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Donor—acceptor Stenhouse adduct (DASA) photoswitches have gained a lot of attention since their dis-
covery in 2014. Their negative photochromism, visible light absorbance, synthetic tunability, and the
large property changes between their photoisomers make them attractive candidates over other com-
monly used photoswitches for use in materials with responsive or adaptive properties. The development
of such materials and their translation into advanced technologies continues to widely impact forefront
materials research, and DASAs have thus attracted considerable interest in the field of visible-light
responsive molecular switches and dynamic materials. Despite this interest, there have been challenges
in understanding their complex behavior in the context of both small molecule studies and materials.
Moreover, incorporation of DASAs into polymers can be challenging due to their incompatibility with the
conditions for most common polymerization techniques. In this review, therefore, we examine and
critically discuss the recent developments and challenges in the field of DASA-containing polymers,
aiming at providing a better understanding of the interplay between the properties of both constituents
(matrix and photoswitch). The first part summarizes current understanding of DASA design and switching
properties. The second section discusses strategies of incorporation of DASAs into polymers, properties
of DASA-containing materials, and methods for studying switching of DASAs in materials. We also
discuss emerging applications for DASA photoswitches in polymeric materials, ranging from light-
responsive drug delivery systems, to photothermal actuators, sensors and photoswitchable surfaces.
Last, we summarize the current challenges in the field and venture on the steps required to explore
novel systems and expand both the functional properties and the application opportunities of DASA-
containing polymers.

1. Introduction

Molecular photoswitches are small organic molecules that can
be reversibly interconverted between different (meta)stable
isomers in response to light." The reversible structural changes
induced by photoisomerization render photoswitches attractive
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bioimaging,” chemosensing,'® photoinduced solid-to-liquid
transitions,"” photoresponsive hydrogels,'>'* photo-triggered
polymeric nanomedicines,'"* photoswitchable molecular
amphiphiles,'® peptides'® or nanomaterials in general.'”

The majority of photoswitch classes require energy-rich
ultraviolet (UV) light to undergo photoisomerization in at least
one direction.! This is clearly a limitation for applications in
the life sciences, since UV light causes photodamage in biolo-
gical samples and also shows reduced tissue penetration."®
Therefore, visible light and near-infrared (NIR) address-
able photoswitches (wavelength, 4, above 400 nm of the elec-
tromagnetic spectrum) offer a clear advantage. As a result,
different strategies have emerged to extend activation windows
to longer wavelengths in well-established classes of photo-
switches, such as azobenzenes, spiropyrans/spirooxazines,°
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and diarylethenes.”' These strategies include structural mod-
ifications of the photoswitch (increase of n-conjugation, push-
pull substitution patterns, etc.), multi-photon excitation, or
indirect photoexcitation via energy or electron transfer.?>?*
However, red-shifting often compromises other properties of
the system, such as a reduction in isomerization quantum
yield, photoconversion efficiency, fatigue resistance, or solubi-
lity, a shortened thermal half-live of the metastable isomer, or
decreased synthetic accessibility.>>** The discovery of photo-
switches with completely novel core structures that allow direct
activation by visible/NIR light*® is therefore crucial for expand-
ing the applicability of smart photochromic materials,”* espe-
cially for controlling new and more complex systems and for
biomedical applications. In the past decade, different visible/
NIR light addressable photoswitch classes were (re-)discovered,
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including dihydropyrenes,” (hemi-)indigoids,***® phenoxyl-
imidazolyl radical complexes®® and donor-acceptor Stenhouse
adducts (DASAs).**%!

Among visible/NIR photoswitches, DASAs stand out owing to
their synthetic accessibility and large structural changes during
photoisomerization (Fig. 1). In practice, DASAs offer high molar
absorptivity and present both optical and photoswitching tun-
ability through synthetically easy to implement structural
modifications.>*>” In addition, DASA photoisomerization
involves a transition from a stable colored isomer to a
thermally metastable colorless state (classified as negative
photochromism).*® For applications requiring high absorber
concentrations in materials, this feature is advantageous since
controlling the spatial distribution of colored and colorless
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isomers allows for tunability in the depth of light penetration.*
Hence, it is not surprising that DASAs have attracted tremen-
dous interest in the field, leading to a steep increase in
publications over the past nine years since their discovery.
Alongside elucidation of photoswitching mechanisms®®™3
and establishing structure-property relationships,*>"**
ber of interesting and diverse applications in functional systems
and materials have been reported. While a solid basis for the
fundamental understanding of design principles on the molecu-
lar level has been established in recent years, DASA behavior in
more complex environments is still not well understood. However,
understanding the interplay between the influence of a (poly-
meric) support on the properties of DASAs and vice versa is
essential to realize their full potential in applications. Due to their
novelty, previous review” ™ and book chapters***° on DASA
photoswitches primarily focused on their structure, synthesis,
switching mechanism and properties at the small molecule level.
In this review, we focus on DASAs in macromolecular environ-
ments and discuss in detail their implementation, performance
and applications in smart polymeric materials.

In the first introductory part of this article, we summarize
the current state of knowledge on DASA (photo)chemistry with
an emphasis on aspects that are relevant for applications in
materials, such as the influence of environmental factors on
the physical and chemical properties of DASAs. In the second
part, we discuss DASA polymer conjugation and functionaliza-
tion strategies, (photo)induced effects on polymer properties,
photoswitching and matrix effects, DASA stability and fatigue,
as well as previously applied methods and models for DASA
photoswitching analysis in materials. The third part covers a
comprehensive overview on application examples of DASA-
containing polymers. The majority of literature reports on
DASA-functionalized materials involve synthetic polymers,
which is the main focus here. The few examples of DASA in
combination with biopolymers/-oligomers are briefly discussed
in the third part. Examples of the integration of DASAs

a num-
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Fig. 1 Visible light-responsive polymeric materials based on donor-acceptor Stenhouse Adducts (DASAs). This article focuses on DASA polymer
conjugation and functionalization strategies, polymer matrix effects on DASA photoswitching, (photo)induced effects on polymer properties, and

application examples of DASA-containing polymers.

into functional materials other than polymers lie outside the
scope of this review, including inorganic and metal nano-
particles,’*>* graphene,** metal-organic frameworks (MOFs),>>"
polyoxometalates,”” supramolecular complexes with metal-ligand/
organic molecular vessels,”®* or with hydrogen bonding
receptors,’® and self-assembled structures of small molecule
DASA-based amphiphiles.®>**

1.1 Donor-acceptor Stenhouse adducts

In 2014, the photochromism of DASAs was discovered by Read

de Alaniz and co-workers.***" They termed the compounds in

a. DASA synthesis

reference to the structurally closely related Stenhouse salts.**°*

These first discovered DASAs were referred to as first-
generation DASAs and were later expanded by second?***
third** generation derivatives in order to overcome a number of
drawbacks associated with the first generation (Fig. 2 and
Table 1). The structure of the brightly colored open (“linear”)
isomer consists of a donor-acceptor substituted triene (“poly-
methine”’) with a hydroxy-functional group in C, position. The
hydroxy functional group distinguishes DASAs from non-
photochromic merocyanine dyes.®® The donors are aliphatic
(first-generation) or aromatic (second-generation) secondary

and
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Fig. 2 DASA synthesis and building blocks. (a) DASA synthesis is modular and based on the Knoevenagel condensation of furfural with a cyclic B-
carbonyl carbon acid, followed by a ring-opening reaction of the resulting furan adduct with a secondary amine. (b) Chemical structures of different
secondary amine donors and carbon acid acceptors previously utilized for DASA synthesis. Donors and acceptors are ranked tentatively according to
their approximate strength (as indicated by reported or predicated pK,(H)). The properties of DASAs are largely dictated by the relative strength of their
donor and acceptor groups. The triene bridge of the open isomer is derived from furfural.
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Table 1 DASA generations and representative properties
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amines. The acceptors consist of cyclic f-carbonyl carbon acids,
such as Meldrum’s and barbituric acid (first and second gen-
eration) or other heterocycles, such as pyrazolone or isoxazo-
lone (third-generation).*>**** The donor-acceptor substituted
triene is synthetically derived from furfural (2-furaldehyde) with
the furan oxygen providing the hydroxy group in the structure
of the open isomer. DASAs can be synthesized via a two-step
route.®® First, furfural is activated by condensation with carbon
acid moieties through a Knoevenagel condensation (Fig. 2a).
The resulting furan adducts are then ring-opened by reaction
with a secondary amine nucleophile to yield the open DASA
isomer. Synthetic attempts to replace the furyl group with
pyrrole or thiophene or to extend the triene chain were
unsuccessful.®’”

Depending on the donor and acceptor group, the absorption
of the open DASA isomer is tunable between 450-750 nm
(Fig. 3a; see also Section 1.1.1.2).>*°® Upon irradiation of the
colored triene isomer, a conversion to a colorless 4,5-
disubstituted cyclopentenone closed isomer can be observed
(Fig. 1). This closed isomer is metastable in many organic
aprotic solvents at room temperature and thermally reverts
back in the dark to the open isomer on a timescale of minutes
to hours.** The closed isomer does not show considerable
absorption above ~300-350 nm and is not addressable by
light.*® Such a transition from a stable colored isomer to a
thermally metastable colorless state is classified as negative
T-type photochromism (whereby “T-type” stands for a thermal
recovery pathway, as opposed to a photochemical recovery
pathway in the case of “P-type”).*® In materials containing
negative T-type photochromes, photoswitching is not localized
to a surface but proceeds through the bulk of the material as a
propagating bleaching front and photoswitching at greater
depth of the sample becomes easier (Fig. 3b). First-generation
DASAs typically form a zwitterionic closed form, for which the
strongly basic amine donor deprotonates the acceptor and

This journal is © The Royal Society of Chemistry 2023

Weak donor + weak acceptor

Various donors and (strong)

acceptors
Amax ~ 550-700 nm Amax ~ 550-700 nm
Closed isomer preferred Varied
Various apolar/polar aprotic Various apolar/polar aprotic
solvents solvents
Minutes-hours Varied
Hybrid Varied
Keto Varied

forms an enolate (Fig. 3c, 1). However, depending on the DASA
derivative, solvent and DASA concentration, the formation of a
neutral ketone or enol isomer instead of the zwitterionic
enolate can be observed.*>****® In addition, the strength of
the push-pull ability dictates the degree of charge separation of
the conjugated n-system of the open isomer in the ground state,
which is important for the optical properties and reactivity of
the DASA in relation on its surroundings.** As the strength
of the donor and acceptor groups increases, the polarization of
the triene increases (Fig. 3d). The two border cases are that of a
neutral form with alternating bond lengths along the triene and
a charge-separated (zwitterionic) form with reverse bond length
alterations.”” When these two resonance forms contribute
equally to the ground state structure, a fully delocalized
(“hybrid”’) DASA is present (with equivalent bond lengths).
The absorption properties of a DASA are sensitive to the polarity
of the solvent, and this is more pronounced for DASAs with a
more dipolar nature (solvatochromism, c¢f Section 1.1.1.2).
Therefore, the measurement of the solvatochromic shift of
the open form absorption by UV-Vis spectroscopy in solvents
of different polarity allows to establish an empirical scale for
the degree of zwitterionic character of different DASA deriva-
tives (e.g., solvatochromic slope in Fig. 3d).** The first genera-
tion of DASAs that is based on strong dialkylamine donors and
relatively weak electron-withdrawing acceptor groups shows a
high bond length alternation (BLA) suggesting a zwitterionic
open form, which is supported by solvatochromic shift
analysis, theoretical calculations, and experimental crystals
structures.****”"> In the second generation, the dialkylamine
donor is replaced by weakly donating aromatic amines, which
leads to less BLA and a more hybrid triene structure. Combin-
ing a weak aryl amine donor with a stronger electron-
withdrawing carbon acid acceptor than Meldrum’s or barbitu-
ric acid in some third-generation derivatives in turn results in a
more zwitterionic electronic ground state.** Interestingly, a

Chem. Soc. Rev., 2023, 52, 8245-8294 | 8249
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Fig. 3 DASA properties and nature of closed and open isomers. (a) Representative absorbance spectra of open isomers. Red: first-generation; blue:
second-generation; orange: third-generation. (b) Schematics showing the negative photochromism of DASAs in a material in the solid-state. The
transition from the stable colored isomer to the thermally metastable colorless closed form is classified as negative T-type photochromism. Here,
photoswitching is not localized to the surface but proceeds through the bulk of the material as a propagating bleaching front and photoswitching at
greater depth of the sample becomes easier. (c) Preferred closed form tautomer for representative DASAs of different generations. The tautomeric state
mainly depends on the donor and acceptor groups and the pK, value difference of the protonated amine and the carbon acid moiety. (d) Nature and
degree of charge separation of the conjugated n-system in the open isomer and slope from solvatochromic shift analysis in solvents of differing polarity.
As the strengths of the donor and acceptor groups increases, the polarization of the triene bridge increases (resonance forms from bottom to top: neutral
triene form, fully delocalized hybrid form and zwitterionic triene form). In the neutral and hybrid ground state structures, the push—pull donor—acceptor
conjugation is weakened as compared to the highly dipolar (i.e., charge-separated) zwitterionic form. Increasing solvent polarity leads to a stabilization of

the zwitterionic resonance form.

non-photochromic DASA derivative based on indandione (4,
Fig. 3d) has a neutral ground state.** In addition, an increase in
solvent polarity generally leads to a stabilization of the zwitter-
ionic resonance form for all derivatives.

Changing the structure of the donor moiety or carbon acid
acceptor also influences other properties of the DASA, such as
the position of the dark equilibrium between the isomers, the
solvent compatibility and switching kinetics.>*** These effects
will be discussed in more detail in the Section 1.1.1. Beside
electronic effects, the influence of steric effects from substitu-
ents on the donor and acceptor have also been explored.>*?”
Moreover, substitutions along the triene also induce substan-
tial effects on the photoswitching kinetics, absorption wave-
lengths, dark equilibrium and stability of the formed DASAs,
but research in this direction is still in its early stages.>®”*7*

1.1.1 Photoswitching properties

1.1.1.1 Mechanism. The mechanism of DASA photoswitch-
ing is considered to follow a complex multistage pathway
involving a combination of light-triggered (actinic) and thermal
isomerization steps (Fig. 4).>° In the proposed mechanism, a
photoisomerization along the C,-C; double bond of the ther-
modynamically most stable open isomer (EEZZ) is followed by a
thermal bond rotation along C;-C,4. A thermally allowed, con-
rotatory 4mn-electrocyclization with concomitant proton-transfer
reaction is then responsible for the formation of the five-
membered-ring.>>*® The metastable intermediate B obtained
after the initial actinic step is generated within picoseconds,

8250 | Chem. Soc. Rev,, 2023, 52, 8245-8294

whereas the thermal steps occur on a longer time scale
(>nanoseconds).>**° In addition, interconversion of the closed
form C and other tautomeric closed forms (C' to C"") was
observed, which strongly depends on the DASA type (c¢f
Section 1.1) and environmental influences.***46%%°

The mechanistic proposal of DASA photoswitching is
based on experimental observations of key intermediates,
the stereochemistry of the closed isomer, and experiments at
different temperatures (ultrafast UV-Vis spectroscopy,®®*%®>7>
ultrafast and rapid-scan FTIR spectroscopy,*'®>7>
resolved UV-Vis steady state spectroscopy,’’”®>”>
spectroscopy,®”***1®> and X-ray structure analysis
It was also supported in theoretical approaches by computa-
tions of the (excited) energy surfaces (TD-DFT calcul-
ations,*”***%®%7¢ CASSCF calculations,®”””*”” ADC(2) and CC2
calculations,”® ab initio molecular dynamics****79),

The B/B' intermediate stage is typically short-lived, with the
reaction either progressing to the closed form C or reverting to
the most stable open isomer A. A sufficiently high thermal
barrier between A and B/B’ is therefore crucial for the closed
isomer to be formed.*"*° Importantly, the metastable isomers B
and B’ exhibit a red-shifted absorption relative to 4, which in
some cases can be observed in steady state UV-Vis spectroscopy
as a transient ~50 nm red-shifted shoulder to the main
absorption peak during illumination.’® The back-reaction from
the closed isomer to the open isomer happens thermally.
However, transient absorption experiments below —40 °C

time-

NMR
30,31,33,35)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 DASA photoswitching mechanism. (a) Proposed photoswitching mechanism of DASAs showing the complex multistage pathway involving a
combination of light-triggered (actinic, blue background) and thermal isomerization steps (yellow background). Note: the isomers C and C’ are
interconverted into each other by a nitrogen inversion. E/Z refer to the stereochemical configuration of the double bonds along the triene bridge.
(b) Schematic representation of potential energy surfaces involved in DASA photoisomerization. The photochemical reaction involves the electronically
excited state of the thermodynamically most stable open isomer A, which is reached by excitation of the n—=n* transition that lies in the visible/NIR
spectral range. (c) Representative schematics of normalized UV-Vis absorbance spectra of the different DASA isomers.

revealed that irradiation of the shoulder in the UV-Vis spectra
arising from B/B’ facilitates the reformation of A, demonstrat-
ing that the actinic step for DASAs is both T- and P-type
reversible.”® Recently, a DASA derivative with longer-lived B/B’
intermediates at room temperature could be accessed through
introduction of sterically demanding groups into both the
acceptor and donor moieties.’” The B/B’ intermediate stage in
this system was addressable by a second wavelength of light,
interfering with the formation of the closed form and enabling
a three-stage switch. In polymer films, addressing B/B’ with a
second wavelength of light had a reduced effect on the rate of
isomerization from the open to closed forms (vide infra,
Section 2.7).

1.1.1.2 Optical properties. The activation with visible light
occurs due to a strong absorption band of the DASA open
isomer corresponding to a n-r* transition (c¢f Fig. 3a and 4c).
Only the lowest excited singlet state is involved in the spectro-
scopic signature.®* This absorption band is around Ama. =
550 nm for dialkylamines with Meldrum’s acid acceptors
(first-generation DASAs) and can be shifted to the red spectral
region by extending conjugation either through the donor or
acceptor group.’***8%8! The open DASA isomers also have very
high molar absorptivity (~100000 M~ cm ™" in solution).®>"#*
Moreover, second-order nonlinear optical properties and
two-photon absorption properties of DASAs have been
predicted.®*®”

Alongside other chromophores or photoswitches with push-
pull groups that introduce charge-transfer character, the

This journal is © The Royal Society of Chemistry 2023

photophysical properties of DASAs are highly dependent on
the polarity of the environment. DASA open isomers typically
show strong negative solvatochromism,** i.e. for solvents with
higher polarity, a blue-shift of the absorption band is observed
(the electronic ground state structure is more stabilized in polar
solvents as compared to the electronic excited state, meaning
that the ground state is more polar than the excited state).®®
These effects are less pronounced for second-generation DASAs
with a weakened push-pull ability that exhibit a less dipolar
nature.**

There is usually a band asymmetry (broadening) observed
towards absorption at shorter wavelengths. This higher energy
part of the spectra could be computationally well reproduced by
accounting for vibrational contributions with a DFT level
description, which are most likely caused by the vibronic
progression corresponding to the S; electronic
transition.”™®® Spectral signs for DASA aggregation in the solid
state (pure) or in materials in the form of band broadening and
enhancement of the vibronic features at shorter wavelengths
were also observed (vide infra, Section 2.5.3). As mentioned
before, in solvents with low polarity, a more hybrid electronic
ground state structure of the open isomer is favored with a
higher delocalization of the electron density and low BLA. As a
result, excitation in these solvents leads to minimal changes
in bond order and only weak vibronic interactions within the
excited state, in accordance with the Frank-Condon principle.”?
DASA absorption bands typically become narrower and their
intensities increase in nonpolar environments when compared
to polar solvents, such as alcohols and water.®*”>
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Fluorescence from DASAs is not as well studied as their
absorption properties. The open DASA isomers do not fluoresce
strongly in organic solvents or water, despite their high molar
absorptivites.”>®> A major reason for this is that radiative
relaxation directly competes with photoswitching by rotational
relaxation of the excited state. Fluorescence measurements
of DASAs have also been recorded in different polymers
(¢f. Sections 3.1.1 and 3.1.2).°°%*

1.1.1.3 Methods and models for DASA photoswitching analysis.
Despite the complexity of the proposed DASA photoswitching
mechanism (¢f Fig. 4 and Section 1.1.1.1), most DASA
kinetic studies model the interconversion of A (colored) to C
(colorless) as a two-step reversible process that proceeds
through a lumped B/B’ intermediate state (‘‘three-state’” model,
Fig. 5a).>>?%*"% Representative absorbance profiles of 4, B/B’
and C are illustrated in Fig. 4c. Single step kinetic models have
also been used to describe the photoswitching of A and thermal
recovery from C as a simple first order reversible isomerization
(“two-state” model, Fig. 5b).32%48494796 [ geveral studies first-
order exponential functions were used to fit kinetic data and to
extract values for the apparent half-lives of the open or closed
isomers under specific conditions (noting that DASA photo-
switching is not a first order process). While single step models
provide little insight into individual steps of the mechanism,
they can be helpful for experimentally observing qualitative
trends in the interconversion rates of A and C with
changes to the DASA architecture,®*®* concentration,”* and
environment.** In addition, interconversions between the dif-
ferent isomers are categorized according to their thermal and
photochemical character. For actinic steps, rate constants are
often measured as a function of light intensity to differentiate
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between thermal and photochemical contributions to the
observed isomerization rate.*>3%4%9%9798 Ugually, the thermal
and photochemical rates are assumed to be independent, but
this is only true if negligible photothermal heating occurs
during illumination. Importantly, the rates of the photon-
driven steps depend on the spectrum and intensity of the light
source that is used.

Another important consideration when modelling photo-
chemical reaction rates is the lack of a well-defined order with
respect to the concentrations of the photoactive species. In all
of the single and two-step DASA kinetic models applied in
published works, the actinic interconversions of A and B/B’ are
assumed to obey first order kinetics in their respective con-
centrations with characteristic rate constants that reflect the
reaction quantum efficiencies.>>** However, the rate of actinic
isomerization is actually proportional to the rate of photon
absorption, which scales logarithmically with the concentration
of the absorbing species according to Beer’s law. As a result,
traditional first order kinetics can only be assumed in the low
absorbance limit, where the scaling is approximately linear.”
In the opposite limit of total absorbance, the photochemical
rate approaches zeroth order in the absorber
concentration.”® For absorbances below 0.04 a.u. and above
1.3 a.u., these convenient approximations introduce less than
5% error in the model validity.’® In addition to complicating
the kinetic modelling of photochemical processes, this phe-
nomenon may result in the appearance of false trends when
normalizing photoswitching datasets with different starting
absorbance for a qualitative comparison. As such, care must
be taken when modelling the photochemical reaction rates.

Regardless of the kinetic model used, however, isomeriza-
tion is modelled to proceed until a state of dynamic

law
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Fig. 5 DASA photokinetic models. (a) Schematic illustrations and differential rate equations of two-state model. (b) Schematic illustrations and
differential rate equations of three-state model. Steps known to be photochemical are indicated pictorially with a lightbulb and mathematically with a
superscripted “hv” on the corresponding rate constant. Thermally accessible isomerizations are shown with dashed arrow and denoted by superscripted
"kT" on the corresponding rate constants. A, B*, and C indicate spatially averaged isomer concentrations in A, B/B’ and C, respectively. Structures for
these isomers are provided in Fig. 4 along with an energy diagram. First order photochemical rate equations are only valid in low absorbance limit of the
relevant photoactive species. A general derivation outside this limit is provided by Stranius and B&rjesson in ref. 99.
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equilibrium is attained, the equilibrium between the photo-
reaction(s) and the thermal back reaction under visible light
irradiation, i.e. the photothermal stationary state (PTSS), or the
dark equilibrium state. Comparing the equilibrium distribu-
tion of open and closed form isomers often provides additional
insight into the chemical and mechanical factors driving or
impeding DASA photoswitching,**>”#"1% egpecially when the
kinetics of photoswitching are too fast to be reliably measured
in real time. However, it should be noted that the distribution
between open and closed isomers at equilibrium is also sensi-
tive to solvent quality and the presence of trace amounts of
impurities or additives (c¢f. Section 2.6), concentration, as well
as potentially unknown other factors. Therefore, comparison
across papers should always be done with care.

Experimental techniques for tracking the photochemical
and thermal isomerization of DASAs in solution include pump
probe UV-Vis spectroscopy (~0.1-1 s resolution), rapid scan
FTIR spectroscopy (96 ms resolution),*’ ultrafast pulse probe
UV-Vis spectroscopy (~1-10 ps resolution),*>*® 'H NMR
spectroscopy,®®*>% and mass spectrometry.”” The primary
differences between these approaches are their temporal reso-
lution, their ability to resolve the thermodynamically distinct
isomers produced during photoswitching, and their capability
for passive observation of photoactive species. In addition, the
sensitivity and precision of the measurement device must be
considered when operating in the low or high absorbance
regimes.

1.1.1.4 Cyclization efficiency under illumination. Under illu-
mination with visible light, the DASAs rapidly form the photo-
isomer B in the actinic step (¢f. Fig. 4), which is then followed by
a slow thermal equilibration between the different metastable
open and closed isomers along the multistep reaction pathway.
For efficient formation of the closed isomer under irradiation,
both the actinic step and thermal steps in forward direction
need to be fast and outcompete the thermal back reaction. The
photo stationary state (PSS, relative concentrations of thermo-
dynamically stable and metastable isomers under irradiation)
for DASAs is governed in part by the thermal back reaction and
not by a photochemical reaction from the B/B’ intermediates
back to A (it is therefore often referred to as photothermal
stationary state (PTSS)*°).

The electronics of both the donor and acceptor groups
influence the photochemical reaction and the lifetime of
the excited state.’” The quantum yield for the formation of
intermediate B (actinic step) was measured (x10-20% for first-
and second-generation DASAs), but it is not directly indicative
for the DASA cyclization efficiency.*®”> To understand DASA
photoisomerization as a whole, the thermal steps for the
forward isomerization and thermal recovery must also be
considered.***>*

The energy levels and barriers of intermediates along the
energy landscape of the thermal steps are also heavily influ-
enced by electronic effects of the donor and acceptor group in
the different DASA derivatives and also by external factors (e.g.,
solvent polarity, Fig. 6a).*>*"*° In some examples, effective
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quantum yields for the full transition from the open to closed
isomer were reported based on assuming a simplified two state
system (see Section 1.1.1.3).549%96

Generally, a stronger push-pull ability favors the open
isomer in the DASA energy landscape (Fig. 6b).*° First-
generation DASAs with strong donors and third-generation
DASAs with strong acceptors typically present short-lived closed
isomers and lower amounts of closed isomer at the PTSS under
irradiation. A weakening of the push-pull character leads to
longer half-lives for the closed isomer and more closed isomer
under irradiation, as observed in second-generation DASAs.*

Electronic factors most likely also influence the accessibility
of possible side pathways in the DASA switching mechanism,
including competing photochemically or thermally induced
double bond isomerizations (¢f. Section 1.1.1.1), which reduce
the cyclization efficiency to the closed isomer.”® However, this
topic requires further study and experimental validation.

Notably, besides electronic factors, sterics of the acceptor
and donor groups also play a role.>*?” For example, first
generation DASAs based on dimethylamine undergo more
efficient cyclization under light in comparison to diethylamine
derivatives (Fig. 6¢) owing to reduced steric hindrance in the
thermal steps (i.e., bond rotation along C;-C, and the 4n
electrocyclization ring-closure step).*>**

1.1.1.5 Dark equilibria and cyclization under exclusion of light.
The thermodynamic equilibrium (“dark equilibrium”) between
the isomers of a photoswitch is an important parameter, since
it determines the proportion of compound that is available for
undergoing the photochemical reaction. For DASAs, it is
strongly dependent on their individual donor and acceptor
groups as well as their solvent environment.** The open isomer
is stabilized in DASAs that present stronger push-pull ability
(first- and third-generation).*® Thus, increasing amine donor
basicity increases the concentration of the open isomer in the
thermodynamic equilibrium (Fig. 6b).>* Similar effects can be
achieved by introducing stronger acceptors in third-generation
DASA to counteract the electronic effects of weak donors.**
Moreover, increasing the bulkiness of both amine substituents
in first-generation DASAs favors the open isomer in the thermo-
dynamic equilibrium, but at the same time this leads to faster
thermal recovery and a decrease of closed form formation
under irradiation (Fig. 6¢).>>*° Substitutions along the triene
structure can also affect the DASA thermodynamic equilibrium
by either increasing the energy of the closed form relative to the
open form,*® or vice versa,”>’* depending on the substituent
size and position on the backbone.

The stabilization of different tautomeric forms of the closed
isomer in different media determine the dark equilibrium
distribution.*® A purely thermal isomerization from the open
to the closed isomer is typically observed in polar protic
solvents, whereby the overall equilibrium is strongly shifted
to the more hydrophilic closed isomer. This is most likely due
to stabilization effects of the closed isomer through hydrogen
bonding interactions. Thus, DASAs are considered to be
“hydrochromic” molecules (i.e., molecules that change color
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Fig. 6 Cyclization efficiency under illumination or in the dark in relation to DASA structure. (a) The influence of the zwitterionic nature of DASA
photoswitches on their energy landscape. As the strength of the donor and acceptor groups of a DASA increases, the polarization of the triene increases.
A stronger push—pull ability favors the open isomer in the DASA energy landscape. (b) The impact of basicity of the donor on the thermodynamic
equilibrium (“dark equilibrium”) between open and closed isomers of a Meldrum'’s acid derived DASA (equilibrium measured by NMR integration in
chloroform). For DASAs with less basic (i.e., weaker) donors and weakened push-pull character, the amount of open isomer at equilibrium decreases.
This is often accompanied with longer half-lives for the closed isomer and higher amounts of closed isomer under irradiation. Note that steric effects can
also play a role (e.g., sterically demanding donors, such as diaryl derivatives, are not shown here). Data taken from ref. 32 and 33. (c) The impact of sterics
of the donor on the dark equilibrium and the conversion to the closed form under irradiation of a series of 1,3-dimethylbarbituric acid derived first-
generation DASA. Increasing the bulkiness of both amine substituents favors the open isomer in the dark equilibrium, but at the same time leads to faster
thermal recovery rates and less closed form formation under irradiation due to more steric hindrance in the thermal steps. All data in chloroform under
light irradiation with a 567 nm LED until no further changes observed and dark equilibrium measured by NMR integration in deuterated chloroform. Data
taken from ref. 35.

when exposed to water or moisture).'®'°> Recently, it was barrier from B to A decreases with increasing solvent polarity,
reported that the dark equilibrium is also sensitive to acid/base  while the barriers from B to B’ and B’ to C increase (this is
chemistry (acidochromism).'® For example, protonation of associated to the variation in the double bond character of the
first-generation or second-generation DASAs in halogenated different bonds of the triene bridge, which affects the activation
organic solvents led to cyclization of the open isomer to a energy to bond rotation).'°® Since different DASAs present
cationic closed form (an amine-protonated keto tautomer as variable starting energy landscapes (e.g, strength of push-pull
opposed to the typically observed zwitterion shown in Fig. 3), ability), equal environment polarity induced effects can lead to
and could be accelerated by light irradiation and reversed by a different photoswitching performance.'®® While most first-
addition of base.'®*'°®> In an aqueous environment, however, generation DASAs only showed efficient photo-induced for-
decreasing the pH has been shown to increase the ability of mation of the closed isomer and thermal reversibility in apolar
DASA to recover to the open form.'” Under some acidic solvents such as toluene, newer generations can also reversibly
conditions, conversion of DASA to Stenhouse salts has also switch in a range of more polar aprotic solvents, including
been observed.'”” Importantly, understanding these effects as  chlorinated solvents and tetrahydrofuran.®® First-generation
they relate to the structure of DASA in both the open and closed DASAs with sterically less demanding substituents on the
forms is still in its early stages. amine donor, such as two methyl groups, can also switch in a
wider range of solvents.*® Moreover, the addition of polar ionic
1.1.1.6 Effects of the medium. While solvent effects play a liquids to organic solvents influence the DASA photoswitching
huge role in DASA photoswitching, the kinetics of the actinic  ability in that solvent.** The effect of such polarity changes was
step are only slightly affected.”® This large influence in photo- smaller for DASAs that have open and closed isomers with
switching stems from differences in energy levels and barriers lower dipole moments (e.g., second-generation DASAs).
involved in the thermally induced steps after the photochemi- Reversible photoswitching of DASAs in a spectrum of polar
cal reaction in the different media (¢f Fig. 6a). In general, the protic solvents, such as pure water, has not been possible to
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date. Contributing factors include the lowered energy barrier
between B and A in these solvents,"*® favoring fast thermal back
reaction from B to A instead of isomerization to B’ and C. The
increased spectral overlap between A and B/B’ in these solvents
(negative solvatochromism, ¢f. Section 1.1.1.2) may also affect
the photostationary state of the actinic step and lead to an
enhanced photochemical reaction from B to A.”>

Another factor influencing DASA photoswitching is DASA
concentration. While unimolecular photoisomerization reac-
tions are assumed to be relatively insensitive to photoswitch
concentration up to millimolar concentrations, pronounced
effects occur on the rates of both the forward photoisomeriza-
tion and the thermal recovery for DASAs in the concentration
range between 10 *-10"" M.°* A third-generation DASA built
from a CF; pyrazolone-based acceptor and a 2-methyl indoline
donor (3, ¢f. Fig. 3) showed faster thermal recovery and reduced
open-to-closed conversion under irradiation with increasing
DASA concentration with rate constants changing by factors
of 20 or more.®* The reason for this is not entirely clear, but no
experimental evidence for aggregation or excited state quench-
ing was observed. It is likely that these effects are caused by
long-range dipolar interactions between the DASAs that inter-
fere with the thermal steps of the photoisomerization, as both
open and closed isomer can present substantial ionic character
(¢f Section 1.1).°* This was further supported by the demon-
stration that second-generation DASAs with a hybrid open
isomer and a neutral closed isomer are less susceptible to
concentration effects.** While solvated DASA small molecules
are often analyzed in dilute concentrations (micromolar range),
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application in materials often results in an increase in local
DASA concentration or generally requires higher concentra-
tions. Understanding the effects of concentration in materials
as they relate to photothermal effects and the corresponding
contribution to thermal reversibility remains to be investigated.

1.1.1.7 Summary. As described above, a number of studies
have provided a solid foundation to better understand and
predict DASA behaviour in solution. This understanding may
carry over to their behaviour in materials, and the combination
of DASA with a given matrix should be carefully considered.
DASA derivatives with different levels of zwitterionic character
will result in different properties and should be chosen to fit
the desired application. Additionally, the environmental sensi-
tivity of DASA derivatives, particularly to water, should be taken
into consideration when choosing applications. While many of
the structure-property relationships established for small
molecules in solution are critical to applications in materials
(as detailed below), future studies are still needed to better
understand how the polymeric matrix itself influences the
properties of DASAs and vice versa.

2. DASA-containing polymers
2.1 Functionalization through covalent conjugation

When integrating photoswitches into polymers, it is often
required that the photoswitch is covalently conjugated
(Fig. 7). This can prevent leaching, phase separation, and
aggregation, provide higher stability, or be necessary to
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transmit and couple the molecular isomerization events to the
polymer chains to cause changes and movements at the nano-
or even macroscale. While examples of mixing and dissolving
DASAs directly into polymer matrices without covalent attach-
ment have been showcased (see Section 2.2), many of the DASA-
materials with applications beyond simple color change rely on
covalent attachment. To this end, various strategies have been
developed and are described in detail in the following section.

While other photoswitches, such as spiropyrans, can be
modified to yield monomers to be incorporated into polymers
trough common polymerization methods, such as free and
controlled radical polymerizations, polycondensations or ring-
opening metathesis polymerization (ROMP),'’® DASAs typically
show limited stability in the presence of radicals and strong
nucleophiles.”” Besides degradation of the open isomer, it
is also known that the closed isomer can undergo (reversible)
addition of nucleophiles, such as thiols and amines, into the
Michael acceptor of the cyclopentenone structure,'®®*10112
Hence, radical polymerization conditions compatible with
DASA monomers have not yet been reported and current
conjugation strategies are largely based on post-polymeri-
zation methods.

Click chemistry providing high reaction specificity has been
employed to conjugate DASAs to pre-formed polymers in one-
step (Section 2.1.1). The most commonly used route for func-
tionalization of polymers with DASAs involves the conjugation
of the acceptor (Section 2.1.2) or the donor (Section 2.1.3) to a
polymer chain followed by the DASA-forming reaction as the
final functionalization step (‘‘two-step” approach). Therefore,
most examples rely on the incorporation of the amine donor
into the polymer instead of the furan adduct (acceptor). This is
due to the reactive nature of furan adducts, which makes
it more difficult to find orthogonal conjugation chemistries.
For example, besides nucleophilic furan ring opening, it
was recently demonstrated that furan adducts can undergo
addition reactions at the exocyclic double bond, including
cycloadditions.'"?

Two-step DASA conjugation strategies and one-step
click chemistry methods are both modular, allowing access
to different DASA-polymers from the same precursor
polymer.®®*4% In the first approach, this can even be
achieved by simply replacing the furan adduct or amine com-
ponent during the final functionalization step. On the other
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hand, click chemistry circumvents issues with slow reaction
rates and incomplete functionalization that may be encoun-
tered when relying on the DASA-forming reaction as the final
functionalization step. Alternatively, promotion of the DASA
formation on the polymer using special reaction conditions can
also help to achieve higher conversions and to shorten the time
required for DASA formation on materials (Section 2.1.5).

2.1.1 One-step Click chemistry. The very first example of
DASA conjugation to polymers was reported by Read de Alaniz
and co-workers and involved the terminal attachment of an
azide-functional first-generation DASA to poly(ethylene glycol)
(PEG) using the copper-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction (Fig. 8a).”''® More recently, the same group
developed a metal-free Diels-Alder cascading click approach to
graft DASAs on the end of PEG chains or on the sidechains of
pre-formed methacrylate copolymers (Fig. 8b).2°%''% The
advantage of these approaches is the direct incorporation of
DASA small molecules that can be purified prior to polymer
conjugation. However, this approach is limited to amine
donors and carbon acid acceptors that can be efficiently
functionalized with a “click” handle.

2.1.2 Attachment via acceptor. A successful example of
furan adduct conjugation to polymers involved the attachment
of Meldrum’s acid derived furan adducts to oxa-norbornene
derivatives and subsequent polymerization of these monomers
through ROMP (Fig. 9a)."'” DASA formation was then achieved
in a second step by reacting the polymers with dialkyl- or
arylamines. Steglich esterification was used to conjugate a
carboxylic acid functionalized Meldrum’s acid furan adduct to
PEG (Fig. 9b).""® In another example, furan adducts were
synthesized from polymer-immobilized carbon acid acceptors
via Knoevenagel condensation with furfural.'*® In addition,
in situ formation of furan adduct-polymer conjugates for sub-
sequent formation of DASAs was achieved through a mechani-
cally induced retro-[4+2] cycloaddition of a hetero-Diels-Alder
adduct (masked furan adduct) both in solution and in
bulk materials (see also Section 3.1.3).""* To this end, linear
poly(methyl acrylates) (PMA) containing the masked furan
adduct at the chain midpoint or at the chain end were synthe-
sized via atom-transfer radical polymerization (ATRP) (Fig. 9c).
Furthermore, bis- or mono-vinyl-functional masked furan
adducts were incorporated into PDMS networks via
hydrosilylation."** However, a major disadvantage of furan

Ry Ry
HN’ 0 o

[ fo
o, —————> ﬁ CFy
m Diels-Alder Click 0™y N=
%” QY
° m,©/ o'\
<0

Fig. 8 One-step click chemistry for DASA conjugation to polymers and the structures of resulting DASA—polymer conjugates. (a) Copper-catalyzed
azide—alkyne cycloaddition (CuAAC) Click reaction. (b) Diels—Alder click approach based on reaction between a masked cyclopentadiene and a
maleimide moiety. The reactive cyclopentadiene is generated in situ (“unmasked") from a stable norbornadiene precursor via a retro-Diels Alder reaction
with equimolar amounts of tetrazine.
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Fig. 9 Different strategies for DASA conjugation to polymers via the acceptor moiety. (a) Furan adduct conjugation to oxa-norbornene monomers and
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containing a masked furan adduct at the chain midpoint. A mechanically triggered retro-[4+2] cycloaddition reaction then unmasks the furan adduct on

the polymer, which reacts with a secondary amine to form a DASA.

adduct installation on the polymer is that an excess of amine
reagent applied for DASA formation can lead to DASA degrada-
tion and/or shifting of the dark equilibrium to the closed
isomer.*>'™ On the other hand, presenting excess of furan
adduct is usually unproblematic (¢f. Section 2.1.3).

2.1.3 Attachment via donor. A variety of routes for second-
ary amine conjugation to polymers and subsequent DASA
formation by reaction with furan adducts have been reported.
Typically, the excess of furan adduct reagent used for the DASA-
forming reaction has been separated from the DASA-
functionalized polymers based on size-selective separation
techniques (e.g:, size exclusion chromatography, precipitation,
dialysis). While in some examples, amine functionalities are
inherently present in polymer backbones enabling DASA for-
mation, most strategies have relied on the incorporation of
functional monomers that enable post-polymerization amine
conjugation or on protecting group chemistry of amine
monomers.

In an early example, inherently present amine functional-
ities in branched polyethylenimine (PEI) were used to synthe-
size DASAs on polycarbonate (PC) surfaces by reaction with
Meldrum’s acid furan adduct (Fig. 10a)."*° Later PEI was also
used to prepare DASA-functionalized nanoparticles in the same
way.'?* Similarly, the amines present in polydopamine were
used to functionalize silica micro- and nanoparticles with
DASAs.'*> However, both strategies suffer from the limitation
that primary amines are present in these materials. Branched
PEI contains primary, secondary, and tertiary amines, whilst
polydopamine features a primary amine instead of a secondary
amine. Typically, the reaction of primary amines with the furan
adducts results in unstable adducts.>" In addition, the presence
of unreacted amines on the polymer can also cause decom-
position of DASAs, or affect DASA photoswitching properties
through changes in medium polarity or basicity.*’

This journal is © The Royal Society of Chemistry 2023

Another method for functionalization of PC or poly(styrene)
(PS) surfaces involved the reaction of surface carbonate
groups or polymer-bound p-nitrophenyl carbonate reacted with
various diamines being subsequently converted into DASAs
by reaction with a Meldrum’s acid furan adduct (Fig. 10b)."*?
Epoxide functionalities were also used to install 2-(2-
aminoethoxy)ethanol as a DASA precursor through epoxide ring
opening. To this end, glycidyl methacrylate was applied as
comonomer in reversible addition-fragmentation chain-
transfer (RAFT) polymerization to synthesize poly(glycidyl
methacrylate-co-dimethylacrylamide) (Fig. 10c).">* The amine-
functionalized polymer was then converted to a first-generation
DASA-bearing polymer by reaction with a barbituric acid
derived furan adduct. Similarly, the same epoxide comonomer
and amine linker were used to functionalize the surface of
poly(N-vinylcaprolactam)-based microgels with DASAs."*>

Besides carbonate aminolysis and epoxide ring opening,
nucleophilic substitution reactions on alkyl halides or sulfonyl
groups have been used for post-polymerization amine conjuga-
tion to create DASA-bearing materials. In further detail, reac-
tion of chloromethyl units in a styrene-vinylbenzyl chloride
copolymer with n-butylamine was used to synthesize amine-
functional PS. Subsequent reaction with a Meldrum’s acid
furan adduct yielded DASA-functionalized PS (Fig. 10d).'*®
Analogously, N-phenylpropane-1,3-diamine was used to modify
cross-linked  poly(styrene-co-vinylbenzyl chloride)
spheres, which enabled the formation of third-generation
DASAs."®” Sulfonyl groups in poly(2-ethylsulfonyl-2-oxazoline)
gels were substituted with N-ethyl-1,3-propanediamine or N-
phenylethylenediamine to obtain secondary alkyl and aryl
amines on the polymer (Fig. 10e)."*® The poly(2-ethylsulfonyl-
2-oxazoline) was synthesized by cationic ring-opening polymer-
ization of 2-ethylthio-2-oxazoline and subsequent oxidation of
the thiocarbamate group to become activated for substitution

micro-

Chem. Soc. Rev,, 2023, 52, 8245-8294 | 8257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00508a

Open Access Article. Published on 31 2023. Downloaded on 10.7.2024 22:57:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Article Chem Soc Rev
a. Amine containing polymer ﬁ/
(\NH, (‘»‘1 DASA
r\uuz u/\/""2 "\/\n’\/ \/\"/\/
N \/\N/\, -
X OH k/ \/\Nu,n

HNTNAUSNA NN,

Lk

b. Amineon polymer (postpolymerization) d.

PS microspheres

C. N H”C‘Z‘SJ\ +j¢ %oou 3
X
Huco\Jj\ - _<«— o=(%
e s s 2t 6P B2
—

m
s

f. 0 on R oo N
#V%W%tjikc" e 4‘)\/‘})’\/\?‘%%,{: s <y 40“‘}“*/\?'% t\ﬁ:/{
e

g' # [ K o 2 5 0
g D SO e R AN A s
0 | N, /
Hs’\,/(o o H \oz[j o AL . 0:><:0)}’\,S | ) , & :>C
\/\g T\g:r Thiol-ene j‘é\/\/ \/\g ¢ H}” \ﬁ\/\/ q 27/\’ “lw

o %
= No

h. —JI-O-[Ll—OHéI of!:— [)jz& -4 —0«{l| OHJ'_OHI—
= NN\Z%
Nes ST

}L/‘
0o X0
T\

_%I_O{%I_o}:{i‘_o}.}ll_ * \°/©/NM Hydrosilylation

i. Protected amine monomers j DASA monomers
R
l \/Q/\
Ne, 0, N 0 .
[)j_§7 *if *ﬁ °M.~d IS
Br ™ Pd-cat. O
2 e y Q \
/ ANF a N'ﬂ‘u S I NT Heck DASA
.. Je Rt SE

02 N
|

Fig. 10 Different strategies for DASA conjugation to polymers via the donor moiety and polymerization of DASA monomers. (a) Utilization of amines
inherently present in a polymer backbone, e.g., PEl, for DASA formation. In most examples, amine conjugation was performed via postpoylmerizaiton
followed by DASA formation by reaction with furan adducts. Different functional monomers or functional groups were used to introduce secondary
amines postpolymerization, such as (b) carbonates, e.g., p-nitrophenyl carbonate (c) epoxide groups, e.g., glycidyl methacrylate, (d) alkyl halides, e.g.,
4-vinylbenzyl chloride (e) sulfonyl groups, or (f) activated esters, e.g., pentafluorophenyl(meth)acrylate. (g) Amine functionalization of thiol-ene resins
during the network formation step by using alkene-functional amines. (h) Amine functionalization of PDMS via hydrosilylation with alkene-functional
amines. (i) Copolymerization of protected alkylamine (meth)acrylate derivatives to introduce the amine functionality during the polymerization step.
(j) Only reported example of polymerization of DASA monomers involving Heck coupling of dibromobenzene DASA-functionalized monomers with a
divinylbenzene derivative.
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reactions. The amine-functionalized polymers were then
reacted with different furan adducts to synthesize first- and
second-generation DASAs.*?®

Our groups used co-monomers of
pentafluorophenyl(meth)acrylate (meth)acrylate
copolymers including block copolymers (BCPs) made by RAFT
polymerization that were reactive to amines (Fig. 10f)."**"'*° The
activated ester-functionalized motifs were subjected to amino-
lysis with aliphatic primary amines carrying an indoline or
N-methylaniline functionality for the synthesis of the DASAs.
This approach enabled the introduction of second- and
third-generation DASAs,"'*'** and has the advantage that
pentafluorophenyl(meth)acrylates are hydrophobic, compatible
with free radical and RAFT polymerization, and also substan-
tially more stable towards hydrolysis in comparison to other
groups used to install amines on polymers. More recently, other
groups have relied on this functionalization strategy™>®'*' or
expanded it by using N-methyl-1,3-propanediamine as linker to
couple first-generation DASAs."*> Moreover, polymer gels func-
tionalized with pendant DASAs were synthesized from networks
made of pentafluorophenylacrylate and hexamethylene diacry-
late as a crosslinker.™*’

In another approach, an alkene-functional methoxy-N-
methyl aniline was integrated into the network structure of
cross-linked thiol-ene photopolymerizable resins directly dur-
ing the network formation step (Fig. 10g).”" Subsequently, these
networks were reacted with different furan adducts through
swelling in a solvent to synthesize DASAs from the amines
attached to the network structure. Similarly, alkene-functional
secondary aryl amines were attached via hydrosilylation chem-
istry to different linear and cross-linked polydimethylsiloxanes
(PDMS) containing hydrosiloxane groups.'*® The process
enabled to covalently attach second and third-generation
DASAs to PDMS networks or chain- and sidechains of linear
PDMS (Fig. 10h)."'® However, the same approach was not
applicable to a one step-conjugation of an alkene-functional
DASA due to side reactions of the hydrosilylation catalyst with
the triene-enol bridge of the DASA.™'®

Stenzel and co-workers copolymerized protected alkylamine
(meth)acrylate derivatives via RAFT polymerization, which were
subsequently unmasked and subjected to reaction with a
Meldrum’s acid furan adduct (Fig. 10i)."°>*** This procedure
enabled the synthesis of DASA-functionalized homopolymers
and BCPs, with the latter presenting one block that entirely
consisted of DASA units.

2.1.4 Polymerization of DASA monomers. Wang and co-
workers reported the only example of direct polymerization of a
first-generation DASA-functionalized monomer.’> The copoly-
merization of a dibromobenzene DASA-functionalized mono-
mer with a divinylbenzene derivative through Heck coupling
yielded poly(p-phenylene vinylene) with DASA units on the
sidechains (Fig. 10j). However, the process only enabled DASA
incorporation of 33% into the polymer, which may indicate
some issues with DASA stability during the polymerization.

2.1.5 Reaction promotion of DASA-forming reaction. The
main challenge of utilizing the DASA-forming reaction as the

activated ester

in various
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final polymer functionalization step is the slow reaction
kinetics that can also result in incomplete functionalization.
This particularly applies to less nucleophilic aromatic amines
that can deliver second- and third-generation DASAs, which
often present beneficial photophysical properties over first-
generation derivatives, such as the possibility of solid state
switching, enhanced solvent compatibility and more red-
shifted absorption properties (c¢f. Fig. 2). A highly polar fluori-
nated alcohol (i.e. 1,1,1,3,3,3-hexafluoro-2-propanol, HFIP) was
introduced by our groups as an additive or as a co-solvent to
promote the furan ring opening reaction both on small
molecule DASAs and for polymer functionalization.®' These
conditions reduce the required time for the conjugation
of second and third-generation DASAs to polymers and push
the reactions to higher conversion.®>''® For example, quanti-
tative DASA conversion on amine-functionalized linear PDMS
could be achieved in 3 h when using 20 vol% HFIP in
dichloromethane,'*® while the functionalization of different
methacrylate copolymers with similar DASAs in tetrahydro-
furan required days to weeks to complete.'**'** In addition,
the conditions stabilize the open form DASA isomer and inhibit
formation of the closed state during synthesis.

However, first-generation DASAs formed from basic alkyla-
mines are not compatible with these reaction conditions since
they form hydrogen-bond complexes with HFIP. Instead, the
addition of triethylamine as an auxiliary base was reported to
promote the formation of first-generation DASAs on the side
chain of (meth)acrylate copolymers with pendant N-methyl-
alkyl amines,’® or in the synthesis of several second-
generation derivatives.**® The addition of bases increased
isolated yields in the synthesis of small molecule first genera-
tion DASAs, but also produced mixtures of open and closed
isomers (¢f acid/base properties of DASAs, Section 1.1.1.6).%"
The addition of basic amines to different DASAs in organic
solvents post-synthesis also led to the formation of the closed
isomer.""?

Depending on the synthesis conditions, different ratios of
the open and closed isomer are produced. The conditions are
therefore important because thermal equilibration in a new
medium after isolation may be slow, incomplete, or completely
prevented, especially in solid materials.

2.1.6 Macromolecular architecture and linker design. The
macromolecular architecture of polymers can substantially
affect the performance of a photoswitch, which in some cases
is dictated by the nature of the intended application. To date,
the largest group of DASA-polymers studied are side-chain
functionalized linear copolymers®*92°6100,114117,124,126 54
diblock copolymers.!0%129 139132133 HAGAs have also been
incorporated as polymer end-groups,' > 118134
linear polymers,'*® as well as pending groups in polymer
networks®»11®119128 and  branched polymers (Fig. 11)."*
Furthermore, surfaces of polymer films'**'*>'** and micro-/
nanoparticles'**'** have also been covalently functionalized.

As outlined in the sections above, most DASAs are conju-
gated to polymers via the donor moiety. However, direct sub-
stitutions on the amine linker attachment can strongly

in telechelic
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influence the photoswitching properties through both electro-
nic and steric effects, as discussed before for small molecule
DASAs (Section 1.1). For example, DASAs that were coupled to
PDMS via different aniline linkers displayed stabilization of the
open isomer for the derivative bearing bulky N-alkyl groups (see
Fig. 10, P4 and P5 for structural formulae of the linkers)."*®
This dependency could be reduced by attaching linkers at distal
sites of the photoswitch, such as via click chemistry allowing
DASA-polymer conjugation via the acceptor part.®*'"

For other photoswitch families it is well established that
linker length or rigidity can affect photoisomerization in
materials.'® Longer and more flexible linkers often allow for
more conformational flexibility or encourage solvation by the
solvent molecules for compounds immobilized on supports or
surfaces. Interestingly, a linker containing both an aniline and
a benzylic amine attached to cross-linked PS microspheres (P6,
Fig. 11) primarily reacted with furan adducts via the less
nucleophilic aniline moiety during synthesis."?” This is likely
due to increased steric hindrance for units in closer proximity
to the main styryl network. In addition, linker chemistry and
rigidity can also dictate thermal or mechanical properties of a

8260 | Chem. Soc. Rev,, 2023, 52, 8245-8294

n of networks or surfaces (side-chain functionalization).

polymer. The effects of linker type have not yet been system-
atically studied for DASA materials. However, a higher increase
in Ty as a result of DASA conjugation relative to the unmodified
parent polymer was found for methacrylate copolymers with
DASAs connected through a Diels-Alder motif (e.g., P1,
Fig. 11)**°° when compared to acrylate copolymers attached
via a less bulky linker (cf. Section 2.3.2)."™*

Moreover, photosurfactants based on two types of DASA-
end-functionalized PEG, either connected through the Diels—
Alder motif (P1, Fig. 11), or an esterification reaction (P3,
Fig. 11) led to substantial difference in interfacial tension of
surfactant-stabilized toluene droplets in water and also in the
DASA photoswitching kinetics (see also Section 3.2)."*> This
example underlines the importance of linker design for the
functional performance of DASA polymers. The effects of dis-
similar linkers must also be considered when comparing
different systems.

2.2 Functionalization through physical mixing or adsorption

DASAs have also been embedded inside bulk polymers without
covalent attachment. The investigated materials differ in terms

This journal is © The Royal Society of Chemistry 2023
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of their preparation process, polymer matrix properties
(chemical structure, polarity, glass transition temperature
(Ty), crystallinity etc.), as well as the type and concentration of
DASAs in the polymer. In most cases, mixing has been achieved
by co-dissolving the polymer and the DASA and fabricating
polymer films or thin coatings by different methods, such as
drop-casting,*>°*"** gpin coating**"*® doctor blading,”* or dip
coating,'"® followed by a drying process to remove the solvent
from the films. To date, glass substrates have been mainly
employed to support the formation of DASA polymer films.
Importantly, the glass cleaning procedure can affect the inter-
actions of the glass with the DASAs at the surface of the polymer
matrices."®*® For spectrokinetic analysis of DASA photoswitch-
ing in polymer films (Section 2.7), film deposition techniques
that deliver consistent film thickness over a large area, such as
spin coating, may be preferred over simple drop-casting.
Besides variation in thickness, the preparation process can also
affect DASA distribution in the films (increase in local concen-
tration and possibility of self-aggregation/stacking, ¢f. Section
2.5.4). Overall, the investigated DASA concentrations in
the solid polymer matrices were rather low in the range of
0.5-8 wt%,>>*+9%135 but sometimes higher, up to 17 wt%."*°

The incorporation of DASAs into polymer films by physical
mixing has proven to be versatile, being incorporated into
matrices of poly(methylmethacrylate) (PMMA)?>*494136.137
and other (meth)acrylate copolymers,”® polystyrene
(PS), 8994135136 noly(vinyl chloride) (PVC),”* ¢ poly(ethylene
glycol) (PEG),"*® poly(vinyl acetate) (PVA),”® poly(vinyl pyrroli-
done) (PVP),"*® polycaprolactone (PCL)'*® and poly-
acrylonitrile.** Recently, DASAs were also studied in PVP films
containing various small molecule additives, such as hexyl
benzoate, benzophenone, or terphenyl, to study their effects
on DASA photoswitching.'*® In terms of polymer composition,
key requirements that have to be taken into account are
compatibility of the DASA and the polymer (in terms of their
chemical structure and polarity), for example, to avoid phase
separation during film fabrication. The polarity of the matrix is
also relevant for DASA photoswitching in these materials (refer
to Sections 1.1.1.6 and 2.5.2). Another crucial handle to tune
photochemical performance of DASAs in bulk polymer matrices
is rigidity (i.e. Ty, refer to Section 2.5.1.1).”> Moreover, it was
recently reported that commonly found impurities in polymer
matrices can accelerate DASA (photo)degradation and therefore
affect DASA stability and fatigue (Section 2.6)."*®

Besides direct dissolution into the polymer matrix, DASAs
have been nanoencapsulated inside MOFs prior to immobiliza-
tion inside PDMS networks.>® During the network immobiliza-
tion step, the DASAs were added to the resin before curing.
While free DASAs lost their color in the PDMS cross-linking
step, MOF-encapsulated DASAs remained in their open form.>
A different approach to DASA “nanoencapsulation” consisted
of covalently attaching PDMS chains to DASAs enabling to
modulate the flexibility of the DASA microenvironment when
mixed with rigid methacrylates."*® Moreover, a first-generation
DASA presenting a dioctylamine donor was embedded in a
urethane-cross-linked polybutadiene network structure by

This journal is © The Royal Society of Chemistry 2023
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directly addition to the resin prior to the curing process.”®
However, this approach delivered a colorless material with the
DASAs residing in their closed isomer (while the open isomer
could be recovered upon heating). Other examples showcase
neat DASA film fabrication on different polymer surfaces
such as paper, i.e. cellulose, or PEG."%>"%'3% Cellulose nano-
particles have also been physically mixed with different DASAs
(2-40 wt% relative to the particle mass) in isopropanol.**
Finally, non-covalent association of DASAs with other
biopolymers”>'%*'*! or nanoparticles'*> in solution or suspen-
sion has also been reported (see Sections 3.5 and 3.3.2).

2.3 Effects of DASA incorporation on parent polymer
properties

Maximizing the effect of photoswitches in driving material
property changes by light is usually an important prerequisite
for successful applications of DASA-polymer materials
(Section 2.4). On the other hand, it is often desirable that the
integration of photoswitches into a material only minimally
affects the material properties in the absence of the stimulus.
This can involve scenarios where a material must meet certain
mechanical requirements, maintain the self-assembly behavior
for a given morphology after DASA functionalization, or
preserve advantageous properties of the parent polymer, such
as biocompatibility. Therefore, understanding the effects of
DASA incorporation on the physical, chemical, or mechanical
properties of a polymer material, even prior to photoisomeriza-
tion, is critical for optimizing system design and material
selection.

2.3.1 Optical and chemical material properties. Due to the
high molar absorptivity of the open form DASA (~ 100000 M "
em ™! in solution),®”"® DASA-containing polymers are usually
deep purple to blue in color, even at very low levels of functio-
nalization. The intensity of the coloration is, however, depen-
dent on the thermodynamic equilibrium between the open
and closed DASA isomers in the material (see Section 2.5.3).
The polymer environment, in turn, can also affect the
optical properties of the switch, e.g, shift or broaden
the absorption band due to polarity effects (solvatochromism),
aggregation or polymer-DASA interactions (see Sections 1.1.1.2
and 2.5.3).

DASA conjugation can have substantial effects on polymer
solubility in different solvents. Some applications rely on this
effect, e.g., DASA conjugation at the chain end of water-soluble
PEG yields amphiphilic polymers owing to the more hydro-
phobic DASA end-group, allowing the formation of micelles in
aqueous media (cf. Section 3.3.1)."*® PS films doped with DASAs
(8 wt%) showed a slight increase in water contact angle relative
to pristine PS at pH = 7 (87.4 £+ 1° vs. 85.6 £+ 0.7°), while at
pH =2 the trend was found to be reversed (84.0 + 0.3° vs. 86.0 +
0.6°).7*> The hydrodynamic volume of polymer chains or their
aggregation behavior in solution can also change as a result of
DASA conjugation, which may be observed with gel permeation
chromatography (GPC). For example, previous reports on DASA-
functionalized acrylate or methacrylate homopolymers with
100 mol% DASA functionalization degree showed well defined
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and monomodal peaks for the protected-amine precursor poly-
mers, but after DASA conjugation broadening towards higher
molecular weights as well as the formation of bimodal or
even trimodal distributions was observed.’® Similar observa-
tions were made with DASA-modified PEI**" or poly(dimethyl-
acrylamide) (DMA).">* The dipolar character of both the open
and closed DASA isomers (¢f. Fig. 3) on the polymer chains may
contribute to increased intermolecular interactions, interaction
with the stationary phase in GPC, or aggregation.

2.3.2 Thermal and mechanical material properties. Cova-
lent conjugation of second-generation DASAs to the sidechains
of acrylate copolymers at low functionalization degrees of
3-4 mol% led to an increase of ~15 °C in the T, relative to
their parent homopolymers (Fig. 12, P8 and P9)."'* Recently,
the effect of pendant DASA groups from 1-9 mol% on the T,
and mechanical properties in a series of methacrylate copoly-
mers with different alkyl chain lengths (hexyl, butyl, or propyl)
was studied.”® An increase in T, by ~ 30 °C at functionalization
degree of 4 mol% and almost 70 °C for 9 mol% was observed in
this case. In comparison, the T, of a similar material containing
9 mol% of azobenzenes photoswitches is only 11 °C above that
of the homopolymer (Fig. 12).%° The large effect on 7, may be
due to the combined bulky and dipolar nature of the DASA side-
groups that could lead to restricted segmental dynamics of the
chains.”® This is critical for system design, since T, of the bulk
matrix material can generate important effects on the photo-
switching (see Section 2.5.1.1). The linker identity is likely to be
an important parameter for this behavior (see Section 2.1.6). An
increasing DASA functionalization degree also led to a signifi-
cant increase in the stiffness of these materials (e.g., elastic
moduli at 20 °C of 0.003 GPa at 1 mol% vs. 1.6 GPa at 9
mol%).°® In contrast, DASAs dispersed in PS films up to
concentrations of 10> M resulted in no considerable changes
in Ty, while at even higher concentrations of 107>-10~' M the
T, diminished.” This suggests that the covalent conjugation of
the DASASs to the polymer chains may be an important factor in

P8 P9

Ty 27 °C (n: 4 mol%)
(parent 9 °C)

Ty 22°C (n: 3 mol%)
(parent 9 °C)

View Article Online
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the occurrence of these effects, however, the type of polymer
and physical state (glassy vs. rubbery) may also play a role.

2.4 Photo-induced material property changes

The attainable photo-induced macroscopic property changes of
a material are of primary importance for DASA applications
(Fig. 13). In most cases, these changes are driven by the
transient non-equilibrium formation of the closed isomer upon
photoisomerization and the substantial physicochemical dif-
ferences between open and closed DASA isomers, such as
electronic ground state structure, hydrophilicity and molecular
shape and volume (see Section 1.1). The molecular level
changes upon DASA photoisomerization can also affect the
surrounding polymer chains and result in a range of optical
and chemical material property changes (Section 2.4.1) as well
as influencing the polymer’s thermal or mechanical properties
(Section 2.4.2). Therefore, a key requirement for achieving
(reversible) photoinduced changes at the macroscale is efficient
DASA photoswitching within the environment of the material
(see Section 2.5). However, it is not yet clear whether and to
what extent other metastable intermediates in the complex
switching pathway of DASAs may play a role in changing
material properties. In addition, due to the high molar absorp-
tivity of the open DASA isomer (~100000 M~"' c¢cm ' in
solution),®*”® light absorption can also lead to local heating
of the material caused by the non-radiative, thermal relaxation
of the photo-excited DASAs (photothermal effect). Through
these heating effects, light irradiation can also indirectly cause
physicochemical variations, such as thermal expansion of solid
polymer materials (Section 2.4.2). Macroscopic effects that can
arise from one or a combination of the above-mentioned photo-
induced changes are also revisited and discussed in more detail
in the applications section (Section 3).

2.4.1 Optical and chemical material properties. Light-
induced changes in optical properties, including absorption
(color) or emission profiles,®>°*'**3 are a result of the vastly

P1 P10

OH N\ N\;‘
N AN
F3 </ '>

Ty 2°C (n: 1 mol%)

Ty 23 °C (n: 4 mol%)

Ty 62°C (n: 9 mol%)
(parent -6 °C)

Ty 5 °C (n: 9 mol%)
(parent -6 °C)

Fig. 12 Structures of different DASA or azobenzene polymer conjugates and influence of photoswitch integration on the T4 (determined by differential
scanning calorimetry, DSC) before photoisomerization. The “parent” T4 refers to the T, of the polymers carrying no functional units. Data taken from

ref. 96 and 114.
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different absorption spectra of the open and closed DASA
isomers (Fig. 4b) and can be observed in all DASA materials,
given that sufficient open isomer is present and photoisome-
rization can occur in the material matrix. These properties
can be interesting for photopatterning and photoprinting
(Section 3.1.1), switchable fluorescence (Section 3.1.2), mechan-
ochomism (Section 3.1.3), as well as the design of secret inks,
data encryption systems and rewritable papers (Section 3.1.4),
and for sensing applications (Section 3.1.5).

Apart from optical effects, material changes related to
hydrophilicity and chemical properties have been studied in a
number of DASA-functionalized polymer systems, including sur-
face and interface wettability and adhesive properties,!*>'3>140
(Section 3.2) or the size and structure of polymer nanoparticles
(Section 3.3).°>'*>'?3 previous studies on the small molecule
level showed that that the closed DASA isomer is substantially
more water-soluble (hydrophilic) than the open isomer (cf:
Section 1.1.1.5),>"*®%® which can be exploited to drive
hydrophilicity-related changes in materials. More specifically,
this can include photo-induced hydrophilicity increase of poly-
mer film surfaces'”'*® or an increase in polymer water-
solubility, which can then induce swelling,"*® changes in poly-
mer self-assembly behavior or conformation in water,"*® as well
as changes in solute permeability of polymer membranes."*°

However, it should be reiterated that the open DASA isomer,
which has often been considered highly apolar, can exhibit a
substantial dipolar character depending on the DASA derivative
and the polarity of the environment (cf. Fig. 3d).** The effective
dipole moment changes between the two isomers can in fact be
rather small (calculated ground state dipole moment change of
~1 D for open/closed first-generation DASA”" vs. 3 D for cis/
trans azobenzenes'**). Nevertheless, hydrophilicity is not only
governed by the magnitude of a compound’s dipole moment
(polarity), but also by its ability to act as a water proton acceptor
or to form hydrogen bonds with water molecules and water
soluble molecules.'*> “In addition, different DASAs can adopt
different tautomeric forms in their closed state (¢f. Fig. 3c). For
example, the preferred population of closed isomer formed
upon irradiation is not in all cases a charged species,** which
likely influences the overall extent of hydrophilicity change a
DASA can undergo from cyclization.

2.4.2 Thermal and mechanical material properties. Recently,
the changes in mechanical and thermal properties of a DASA-
functionalized poly(hexylmethacrylate) (PHMA, 9 mol%) with

This journal is © The Royal Society of Chemistry 2023

pendant DASAs either in the open or closed isomeric state were
measured by DSC and dynamic mechanical analysis (DMA).”® A
marked decrease in T, of ~20 °C between the open (62 °C) and
closed (42 °C) isomer and a drop in elastic modulus were found
(1.6 vs. 1.1 GPa at 20 °C). The authors suspected that the decrease
in T, is mainly due to the large change in geometry and volume
between the open and closed form.”® For example, van der Waals
radius calculations indicate a 10% reduction in the molecular
volume™®® and a ~50% contraction based on atomic distance
measurements in crystal structures (measured from the nitrogen
in the donor to the methylidene carbon at the acceptor)’" as a
result of DASA photoisomerization. By analogy, the T, of some
side-chain-type azopolymers can also be decreased with UV light
irradiation, probably as result of different packing of the trans and
cis state side chains resulting in different free volumes in the
polymer.™

Moreover, light-induced heating of materials resulting from
photothemal effects due to the high molar absorptivity of the
open form DASAs can also drive thermal, mechanical and other
material property changes (e.g., photothermal actuation,
Section 3.4).

2.5 Photoswitching and matrix effects

For many applications, important requirements for a ‘“well”
performing photoswitch are rapid switching in forward (or
both) directions, large changes in isomer distribution upon
switching (i.e., high amounts of closed DASA isomer at the
PTSS), high proportions of open isomer at dark equilibrium, as
well as high reversibility and fatigue resistance. However, the
photoswitching behavior of DASAs can change quite dramati-
cally when transitioning from dilute solution to macromolecu-
lar systems, while the nature and extent of these changes also
depend on the DASA derivative that is used. Establishing
general design principles to transfer a beneficial photoswitch-
ing performance from solution to environments of increasing
complexity is therefore critical for the development of DASA-
polymer materials. Conversely, material integration also offers
potential for DASAs to have their photoswitching properties
tuned by the local environment of the polymer, for example,
with the goal of improving photoswitching properties in sol-
vents where the isolated switch performs poorly (e.g., DASAs in
water, see Section 1.1.1.6).

Both mechanical effects and chemical properties of the macro-
molecular environment can affect the DASA photoswitching

Chem. Soc. Rev., 2023, 52, 8245-8294 | 8263
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kinetics and thermodynamics (Fig. 14), e.g., by altering thermal
barriers to isomerization or affecting the actinic step. Mechanical
effects (Section 2.5.1) become relevant in materials where the
DASAs are confined to microenvironments with larger viscosities
as compared to organic solvents, which are typically Newtonian
fluids with low viscosities of similar magnitude. This particularly
applies to DASAs in or on polymers in the solid state but can also
be of relevance for DASAs in/on dispersed polymer nanoparticles
or otherwise confined DASAs (encapsulated, surface attached
etc.'*). In addition, the chemical environment given by the
presence of polymer chains (Section 2.5.2) or the proximity to
other DASAs (Section 2.5.3), changes in dark equilibrium as a
result of polymer integration (Section 2.5.4), as well as fatigue
resistance (Section 2.6), are other crucial factors that determine
the overall photoswitching performance of DASAs in a polymer
material.

Moreover, light must be able to penetrate into a material in
order to induce the photoisomerization process. Sufficient light
penetration in materials can constitute an additional challenge
due to absorption of light by the polymer matrix, which can
lower the overall photoresponse. Scattering and reflection
effects can further complicate the picture and contribute to
light defocusing. Finally, the current lack of understanding of
DASA photoswitching in more complex environments is due in
part to the limited applicability of many analytical techniques
used for solutions, as well as the challenges imposed by the
kinetic modelling of their multistep photoswitching mecha-
nism (refer to Sections 1.1.1.3 and 2.7).

2.5.1 Mechanical effects and confinement. The photoi-
somerization process of photoswitches that require relatively
large spatial rearrangement between the starting material and
product are more affected by the viscosity (rigidity) of the
matrix. DASAs that undergo large changes in molecular volume
and shape upon photoisomerization are in this category
(Fig. 14a). For example, Feringa and co-workers observed a

8264 | Chem. Soc. Rev,, 2023, 52, 8245-8294

slowing of the initial actinic step in the photoswitching path-
way when the solvent viscosity was increased by replacing
60 wt% of a methanol solution with glycerol.”” In comparison
to photoswitching in solution, the importance of mechanical
effects is typically elevated in the solid state as a result of
restricted molecular mobility and free volume.>* Consequently,
solution-cast pure DASA films typically show very limited
photochromism (although concentration effects are likely also
contributing factors, see Section 2.5.3).>»**3® The discussion
of mechanical effects in DASA-containing polymers is separated
into two categories: bulk materials (Section 2.5.1.1) and materi-
als applied in solution/suspension (Section 2.5.1.2).

2.5.1.1 Bulk polymers. Mechanical effects can be relevant
when the DASAs are confined by being covalently coupled or
embedded into a polymer matrix, whereby photoswitching is
typically slower when compared to solvents of similar polarity.
The magnitude of this effect largely depends on the rigidity of
the matrix polymer, as quantified by its T,. For example, the
photoswitching kinetics of second-generation DASAs conju-
gated to the side chains of different (meth)acrylate copolymers
clearly correlated with the rigidity of the polymer in the solid
state."™ The discoloration kinetics under illumination become
slower with increasing T, of the matrix, while thermal reversion
is practically shut down at temperatures below T,. When the
materials are held at a temperature above Ty, increased recovery
is observed (Fig. 15a). Most likely, glassy polymers prohibit the
molecular mobility that is required for efficient photoisome-
rization. Importantly, DASAs can substantially increase the
parent T, of a polymer (Section 2.3.2), which in turn may
hinder photoswitching in the solid state when the materials
become too stiff after functionalization (Fig. 15b).°® It is not yet
fully understood which individual step(s) along the multi-stage
DASA switching paths (cf Fig. 4) are influenced by the mechan-
ical effects (see also Section 2.7).

This journal is © The Royal Society of Chemistry 2023
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DASA-functionalized networks synthesized from thiol-ene
photoresins showed faster photoswitching responses when
they were less cross-linked and softer.”" Polymer films contain-
ing non-conjugated embedded DASAs presented comparable
dependence of the photoswitching on matrix T,.°*'*® For
example, photoswitching rates of a library of second- and
third-generation DASAs were studied as a function of contribu-
tions from T, and Hansen solubility parameters (accounting for
polar and hydrogen bonding interactions).”> DASA photo-
switching was found to be primarily dependent on matrix
rigidity. Moreover, the morphology of the solid polymer may
also be relevant, since higher crystallinity leads to more steric
obstruction. Photoswitches can also crystallize inside the poly-
mer, as previously shown for, e.g., azobenzenes."*” Aggregation
effects for DASAs are discussed in more detail in Section 2.5.3.

Overall, polymers that are both soft and that provide
a suitable physicochemical environment for a DASA (see
Section 2.5.2) allow for photoswitching kinetics that resemble
solvated DASAs. For example, second-generation DASAs that are
covalently attached to soft and hydrophobic PDMS elastomer
led to efficient photoisomerization under illumination (fast and
low amounts of open isomer at PTSS) and full thermal reversion
in the solid state.''® However, soft polymers are not always
suitable for a certain applications. Therefore, several strategies
have been developed to circumvent unfavorable matrix
mechanics and/or increase the free volume for isomerization in
solids.*® Some of these methods have also been explored for
DASAs, including MOF nanocages,> structural modifications
of the DASA with bulky, flexible groups (e.g., long alkyl
chains),>* and other nanoencapsulation strategies."*®

2.5.1.2 Polymers in solution and suspension. While polymer
rigidity is the dominant factor for DASA photoswitching in bulk
applications, it is less relevant for DASA-functionalized poly-
mers in solutions where the DASAs are partially or fully
solubilized. For example, the effect of polymer chain length
(20 vs. 100 monomer units) and polymer backbone in a series of

This journal is © The Royal Society of Chemistry 2023

first-generation DASA-functionalized acrylate or methacrylate
homopolymers was investigated in anhydrous dimethyl sulf-
oxide (DMSO) solutions (Fig. 16)."°® Both, chain length and
polymer type led to differences in the switching ability of the
polymer-bound DASAs in solution, but the more rigid metha-
crylate polymer outperformed the acrylate polymer in terms of
photoswitching performance and stability. Higher conversions
to the closed isomer under irradiation were reached for the
polymers with higher molecular weights, but the time to reach
the PTSS was the fastest for the short methacrylate polymer. All
the samples had similar thermal recovery rates, but only the
DASAs conjugated to the short methacrylate polymer showed
good reversibility with high recovery percentage of the open
isomer in the dark. The dark equilibrium was also affected by
polymer conjugation (refer to Section 2.5.4). The authors
observed that some of these differences between the acrylate
and methacrylate polymers, specifically recovery percentage,
may be due to the limited hydrolytic stability for the acrylates.'®
On the other hand, the reason for the limited recovery of the
DASAs on the long chain poly(methacrylate) in solution is not
clear. It could be related to differences in polymer conformation/
aggregation state in solution with increased confinement of the
DASAs when compared to the short chain analogue, or possibly
be a result from increased DASA-DASA interactions (see also
Section 2.5.3) or from fatigue.

Glassy PS-based cross-linked microparticles decorated with
DASAs exhibited incomplete bleaching under irradiation and
low thermal recovery when dispersed and swollen in toluene."*’
This is likely due to mechanical effects on DASAs within the
cross-linked rigid network, whereby the cross-linking inhibits
local segmental motion even when the material is swollen in a
solvent. In this case, the glassy structure is not affected by
increases in temperature (i.e. no T, was observed by DSC) and
the thermal recovery to the open DASA isomer after irradiation
was not promoted at elevated temperatures.>” This is in
contrast to observations on DASA-modified polymers in the
bulk that were not highly crosslinked (Section 2.5.1.1).

Chem. Soc. Rev., 2023, 52, 8245-8294 | 8265
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2.5.2 Chemical environment

2.5.2.1 Polarity. Solvent effects, especially solvent polarity,
play a major role in DASA photoswitching as influence impor-
tant barriers in the thermal steps of the isomerization mecha-
nism (see Section 1.1.1.6 and Fig. 6). The importance of polar
interactions also extends to macromolecular environments,
including polymers in the solid state (Fig. 14b). For example,
in solid polymer films, the ground state properties of the open
isomers are affected by the polarity of the surrounding polymer
matrix exhibiting an increasing degree of charge separation in
more polar matrices, as shown by solvatochromic absorption
shift analysis.**

Solvent compatibility of different DASA derivatives and their
susceptibility to polarity changes of the medium observed in
solution (refer to Fig. 2), also affect DASA photoswitching
behavior in polymer materials, although sometimes these
convoluted by additional
material-specific effects (e.g., matrix mechanics). To separate
polarity effects in materials form other matrix effects, it can be
helpful to investigate the photoswitching of the freely diffusing
DASA in solution, ideally in a solvent of comparable polarity.
For example, for most first-generation DASAs, efficient cycliza-
tion under irradiation and reversibility is limited to highly
apolar solvents, such as toluene (¢f Section 1.1.1.6).>° These
switches also show absent or slow cyclization under irradiation
and/or irreversible recovery in numerous polymer materials,
particularly in the solid state (e.g:, also in moderately polar, soft
matrices, such PMA).'™ An exception are first-generation

effects are overshadowed or

DASAs with sterically less demanding methyl substituents on
the amine donor undergoing cyclization more efficiently in a
wider range of solvents®® and conjugated to polymers (Section
1.1.1.4).100,132,133

For many second-generation and third-generation DASAs a
“good” photochromic performance (¢f. introduction to Sec-
tion 2.5) is observed over a wider range of solvent polarities,
while the kinetics are still solvent dependent and can vary

8266 | Chem. Soc. Rev., 2023, 52, 8245-8294

considerably from solvent to solvent.>”* These DASAs tend
to also be better switches in various macromolecular environ-
ments. Particularly, DASAs with a more hybrid open isomer
(mainly second generation, see Section 1.1.1) are the least
sensitive to variations in solvent polarity and remain good
switches in polymes of varying polarity. This also includes
solid materials, such as soft acrylate and methacrylate
copolymers,”>'* PDMS,""® cross-linked thiol-ene photo-
resins,” or PCL."*® Importantly, the solubility of open and
closed isomer, as well as the thermodynamic equilibrium
between the isomers, are also affected by the polarity and protic
nature of the polymer (Section 2.5.4).

2.5.2.2 Hydrogen bonding. Apart from polar intermolecular
interactions, specific interactions between the DASAs and poly-
mer functional groups (e.g., hydrogen bonding) could influence
their photoswitching ability. For example, it has been compu-
tationally predicted that a modulation of the strength of the
intramolecular hydrogen bond (from the acceptor carbonyl to
the hydroxy-functional group on C,) is an important “turning
knob” for altering different stages in the DASA photoswitching
pathway.***% In particular, this hydrogen bond is involved in
the proton-transfer that accompanies the ring-closing step (for
switching mechanism ¢f Fig. 4).*' The bond length and bond
energy of this internal hydrogen bond may be susceptible to the
local environment, for example, polarity or the presence of
competitive hydrogen bond donors or acceptors in the
solvent®"®” or surrounding polymer material. In addition, it
was also suggested that the enol form of the closed isomer can
form hydrogen-bonded pairs in solution.*®

Recently, a promotion effect on the DASA discoloration rates
under illumination was explored in ester-containing polymers
(i.e. PCL, PMMA) and by addition of ester-containing small
molecules to other polymers in the solid state.'*® The authors
hypothesized that the better cyclization efficiencies observed
are related to a strengthened (shortened) internal hydrogen

This journal is © The Royal Society of Chemistry 2023
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bond of a second-generation DASA in these environments. DFT
calculations suggested that the intramolecular hydrogen bond of
the open isomer B’ is shortened by nearby ester-containing
repeating units, which could be a reason for facilitated proton
transfer during ring closure.”*® In addition, Lewis and co-workers
analyzed contributions from hydrogen bonding of different sol-
vents on DASA photoswitching, reporting acceleration on ring
opening for solvents with higher hydrogen bonding parameters,
3H (Hansen solubility parameter).”® Further research is needed to
fully understand the origin and magnitude of these effects. In
addition, the ability to form hydrogen bonds may be one of the
mediating factors for inclusion of DASAs within host macrocycles,
such as cyclodextrins (refer to Section 3.5).

2.5.3 Concentration and aggregation effects. Intermolecu-
lar interactions between the photoswitches can also affect
photoisomerization (Fig. 14c). Depending on the macromole-
cular and supramolecular design, these effects can be more
prominent in materials when compared to dilute solutions. For
example, the unusual concentration effects observed for small
molecules in solution (Section 1.2.1.5), which are likely caused
by long-range dipolar interactions between DASAs, extend to
DASA-containing materials and may even play a larger role in
some cases due to an increase in the local DASA concentration.
A third-generation DASA (3, cf. Fig. 3) was dispersed in PMMA at
different concentrations (10~ *-10"" M, i.e. ca. 0.004-4 wt%).”*
Higher DASA concentrations reduced the open-to-closed con-
version under irradiation for DASAs in solution and dispersed
in solid polymer films. Meanwhile, the thermal recovery rates
increased for DASAs in solution, but decreased in solid polymer
films suggesting that the concentration effects could also
depend on the diffusivity of the DASA molecules in the
medium.®® Additional experiments and theory is required to
sort out the mechanisms responsible for the concentration
dependence in different media.

Increasing the functionalization degree of DASAs in
covalently functionalized polymers generally leads to a
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substantial increase in their T, (Section 2.3.2), which in turn
increases resistance to photoswitchability (Section 2.5.1.1).
A series of methacrylate copolymers with varying DASA functio-
nalization degrees and varying comonomers was analyzed for
comparing similar materials with differing DASA content but
similar T, in order to decouple the effects of DASA concen-
tration and T, on material performance.”® Solid films with
1 mol% to 9 mol% DASA and a similar T, around 60 °C showed
similar rates of forward isomerization and thermal recovery
regardless of DASA content.’® This finding indicates that in the
investigated concentration range, the DASA concentration
effects from DASA interactions are negligible in this system.
Besides long-range dipolar interactions between the DASAs
described above, other interactions should be considered at
high concentrations, such as aggregation of the open DASA
isomer. For example, aggregation as a result of dipole-dipole
interactions (alongside m-7 stacking) is a well-known problem
of the planar open-ring isomer of spiropyrans, which readily
forms H- and J-aggregates (“face-to-face” and ‘“head-to-tail”
arrangement of the transition dipoles, Fig. 17a) in hydrophobic
solvents.'% Aggregation of DASAs leads to steric and molecular
mobility restrictions and is, therefore, likely to be counter-
productive for efficient switching. This is one reason for the
limited photochromism observed in pure DASAs in the solid
state (crystalline and amorphous).>*****® Aggregation could
also contribute to reduced fatigue resistance (¢f Section 2.6).
However, even in solution at high concentration of 107> M in
chloroform or toluene, no sign of absorption band broadening
or shifting, which would indicate aggregation or electronic
coupling could be found for a third-generation DASA derived
from 2-methylindoline and CF3-pyrazolone.®* Similarly, for the
same DASA dispersed in PMMA, only at a very high concen-
tration of 10" M a very slight band broadening was observed.
In contrast, films composed of PS produced a broadening of the
DASA band and an enhancement of the 0-1 vibronic feature
was found at high DASA concentrations (>10"2 M), which are
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Fig. 17 Concentration and aggregation effects. (a) Aggregation of open DASA isomer as a result of dipole—dipole interactions alongside n—= stacking as
H- and J-aggregates (“face-to-face” and "head-to-tail” arrangement of the transition dipole). A and D stand for acceptor and donor, respectively.
(b) Absorption spectra of DASA 3 (cf. Fig. 3) as neat films or dispersed in PS at different concentrations. A broadening of the DASA band and an
enhancement of the 0-1 vibronic feature was found at high DASA concentrations, which are indicative for the presence of DASA aggregates in these
films. No such effects were found for the same DASA in solution up to the solubility limit. Figure adapted with permission from ref. 94 Copyright 2019

Royal Society of Chemistry.
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indicative of the presence of H-type aggregates in these films
(Fig. 17b).>* A band broadening with increasing DASA incor-
poration and/or T, was also found for DASAs conjugated to a
series of methacrylate copolymers with different alkyl chain
lengths (hexyl, butyl, or propyl) in solid films, but not for the
polymers in solution.”® However, PHMA retained an amor-
phous microstructure, as shown by X-ray diffraction (XRD)
analysis and DSC, even at relatively high DASA functionaliza-
tion degree of 10 mol%.%

In general, aggregation is mitigated since most open DASA
isomers are not entirely planar, which hinders strong inter-
molecular n-n and efficient stacking. For example, the use of
2-methylindoline instead of indoline for third-generation
DASAs actively hinders stacking interactions and markedly
improves DASA solubility in organic solvents. By tailoring the
type of DASA (dipole moment and planarity of the open isomer)
and DASA integration into a macromolecular system (covalent
conjugation, isolation from other entities by encapsulation,
etc.), the possibility of DASA-DASA interactions could be further
reduced, if needed.

2.5.4 Effects on thermodynamic equilibrium. Besides
photoswitching kinetics, incorporation of DASAs into polymers
may also influence the distribution of the open and closed
isomers at the thermodynamic equilibrium. As observed with
solvated small molecules (Section 1.1.1.5), less polar polymer
environments tend to stabilize the open isomer with an
increase in the fractional concentration of the open DASA
isomer at dark equilibrium, while the opposite behavior is
observed for more polar or polar/protic polymers.”® Most
investigated matrices have been aprotic to avoid stabilization
of the more hydrophilic closed form, which would cause
irreversible photoswitching and/or light-independent DASA
cyclization. For DASAs in stiffer polymers, thermal equili-
bration between the isomers may be extremely slow or com-
pletely inhibited.***

Excluding assumptions based on open form absorption, the
evaluation of the DASA equilibrium distribution in more
complex systems generally poses analytical challenges, because
analytical methods, such as liquid-state NMR spectroscopy are
not suitable for solid state investigations or because measure-
ments are complicated by signals of the macromolecule.
Because of this, systems were analyzed mostly in the solvated
state. For example, (bi)end-functionalized and pendant DASA-
PDMS conjugates dissolved in chloroform did not display
changes in the DASA dark equilibrium when compared to small
molecule models."'® However, in a series of first-generation
acrylate and methacrylate homopolymers with pendant DASA
groups, it was found that the isomer ratio at the thermody-
namic equilibrium in DMSO was shifted toward higher concen-
tration of closed isomer after polymer conjugation (78-99% vs.
62%).'% This effect was more pronounced for the methacrylate
backbone, but not substantially influenced by the chain length.
In contrast, conjugation to the shorter methacrylate homopo-
lymer led to a stabilization of the open isomer in water enabling
reversible switching, which is not observed for the small
molecule analogue.’®® The proportion of open DASA isomer
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at equilibrium in DMSO was lower for a short metha-
crylate homopolymer in comparison to the same polymer
attached to poly(ethyleneglycol) methyl ether methacrylate
(poly(PEGMEMA)) (< 10% for the homopolymer vs. 43% for
the diblock copolymer).'%°

Polymer conjugation or encapsulation
(“cages”) can lead to stabilization of the open isomer in
solvents where usually cyclization to the closed isomer would
be observed under exclusion of light, such as aqueous environ-
ments. This is usually a result of compartmentalization,
whereby the (typically hydrophobic) polymer environment pre-
vents access of solvent molecules, such as, for example, in
supramolecular assemblies of amphiphilic polymers (¢f. Sec-
tion 3.3)."**13% In the case of “tight” encapsulation and con-
finement, effects that retard or prevent cyclization through
limited rotational freedom and steric restrictions may also
come into play.”> However, in this case, photoinduced cycliza-
tion is also often impaired. In addition, encapsulation or
polymer conjugation can also enhance solubility of a DASA in
certain media, such as water (see for example cyclodextrins,
Section 3.5). In solid materials, DASA-functionalized hydropho-
bic polymer networks prevented water from diffusing into the
gels, leading a loss of the hydrochromic behavior of the DASAs
(see Section 1.1.1.5)."*°

non-covalent

2.6 DASA stability and fatigue resistance

Although photoisomerization of DASAs, in principle, is a non-
destructive process, side reactions can lead to by-products
resulting in gradual degradation with increasing number of
switching cycles (“fatigue”, Fig. 14d). While small molecule
DASAs in dilute solutions can show remarkable fatigue resis-
tance (e.g., decrease of only 50% in 610 switching cycles for one
derivative),*> DASA stability in materials is often compromised.
This is interesting, since spiropyran photoswitches often dis-
play the opposite behavior. Spiropyran immobilization is asso-
ciated with substantially reduced photodegradation, mostly by
suppressing bimolecular (with respect to spiropyran) degrada-
tion pathways and through the restriction of H- and J-aggregate
formation."%

The recovery percentage for DASAs in solid polymer films
and other DASA materials is often <100% already in the first
cycle and does not reach 100% when the polymer is held at
temperatures above the T, (although often higher recovery and
faster kinetics can be achieved when heated above T, see
Section 2.5.1.1).°*°%'3% Upon repetitive cycling, this incomplete
thermal recovery typically compounds with each subsequent
cycle. It is not yet understood whether this is due to the DASAs
reaching a new thermodynamic equilibrium or due to degrada-
tion. It is also well established that the interaction of a triplet
excited state of a chromophore with oxygen can generate singlet
oxygen ('0,) and other reactive oxygen species (ROS), which can
then lead to photooxidation.'*® Removal of oxygen led to an
improved fatigue performance of a small molecule DASA in
solution (41% decomposition after 100 cycles under air to just
25% under argon),*® which indicates that photodecomposition
via triplet excited states is important (Fig. 18a).

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00508a

Open Access Article. Published on 31 2023. Downloaded on 10.7.2024 22:57:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

Recently, it was discovered that blocking the shorter wave-
lengths (<500 nm) when irradiating a second-generation DASA
in solution or dispersed in solid polymer films with a broad-
band white light source (AM2 solar simulator) led to greatly
improved fatigue resistance (Fig. 18b)."*® This was achieved by
using a long pass filter or by addition of common UV absorbers.
Increasing the exposure time to light was also found to decrease
the thermal recovery (Fig. 18c)."*® This suggests the existence of
a photo-dependent fatigue mechanism for DASAs from higher-
energy light. NMR analysis of the DASA in acetonitrile solution
additionally revealed the formation of an aldehyde photode-
gradation product upon prolonged irradiation without the
filter, which was not observed upon irradiation with filter.***
The degradation product could stem from oxidative addition
and cleavage reaction with the open DASA isomer."*® Degrada-
tion of first- and second-generation DASAs as a result of UV
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Review Article

with aliphatic secondary amine side groups, including first
generation DASA-functionalized acrylate polymers, have limited
stability in water and can hydrolyze over time.'°® In addition,
DASAs were found to be susceptible to degradation by different
polymer additives or impurities, e.g., residual redox initiator,
polymerization catalysts, common cross-linkers, and bases
(Fig. 18d)."*® The presence of only trace amounts of stabilizers
or additives in common solvents (e.g., ethanol in chloroform at
0.75 vol%) was also found to strongly influence DASA photo-
switching properties in solution.'®® Lewis and co-workers inves-
tigated structure-property relationships associated to the
fatigue in DASAs embedded in polymer matrices and in organic
solution."®® Even in darkness, substantial levels of irreversible
DASA discoloration both in solution and in polymers were
observed over time. These changes were accompanied by an
increase in absorption in the UV region (Fig. 18e and f) that was
associated to the retro-formation of the activated furan adduct.

light irradiation (365 nm) has also been reported elsewhere.">°

In some cases, DASA stability may be limited in certain
polymer systems even under exclusion of light. For example,
acrylate polymers (as opposed to the methacrylate polymers)

However, this was only evidenced by NMR spectroscopy in the
fatigued DASA solutions and not in the polymer environments
directly."*® The degradation was faster in polymers than in

Photo-dependent fatigue
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Fig. 18 Mechanisms of DASA fatigue in presence of light irradiation and in darkness. (a) Fatigue measurements of a barbituric acid-based first-
generation DASA measured by UV-Vis spectroscopy at 565 nm under atmospheric conditions (red) and degassed with argon (black). After 100 cycles of
45 sec irradiation (567 nm) followed by 5 min equilibration in the dark, the degassed sample decomposed by 25%, while the non-degassed sample
decomposed by 41%. Figure adapted with permission from ref. 35 Copyright Royal Society of Chemistry 2018. (b) Repetitive photo-cycling of a second-
generation DASA based on N-methyl aniline and 1,3-dimethylbarbituirc acid in a solid polymer matrix (PBA-co-PMMA; 2 wt%) by irradiation with an AM2
solar simulated light (blue) and in presence of a 500 nm long pass filter (orange). (c) Photoswitching of a second-generation DASA based on N-methyl
aniline and 1,3-dimethylbarbituirc acid in a polymer matrix (poly(tert-butyl methacrylate)-co-PBA; 2 wt%) after different irradiation times with an AM2
solar simulated light directly and in presence of a 500 hm long pass filter. The light exposure time was found to decrease the thermal recovery to the
DASA open isomer (recovery percentage is given in brackets). (d) Residual open isomer absorbance of a second-generation DASA based on N-methyl
aniline and 1,3-dimethylbarbituirc acid at dark equilibrium overtime in acetonitrile (0.15 mM) in presence of different impurities at 0.2 wt% (UV5411:
common UV absorber based on benzotriazole; KPS: potassium persulfate; HALS: hindered amine light stabilizer). (e) Decomposition of a second-
generation DASA based on N-methyl aniline and 1,3-dimethylbarbituirc acid in acetonitrile (0.15 mM) stored in the dark over time. A decrease in the open
isomer absorbance band at 575 nm and an increase in absorbance in the UV region (370 nm) could be observed. The latter changes are likely caused by
the retro formation of the furan adduct. (f) Decomposition of a second-generation DASA based on N-methyl aniline and 1,3-dimethylbarbituirc acid
within a solid polymer matrix (PBA-co-PMMA; 2 wt%) over time stored in darkness. An increase of absorbance band at 430 nm, and decrease at 370 nm
and 585 nm is observed. Figures adapted with permission from ref. 138 Copyright 2023 Elsevier.
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acetonitrile or ethanol solution, but the differences in time
dependency and changes in absorbance bands suggest differ-
ent or additional degradation mechanisms occurring in the
polymer, possibly due to the presence of additives. In acetoni-
trile and in polymer matrices, the tendency of a DASA to
degrade increased with the strength of the acceptor and
increasing push-pull ability. Moreover, precipitation in the
polymer matrices was observed for DASAs with greater push-
pull ability (most likely due to formation of an ionic closed
isomer), which may have resulted in a change in the dark
equilibrium distribution toward the closed isomer."*® Covalent
immobilization in matrices has been proposed to improve
fatigue resistance compared to embedding free DASAs in poly-
mer films,"** however, experimental evidence is still needed to
confirm this.

While photo-dependent fatigue can be mitigated by using
suitable light sources, addition of UV absorbers, or radical and
ROS inhibitors,"® it is still unclear how the observed fatigue in
the dark involving reversion to the furan adduct can be pre-
vented or to what extent this degradation pathway occurs with
different DASA derivatives and DASA-materials. Limited DASA
stability from retro-formation of the starting materials has also
recently been observed or predicted in studies of various small
molecule DASAs in solution.*®”*791%7 1t was reported that a
DASA composed of an indoline donor and a Meldrum’s acid-
based acceptor with methyl substitution at position 5 of the
triene bridge led to release of the amine and recovery of the
furan adduct when in solution overtime.*® This reaction was
shown to be faster in more polar solvents such as methanol.
DASA stability and their tendency to undergo the retro-reaction
as a function of different substitution patterns on the triene
bridge have also been studied by DFT calculations.”® In addi-
tion, acid triggered in situ formation of Stenhouse salts from
DASAs was observed, which most likely proceeded via a retro-
reaction to the furan adduct with subsequent release of
furfural.'®” A mechanistic characterization of this dissociative
side reaction has not yet been reported. However, a computa-
tional study recently suggested a possible pathway via an
alternative thermally-induced double bond isomerization of
the open form that leads to the formation of the EZZZ isomer
(¢f. Fig. 4).”° In this potential pathway, the EZZZ isomer under-
goes cyclization and proton transfer followed by dissociation
into a secondary amine and furan adduct.

The potential instability of DASAs and degradation to their
starting materials needs further investigation, as this could be
detrimental to emerging biomedical applications of DASA-
functionalized polymers (e.g., phototherapy, drug delivery, see
Section 3.3), since furan adducts are known to be cytotoxic'**
and could present carcinogenic effects."”” In addition, exposure
to released amine donor groups such as aniline could lead
to various anomalies, e.g., hypoxemia due to binding to
hemoglobin.'*?

2.7 Kinetic analysis of DASA switching in polymer materials

Kinetic models previously applied to the analysis of DASA
photoswitching are discussed in detail in Section 1.1.1.3. The
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various spectroscopic techniques introduced in Section 1.1.1.3
differ in their suitability for studying DASA-photoswitching in
complex environments and solid samples, including polymer
films. Most macromolecules are IR and NMR active, which
complicates kinetic analysis by FTIR and NMR spectroscopy as
the environment accounts for most of the signal relative to the
comparatively dilute DASA units. Therefore, UV-Vis spectro-
scopy was used in almost all examples to characterize DASA
switching kinetics in polymers.”**°® Few studies have instead
monitored the weak fluorescence signal of the open isomer.”**
Although interference from other absorbing species in the
visible spectral range is rarely a problem, analysis of DASA
photoswitching in polymers by UV-Vis spectroscopy can be
challenging for other reasons. For example, low transmittance
samples, such as polymer films with high DASA content, can
result in large noise levels and low measurement accuracy.
Another difficulty often encountered with solid samples or
suspensions of colloids is light scattering, which can compli-
cate UV-Vis absorption measurements. An integrating sphere
was used to monitor DASAs absorption overtime in diffuse
reflectance mode, overcoming issues arising from the inherent
scattering of a polymer microsphere suspension."””” As
described in Section 2.2, the polymer film preparation method
(e.g., drop-casting, spin coating, drawing, etc.) may introduce
inhomogeneities in the film thickness and surface quality,
resulting in non-uniform absorption of the pumping and
probing beams that may need to be taken into account.
Additionally, anisotropic confinement of the DASA moieties,
e.g., in a liquid crystal network, can theoretically result in
absorption cross sections and photoswitching kinetics that
depend on the polarization and incidence angle of light.”
Aside from complications arising from their optical properties,
polymers (in the solid state) tend to drastically slow or com-
pletely inhibit the equilibration of A and C isomers in the dark
(Section 2.5.1.1)."** This makes it nearly impossible to estimate
the molar absorptivities of A and B/B’ in polymer films. In
solution, these values are typically obtained by comparing the
isomer distribution measured by '"H NMR with the sample
absorbance measured at equilibrium in the dark.>®
Additionally, the limited diffusion of DASAs in polymer
films often affects the kinetics of photochemical isomerizations
in strongly absorbing films. This is because light intensity
decreases with increasing penetration depth and photoisome-
rization generates a concentration gradient over the thickness
of the film, causing the reaction to slow as it propagates deeper
into the material.”® Consequently, in conditions where the
thermal back reaction rate from C to A is competitive with
the forward photoisomerization rate, the resulting PTSS is
expected to be enriched in the open form isomer at increased
depths from the irradiated surface. This effect, while never
experimentally observed, is expected to be amplified in systems
where the initial absorbance is large relative to the optical
pumping power used to promote photoswitching. In rubbery
polymers, like PDMS, thermal open form recovery occurs read-
ily over the course of several minutes at room temperature in
the dark.™® As a result, spatial dependencies in the rates of
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