crystal (SCSC) transformations of DAEs 
are possible upon light irradiation. This means that the crystal 
retains its integrity while undergoing a structural change, which 
is essential for applications in optical memory and actuators. 
The ability to undergo SCSC transformations depends on crystal 
packing and the availability of free volume to accommodate 
molecular motion. The first reported transformation of this kind 
for a DAE derivative is usually credited to Kobatake et al. in 
1999.6 The SCSC transformations may be accompanied by a 
visible change in crystal size and morphology, see further below 
in the section Photodeformable crystals.

Surveys of structural DAE data in the CSD

The rational design of photoactive DAE-based crystalline 
solids is complicated by the conformational flexibility caused by 
the free rotation of the aryl groups in the open isomeric form. 
While the chemical influence of substituent groups can be 
judged by the solution behaviour, the effect of the 
conformational flexibility on the solid-state structures is less 
obvious to access. In principle these data can be found in the 
now more than 1 350 CSD structures, but the geometric analysis 
is not straightforward.

One parameter is the C…C distance, as described above. Can 
it be rationally designed to be shorter than the critical 4.2 Å 
threshold for SCSC transformations?

Recently Öhrström et al., in connection with reporting new 
closed and open structures of iodobenzene thiophene 1,1-
dioxide DAEs, analysed CSD data of perfluorocyclopent-1-ene-
diaryl derivatives.51 Based on the critical C…C distances and the 
ethylene-aryl torsion angle they found a majority of structures, 
>85 %, having a C···C distance of around 3.5 Å, and lower mean 
torsion angles around 40 °, whereas a smaller maximum around 
4.2 Å in the angle vs. distance plot roughly correlated with 
torsion angles around 90 °. Larger torsion angles may be related 
to steric crowding, so this was vaguely suggested as a reason for 
this correlation.

However, as subsequently pointed out by Benedict and co-
workers in 2024, use of a mean torsion angle does not capture 
all the complexity of these compounds. In their more 
comprehensive study of 1 349 DAE structures, they corroborate 
the 4.2 Å secondary maxima but noted that the majority of 
these structures have the parallel conformation, and the 
photocyclization is thus forbidden by the Woodward–Hoffmann 
rules. But there is a significant fraction of the photoactive 
antiparallel conformations as well.41 

In an earlier experimental study from 2023, Benedict and co-
workers embedded the diphenylene DAE 4 (Figure 5), that on 
its own was found in two polymorphs, in 17 different crystalline 
solid such as co-crystals, coordination polymers, and MOFs.52 
Notably, compound 4 has a slightly different conformation in 
each of these crystal structures, and, more significantly, the 
C…C distances vary greatly from 3.73 Å to 5.36 Å with only two 
of them being photoactive. 

Figure 5 The DAE (Z)-1,2-bis(2-methyl-5-(pyridin-4-yl)thiophen-3-yl)-1,2-diphenylethene 
4o embedded in 19 independent crystalline materials by Benedict and co-workers where 
only 2 of the crystal structures suggested photochemical activity of 4, thus with C…C less 
than 4.2 Å and an antiparallel conformation of the methyl groups.

Though a limited sample, this study does suggest that the 
potential energy surface of individual DAE molecules is so flat 
that weak intermolecular interactions easily push the DAE 
molecule out of its individual energy minima.

The three studies together suggest, in the words of Benedict 
and co-workers, to which we completely agree, that “The large 
width of the distribution of geometries with respect to the 
torsion angle (approximately 30−160 °) is consistent with 
molecules adopting structures within the lattice that likely do 
not correspond to energetic minima of isolated molecules”.41

We also agree with Benedict and co-workers that there may 
be a bias in the data reported to the CSD.41 One may suspect 
that successfully prepared photoswitching materials will more 
often have their structures reported than more conventional 
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non-photochromic compounds, and that the chemical and 
structural landscape painted by the available date thus is 
somewhat tinted. This highlights the need to report all crystal 
structures.

Potential applications of DAEs 

DAEs have a wide range of  applications across various fields, 
including molecular switching,44, 53-55 optical data storage,14, 44, 

53 memory,11, 53, 56 bioimaging,36, 53, 57 controlling molecular 
properties,25 fluorescence switching,36, 58-60 light controlled self-
assembly,14, 53 catalysis,36 molecular logic gates,61 
photomechanical devices,44, 53 photoswitchable ionic liquids.44 
The relevance to some of these in the crystalline state is 
discussed below. 

Photoswitching is most often implemented in solution and will 
therefore only be highlighted by one example herein. Switching 
between open and closed forms of the DAE derivative Dasy 4 
(Figure 6) was demonstrated by Andréasson and co-authors,62 
where the open form (Dasy(o)) absorbs in the UV region with a 
peak at 351 nm in aqueous media. Upon exposure to UV light at 
365 nm, isomerization occurs, yielding nearly 100 % of the 
closed form (Dasy(c)) at the photostationary state (PSS), with a 
corresponding isomerization quantum yield of 0.44. Dasy(c) 
absorbs in visible region with a maximum at 644 nm. When 
exposed to visible light at 523 nm, Dasy(c) reverts to 100 % 
Dasy(o) with an isomerization quantum yield of 0.0033. 
Notably, Dasy(c) is non-fluorescent, whereas Dasy(o) exhibits 
fluorescence emission at around 511 nm in aqueous solution as 
shown in Figure 6b.

Figure 6 (a) The DAE cation Dasy by Andréasson and co-authors.62 (b) absorption and 
emission spectra of Dasy in aqueous solution. Dotted blue line: Dasy(o) absorption. Solid 
blue line: Dasy(c) absorption. Red line: Dasy(o) emission. Dasy(c) has no detectable 
emission.

Photodeformable crystals depend on SCSC transformations as 
discussed above. This implies that such DAE crystals undergo 
macroscopic deformation due to volume changes associated 
with isomerization.14  The first example is generally believed to 
be Kobatake et al. who in 2007 reported photoinduced bending 
of rod-like crystals of 6o and also reversible shrinkage and 
expansion of the rectangular plate-shaped single crystal, 
consistent with our brief discussion of molecular volumes.63 

Photodeformable crystals by crystal engineering 
Mixed DAE co-crystals can also be grown, and rod-shaped 
hybrid crystals of 7o and 8o  were used to convert light to 
mechanical energy, lifting a weight almost 1000 times heavier 

than the crystal, the effect being ascribed to a large Youngs 
modulus.64 Co-crystals may also be obtained with other non-
photoactive components, i.e. the DAE 1,2-bis(2-methyl-5-(1-
naphthyl)-3-thienyl)perfluorocyclopentene 9o with 
perfluoronaphthalene 10, showing see Figure 7 and 8.65 

Figure 7 Co-crystal of 1,2-bis(2-methyl-5-(1-naphthyl)-3-thienyl)perfluorocyclopentene 
9o with perfluoronaphthalene 10, CSD code CIXBAN02.65 

Figure 8  Photodeformable DAE crystals were grown from 6o.14 and  co-crystals of 7o 
ands 8o,64 and also from co-crystals of 9o and 10.65

Another feature due to crystal engineering was shown by 
Kitagawa et al. for 11o. Different crystal faces showed different 
responses to UV-light, thus when the (0 −1 0) face was 
irradiated a right-handed twist was obtained, and vice-versa for 
irradiation of the (0 1 0) face, see Figure 9.66

Figure 9 Photodeformable DAE crystals were grown from 11o and, as depicted 
schematically (top) and experimentally (bottom), showed face dependent twisting when 
irradiated with UV-light.66 Reproduced with permission from reference 65, copyright © 
2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The DAEs can also be incorporated into inorganic structures 
giving photodeformable crystals. Kajiya and coworkers added 
polyhedral oligomeric silsesquioxane (POSS) linked by amide 
bonds to a DAE benzothiophene (Figure 3) suggesting enhanced 
thermal stability because of the POSS units ([RSiO1.5]8, R = iBu, 
Ph).67 

Later, Dong et al. used commercially available aluminium 
oxide (AAO), a porous template with pore diameters of 200 
nm, to grow nanocrystals in the internal channels of AAO using 
a DAE both contracting and expanding.68

DAEs in Metal-Organic Frameworks

Moving from crystal engineering to coordination polymers (CP) 
and metal-organic frameworks (MOF),69 we note that the first 
examples, a 1D Cu(I) coordination polymer used the nitrile 
substituted DAE 12o70  but that subsequent studies have mainly 
been using either or the carboxylate derivatives 13o and 14o, or 
the pyridines 15o or 16o, see Figure 10. For an overview, we 
can see that to date in the CSD the MOF subset contains 18 
structures with 13o or 14o, and 22 with 15o or 16o. 

Figure 10 The first examples of a DAE coordination polymer (CP) used 12o but many later 
examples of both CPs and metal-organic frameworks MOFs were made with 14-17 a 1D 
Cu(I) coordination polymer used the nitrile substituted DAE 12o70 . 

For reference we also show the fairly common V-shaped 
MOF linker oba71 that has similar angular metrics to 14o and 
15o. The oba linker has an average angle of 125 ° between the 
carboxylate carbons and the bridging oxygen (measured on 520 
structures in the Cambridge Structural Database)71 whereas the 
core of 15o and 16o has an average angle 112 ° between the 
carboxylate carbons and the ethylene bridge centroid (based on 
34 structures in the CSD). The three closed forms of 14o found 
in the CSD has an angle of 108 °, which is going to be fairly 
invariant as the structure is very rigid. 

These angles are fairly unimportant for 1D coordination 
polymers, but, as has been shown for oba MOFs, these V-
shaped linkers do not fit into the blueprint of existing network 
topologies. This is due to the less than perfect mapping of their 

propagation vectors onto high symmetry nets,71 and the same 
will be true for DAEs 13-17.

In general, we find there is a scarcity of MOFs exhibiting 
genuine single crystal to single crystal transformations (SCSC) 
with resolved open and closed structures. 
 Two aspects may be especially important. Molecular DAEs 
are often dense structures with close packed molecules but 
with weak intermolecular interactions between them. This 
leaves little space to move in, but weaker forces to overcome to 
rearrange the molecules. MOFs on the other hand have strong 
network bonds that might be quite rigid, but normally 
considerable space for movement due to the porosity. This 
suggest SCSC transformations to be more likely in systems close 
to soft and dynamic MOFs.72 

Han et al. reported a set of 1D CP with Co(II) and 14o 
including solid-state photoisomerization, but could not obtain 
an X-ray structure on the closed form.73 Later Morimoto et al. 
made a {Mn(II/III)4} based Single-Molecule Magnet (SMM) with 
the same linker in both open and closed forms that showed 
reversible photochromic behaviour.74 Both crystal forms were 
obtained, though by independent synthesis, not by 
photoconversion.

 Ln(III) 2D frameworks has also been made using 14o, i.e. 
[Dy2(14o)3(dmso)3(MeOH)]·10MeOH that showed photo-
controlled SMM behaviour.75 Shustova and co-workers made 
2D Cu(II) and Zn(II) MOFs out of both 15o and 17o and  showed 
the possibility of tuning metal oxidation states by switching 
between the  two linker photoisomers.76 Also in this case, there 
is no crystal structure of the closed form MOF for neither of the 
DAE linkers. 

Employing Zn(II), the carboxylate linker H2bpdc, biphenyl-
4,4’-dicarboxylic acid, and 17o Luo et al. obtained a fivefold 
interpenetrating dia net showing photocontrolled CO2 capture 
and release, but again did not present the crystal structure of 
the closed form.77 (For topology symbols and network analysis‡ 
see for example O’Keeffe and co-workers,78 Bonneau et al,79 
and Öhrström80.)

However, in 2017 Kitagawa and co-workers could determine 
the structure of both open and closed forms of the two-fold 
interpenetrated pcu MOF [Zn2(bdc)2(16o)]·dmf (bdc = benzene-
1,4-dicarboxylare). The original open form was irradiated at 
30 min giving [Zn2(bdc)2(16c) through a SCSC transformation.81

Figure 11  The two interpenetrated pcu-nets in [Zn2(16o-Et)(oba)2] (DMOF30) and 
[Zn2(16c-Et)(oba)2] (iDMOF30). The change on volume is significant upon ring closure 
leaving behind negligible guest-accessible pockets of only 20 Å3 each. 82
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Also, in 2017 Barbour and co-workers incorporated 
conformational flexibility into the dicarboxylic acid co-ligands 
by using the bent oba linker 13, and the ethyl variety of 16o, 
16o-Et forming [Zn2(16o-Et)(oba)2], and [Zn2(16c-Et)(oba)2].  
This gave a double interpenetrated pcu network, see Figure 11, 
with notable deformation going from open [Zn2(16o-Et)(oba)2], 
(DMOF30, orange) to closed form [Zn2(16c-Et)(oba)2] 
(iDMOF30, blue). The photoconversion reduced the cell 
volume, and it was noted that this also implied leaving behind 
negligible guest-accessible pockets of only 20 Å3 each.82

More recently Shustova and co-workers prepared the first 
example of a double photoswitching MOF by incorporating DAE 
17o with spiropyran 19c and the tetratopic carboxylate linker 
18 dbtd. This gave various rations of [Zn2(17o)x(19c)y(dbtd)], 
x+y=1 in a paddle wheel based 4- and 6-connected MOF forming 
the fsc-net based on octahedra and squares, see Figure 12.  The 
preparations were carried out by preparing [Zn2(17o)(dbtd)] 
and then adding the second photochromic unit by solvent-
assisted ligand exchange (SALE). [Cu2(17o)(dbtd)] was also 
prepared from [Zn2(17o)(dbtd)] by metal ion metathesis and 
crystal structures of both these MOFs were obtained. They 
noted that using heat as the stimulus allows for selective 
activation of the spiropyran 19c versus DAE 17o.83

 

Figure 12  Double photoswitching by incorporating the DAE 17o with the spiropyran 18c 
and the tetratopic carboxylate linker 18 dbtd giving various rations of 
[Zn2(17o)x(19c)y(dbtd)], x+y=1 in a padel wheel based MOF83 forming the 4- and 6 
connected fsc-net shown in the upper right corner, drawn from the crystal structure of 
[Zn2(17o)(dbtd)].

Also in 2023, Zaworotko and co-workers reported DAE MOFs 
based on H2dpt, 2,5-diphenylbenzene-1,4-dicarboxylic acid 20, 
and H2fdpt=5-fluoro-diphenylbenzene-1,4-dicarboxylic acid 21 
giving [Cd(16o)(dpt)2], LMA-1-α, and [Cd(16o)(fdpt)2], 
described by the 8-connected hex-net, see Figure 13.  LMA-1-α 
can go through two subsequent phase transitions reducing the 
cell volume to form LMA-1- and then LMA-1-γ1 all colourless. 
Then LMA-1-γ1 can go through a SCSC photoconversion to 
finally give the dark blue LMA-1-γ1-UV. Notably, the activated 

MOF LMA-1-γ2, depending on the extent of irradiation, can 
reversibly reduce its loading capacity by 30 - 55 % by 
transforming to LMA-1-γ2-UV.84 
This study accentuates both the importance of recognizing 
multiple phase transformations occurring due to different 
solvents and activation procedures, but also the difference the 
substitution of two hydrogen atoms for two fluorine atoms has 
on the sorption properties.

Figure 13 [Cd(16o)(dpt)2] LMA-1-α and [Cd(16c)(dpt))2] LMA-1-γ1-UV both described by 
the 8-connected hex-net. LMA-1-α can go through two subsequent phase transitions 
reducing the cell volume to form LMA-1- and then LMA-1-γ1 all colourless. Then LMA-
1-γ1 can go through a SCSC photoconversion to finally give the dark blue LMA-1-γ1-UV.84 
The DAE based network links (red) shrink from 20.2 Å to 18.1 Å going from the open to 
the closed form.

Coordination polymers 
In relation to the MOFs, we note a dense coordination polymer 
reported in 2025, [FeII(16o)2{Ag(CN)2}2{Ag(CN)}2] that features 
both spin transition of the Fe(II) centre and DAE 
photochromism. However, in this triply interpenetrated 3,6-net 
no SCSC conversion could be achieved as the photoconversion 
in the sold state is low. Despite this observation, subtle 
magnetic switching was observed with UV irradiation.85 The 3- 
and 6-connected net in this material seems not to have been 
described before, see SI.‡‡

Optical data storage 
Due to their photochromic properties, DAEs are also excellent 
candidates for optical data storage. Photon mode optical 
memories utilize these changes in photophysical properties for 
data storage.59 

High density storage is achieved using DAEs thanks to their 
reversible photoisomerization, high fatigue resistance and 
thermal stability.86 Zhang and co-authors highlighted three 
main functional materials for optical data storage, with DAEs 
standing out due to their ability to switch reversibly and clean 
between isomers upon UV/visible irradiation. This makes them 
suitable for molecular scale digital storage.87 3D optical data 
storage is also possible by incorporating DAEs into layered 
media, enabling data writing through multiphoton excitation or 
localized optical breakdown.88-90 For example, DAE derivatives 
embedded in polymers have demonstrated read-write-erase 
capabilities, proving their suitability for Write-Once-Read-Many 
(WORM) systems.
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Optical waveguide properties of DTE 

Dithienylethene (DTE) derivatives were shown to exhibit optical 
waveguide properties already 1994. Optical waveguidesare confining 
and directing light by total refractive-index contrast, allowing light to 
propagate over long distances with low loss. In this report 
dibenzothienyl 22o (20%) in a polyethylene matrix was shown to 
exhibit refractive index changes depending on the concentration of 
22c.91

Figure 14 Two DAEs shown to exhibit optical waveguide properties. Note 23o contains 
two photoactive DAEs groups.

In contrast, the novel biphotochromic fluorescent switch 23o (N-2F) 
(Figure 14 and 15), which shows excellent optical waveguide in the 
single crystalline state, displays a parallel conformation of the two 
thiophene rings, which makes 23o unavailable to induce 
photocyclization reaction in the single crystalline phase.92 Instead, 
the optical waveguiding properties were attributed to the molecules 
23o being arranged in a typical head-to-tail mode (Figure 15), making 
the molecular packing effectively avoiding π–π interactions. 

Figure 15 The parallel conformation of the two thiophene rings (emphasised in black to 
the right) makes 23o unavailable to induce photocyclization reaction in the single 
crystalline phase. The head-to-tail packing mode of 23o was suggested as responsible for 
the waveguide properties.

Conclusions
Diarylethene-based photoswitches represent a cornerstone 

in the development of photoresponsive materials, offering a 
unique combination of bi-stability, rapid switching, and long-
term durability. Their ability to undergo reversible 
photoisomerization with high quantum yields and minimal 
degradation enables a wide array of potential applications, from 
molecular electronics and optical memory to bioimaging and 
logic gate systems. Advances in synthesis and crystallization 
have facilitated the design of DAEs with tailored properties, 
while structural studies have deepened our understanding of 
their solid-state behaviour. 

However, it is also clear from this brief survey that the 
potential energy surface of individual DAE molecules is so flat 
that weak intermolecular interactions easily push the DAE 

molecule out of its individual energy minima. This frequently 
means rotating the substituents on the critical carbon atoms 
out of the photoactive antiparallel conformation and out of the 
optimal C…C distance for effective photoisomerization. This 
means the optimization of solid-state devices based on DAE 
containing materials are a much more demanding task than 
optimizing DAE properties in solution.

While SCSC transformations are frequently observed in 
molecular solids, the number of examples where a DAE MOF, or 
coordination polymer in general, undergoes such a phase 
change and both crystals structures have been determined are 
still low.
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