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Through simple synthetic derivatisation, the parent indigo dye becomes a red-light E-Z photoswitch
exhibiting negative photochromism and tuneable thermal isomerisation kinetics. These attributes make
indigo derivatives extremely attractive for applications related to materials and living systems. However,
there is a lack of knowledge in translating indigo photoswitching dynamics from solution to solid state —
the environment crucial for most applications. Herein, we study the photoswitching performance of six
structurally distinct indigo derivatives in five polymers of varying rigidity. Three key strategies are
identified to enable efficient photoswitching under red (660 nm) light: (i) choosing a soft polymer matrix
to minimise its resistance toward the isomerisation, (ii) creating free volume around the indigo molecules

. 4ot D ber 2022 through synthetic modifications, and (i) applying low dye loading (<1% w/w) to inhibit aggregation.
eceived 9th December . . . T .
Accepted 29th January 2023 These strategies are shown to improve both photostationary state distributions and the thermal stability
of the Z isomer. When all three strategies are implemented, the isomerisation performance (>80% Z form
DOI: 10.1039/d2sc06790k in the photostationary state) is nearly identical to that in solution. These findings thus pave the way for

rsc.li/chemical-science designing new red-light photochromic materials based on indigos.
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Introduction

The focus of materials research is steadily shifting towards
interactive, “intelligent” materials that adapt to environmental
changes and can be controlled with (multiple) external
stimuli.»” Light is arguably the most attractive external stimulus
for this purpose as it is non-invasive, waste-free, and can be
applied in a highly controllable fashion with superior temporal,
spatial and spectral resolution. Thus, systems responding to
light are increasingly investigated,> with applications
emerging in a wide range of research fields from optics®® and
(opto)electronics™® to photobiology® ™ and photomechanics.****
Among other strategies, photoresponsive materials can be
designed by incorporating photochromic molecules (photo-
switches) onto the surface of a metal particle or into the bulk
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of a macroscopic material. Photoswitches are organic
compounds that upon excitation with light of a suitable wave-
length interconvert reversibly between two or more isomeric
ground state species, inducing changes to the macroscopic
properties of a material when the physicochemical character-
istics of the involved isomers differ.* A multitude of photo-
switches has been developed over the last few decades, mostly
based on E-Z isomerisation around C=C,'""*®* C=N""?' and N=
N**?** double bonds or cyclisation reactions.”**’

The wide array of photoswitches with their unique properties
has so far provided chemists with flexible options when
designing photoresponsive systems with the desired functions.
Beyond solution studies, the performance of various photo-
switches has been investigated in different solid-like
matrices,”®?* especially in thin polymer and hydrogel films,
where the photochromic molecules can either be covalently
bound or simply blended with the polymer matrix.** Azo-
benzene thin films, in particular, are increasingly used in the
development of smart materials that are reversibly deformed or
patterned thanks to the E-Z switching of photoisomerisable
units.**

On the other hand, most photoswitches isomerise upon
excitation in the ultraviolet region. UV irradiation is absorbed
by various materials, causing damage to many polymers and
especially to living tissue in addition to suffering from low
penetration depth.**** Hence, extensive research has been
carried out to red-shift the isomerisation wavelengths, ulti-
mately aiming for the therapeutic window above 650 nm.**>3*3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To this end, progress has been made by (i) changing the elec-
tronic properties of conventional photoswitches such as azo-
benzenes through structural changes,**** (ii) designing new
photoswitchable scaffolds and structures that intrinsically
absorb low-energy light,>*>** and (iii) exploiting indirect iso-
merisation using photocatalysts.*>™*” Yet, the vast majority of
these investigations has been restricted to solution, and
switching with red or near-infrared light in solid matrices has
remained largely unexplored.***

With its long history in providing blue colour, indigo is
nowadays one of the most widely used dyes (Scheme 1). Struc-
turally, it is composed of two indole-type subunits connected by
a central C=C bond. This central double bond conjugates two
push-pull pairs of nitrogen/carbonyl groups, and as a result,
indigo intrinsically absorbs in the red-light region. Although
photoisomerisation of the parent indigo is inhibited by fast
excited-state proton transfer,* it is possible to enable photo-
switching through N-functionalisation. Upon N-arylation and/or
N-alkylation of the parent indigo, efficient isomerisation from
the stable E isomer to the metastable Z form can be realised by
red light.** The rate of thermal Z — E isomerisation can be
tuned from seconds to hours, being the slowest for compounds
with electron-poor N-aryl substituents.** Perhaps most impor-
tantly, indigos are negative photochromic compounds: the
prominent visible light absorption band is blue-shifted upon E
— Z isomerisation, which enables an increasing amount of red
light to penetrate the sample as the content of the photo-
generated Z isomer increases. These features combined make
indigo derivatives attractive candidates for the design of smart
materials.

Although the isomerisation of indigo derivatives has been
studied extensively in solution,*** only scattered observations
have been made regarding their isomerisation in the solid
state.”**® Importantly, no information is available on their
photoswitching in organic polymers, which represent a ubiqui-
tous chemical host in materials science. At the outset, it is
unclear whether photoisomerisation of indigos can be
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Scheme 1 E-Z isomerisation of indigo photoswitches and the focus
of this work.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

successfully translated from solution to polymers. One potential
hurdle is that the E < Z isomerisation of indigos brings about
a greater spatial displacement as compared to other steric
switches such as azobenzenes. While it is a desirable trait in the
view of applications where the molecular-level geometrical
changes are utilised to trigger macroscopic transformations in
a bulk material, the isomerisation process in a rigid environ-
ment may also be more hindered, rendering switching of the
indigos in the solid state more challenging than for other
classes of photoswitches. Thus, there is a need for a systematic
investigation of the solid-state switching behaviour of indigo
derivatives to determine criteria enabling their good perfor-
mance and successful application.

Herein, we present the first example of efficient photo-
switching of indigo derivatives in polymer matrices under red
light. The effects of N-substituents as well as supporting poly-
mer network on the photoswitching dynamics are elucidated.
Moreover, we reveal a strong dependence between indigo
concentration and the switching properties, critical for the
range of applications these switches can best be exploited in.
Based on these findings, we demonstrate a strategy by which the
photoswitching performance in the solid can be enhanced
dramatically - to reach the same level as in solution.

Results and discussion

We chose to study the indigo derivatives Al-Me, Ar-Me and As-
Me (Scheme 2a) that represent the three principal substitution
patterns yielding functional red-light photoswitches.** The ester
moieties have a dual purpose: they function as electron-
withdrawing substituents that stabilise the metastable Z
isomer through an inductive effect, while also providing
a linkage for further functionalisation with, e.g., polymerisable
groups. The compounds were prepared in one or two steps in
moderate to good yields from unsubstituted indigo by utilising
the previously published mild nucleophilic substitution reac-
tion** for Al-Me and a copper-catalysed coupling®” for Ar-Me.
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Scheme 2 (a) Studied indigo derivatives. (b) Studied polymer envi-
ronments and their glass transition temperatures (7).
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Fig. 1 Absorption spectra of (a) Al-Me, (b) As-Me and (c) Ar-Me in
solution (50 pM in acetonitrile, 25 °C). (d) 1000 switching cycles with
alternating 660 and 500 nm light pulses for Al-Me.

The non-symmetric derivative As-Me was prepared through
a selective mono-arylation followed by an alkylation reaction.
Detailed synthetic protocols are given in the ESL.{

To confirm that the compounds have similar photochemical
properties to the electronically analogous derivatives reported
before, we first studied their photoswitching in dilute acetoni-
trile solutions. As expected, the compounds form photosta-
tionary states (PSS) with 75-88% and 3-11% Z upon excitation
with 660 nm (250 mW cm 2, =30 s) and 500 nm light (85 mW
cm™?, <2 min), respectively. Their Z half-lives range from
1.4 min (Al-Me) to 41 min (Ar-Me) (Fig. 1, Table 1). Whereas Al-
Me and As-Me exist exclusively as their E isomers in the dark, Ar-
Me reached an equilibrium with 22% Z in darkness, irrespective
of whether starting from E- or Z-enriched solutions. The same
phenomenon has been reported for other indigos functional-
ised with two N-aryl substituents, originating from the fact that
this substitution pattern renders the ground state energy
difference between the E and Z isomers down to ca. 1 kcal
mol *.* Overall, all three compounds exhibit very similar
photochemical properties to their previously reported
analogues.”™ The switching is relatively robust: 82% of As-Me
and 90% of Ar-Me were conserved after 1000 cycles and more
than 16 hours of continuous irradiation with alternating 660
and 500 nm light pulses (Fig. S11) under ambient conditions.
Al-Me seems, however, less fatigue resistant, with 46% of the
original concentration remaining after an identical experiment
(Fig. 1d).

Table 1 Photochemical properties of the studied compounds in
solution (50 uM in acetonitrile, 25 °C)

Ag Az PSSe60 nm PSS500 nm Dark
(nm) (nm) (% 2) (% E) (% E)  t1), (min)
Al-Me 619 559 88 90 100 1.4
As- 623 577 75 97 100 3.8
Me
Ar-Me 627 584 75 87 78 41
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Next, we proceeded to studying whether the compounds
switch when doped into polymer matrices. We focused our
studies on five amorphous polymers: polystyrene (PS), poly(4-
vinylpyridine) (P4VP) and polyacrylates with methyl (PMMA),
n-butyl (PBMA), and n-hexyl (PHMA) side chains (Scheme 1b).
PS, P4VP and PMMA are rigid (7, values between +100 and +137
°C) matrices often utilised as scaffolds for photoswitches,>*
differing in polarity and aromaticity. PBMA and PHMA (T,
values +32 and —5 °C) were chosen to give information on the
photoswitching behaviour in a softer polymeric environment.
We began our studies by preparing thin polymer films con-
taining 2% (w/w) of the indigo derivatives. After optimising the
spin-casting procedure for each polymer, we were able to create
uniform and sufficiently thick (5-20 um) polymer films from
viscous solutions of different polymer-indigo combinations
(see the ESIT for details). Each sample was studied with UV-
visible absorption spectroscopy. The Z-fraction in the photo-
stationary state was estimated by comparing the absorbance
values of the dark and PSS spectra (see the ESIT for details). The
half-life of thermal isomerisation was determined by recording
the absorbance values at a chosen wavelength over time after
ceasing the excitation, using a stretched exponential function®
to account for the continuum of different microenvironments
inside the polymer matrix. Since indigos are known to emit
light,>* we also recorded the fluorescence spectra of the
samples.

The polymer environment induced only minute changes in
the absorption spectra of the studied compounds (Fig. S2t) with
the exception of PAVP in which the major absorption band of all
three switches was red-shifted by ca. 10 nm, presumably due to
the more polar environment.”* Their photoswitching behaviour,
however, proved to be highly polymer-dependent. In the rigid PS
and P4VP matrices, only 15-20% of the switches isomerised
from E to Z upon irradiation with 660 nm light (Fig. 2a). Simi-
larly inefficient switching in rigid matrices has been observed
for other switches that undergo a large geometric change upon
isomerisation.*® In less rigid environments the PSS distribution
improved notably, up to 55% Z for Al-Me in PBMA (Fig. 2b). The
Z-fraction was typically largest for Al-Me and smallest for As-Me,
the difference being most pronounced in PMMA (Fig. 2c).

Surprisingly, photodegradation leading to a yellow-coloured
decomposition product was observed in PMMA and PBMA
(visible in Fig. 2b as a missing isosbestic point) but was almost
negligible in the other three polymers unless repeated switch-
ing cycles were carried out. Furthermore, even though bleach-
ing did eventually take place in all surroundings, in the case of
PS, P4VP and PHMA the films turned colourless without any
yellow hue. To gain insight into the degradation mechanisms,
an LC-MS (liquid chromatography coupled to high-resolution
mass spectrometry) analysis was carried out after prolonged
irradiation of the indigo switches in solution, in a PHMA film,
and in a PBMA film (see the ESIT for details). In solution and in
PHMA, the irradiation yielded exclusively a product with a mass
of M + 16 (Fig. S3T) and no absorption in the visible range, most
probably the well-known oxygen adduct.®® In PBMA, we also
observed a species absorbing at around 400 nm with a mass
corresponding to M — 2 (Fig. S31), hinting towards a cyclisation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Absorption spectra of Al-Me at room temperature in (a) PS and
(b) PBMA, showing the difference between inefficient and efficient
switching. (c) Z-Fractions in the photostationary state (illumination
with 660 nm light) and (d) Z-half-lives for all indigo—polymer combi-
nations. The half-life of Ar-Me in P4VP is calculated with a biexpo-
nential fit due to large error margins with the stretched exponential
function (see the ESI{). (e) 250 switching cycles for Al-Me in PHMA. (f)
Photographs of PHMA films with Ar-Me upon irradiation with 500 and
660 nm light. Indigo content: 2% (w/w) except 0.5% in (e) and (f).
Excitation intensities: 670 mW cm~2 (660 nm), 220 mW c¢cm™2 (500
nm).

product. Thus, an additional degradation pathway exists in
PBMA and PMMA, which we believe to originate from the end
groups or initiator residues present in PMMA and PBMA that
were purchased from a different vendor than PHMA. However,
the accurate determination of the degradation pathways and
how they could be inhibited would require additional experi-
mental and computational studies. The effect of degradation
was taken into account when estimating the PSS distributions.

Interestingly, the half-life of the thermal Z — E isomer-
isation remained on the timescale of minutes for both Al-Me
and As-Me in all studied polymers (Fig. 2d, Table S3t), even

1.04
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Normalised abs./em.

0.24
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though thermal isomerisation of E-Z switches is often more
than one magnitude faster in solid matrices than in solution.?®
The thermal isomerisation of Ar-Me was significantly slower in
the soft PBMA compared to the more rigid PS, PAVP and PMMA.
It is possible that in a rigid matrix the E — Z isomerisation
induces considerable mechanical strain which relaxes upon Z
— E isomerisation, speeding up the kinetics compared to
a softer environment. Somewhat surprisingly, the Z half-lives
were not longest in PHMA, the least rigid polymer. This obser-
vation, as well as the slightly diminished PSS distributions
(Fig. 2c), can be explained by aggregation that is most
pronounced in this matrix (vide infra).

Having established that all switches can be successfully
isomerised inside a polymer matrix, we investigated the effect of
loading by preparing PHMA films with 0.25-10% (w/w) of Al-Me.
This polymer was chosen as it exhibited the best combination of
efficient and clean isomerisation. The isomerisation of azo-
benzenes in polymeric environments is typically unaffected by
the azobenzene concentration, at least up to 10%.** Thus, we
were surprised by the drastic effect indigo loading had on the
photochemical properties. Absorption spectra were identical up
to 2% after which the band broadened and red-shifted (by
10 nm between 2% and 10%), whereas in the fluorescence
spectra a shift was visible already between 1% and 2% (Fig. 3a
and c). This result indicates the formation of aggregates upon
higher loadings. We hypothesized that by increasing the steric
bulk of the indigo molecules, their aggregation could be cir-
cumvented or at least alleviated, as a similar strategy has been
successfully used to minimise diarylethene aggregation in

t-BuO
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+BuO ° °©
o
S Ot-Bu o Ot-Bu
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Scheme 3 Studied tert-butyl-substituted indigo derivatives.
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Fig. 3 Absorption and emission spectra of (a) Al-Me and (b) Al-tBu at different dye loadings in PHMA. (c) Absorption (squares) and emission
(triangles) maxima of Al-Me and Al-tBu in PHMA and Al-Me in PS at different dye loadings.
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Fig. 4
tBu and As-tBu at different dye loadings in PHMA and Ar-tBu in PS.

polymer blends of thin film transistors.®* To this end, we syn-
thesised Al-tBu (Scheme 3) with bulky tert-butyl groups to
inhibit the aggregation, yet exhibiting similar electronic prop-
erties (Fig. S4 and Table S17). Indeed, the absorption band of Al-
tBu did not show any bathochromic shift from 0.5 to 10%,
although a slight 5 nm shift could still be observed in the
fluorescence spectra (Fig. 3b and c). Either some degree of
agglomeration takes place even with the new molecular design
or the mere changes in the dielectric constant of the
surrounding medium are enough to affect the orbital energy
levels. Similar trends were also observed in the fluorescence
spectra of As-Me and Ar-Me, but their absorption spectra
showed no red-shift, probably because the aryl groups
(perpendicular to the indigo core**) inhibit aggregation
(Fig. S51). No shifts were observed in the absorption spectra of
Al-Me in PS (Fig. 3c and S67) and in PBMA (Fig. S77), although
a shift was visible in the fluorescence spectra. While it is
conceivable that the 7, 7t interactions between PS and the
indigos could hamper aggregation, the origin of the difference
between the spectral changes in PHMA and PBMA is less
obvious. One possibility is that the longer alkyl chains in PHMA
could lead to lower miscibility of the indigo. Alternatively, the
different end groups in PBMA (vide supra) may play a role in
breaking the aggregation.

Even more importantly, we found that dye concentration
plays a major role in determining the photoswitching dynamics
of indigos in a solid environment. At an Al-Me loading of 10%
(in PHMA), the Z-content in PSSee is 10% and the Z half-life
only 0.14 seconds. At a loading of 0.5%, the respective values
are 67% and 39 s (Fig. 4a). In terms of thermal energy barriers,
the difference (AAG*) is approximately 1.8 kcal mol *. This
could easily be interpreted as a result of aggregation; also the
exponential factor b in the stretched exponential fit decreased
as the dye loading increased, pointing towards reduced homo-
geneity (Table S31). However, even though the bulky tert-butyl
groups prevent or decrease the aggregation of the indigos, the
same trend is seen for Al-tBu. We note that although these two
parameters correlate, there is no causality between them. Apart
from perhaps the highest Al-Me loadings, thermal isomer-
isation is not fast enough to affect the PSS distribution with our
experimental setup. Most likely the changes in spectra, PSS

2486 | Chem. Sci, 2023, 14, 2482-2488
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distribution, and thermal isomerisation kinetics are caused by
additional intermolecular interactions between the switched
molecules. Similar dependence between concentration and the
isomerisation efficiency was observed for all other indigo-
polymer combinations for which concentration series were
studied: Ar-Me and As-Me in PHMA (Fig. 4b) as well as for Al-Me
in PBMA and PS (Fig. S87).

Gratifyingly, our strategy to enhance the solid-state switch-
ability by bulking the indigo molecules is effective: Al-tBu
exhibits generally better PSS distributions and longer Z half-
lives than the electronically similar Al-Me, reaching a Zz-
content of 83% in the PSS and a 4.6 min thermal Z half-life at
a loading of 0.5% (Fig. 4a). This is logical, as the addition of
bulky groups is known to improve the photoswitching param-
eters of other E-Z photoswitches in a constrained environment
by increasing the free space these molecules can operate in.*>*
Much to our delight, this approach is also applicable to other
derivatives. We synthesised Ar-tBu and As-tBu and studied their
isomerisation in PHMA at loadings from 0.5 to 2%, and the Z-
fraction in PSS increased for both switches when compared to
the respective methyl-capped compounds (Fig. 4b), especially at
a loading of 2%. Using this strategy, switching was relatively
efficient even in PS, a film containing 0.5% of Ar-tBu reaching
a PSS with 51% Z. In this case, thermal Z-to-E isomerisation was
very slow, exhibiting a half-life of 9.7 hours. This extended
stability comes with a markedly greater value than the 26
minutes measured in solution, corresponding to a difference of
approximately 1.9 kcal mol™' in the thermal barrier. For
applications operating on the timescale of minutes, the system
is virtually bistable (Fig. S97).

Conclusions

In just one or two synthetic steps, the familiar indigo dye yields
photoswitches that operate with red light and exhibit negative
photochromism, two key characteristics particularly intriguing
for a range of applications from optics to photobiology.
Although the synthetic pathways to indigo photoswitches and
their photochemistry in solution have been studied in recent
years, it has not been established whether their favourable
properties can be transferred to solid matrices — which is crucial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for real-world applications. Herein, we have for the first time
studied indigo photoswitching in amorphous polymer films
made of PS, PAVP, PMMA, PBMA and PHMA. We have doped the
polymer matrices with six indigo switches that share favourable
photochemical properties but differ in their N-substituents and
thermal isomerisation dynamics. Every switch is decorated with
two ester moieties which, in addition to improving the photo-
chemical properties, serve as synthetic handles for potential
further functionalisation. In all of the polymers, the switches
can be reversibly isomerised between their E and Z forms with
660 and 500 nm light, respectively, conserving their spectral
qualities with the thermal isomerisation half-lives in the range
of minutes. Initial trial showed that the switched percentage is
low in rigid environments (PS, P4VP, PMMA), where the Z-
content remains mainly below 20% under red-light excitation.
This inefficiency is presumably due to the constraints applied
on the steric switching by the matrix.

We propose that the distribution can be improved by
reducing the amount of mechanical strain the E-to-Z isomer-
isation creates with one of the two means: (i) choosing a softer
polymer matrix such as PBMA or PHMA, or (ii) incorporating
bulky tert-butyl groups in the molecular design to increase the
free volume surrounding the switch. Both strategies are proven
effective for all studied indigos, and the switched fractions are
greatly improved. Furthermore, as the most intriguing finding,
indigo photoswitching is shown to be highly concentration-
dependent in a solid environment, even at low loadings (e.g:,
from 0.5 to 1%): both PSS distribution and the thermal stability
of the Z isomer increase when indigo concentration is
decreased. The behaviour is common for all studied derivatives
and can be exploited as a third strategy for enabling efficient
solid state photoswitching. When these strategies work in
concert (i.e., low loadings of a tert-butyl-decorated indigo in
a soft polymer), isomerisation in the solid state is as efficient as
in solution, reaching up to 83% Z for Al-tBu in PHMA. Simul-
taneously, the thermal stability of the Z isomer can be improved
even beyond the stability in solution. Thus, we conclude that
indigo photoswitches show great potential as red-light-
responsive molecular tools in material applications. By judi-
cious choice of molecular structures and the solid-state
surrounding, photo-isomerisation can occur efficiently in
polymer environments. Our current effort is thus focused on
translating the indigo photoswitching from the molecular level
to the macroscopic level, where the material properties can be
modulated by red light.
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