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Chapter 1
Spiropyrans: a Versatile Class of Photochromes That Keeps
Surprising
Abstract Spiropyrans have played a pivotal role in the emergence of the field of chromism and particularly
photochromism following their discovery in the early 20th century. A myriad of reports on their usefulness have
appeared in the meantime, especially since the discovery of their photochromism in 1952. Despite the passage of
time, their versatility still lends them to application in diverse fields and, moreover, they are put to ever more
uses due to newly discovered functionality. This chapter aims to provide an overview of their rich history and set
in context their present day widespread use in both literature as a whole as well as a large part of this thesis.

Chapter 1
Introduction
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The field of molecular switches continues to hold great promise in the control of diverse
properties and functions in the macroscopic world.1,2 Despite over 100 years of study, there are
still many new applications both in research and materials (not least in light responsive sun
glasses) owing to the wide range of building blocks available to date.3 Fortuitously, the large
toolbox of photochromes includes a range of switches that have been proven versatile to
chemical modification and, moreover, as a result enables changes to, enhancement of, and
sometimes even completely novel, functionality. Several of these switches have had a prominent
place in the scientific literature with the most studied perhaps being the azobenzene, 4,5
dithienylethene6,7 and spiropyran8 classes of photochromes. One aspect in the manipulation and
utilization of their addressable properties that gathers much interest is surface immobilization,
which enables their interfacing with the macroscopic world and application in optoelectronic
devices.9 In particular, immobilization at surfaces that allow regulation of, e.g., redox properties,
as is the case for electrode surfaces, attract attention because of the immediate and complete
control that can be achieved. As such, electropolymerizable molecular switches are an interesting
subclass that, if designed correctly, can provide more and new ways to influence the macroscopic
function by microscopic manipulation.
In this thesis, the versatile spiropyran class of photochromes plays a primary role and is central to
most of the chapters herein. However, in order to attain a better basis for understanding redoxpolymers of spiropyrans, Chapter 2 will focus on the electropolymerizability of the analogous
redox-responsive carbazole. Then, in Chapter 3, the reactivation of photophysical and
photochemical properties in a diarylethene-based sexithiophene polymer film, which was earlier
concluded to be fully quenched,10,11 helps us understand that the inability to observe switching
does not necessarily mean that the switching functionality is irreversibly disabled. Chapters 4 and
5 will feature spiropyrans which are investigated for their photochemical and redox-activity in
their dimeric and protonated forms, while Chapter 6 and 7 describe a new approach to
connecting spiropyrans, which results in both novel functionality and drove a look back at the
acidochromism of the spiropyrans.
In this chapter, the characteristics and properties of spiropyrans in solution and on surfaces will
be explored to provide an overview of the mechanisms involved in switching of this widely used
multifunctional compound and form a foundation for the discussion in later chapters.
Spiropyrans before they were excited
The versatility of the spiropyran class of photochromes we know today was not immediately
apparent when their basic structures were first described. Non-photochromic spiropyrans that
preceded the multifunctional indoline-pyran hybrid were reported first by Decker in 1908, coining
the term for the newly reported chiral center of the double pyran a ‘spiropyran’ (Scheme 1).12
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Scheme 1. The first report of spiropyran discovered as an anomaly in the synthesis of coumarin derivatives.

Over the ensuing decades many variations of the acidochromic spiropyran were reported,
including α- and β-naphthospiropyrans, and the influence of substituents on the heterocycles was
explored (vide infra, ‘Isomerism of spiropyrans’ and Scheme 3). Though the discovery of the
thermochromic spiropyrans attracted early interest, it was the photochromism of a particular
form, prepared by condensation of simple Fischer bases (Scheme 2, named for the versatile
indole synthesis described by Emil Fischer13) with salicylaldehyde, that led to the steep rise in
interest and the immediate association of the term with its base structure.14

Scheme 2. General mechanism for Fischer’s indole condensation with salicylaldehyde
indolinobenzospiropyrans. Variations often include modification of the N-alkyl sidechain or the pyran.

to

form

The inclusion of the non-photochromic spiropyrans in this discussion, however, provides a certain
background to the reactivity of spiropyrans as a whole. For example, some of the earlier reported
thermochromic spiropyrans, such as xanthonaphthospiropyran and benzoxanthospiropyran, were
reported to be acidochromic depending on the pKa of the corresponding acid.15 This behavior will
be revisited for the contemporary photochromic spiropyrans in Chapter 5. Ultimately, however,
the widespread interest in the photochromic spiropyrans since their discovery over 65 years ago
reveals a certain bias of the scientific community towards this specific form, and not without
reason. The extensive functionality of this class of photochromes has already led to a myriad of
accounts in literature while still offering more properties and uses to be discovered, attested by
various recent contributions (see also Chapter 5).16,17 In this chapter, the functionalities of
photochromic spiropyrans reported to date are reviewed, as to give a full overview of the
flexibility of this system and to establish a foundation from which, ultimately, even more of their
properties may be revealed.
3
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The color change exhibited by spiropyrans at elevated temperature (vide supra, Scheme 1) was
noted in the earliest reports already,12 albeit complete thermal reversibility upon cooling was not
noted until 1926, when three independent accounts of di-β-naphthospiropyran derivatives
appeared almost simultaneously.18 The change in visible color made this new class of colorchanging compounds attractive, as they could be observed without the use of optical equipment.
This initially observed thermal isomerization already stimulated research into spiropyrans, and
indeed they were perhaps the best studied of thermochromic compounds by the early 1960s.18
Though the original dibenzospiropyran did not exhibit a reversible color change upon heating,
thermochromism was observed commonly in its naphtho- and indolino-derivatives (Scheme
3).18,19,a

Scheme 3. Variations of thermo- and acidochromic spiropyrans developed initially, the response of α19
naphthospiropyrans resembles that of their β-isomer. Similarly, the isospiropyran class of thermochromes were
developed further in derivatives such as di-β-naphtho, di-α,β-naphtho, xantho-, thiaxantho- and acridinospiropyran,
18
with similar thermochromic properties reported.

Unfortunately, the 1948 review by Mustafa19 overlooked the seminal finding of Wizinger,20 which
for the first time revealed the opportunity to trigger thermochromism of benzopyrans when an
auxiliary indolino group contributes to polarize the spiro-center. Nevertheless, general trends
were apparent at that stage, such as color changes upon heating of dissolved
naphthospiropyrans, and salt formation with acids, which will be discussed in more detail below
under acidochromism. Moreover, it was established that elevated temperatures generated an
increasing amount of the colored form. The mechanism for the thermal ring-opening and
accompanying coloration of these spiropyrans was anticipated to involve ionization of the pyran
and its counterpart across the spiro-center (Scheme 4)21 as a radical dissociation pathway was
discounted at that time, although Heller et al. reported a weak to medium EPR signal for
merocyanine.22
a

19

18

It should be noted that the non-photochromic spiropyrans in both reviews from 1948 and 1963 overlooked a
61
correction to two of the structures and their associated derivatives, the misinterpretation leading to the incorrect
assumption that they were exceptions to the general rules.
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Scheme 4. Mechanism for the observed thermochromism in spiropyrans. At elevated temperatures heterocyclic C-O
bond cleavage occurs, with zwitterionic and quinoidal resonance forms contributing to merocyanine stabilization.
Appropriate substitution at the pyran ring can “stabilize” either resonance form, while substitution at the R-position
can hinder the ring opening by steric obstruction in the preferably planar merocyanine form.

The zwitterionic and the quinoidal forms each offer a better description of the true structure
depending on molecular structure and conditions, including the nature of the heterocycle, the
substituents on the pyran ring and solvent interactions, although experimental properties
generally concur with the ionic form.18 The balance in charge delocalization greatly contributes to
the stability of the open form and therefore substituents can have a pronounced influence. The
diminished ring opening of benzospiropyrans as opposed to naphthospiropyrans supports this
model as formation of the quinoidal structure requires loss of aromaticity in the former, reflected
also in the oxidation potential of o-benzoquinone (0.833 V) and that of 6-naphthoquinone (0.576
V).23 Thus, for thermochromism to occur it was established that one of the pyran rings has to be
at least a naphthopyran, unless the nature of the heterocyclic ring significantly contributes to the
stabilization of delocalized charge in the conjoined spiro-center, as seen for, e.g., the
indolinobenzospiropyrans reported by Wizinger20 and popularized by Fischer14 (vide infra,
Photochromism of spiropyrans).
The second major aspect that determines ring-opening, therefore, is the electron releasing ability
of the heterocyclic ring (dotted in Scheme 4), which can be complemented by stabilization of the
phenolate by appropriate substituents on the pyran ring (Y in Scheme 4).18,20,24 Last but not least,
both steric substitution and the presence of an acidic hydrogen at the R-position (Scheme 4) have
also been shown to dictate the driving force of isomerization, as substitution of the C3’ hydrogen
obstructs ring opening.25 Though the proposed steric blocking of concurrent planarization became
the accepted rationalization of this effect eventually, an initially proposed H-bonding stabilizing
interaction between the C3’-H and phenol in the ring-open form26 turns out to play a pivotal role
as discovered more recently (vide infra, Scheme 8).27 The compounds 3,3’-dimethylene- and 3,3’trimethylenedi-β-naphthospiropyran, with fusing of the naphthopyrans at their 3-positions,
despite being disubstituted show ring-opening driven by imposition of a planar orientation in the
closed form as well, although 3,3’-tetramethylenedi-β-naphthospiropyran inhibits ring opening
due to its restored flexibility.23,26 In parallel this behavior is also reflected in the preceding stage,
as the synthesis of spiropyrans can also be hindered by unfavorable substitution patterns, which
push the reactive center out of plane (Scheme 5), showing the same response to in-plane
confinement.
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Scheme 5. Sterics in spiropyrans influence ease of ionization but also affect their synthesis, in particular
conformational restrictions at the reactive center. Attachment of secondary carbon atoms at the 2-position causes
twisting out of plane in their parent Fischer base tautomer thus creating steric hindrance in their reactive form, unless
the nature of the substituent forces it into the same plane to begin with.

Thus, the aforementioned energetic favorability of ring opening and the subsequent access to
sufficient resonance structures unhindered by sterics and stabilized by intramolecular interactions
play a key role in the diversity of conformations and isomers the spiropyran adopts. Considering
this driving force for the merocyanine form to adopt a planar structure, though, further rotations
around several of its bonds conceivably provide energetically distinct, yet thermally accessible,
states. A hint that this was the case appears in a footnote of Koelsch in 1951,23 in which a thermal
barrier to ring-closing was demonstrated by plunging a hot deep purple solution of
dinaphthospiropyran into dry ice and acetone. A pale blue color remained over time at this
temperature, but when warmed to room temperature it faded to colorless over 30 s (Scheme 6).

Scheme 6. Simplified reaction coordinate diagram for thermochromism in spiropyrans. The nature of X lowers the
height of the energy barriers in the order N > O >> C, as do the electron releasing ability of the R groups contribute to
this lowering in energy. Appropriate substitution of the pyran ring can lower the ground state energy of the MC form
(see Scheme 4) and can thereby also cause the barrier to decrease. Note that the separation of charge contributes
substantially to the energies of the cisoid and transoid forms.

Only two years later, Hirshberg and Fischer reported the formation of different colored isomers at
temperatures starting from 105 K.28 Excitation with UV-light allowed photo-induced access to the
merocyanine form (vide infra, Photochromism of spiropyrans) of dibenzo-, benzo-β-naphtho- and
di-β-naphthospiropyran, albeit at this temperature only a select group of stable isomers are
6

“frozen-in”29 by the photoexcitation manifested in the unusual color. Subsequent
thermochromism was observed upon raising the temperature gradually, providing thermal access
to additional isomers at 123 K and again at 163 K with large changes in color, and ultimately
fading to colorless again when brought to room temperature. These data support the existence of
energetically distinct cisoid and transoid isomers, where at any given temperature an ensemble
average of all thermally accessible colored states is obtained. Moreover, the higher the
temperature, the more isomers become accessible, leading to the earlier collectively observed
further amplification of color for some spiropyrans close to solvent boiling points.23 When
considering the various conformations that in fact constitute these energetically distinct forms of
merocyanine there are eight conceivable conformers/isomers in total, identified commonly by
combined Z/E configuration around the α, β and γ bonds indicated (Scheme 7).

Scheme 7. The eight distinct isomers of the ring open merocyanine form. The three lettered nomenclature follows the
cis/trans orientation over the three adjoined bonds (α, β and γ) between the Cspiro and the phenolate, the double bond
(β) governs the categorization into the cisoid and transoid isomers.

Solvatochromism of spiropyrans
In addition to access to several colored forms through the thermochromic pathway, an effect of
solvent on the appearance and nature of their color, i.e. solvatochromism, was also observed in
the early 20th century already.19 Considering the potential energy surface (PES) above (Scheme 6),
in which the cisoid and transoid isomers are conjoined into one energy well for simplicity as they
are close in energy, allows direct justification of the observed solvatochromism.30 The progressive
coloration of spiropyrans upon increasing solvent polarity is due to lowering in energy of, and
thus also the energy barrier to, the polar merocyanine forms through solvation and possible Hbonding, analogous to the lowering of energy by structural modification.24 Typically, this lowering
of the energy barrier to the ring-open form is accompanied by a blue-shift of up to 40 nm in the
merocyanine absorption or even an appearance of a shoulder, indicating the appearance of
additional transoid forms.18 Both the changing barrier between the closed and open form and the
shift absorption bands can be justified by the increasing energy gap as a result of differing
stabilization of the various ground and excited states (Scheme 8).27
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Scheme 8. Solvatochromic effect in the merocyanine form. For convenience the cisoid and transoid isomers are
associated as a single well, although the lowest energy stable isomers will be of transoid configuration.

The ground state energy has been experimentally correlated to the zwitterionic form in
benzospiropyrans, whereas the excited state has been correlated to the quinoidal structure. 27
Accordingly, upon increasing solvent polarity the LUMO is destabilized while the zwitterionic form
is stabilized in energy, thereby increasing the S0-S1 gap which manifests in the generally observed
blue-shift. Moreover, measured dipole moments of merocyanines have been shown to decrease
upon excitation, which is fully in line with the proposed structural change.31 Notably, the
naphthopyrans and related spiro-oxazine family show a reverse behavior and are shown to have a
quinoidal HOMO and zwitterionic LUMO, attributed to the shift in specific interactions and nonbreaking of aromaticity when accessing the quinoidal form. This dependence on the relative
energies and energy barriers between the accessible isomers is a core concept which, in the end,
determines the cooperative electronic properties in each individual spiropyran system.
Despite the fact that we can access multiple isomers, the similar energies among them reflects in
near-identical properties, which renders distinguishing them and confirming their presence
difficult. The observation and characterization of all four transoid isomers of some analogues was
ultimately achieved by multiple dimensional NMR and Raman spectroscopy starting in the late
1980s.32 Furthermore, over the years numerous time resolved studies and theoretical calculations
have pointed towards the TTC merocyanine isomer being the energetically most stable transoid
form closely followed by the TTT isomer, as was first observed for unsubstituted
benzoindolinospiropyran by Ernsting et al. in 1990.33 Subsequent 1H NMR spectroscopic studies of
spiropyrans followed in which the various isomers where individually identified, e.g., the strongly
solvatochromic 6,8-dinitrobenzoindolinospiropyran by Hobley et al.34 Further 2D transient
absorption spectroscopy by Kullmann and co-workers clarified the dynamics of the system,35
although the non-observed photoisomerization pathway between the TTC and TTT isomers at the
time was later found to be a minor reaction channel as seen in fluorescence microscopy (vide
infra, Fluorescence of spiropyrans).16
Intuitively, however, one might argue that the more charge-separated TTT isomer should be
energetically favored over the TTC form, bringing us back to a point raised in Thermochromism of
spiropyrans (vide supra). It was initially proposed that the methine C3’-H is acidic, lowering the
energy barrier to the open form as it was participating in H-bonding with the electron rich
phenolate.26 Although evidence toward steric interactions in C3’ substituted spiropyrans
discounted this, more recent NMR studies have brought to light a significant contribution of the
formerly proposed stabilizing interactions which favour the TTC conformation.27 Aldoshin and co8

workers36 proposed that the positive charge on the indoline nitrogen and the negative charge on
the phenolic oxygen are delocalized over the bridging methine, with the C3’ taking on a partial
negative and the C4’ a partial positive charge. This partial negative charge on the C3’ atom is
enhanced by the electron donation of the phenolate to the attached hydrogen while in the stable
TTC form, as confirmed by 1H NMR and 13C NMR spectroscopy.34,37 13C NMR spectroscopy shows
resonances of C3’ and C4’ carbons at 111 ppm and 152 ppm indicating charge separation, while
the carbonyl carbon resonates at 182 ppm, characteristic of a partial double bond, and the C2’
carbon at 169 ppm, indicating a positive charge at the adjacent indoline nitrogen. Furthermore, in
its 1H NMR spectrum the C3’-H is downfield from that expected, and can even exchange with D2O
or MeOD because of its acidity.34 Protonation of the phenol diminishes the hydrogen bonding
with C3’ such that the decreased acidity retards isotope exchange. Additionally, the chemical shift
of the N-methyl protons moves to 4.2 ppm, indicating loss of the quinoidal character and a
resulting full positive charge on the indoline nitrogen. Further evidence for through space Hbonding interactions specifically between the C3’-H and phenol is that a C4’-deuterated
isotopomer, despite being closer through bond, exhibited reduced isotope shifts.37

Scheme 9. Local H-bonding stabilization of the TTC merocyanine form between the C 3’-H and the phenolate with
concurrent bond elongation, and the absence thereof in the TTT form. Protonation of the phenolate diminishes the
through space interaction, preventing isotope exchange at the C3’ position.

Efforts to define the reactivity of a wide range of spiropyran-analogues is manifested in the
extensive literature,b however, the focus in this chapter will for the most part be on the muchstudied indolinobenzospiropyran core (Scheme 2). Furthermore, we will focus on properties that
are intrinsic to these spiropyrans and closely related analogues, starting with their remarkable
photochromism.
Photochromism of spiropyrans
Though 1,3,3-trimethylindolinobenzospiropyran (Scheme 2) was reported to show unprecedented
thermochromism in 1940 already (vide supra),20 the first account of its photochromism was made
by Fischer and Hirshberg only in 1952.14 They revealed that the thermal barrier to the
merocyanine form can be overcome with irradiation with UV-light, and later this was augmented
in 1989 by observation of switching induced by two photon absorption with visible and NIR light.38
b

st

A SciFinder search on the research topic “spiropyran” yields 4558 hits on February 1 2018.

9

1

Spiropyrans: a Versatile Class of Photochromes

Chapter 1

1

A key aspect leading to the discovery and unraveling of their photochromism, however, is the
sufficiently high thermal barrier in some spiropyrans (Scheme 6), in which coloration occurs even
in non-thermochromic spiropyrans.30,39 Noting that the discoloration was thermally activated,
photo-irradiation at low temperatures played a key role in the study of the various merocyanine
isomers early on (vide supra, Thermochromism of spiropyrans).28 It was not until later, owing to
the stabilizing effect of certain substituents, that direct observation of the four transoid species
through various spectroscopic techniques was finally achieved in several appropriately designed
spiropyrans.32 While the photostationary state of spiropyrans is comprised largely of an
equilibrated mixture of the low energy spiro (closed) and the energetically most stable transoid
merocyanine (open) forms, the primary step in the photochemical transition is widely considered
to be the dissociation of the Cspiro-O bond in the electronically excited state.3 This step is followed
by either recombination to the ring-closed form, or by a “free rotor” effect along the π-π*
surface, i.e. a twisting motion to relieve strain guiding the excited state to a geometry that favors
radiationless deactivation (Scheme 10).2

Scheme 10. Singlet excited state pathway of (unsubstituted) spiropyrans to the ring open merocyanine form. After
1
excitation to SP*, pericyclic recombination with concurrent ring opening (bottom pathway) yields the ground state
1
CCC-MC which relaxes rapidly back to the ring closed form, while the perpendicular oriented CCC- MC* form (“Species
X”, top pathway) undergoes a ‘free rotor’ rotation while traversing its PES. Upon arrival at a conical intersection (with
XXX geometry) radiationless conversion to the ground state yields either cis or trans geometry.

Unsubstituted spiropyrans have been shown to access only this singlet manifold energy surface,
while certain substitution patterns enable a triplet manifold pathway that also enhances ring
opening (vide infra). The singlet manifold pathway involves excitation of (unsubstituted)
spiropyran (SP) to 1SP*, causing it to lose its double bond character through a formally π-π*
transition and to increase its energy upon the spontaneous change in hybridization. Since
electronic motion is up to 104 times faster than nuclear motion40 bond breaking in the excited
state lowers the energy before rotation can, undergoing radiationless intersystem crossing to a
species often referred to as “species X”.3 This metastable species X, later identified to have the
structure (but not necessarily the stable planar orientation yet) of the cis-cisoid isomer (CCC in
Scheme 7) by time-resolved spectroscopic techniques, can either re-attain a ground state through
a pericyclic rearrangement, i.e. reformation of the broken Cspiro-O bond, or retain move on the
excited state surface and undergo free rotation around the π-π* system. Conical intersections (CI)
are points where two PESs coincide, and are distinct from funnels, if nuclear movement following
excitation to the Frank-Condon state leads to a CI then radiationless relaxation back to the a
ground state surface can occur. Either way, however, relaxation to the ground state surfaces will
ultimately result in formation of both thermally unstable cisoid and thermally stable transoid
merocyanine.

10

Remarkably, nitro-substitution on the pyran ring at 6- or 8-positions overrides this mechanism by
facilitating access to triplet states through formally n,π*-transitions (Scheme 11, right), analogous
to the enhancement of S1 to T1 intersystem crossing in stilbenes with NO2-substitution.41,c The
nitro-substitution also increases the quantum efficiency of photocoloration on average by ca. 2fold, owing in part to the elongated Cspiro-O bond,42 though photodegradation by reacting with
triplet oxygen is substantially increased compared to compounds that bear no substituents with
low-lying π*- and/or n-orbitals.3

Scheme 11. Representation of the photochemical ring opening through a funnel (left) of (unsubstituted) spiropyrans
on the singlet manifold and (right) upon triplet state facilitating substitution of spiropyrans with, e.g., 6-NO2. In
actuality traversing the PESs is more likely to occur through a conical intersection, which would be represented by a
point on a hypersurface which does not correspond with local minima and maxima on either surface.

The triplet state, being sensitive to the presence of oxygen, has been identified as absorbing at
430 nm in various transient absorption studies.27 A shoulder at 630 nm was also often observed in
these studies, at first ascribed to aggregation between the transoid merocyanine and species X
(the perpendicular CCC-1MC*), but later assigned to consist solely of transoid aggregates.43
In the ring-open form visible light excitation of non-substituted indolinobenzomerocyanines only
leads to radiationless internal conversion and/or fluorescence. Indolinonaphthomerocyanines
were shown to recover the spiro form in the first account of visible light reversion in
spiropyrans.44 Later, photochemical ring closing was found in numerous (nitro-)substituted
merocyanines of both the naphtho- and benzo-type, ultimately revealing that it is the singlet
manifold that allows excited state reversion back to the ring closed form.3 Interestingly, the
quantum yields of the ring-opening and ring-closing in spiropyrans can be tuned by variation in
substituents. A disubstituted 6,8-dinitroindolinospiropyran, for example, has a greater tendency
to ring-open than 6-nitroindolinospiropyran, which in turn ring-opens more easily than
unsubstituted indolinospiropyrans.45 In tuning these properties, increasing the quantum efficiency
of one of these processes, however, serves to decrease that of the other. Nevertheless, the
quantum efficiency for ring-closing is typically higher than that for ring-opening and while
c

This effect is also seen in stilbenes upon substitution with bromine and aldehydes.
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reaction rates can be decreased by triplet state pathways to the open form, they can also cause
degredation.3 The protonated form of merocyanine has recently been shown to undergo thermal
cis/trans isomerization and do not need to undergo photoexcitation for Cspiro-O bond cleavage
(see Chapter 5), thus possessing significantly higher quantum yields. This aspect, however, will be
discussed in Chapter 5.
Fluorescence of spiropyrans
Spiropyran itself does not fluoresce significantly, nor does the photoaccessible cisoid merocyanine
at 105 K.28 Only when raising the temperature from 105 K to 123 K is the fluorescent transoid
merocyanine isomer accessed, as cis to trans isomerization now allows for fluorescence to
compete with the alternative trans to cis and intersystem crossing pathways. This is also seen in
the analogous cis- and trans-stilbenes, the former being nonfluorescent and the latter weakly
fluorescent (Φf = 0.05).2 While cis-stilbene possesses a steric driving force to undergo twisting
along the π-π*surface with subsequent favorable radiationless relaxation to the ground state
through a conical intersection (vide supra), trans-stilbene lacks the sterically induced driving
force. Furthermore, when the cis and trans isomers are locked in their geometry, e.g., by alkyl
tethering to the benzyl 2-position, the inability to lower their energy by twisting provides
approximately quantitative fluorescence (Φf ≈ 1.0).2 In addition, low temperatures can have a
similar effect by imposing motional constraints which disfavor the competing radiationless
conversion.
Notably, Kim et al. recently applied Spectrally Resolved STochastic Optical Reconstruction
Microscopy (SR-STORM) to solvated 6-nitro benzospiropyrans to investigate the time dependent
dynamics of ring-opening and ring-closing using fluorescence on/off switching.16 Upon
simultaneous excitation of nitrospiropyran to the ring-open form at 405 nm and 560 nm
excitation of nitrospiropyran to induce fluorescence or ring-closing, ring-opening to the
fluorescent and distinguishable TTC and TTT merocyanine forms was observed. The two isomers
exhibited emission at a λmax at 590 nm and 635 nm tentatively assigned as the TTC and the TTT
isomer, respectively, based on earlier studies.46 The decrease of relative contribution of the latter
in increasingly polar solvents was in agreement with previously calculated polarities of these
forms, and though the order of assignment is opposite to an earlier account,47 recent
interpretations concur with the TTC-isomer absorbing and emitting at shorter wavelengths.46
Furthermore, by monitoring the positions of single molecules reversible on/off switching of
fluorescence in about 1 % of the molecules upon quenching was observed, in agreement with
rapid photobleaching earlier reported. Interestingly, despite that other ultrafast spectroscopy
studies reported TTC to TTT isomerization through photoexcitation without observation of TTT to
TTC isomerization, some instances exhibited direct interconversion between the fluorescent
forms (Figure 1). Worth noting, however, as the authors report, immobilization of the molecules
may have had an effect on isomerization dynamics.
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Figure 1. Dynamics of isomerization in single merocyanine molecules through spectral time traces. (a,b)
Tracking two individual molecules corresponding to the TTC (black) and TTT (red) isomers, respectively, in
water (a) and n-hexane (b). (c) Two individual time traces showing examples of TTC → TTT isomerization
(red) and TTT → TTC isomerization (black) of single molecules in n-hexane. (d) Statistical analysis of ∼1000
of such single-molecule spectral time traces in water and hexane. The “unclassified” fraction exhibited
complex switching/scattering with noise. Reproduced with permission from Kim et al., copyright American
16
Chemical Society (2017).

Acidochromism of spiropyrans
Acidochromism is the change in color of a compound due to charge-induced ionization, a
phenomenon which is already observed in the solvatochromism of spiropyrans (vide supra,
Thermochromism of spiropyrans). Accordingly, the presence of charged species in the solvent, in
the case of acidochromism protons, should stabilize the merocyanine form. Indeed, even before
the discovery of the photochromism of spiropyrans, formation of colored compounds upon
addition of acid was observed to be a general trend in their non-photochromic precursors.19 In
fact, it was the colored phenopyryllium salt that led to the discovery of spiropyrans and their pHdependent coloration (vide supra, Scheme 1). The viability of this pH- dependent process is, as is
the case for thermochromism, closely related to the ease with which the molecule can lie in a
plane. Obstruction of the ability to become planar at the spiro-center by appropriate substitution
at the 3- and 3’-positions reduces the tendency to take up a proton in the merocyanine form.
Once more though, when restraining the configuration to a single plane with a cyclopentane
linker the open form is just as accessible (Scheme 12), despite the absence of an acidic C3’-H
capable of H-bonding with the phenol (vide supra, Thermochromism of spiropyrans). Notably,
modification to a six-membered ring once more recuperates the flexibility to highly prefer the
non-planar ring-closed conformer, just as it observed for thermochromism above.

Scheme 12. The dependability of pH-driven ring opening on the ease with which a molecule can lie in a plane. Unless
the substitution at the 3- and 3’-positions forces a planar conformation onto the spiro center which closes the energy
gap to the planar merocyanine form, the ring closed form will be heavily preferred due to steric hindrance.

One concept to be clear on though is that basicity does not run parallel to thermochromic
tendency in spiropyrans. Salt formation of e.g. benzospiropyrans does not involve serious
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disturbance of the aromatic system and instead forms a stable phenol salt. For instance, while 3’methylbenzo-β-naphthospiropyran is non-thermochromic, its tendency to salt formation appears
to be just as strong as its thermochromic 3-methylbenzo-β-naphthospiropyran.23
1

Another important notion which holds true is that the employed acid has to be of sufficient
strength in order to protonate the spiropyran to its ring-open form. This was observed as early as
1929 already by Irving and co-workers in xanthonaphthospiropyran and benzoxanthospiropyran
exhibited no acidochromism with acetic acid, but did with a subtle alternative as simple as
trichloroacetic acid.15 A similar effect was found in the contemporary indolinobenzospiropyrans
by Roxburgh and Sammes in 1995, in which the intermediate species observed by 1H NMR
spectroscopy was assigned as the protonated cis-species.48 The corollary of this observation is
that the different cisoid and transoid conformations will, through a differently dispersed charge
density, also have different pKa values, which has been exploited through their application as
photo-acids since the first report on photochemical deprotonation in 1967.8,49
Despite the fact that the pKa of the intermediate cisoid-merocyanine also plays a vital role in the
release and uptake of protons in these photo-acids (see Chapter 5), their final photostable ringclosed (visible light) and ring-open (UV light) forms are lowest in energy in the unprotonated and
protonated form, respectively. Utilizing this affinity for protons relative to another responsive
system can create multimodal functionality, gated by the photo-induced uptake and release of
protons under the right pKa range and concentrations. In 2009, for example, Silvi et al.
demonstrated a hybrid responsive system conjoining spiropyran with a chemically unlinked but
functionally connected osmium polypyridine complex in solution.50 The complex ensemble
combined the spiropyran photoacid with a two-state luminescence osmium switch, allowing
elegant photocontrol over its emissive properties. Many more of such reports to date are
exemplary for this particular functionality of spiropyrans to enrich the responsiveness of protontriggered systems.8
Redox-properties of spiropyrans
The redox-chemistry of nitro-indolinospiropyrans was not reported until 1993, when it was shown
that the electrochemical reduction of the naphthospiropyrans was completely reversible and the
radical anion was characterized by EPR spectroscopy after chemical reduction with butoxide.51
Within a few years Zhi and co-workers had performed an elaborate study on the reductive
electrochromism, showing redox-dependent reversible coloring of the nitrospiropyrans on several
occasions while additionally noting that electrochemical ring-opening through the reductive
process occurred (Figure 2).52,53 Notably, the potential sweep does not linearly correlate with the
generation and deconstruction of the radical anionic closed form and the neutral open form,
indicating that another process such as (possibly gated, vide infra) photochromism may be
involved in this experiment as the sample is under constant irradiation of the spectrometer.
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Figure 2. (Left) Reversible electrochromism of 6-nitroindolinobenzospiropyran in DMF at -42 ° C (platinum
working, Ag/AgCl reference and platinum counterelectrode, TBAPF 6 supporting electrolyte) as a function of
(a) the potential sweep between -1.8 V and 0.8 V for absorption at (b) 556 nm and (c) 445 nm. Reproduced
52
with permission from Zhi et al., copyright Elsevier Science S. A. (Right) Observed photoelectrochemical
operation of the reductive ring-opening process in 6-nitroindolinospiropyrans.

In these initial series of reports on the electrochromism of nitrospiropyrans, Zhi et al. kept an
upper limit of 0.8 V. The original report on the redox properties of spiropyrans by Campredon and
co-workers, however, already demonstrated co-existence of proposedly nitro-centered oxidation
of three nitro-indolinonaphthospiropyrans at more positive potentials (Figure 3). The group had
previously reported chemical probing of various spiropyrans with nitric oxide, in which it was
found that trapping of radicals was completely unsuccessful when the indoline moiety was
absent, leading to the overall conclusion that the indoline moiety was involved to some extent.54
In the presence of both an indoline moiety and a nitro substituent, though, Campredon et al.
observed oxidation of the nitrospiropyrans above 1 V, albeit the radical cation was short-lived as
even at 10 V s-1 no cathodic reverse wave was observed. Inspection of the voltammograms,
however, shows a cathodic response, though small and parted into two waves, can in fact be seen
for 8’-nitroindolinonaphthospiropyran (Figure 3, middle entry).
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Figure 3. The first reported oxidative electrochemistry of spiropyrans in acetonitrile (versus SCE, at 1 V s ),
showing some cathodic response in the spiropyran that was unsubstituted in its indolinic fragment.
Reproduced with permission from Campredon et al., copyright Royal Society of Chemistry.

This response was confirmed when Zhi and co-workers reported on the presence of complex
oxidation and concurrent electrochromism in various spirobenzopyrans, interestingly including
non-nitro substituted forms.55 While as a result not strictly owing to nitro-substitution anymore,
the presence of this complex oxidation of spiropyrans was picked up by other groups as well,
causing much debate over the product of oxidation (Scheme 13). Preigh et al.56 first assigned a
quinoidal dimeric structure to their observations, while Doménech et al.57 also proposed coupling
through the benzopyran albeit with a peroxide species as a result. More recently, Wagner and coworkers suggested that the product of oxidation would be of the ring-opened merocyanine
form.58

56

Scheme 13. Tentative assignment of the products of oxidation of indolinospiropyrans, made by (A) Preigh et al., (B)
57
58
Doménech et al. and (C) Wagner et al.

Ultimately, however, it was revealed that the focus seemed to be on the incorrect fragment, as
both the nitro species and the benzopyran turned out not to be involved. This was first observed
by Natali and Giordani in 2012, who described the isolation of two spiropyran dimers in the
presence of Cu(II) when studying metal ion binding with transition metal cations; describing the
reaction as “curious”.59 However, considering the oxidative coupling of anilines, directly related to
indolines, puts a different perspective on this reactivity. Indeed, just as in their parent analogue,
methyl-substitution in the para-position inhibits the chemical dimerization and renders the
electrochemistry reversible instead, as demonstrated by Ivashenko et al. (Scheme 14).60 In doing
so, it was simultaneously demonstrated that the radical character lies predominantly on this
position and that the electrochemical oxidation, which was termed complex before, yields welldefined oxidatively generated spiropyran dimers as shown by the chemically generated dimers as
well.59
16

Spiropyrans: a Versatile Class of Photochromes

1

(i
)

(ii
)

Scheme 14. Subtle methyl-substitution at the para-position in the indoline unit sterically blocks the C-C coupling,
60
rendering the electrochemistry reversible. Reprinted with permission from Ivashenko et al., copyright RSC 2013.

Consequently, the related mechanism of aniline electrochemical dimerization can be inferred
onto the spiropyran family.60 Accordingly, the initial oxidation of spiropyrans cause aryl-aryl
coupling of the generated radical cations (SP to H2X2+ Scheme 15), followed by spontaneous
double deprotonation to recover the energetically favored diaryl SP-SP form. Since the redox
potential of the dimer lies at approximately 0.65 V for its first and 0.85 V for its second oxidation,
the newly generated spiropyran dimer immediately oxidized to its dicationic state (SP-SP to SPSP2+ in Scheme 15). Notably, this manifests itself in a disproportionate current response as three
consecutive oxidations occur for each spiropyran.

Scheme 15. Mechanism of oxidative dimerization in spiropyrans to form the spiropyran dimer photochrome.

Interestingly, the molar absorption coefficient of spiropyran dimers was found to be an order of
magnitude higher than their monomeric counterparts, ascribed to the extended indolic
conjugation.59 At the same time their photochromism decreases, and rapid thermal reversion
results in poor photostationary states for the colored merocyanine form.17 However, access to
two distinct oxidative states allows for new reactivity in these diverse photochromes, which will
be discussed in Chapter 5.
Concluding remarks
Over the last century, the spiropyran family has proven to be an exceptionally diverse class of
functional compounds, manifested in the above described properties. Furthermore, even after
such a rich history we are learning still more about their reactivity, opening up to even more
opportunities. Their multifunctionality has proven a major asset in building functional responsive
materials (Scheme 16), and recent discoveries lead us to expect that there is yet more to come.
17
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Scheme 16. Overview of all the outlined functionalities of spiropyran, including those which will be covered in chapter
4 and 5, and their relations.
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-------------------------------------------------------------------------------------------------------------------------------Outlook
In this thesis, the main focus is on the versatile spiropyran photochrome and its remarkable
flexibility towards gated phenomena. However, in order to better understand their reactivity and,
moreover, to be able to put their functionality into perspective, model electropolymerizable
systems are investigated also, starting with a polymerizable double carbazole in Chapter 2. The
strategy for polymerization follows that of the described double spiropyran (vide supra), utilizing
another member of the aniline family, carbazole, to form electropolymers through a donoracceptor-donor double dimerizable unit scaffold. The rigid core was designed to be the redox
active naphthalene dianhydride, which made for an interesting interplay in the final redox
properties in the polymeric form, leading to charge trapping and releasing in an exceptionally well
behaved redox-device.
Chapter 3 will focus on investigating a redox polymer in which a molecular switch is incorporated.
The comparably popular dithienylethene class of switches has been modified with two
dimerizable terthiophene pendant groups that, once more, are able to polymerize upon
sequential dimerization. Though earlier studies concluded that complete quenching of
photochemistry occured in the polymers formed, we show that the quenching, caused by Haggregation of the individual units, can be reversed by immersion in solvent. We propose that
solvent-swelling of the polymer breaks up the aggregation in the polymer chains, thereby
restoring the intrinsic photoswitching, fluorescence and singlet oxygen generation.
Chapter 4 will cover the use of spiropyrans to serve as their own polymerizable unit, while
generating the functionally enhanced spiropyran dimer photochrome. In this chapter, the novel
pH-gated switching and unprecedented redox-gated switching of spiropyran dimers will be shown
in both a model nitrospiropyran and the double nitrospiropyran polymer, as the gated pathways
allow for retention of photochromism despite the lowered activity in the sold state polymer.
In Chapter 5 the acidochromism of spiropyrans will be revisited, as various groups have observed
different reactivity towards them without being able to get control over this seemingly typical
response of spiropyrans. In doing so, we have found out that the spiropyran class of
photochromes intrinsically shows an extraordinarily strong response to suitable acids, yielding
near-fully bistable switching in these already much exploited photoswitches. This observation of
reversibly opening to two more accessible stable forms doubles the photochromic functionality
and thus leads to a myriad of additional possibilities to those already studied over the past
century.
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-------------------------------------------------------------------------------------------------------------------------------In Chapter 6 and 7, lastly, the possibility to form double spiropyran electropolymers through
preceding synthetic dimerization through the benzopyran is explored. This new approach gives
rise to interesting photochemical properties in Chapter 6, owing to the conjoining of two phenols
when viewed from the perspective of the doubly ring-open form. As a result of this peculiarity,
the electrochemistry, assessed in Chapter 7, gains a new redox-center, although tuning the scan
rate provides access to the alternative polymerization pathway. In the end, this alternative design
strategy brings about a new aspect in these double spiropyrans, one in which cross-talk can lead
to novel functionality, ultimately providing directions for future studies and applications.
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