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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. 
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Introduction 

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 redox-

polymers 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 to form 
indolinobenzospiropyrans. Variations often include modification of the N-alkyl sidechain or the pyran. 

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. 
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Thermochromism of spiropyrans 

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 color-

changing 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 α-
naphthospiropyrans resembles that of their β-isomer.

19
 Similarly, the isospiropyran class of thermochromes were 

developed further in derivatives such as di-β-naphtho, di-α,β-naphtho, xantho-, thiaxantho- and acridinospiropyran, 
with similar thermochromic properties reported.

18
 

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
 It should be noted that the non-photochromic spiropyrans in both reviews from 1948

19
 and 1963

18
 overlooked a 

correction to two of the structures and their associated derivatives,
61

 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 
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“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 H-

bonding, 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 



Chapter 1 

8 
 

1
  

 

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 non-

breaking 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 co-
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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 H-

bonding 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 C3’-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 much-

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

st
 2018. 
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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 
excitation to 

1
SP*, pericyclic recombination with concurrent ring opening (bottom pathway) yields the ground state 

CCC-MC which relaxes rapidly back to the ring closed form, while the perpendicular oriented CCC-
1
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.  
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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. 2-

fold, 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 
Chemical Society (2017).

16
 

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 pH-

dependent 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  

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 ring-

closed (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 proton-

triggered 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, TBAPF6 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 
with permission from Zhi et al., copyright Elsevier Science S. A.

52
 (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
-1

), 
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 co-

workers suggested that the product of oxidation would be of the ring-opened merocyanine 

form.58 

 

Scheme 13. Tentative assignment of the products of oxidation of indolinospiropyrans, made by (A) Preigh et al.,
56

 (B) 
Doménech et al.

57
 and (C) Wagner et al.

58 

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 well-

defined oxidatively generated spiropyran dimers as shown by the chemically generated dimers as 

well.59  
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Scheme 14. Subtle methyl-substitution at the para-position in the indoline unit sterically blocks the C-C coupling, 
rendering the electrochemistry reversible. Reprinted with permission from Ivashenko et al., copyright RSC 2013.

60
 

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 H2X
2+ 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 SP-

SP2+ 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. 

(i
) 

(ii
) 
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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 donor-

acceptor-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 H-

aggregation 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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Chapter 2 

Reversible Charge Trapping in bis-Carbazole-Diimide Redox 

Polymers with Complete Luminescence Quenching Enabling 

Nondestructive Read-out by Resonance Raman Spectroscopy 

Abstract The coupling of substituted carbazole compounds through carbon-carbon bond formation upon one-

electron oxidation is shown to be a highly versatile approach to the formation of redox polymer films. Although 

the polymerization of single carbazole units has been proposed earlier, we show that by tethering pairs of carba-

zoles double sequential dimerization allows for facile formation of redox polymer films with fine control over film 

thickness. We show that the design of the monomers and in particular the bridging units is key to polymer for-

mation, with the diaminobenzene motif proving advantageous, in terms of the matching to the redox potentials 

of the monomer and polymer film and thereby avoiding limitations in film thickness (auto-insulation), but intro-

duces unacceptable instability due to the intrinsic redox activity of this moiety. The use of a diimide protecting 

group both avoids complications due to p-diamino-benzene redox chemistry and provides for a redox polymer in 

which the photoluminescence of the bis-carbazole moiety can be switched reversibly (on/off) with redox control. 

The monomer design approach is versatile enabling facile incorporation of additional functional units, such as 

naphthalene. Here we show that a multicomponent carbazole/naphthalene containing monomer (APCNDI) can 

form redox polymer films showing both p- and n- conductivity under ambient conditions and allows access to five 

distinct redox states, and a complex electrochromic response covering the whole of the UV/vis-NIR spectral re-

gion. The highly effective quenching of the photoluminescence of both components in poly-APCNDI enables 

detailed characterization of the redox polymer films. The poly-APCNDI films show extensive charge trapping, 

which can be read out spectroscopically in the case of films and is characterized as kinetic rather than chemical in 

origin on the basis of UV/vis-NIR absorption and resonance Raman spectroscopic analyses. The strong resonantly 

enhanced Raman scattering for the various oxidized and reduced states of APCNDI enables non-destructive 

“read-out” of the state of polymer, including that in which charges are trapped kinetically at the surface, making 

poly-APCNDI highly suitable for application as a component in organic non-volatile memory devices. 

 

This chapter was published as: L. Kortekaas, F. Lancia, J. D. Steen and W. R. Browne, J. Phys Chem. 

C, 2017, 121, 27, 14688-14702. DOI: 10.1021/acs.jpcc.7b04288. The supporting information can 

be found online.  
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Introduction 

Smart (stimuli responsive) surfaces1 are attracting increasing attention,2 not least in the field of 

molecular electronics,3 due to the opportunities presented by redox switching in rapid localized 

control of physical and optical properties. Electrochromism, the inducing of reversible color 

changes by application of a voltage, was first observed in inorganic semiconductors.4 The later 

discovery of organic conducting and redox polymers has enabled fine control of HOMO-LUMO 

band-gaps and hence optical properties as well as their facile processing and application to folda-

ble devices. D-A-D (donor-acceptor-donor) oligoimides in particular have seen application already 

in high-performance nonvolatile memory devices,5 logic gates6 and non-linear optical materials.7 

Intra- and intermolecular interactions in such multicomponent systems often alter the functional-

ity of their individual components,8 which can provide opportunities in their application.  

Carbazole and its derivatives have been widely studied for their various physical and electronic 

properties, the most studied of which, poly(N-vinylcarbazole), was the first nitrogen heterocycle 

containing polymer to show hole transport properties.9 The discovery of the optical and electrical 

properties of carbazole containing polymers and oligomers has stimulated their application in 

areas as diverse as organic light emitting diodes (OLEDs) and organic-thin film transistors,10 organ-

ic solar cells,11 and sensors.12 

Carbazole is often modified with a moiety to allow for incorporation in a polymer, e.g., with vinyl 

groups13 or through Suzuki coupling,14 since although the ability of N-substituted carbazoles to 

undergo polymerization has been proposed, Karon and Lapkowski concluded, in their recent re-

view, that oxidation of N-substituted carbazoles leads mainly to dimers as a consequence of 

charge delocalization in the 3-3’ dimer.15 Indeed, Siove and coworkers showed that a monomer in 

which two carbazole units are tethered by an N-substituted alkyl spacer merely leads to sequen-

tial dimerization upon chemical oxidation to form a polymer that could be spin cast on elec-

trodes.16 The C-C coupling para to the nitrogen upon (electro)oxidation11 via a 4 electron ECCE 

process is analogous to the dimerization of indoline derivatives17 and N,N-dialkyl substituted ani-

lines,18 which occur readily. Moreover, direct coupling of two of such moieties covalently via the 

amine group results in chain-growth elongation of the bisindoline scaffold (Scheme 1) with each 

unit coupling to another molecule.19  

 

Scheme 1 The ECCE mechanism for sequential dimerization of alkyl N,N-coupled bisindolines and related com-
pounds.

16, 19
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Koyuncu et al. reported a carbazole coupled to either perylene20 or naphthalimide21 to form ener-

gy donor/acceptor (D-A) systems, which can be immobilized by electrochemical coupling of the 

carbazole units. The films formed show moderate quenching of the fluorescence of both donor 

and acceptor in the dyads but almost complete quenching of photoluminescence in the films 

formed electrochemically (Figure 1). The use of only a single carbazole unit in this system, howev-

er, requires that each carbazole unit couples to two others in order to form a polymer backbone 

with pendent naphtal- and perylene-imide units. However, the steric overcrowding expected in 

the system reported by Koyuncu et al., the stability of the initially formed bis-carbazole dication 

(which is present at the potentials required for oxidation of monomer), and the poor mechanical 

stability of the films formed, indicate that dimerization rather than polymerization occurred, with 

insolubility being the primary driving force for immobilization on the electrodes used. The choice 

of spacer unit between the carbazole and perylene/naphtalimide  (Scheme 1) has a pronounced 

effect on the efficiency of carbazole-carbazole coupling and the final structure of the films 

formed.  

The spacer unit, in such systems, plays an important role in determining the overall function of 

the systems. Earlier studies on compounds in which a functional unit, such as a dithienylethene 

photochromic switch, was tethered to a pair of electrodimerizable/polymerizable units showed 

that the introduction of a phenyl spacer aids the polymerization process and improves the reten-

tion of the functionality of the photoswitchable moiety.22 Koyuncu et al. took a similar approach in 

which carbazole units are attached directly at their 3-position to both ends of a naphthalene 

diimide, enabling polymerization through sequential dimerization (Figure 1).14 With this approach, 

however, only partial quenching of photoluminescence was observed, ascribed in part due to 

perturbation of the properties of the carbazole by direct attachment of the diimide unit to it. 

 

Figure 1. Approaches toward carbazole and naphthalene derived Donor-Acceptor (polymer) systems. 

1,4,5,8-Naphthalene diimides (NDIs) are chemically robust chromophores which have seen wide-

spread application over the last decades in supramolecular systems such as rotaxanes,23 cate-

nanes,24 nanotubes,25 ion channels,26 foldamers27 and synthetic photosystems.28 Their tendency 

to self-organize both at the solid state and in solution due to their planarity and to engage in  

stacking has made them appealing to supramolecular chemistry as they can form or be incorpo-

rated readily within supramolecular assemblies. Furthermore, the electronic properties of NDI 

have found application in sensing and in multicomponent systems in which energy and electron 

transfer processes are utilized. For example, Takenaka et al. have employed an NDI bearing redox-
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active ferrocenyl moieties to discriminate between double stranded DNA and single stranded 

DNA electrochemically.29 The radical mono-anionic form of NDI is readily accessible by chemical 

and electrochemical reduction,30 and its electron deficiency in its neutral state favors interaction 

with electron rich species and anions as highlighted elegantly by Matile et al. in their study of 

charge transfer (anion-π interactions) and transport between substituted NDI monomers and 

nanorods with a variety of anions.31  More recently, Saha et al. reported light-gated electron 

transfer from anions to aryl substituted NDI.32  

The wider range of applications that can be realized makes the combination of carbazole and NDI 

in an electrochromic polymer film highly appealing.33-33 Several approaches towards this goal have 

been reported to date, making use of various carbazole structures and naphthalene derivatives 

(Figure 1). Kozycz and co-workers observed quenching of the emission at 700 nm in a D-A carba-

zole-naphthalene imide polymer obtained through chemical coupling.34 A drawback of the latter 

approach is the synthetic effort of chemical coupling, as well as the risk of presence of residual 

palladium, which limits the range of applications. Lav et al. utilized the propensity of tethered 

carbazoles to dimerize, forming numerous crosslinks through sequential electrodimerization in an 

oligomer containing carbazole side chains.35 The key challenge in forming robust redox polymers 

based on the combination of NDI and carbazole is to achieve polymerization rather than dimeriza-

tion and to avoid other electrochemically induced reactions.  

 

Figure 2. Structure of amino-phenyl carbazole (APC), cyclohexane dianhydride (CDA), and amino-phenyl 
carbazole cyclohexane diimide (APCCDI), Naphthalene dianhydride (NDA) and amino-phenyl carbazole 
naphthalene diimide (APCNDI) 

Here, we report the synthesis and characterization of amino-phenyl carbazole cyclohexane 

diimide (APCCDI), Figure 2, and its oxidative electropolymerization on a range of electrode mate-

rials under ambient conditions, i.e. without need for strong Lewis acids or inert conditions. The 

optical and electrochemical properties of the monomer and redox-active polymer film are charac-

terized by UV/vis, FTIR and emission spectroscopy and cyclic voltammetry.  

In addition, two carbazole compounds were prepared for modelling of the oxidative coupling and 

the impact of the functional groups present in the multicomponent systems on electrochemical 

stability (Figure 3). We show that while the diimide unit performs well under electrochemical 

conditions, the use of a simpler N-aryl amide linkage D1 shows instability due to the quinoidal 

character of the oxidized p-diamino linker, with decomposition competing with carbazole-

carbazole coupling.  
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Scheme 2. One electron oxidation of bis-aminophenyl modified carbazole is centered on the carbazole unit but is 
expected to have significant contribution from resonance structures involving the protected bis-aminophenyl unit, 
exposing it to competing hydrolysis reactions. 

Model compounds such as the benzoate based D2, however, showed the expected spectroscopic 

properties of the carbazole dimers after oxidative electrolysis, with a slight red-shift in both the 

UV/vis absorption and fluorescence spectra. The model monomer (I1) and dimer (I2) of APCCDI, 

with a single instead of double diimide, provide insight into its properties in the monomeric and 

polymeric form.  

 

Figure 3. Model compounds used to study carbazole oxidative dimerization, N-(p-carbazole phe-
nyl)acetamide (D1), and methyl p-carbazole benzoate (D2), amino-phenyl carbazole cyclohexane imide (A1) 
and its dimer obtained by chemical oxidation (A2). 

The electrochemical performance of the phenyl carbazole unit, linked through an imide (i.e. as in 

APCCDI), was built upon in a more complex system in which an NDI unit is coupled via imides to 

two carbazole units to form APCNDI (Figure 2) and access the reductive electrochemistry and 

symmetric rigid structure of NDI in multifunctional polymer films. We show that complete 

quenching of the photoluminescence of both NDI and bis-carbazole is achieved, which enables 

the study of the polymer films formed, and assignment of charge trapping as kinetic or thermo-

dynamic (vide infra), using multiwavelength resonance Raman microspectroscopy under electro-

chemical control. The APCNDI polymer films formed show reductive and oxidative electrochrom-

ism and selective enhancement of Raman bands of the various accessible redox states. We show 

that oxidative and reductive kinetic charge trapping can be achieved in thicker films and can be 

‘read out’ in poly-APCNDI by resonance Raman spectroscopy non-destructively, providing for ap-

plications in nonvolatile memory. 
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Experimental section 

Materials. Reagent grade carbazole, p-bromonitrobenzene, copper iodide, 1,10-phenantroline,  

potassium carbonate, hydrazine monohydrate, pyridine, acetic anhydride, cesium carbonate, 

palladium on charcoal, tetrabutyl ammonium hexafluorophosphate (TBAPF6), FeCl3, 4-iodoaniline, 

4-iodobenzoic acid, Cu2O, and 1,4,5,8-naphthalenetetracarboxylic dianhydride were purchased 

from Sigma-Aldrich and were used as received. Reagent grade 1,2-cyclohexane anhydride and 

1,2,4,5-cyclohexane dianhyride were purchased from TCI Co., Ltd. and used as received. Amino-

phenyl carbazole was stored as its HCl salt (Supporting Information), and liberated before use. 

Compound D1 is the precursor to the APC·HCl salt. Compound D2 was synthesized through esteri-

fication of p-iodobenzoic acid followed by cuprous oxide mediated carbazole coupling (Supporting 

information). Details of the synthesis and characterization of APCCDI and APCNDI is provided as 

supporting online information (DOI: 10.1021/acs.jpcc.7b04288, Figures SO1 to SO18). UV/vis ab-

sorption spectroscopy, electrochemistry, in situ UV/vis absorption and resonance Raman spectro-

electrochemical experiments were conducted in spectroscopic (UVASOL) grade dichloromethane 

(Merck). 

Physical Methods. 1H NMR and 13C NMR spectra were obtained on a Varian Mercury Plus 399.93 

MHz spectrometer. Chemical shifts are reported in ppm (δ), coupling constants in Hz, multiplicity 

is noted as follows: s = singlet, d = doublet, t = triplet, m = multiplet. Chemical shifts are with re-

spect to tetramethylsilane and referenced to residual solvent (either CHCl3 or DMSO-d5) signals. 

UV/vis absorption spectra were recorded on an Analytik Jena Specord 600 in concentrations rang-

ing from 30 to 60 µM in dichloromethane. In situ UV/vis and vis-NIR absorption spectra, obtained 

using a quartz cuvette as electrochemical cell with a poly-APCNDI modified ITO working electrode, 

were recorded on an Analytik Jena Specord 600 and a JASCO FT/IR-4600, respectively. Spectra 

were referenced to a bare ITO coated glass slide in 0.1 M TBAPF6 in dichloromethane and solu-

tions with and without APCNDI-monomer were exchanged by syringe to maintain the consistency 

of the optical path. Electrochemical data was obtained using a CHI760B electrochemical work-

station (CH Instruments), all potentials are quoted with respect to the SCE and a sweep rate of 0.1 

V s-1 was employed unless stated otherwise. A three electrode arrangement was employed with a 

glassy carbon (dia. 3 mm), platinum (dia. 1.5 mm), or gold (dia 1.5 mm) disc working electrode, a 

Ag/AgCl wire reference and a platinum wire counter electrode, under argon purge when scanning 

to negative potentials (< -0.2 V vs SCE). For bulk electrolysis a rectangular reticulated vitreous 

carbon (RVC) electrode from ERG Materials & Aerospace Corporation, Oakland, CA, was employed 

as working electrode. Emission spectra were obtained using a Andor Newton 970-BV EMCCD (op-

erated in CCD mode) camera mounted to a shamrock163 spectrograph with  a 300 l/mm grating 

blazed at 300 nm fiber coupled to a THORLABS cuvette holder (for solutions) or a Nikon TE-Eclipse 

inverted microscope for modified electrodes. Excitation at 300 nm and 365 nm used Fiber cou-

pled LEDs (thorlabs). FTIR spectra were recorded on a Perkin Elmer FTIR Spectrum 400 equipped 

with a UATR attachment. Mass spectra were recorded on a MALDI TOF Voyager DE-Pro by Ap-

plied Biosystems and a Xevo G2 Q-TOF DART by Waters Corporation. In situ Resonance Raman 

spectroelectrochemistry was performed following electropolymerization on a platinum disc work-

ing electrode by repeated cyclic voltammetry, followed by washing of the polymer modified elec-

trode with dichloromethane and immersion in dichloromethane with 0.1 M  TBAPF6. In situ meas-

urements were performed on a Perkin Elmer Raman station with excitation at 785 nm using a 

quartz cuvette as electrochemical cell. Raman spectra were recorded at exc 266 nm (0.6 mW at 



Reversible Charge Trapping in Redox Polymers 

29 

 

2
 

 

sample, obtained by frequency doubling of the 532 nm output of a DPSS laser using a Newport 

WaveTrain) and 355 nm (10 mW at sample, Cobolt lasers) in 135o and 180o backscattering mode 

respectively. Raman scattering was collimated and subsequently refocused by a pair of 25 mm 

planoconvex lens (7.5 and 15 mm focal lengths, respectively) into a Shamrock500 spectrograph 

(Andor technology) with a 2400 l/mm grating blazed at 300 nm onto a iDus-420-BU2 CCD (Andor 

Technology). Spectra were acquired and processed using Andor Solis and Perkin Elmer Spectrum 

10.0, respectively. Fluorescence spectra were recorded using quartz cuvettes containing 5 nM 

solutions of analyte in dicholoromethane with excitation provided by a 75W Xenon lamp coupled 

to a Zolix 150 mm monochromator and to a qpod (Quantum Northwest) temperature controlled 

cuvette holder. The emission was collected at 90o through a fiber optic connected to an iDus-420-

OE CCD camera (Andor Techology). 

Results and Discussion 

UV/vis absorbance and emission spectroscopy of D1 and D2 

Although the polymerization of carbazole derivatives has been proposed elsewhere,36 the propen-

sity of N-phenyl carbazole derivatives to undergo oxidative C-C bond formation to form dimers 

rather than other electrochemical reactions15 was investigated in the model compounds D1 and 

compound D2 (Figure 3). Both D1 and D2 are comprised of an aryl N-substituted carbazole unit, 

however, D2 does not bear the p-bis-amino motif of D1.  Although the cyclic voltammetry of D1 

(see supporting online information Figure S6) indicates a propensity to undergo dimerization by C-

C coupling of the carbazole units, preparative electrolysis resulted in a general decrease in UV 

absorbance and complete loss in emission intensity (Figure 4 upper).  

 

 

Figure 4. (Top left) UV/vis absorbance and  (Top right, λexc 300 nm) emission spectra of D1 before (black) 
and after preparative anodic electrolysis (black dotted) at 1.2 V for 15 min. (Bottom left) UV/vis absorbance 
and  (Bottom right, λexc 300 nm) emission spectra of D2 in dichloromethane (solid line) before and after 
preparative anodic electrolysis (dotted line) at 1.2 V for 1 h. (Bottom right) Emission spectra showing 
change in relative emission intensity and normalized spectra. Conditions: in dichloromethane with 0.1 M 
TBAPF6 with a carbon mesh working, SCE reference and  platinum counter electrode. 
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In contrast, cyclic voltammetry (see SOI Figure S7) and preparative oxidative electrolysis of solu-

tions of D2 resulted in a minor broadening in the UV/vis absorbance spectrum and a red shift of 

the emission spectrum consistent with formation of a bis-carbazole (Figure 4, lower). In both cas-

es there was no indication of formation of polymer films at the working electrodes. The greater 

stability, with regard to oxidation, of D2 indicates that for D1 the quinoidal character of the p-bis-

amino motif is important and reaction of this moiety after oxidation may compete effectively with 

carbazole dimerization.  

Compound I1, prepared from APC by reaction with cylcohexyl-1,2-dicarboxy anhydride was di-

merized by chemical oxidation37 to yield model compound I2. Dimerization of I1 to form I2 results 

in broadening of the UV absorption bands and a redshift in the emission (Figure 5), as observed 

for D1/D2. 

 

 

Figure 5. Synthesis of I1 and I2 from the APC·HCl salt and (left) UV/vis absorbance and (right) emission spec-
tra of I1 (solid line) and I2 (dotted line) in dichloromethane. 

The retention of the absorption and emission properties upon oxidative coupling of I1 to form I2 

indicates that the diimide connection prevents involvement of the p-bis-amino motif  in the redox 

chemistry of the compounds. Hence the structure APCCDI, prepared analogously to I1 (see SOI), 

was expected to undergo sequential oxidative dimerization of the imide-linked phenyl carbazoles 

(Scheme 1). Indeed the cyclic voltammetry of APCCDI is as expected for an indole containing 

compound,17,18 i.e. a 4-electron ECCE process resulting in dimerization via aryl-aryl coupling 

(Figure 6). Two carbazole radical cations formed electrochemically couple and undergo double 

deprotonation to re-aromatize. This process is followed by immediate oxidation to the product’s 

doubly cationic state at the applied potential, with two new redox waves on the return cycle as-

signed to the 1st and 2nd reductions of the [bis-carbazole]2+ units formed.  
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Figure 6. Oxidative cyclic voltammetry of APCCDI (0.1 mM) in dichloromethane (SCE reference and platinum 
counter electrode, 0.1 M TBAPF6, scan rate 0.1 V s

-1
) at a Au working electrode (d = 3 mm), and the corre-

sponding mechanism of the electrochemical dimerization. Initial cycle (thick line), second cycle (dotted 
line). 

In contrast to compound I1, however, dimerization leaves two carbazole units connected via the 

diimide bridges, which can undergo subsequent coupling to other carbazole units and hence 

stepwise chain elongation. The oligomers are insoluble and deposit on the electrode surface read-

ily leading to the buildup of a redox polymer manifested in the steady increase in current (Ip,a and 

Ip,c) of the redox waves of the bis-carbazole unit (Figure 7). Importantly the oxidation potential of 

APCCDI is close to that of the 2nd oxidation of the bis-carbazole unit formed and hence film 

growth is not limited by lack of conductivity at the onset potential for polymerization. The volt-

ammetry of polymer modified electrode in monomer free solution shows the redox waves of 

poly-APCCDI, indicating that the polymer is adheres well to the electrode surface and is not af-

fected substantially by the presence adventitious water or oxygen. Films from poly-APCCDI were 

formed readily at glassy carbon, platinum, and ITO on glass slide electrodes indicating that surface 

polymer interactions are not especially important in achieving adhesion, but instead that solubili-

ty is the primary driving force. 

 

Figure 7. (Left) Cyclic voltammetry of APCCDI (0.1 mM) at a Au electrode (d = 3 mm), and (right) cyclic volt-
ammetry of the poly-APCCDI modified electrode in a monomer free solution. In dichloromethane, 0.1 M 
TBAPF6, Pt counter and SCE working electrode, scan rate 0.1 V s

−1
), final surface coverage is estimated to be 

2.4 * 10
-8

 mol cm
-2

 on the basis of anodic charge passed. 
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Electrochemical modulation of Poly-APCCDI Fluorescence 

The fluorescence of poly-APCCDI was expected to be similar to that of I2, however, immobilization 

in a polymer film at a, e.g. Au, macroelectrode could result in emission quenching do to intermo-

lecular interactions. The emission of poly-APCCDI, excited at λexc 365 nm, was less well defined 

(broader) than that of I2, but is nevertheless, together with its slight red-shift, typical for the bis-

carbazole motif.38  Oxidation resulted in complete quenching of photoluminescence with full re-

covery upon reduction to the neutral state (Figure 8). Monitoring of photoluminescence switching 

during multiple potential steps shows that relatively rapid switching on and off of polymer emis-

sion with a response time that indicated charge diffusion was limiting (vide infra). 

 

Figure 8. (upper left) In situ photoluminescence (λexc = 365 nm) of poly-APCCDI and (upper right) the corre-
sponding cyclic voltammetry of the poly-APCCDI modified Au electrode in dichloromethane (0.1 V s

-1
, 0.1 M 

TBAPF6). Multi-step potential switching cycles with alternating polarization at 0 V for 30 s and 1 V for 15 s. 
(lower left) current response upon switching the potential and (lower right) the corresponding photolumi-
nescence at 520 nm (λexc 365 nm, SCE reference and platinum counter electrode). 

Multiresponsive bis-carbazole based redox polymer films incorporating naphthalene diimide 

The versatility of the bis-imide bridging motif in APCCDI, prompted the incorporation of a naph-

thalene unit to increase functionality and the preparation of APCNDI (for details of synthesis and 

characterization see SOI, and SOI Figure S16). The absorption spectrum of APCNDI shows the 

characteristic vibronic progression (π-π* transition) of the naphthalene diimide shows maxima at 

320, 340, 360 and 380 nm, which overlap with the lowest π-π* transitions of the carbazole moiety 

(Figure 9). The absorption bands are shifted bathochromically compared with the precursor 

1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA).30  At exc 266 nm, the emission spectrum 

of an equimolar mixture of NDA and p-CMBz is dominated by carbazole emission (Figure 9),39 

consistent with the large difference in molar absorptivity of the components. At exc 355 nm, the 

emission from both components is similar in intensity. In contrast, the APCNDI shows essentially 

no emission upon excitation at either wavelength with only Raman scattering from solvent ob-
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served, indicating highly efficient emission quenching, considering the components redox chemis-

try (vide infra), by photo-induced electron transfer (PET) from the carbazole to the naphthalene 

moieties (Scheme 3). Importantly, the extent of quenching these data confirm the absence of 

unreacted NDA and the carbazole precursor in APCNDI and contrasts sharply with that observed 

for the naphthalene bis-carbazole system reported by Koyuncu, in which emission was observed 

and even increased 3-fold with subsequent electropolymerization.14  

 

Figure 9. (Top) UV/vis absorption spectra of APCNDI (black), (p-carbazole)methyl benzoate (dotted line) and 
1,4,5,8-naphthalenetetracarboxylic dianhydride (dashed line) and (bottom) emission spectra of equimolar 
solutions of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA), (p-carbazole)methyl benzoate amino-
phenylcarbazole (p-CMbz), a 50/50 mixture of the NDA and p-CMBz, and APCNDI. Excitation at (left) 266 nm 
excites the carbazole unit selectively, while (right) at 355 nm both the p-CMBz and NDA components are 
excited. 

 

Scheme 3. Photo-induced electron transfer from a carbazole (Cbz) donor to a naphthalene diimide (NDI) acceptor. 
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Resonance Raman spectroscopy of APCNDI  

The strong blue emission of both carbazole and naphthalene diimide precludes the application of 

resonance Raman spectroscopy with excitation in the 250-400 nm range (vide supra and SOI Fig-

ure S19). The highly efficient photo-induced electron transfer quenching from the carbazole to 

the NDI moiety observed in APCNDI, however, allows resonance Raman spectra to be recorded in 

dilute solutions at exc 266 and 355 nm (Figure 10). Enhancement of Raman bands at 1625 and 

1237 cm-1 corresponding to those observed in the Raman spectra of carbazole is seen at exc 266 

nm and assigned to aromatic ring stretch and C-N stretch vibrations, respectively, of the carbazole 

moiety only (since the NDI unit does not absorb significantly at this wavelength and indeed NDA 

shows only very weak resonance enhancement at exc 266 nm, SOI Figure S20). The carbazole in 

plane bending modes at 1178 and 1019 cm-1, and out of plane bending mode at 705 cm-1 were 

observed also. Resonance enhancement of both the naphthalene diimide and carbazole moieties 

of APCNDI is observed at exc 355 nm (Figure 10). The bands at 1724 and 1685 cm-1 are assigned 

to naphthalene C=O stretching, while the carbazole C=C stretch is observed at 1627 cm-1 together 

with bands at 1608 and 1415 cm-1 assigned as naphthalene aromatic C=C and C-C stretching 

modes. Bands at 1111, 1073 and 1033 cm-1 are assigned to in plane, and 713, 657 and 605 cm-1 to 

out of plane C-H bending modes of APCNDI. The bands at 1569, 1386, 858, 823 and 537 cm-1 are 

useful in assignment of the resonance Raman spectra of the polymer films formed (vide infra). 

    

Figure 10. Resonance Raman spectra (λexc (left) 266 nm and (right) 355 nm) of APCNDI (i) in acetonitrile and 
(ii) in dichloromethane. *Distortions due to imperfect subtraction of Raman scattering of the solvent. 

Cyclic Voltammetry of APCNDI  

The redox chemistry of APCNDI between 0.0 and -1.7 V vs SCE is typical of an NDI (naphthalene) 

moiety with two reversible redox processes at -0.80 V and -1.20 V, with no evidence of polymer 

film formation even with repeated cycling between 0.0 and -1.7 V (Figure 11) The redox chemistry 

between 0.0 and 1.4 V vs SCE is identical to that of APCCDI, with efficient formation of a redox 

polymer film, as expected with sequential coupling of each carbazole moiety to build up a film of 

poly-APCNDI on the electrode. At a scan rate of 0.1 V s-1 the cyclic voltammograms can undergo 

100 segments while showing a steady increase of the redox response throughout. Although film 

thicknesses can’t be precisely determined from the redox response due to incomplete charge 

transfer by charge trapping (vide infra) an estimation can be made of the upper and lower limits 

of surface coverage by comparing cathodic and anodic charge passed. Resulting surface coverag-

* * 

* 

* 
* 

* * 
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es under these conditions lie between 1.15 and 1.58 * 10-9 mol cm-2 on glassy carbon, while typi-

cal monolayer coverage lies in the range of 10-10 to 10-11 mol cm-2. 

 

Figure 11. (top left) Reductive and (top right) oxidative cyclic voltammetry of APCNDI (0.1 mM) in dichloro-
methane (0.1 V s

-1
, 0.1 M TBAPF6, argon purged, GC working electrode, with iR compensation applied) with 

assignment of redox processes. (bottom) Repeated oxidative cyclic voltammetry of APCNDI  showing a 
steady increase in signal for poly-APCNDI. 

The redox response of the poly-APCNDI formed on a range of electrode types is retained upon 

washing and transferring to monomer free solution (Figure 12), and are stable under repeated 

cycling between 0.2 and 1.2 V, confirming the chemical and mechanical robustness of the films, 

i.e. with regard to adventitious water and oxygen. A linear dependence of current on scan rate 

(up to 2 V s-1) is observed as expected for surface confined redox process (see SOI Figure S21). 

 

Figure 12. Cyclic voltammetry of a poly-APCNDI modified platinum working electrode in monomer free di-
chloromethane (with 0.1 M TBAPF6, SCE reference and platinum counter electrode, scan rate 0.1 V s

-1
).  
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UV/vis-NIR absorption spectroelectrochemistry of poly-APCNDI 

The UV/vis absorption spectrum of poly-APCNDI resembles that of the monomer with the charac-

teristic vibronic structure of the naphthalene diimide unit red-shifted slightly (see SOI Figure S22). 

UV/vis absorption spectra of poly-APCNDI on an ITO on glass electrode in several oxidation states 

are shown in Figure 13. Reduction results in the appearance of a characteristic absorption band at 

480 nm corresponding to the NDI monoanion (at –0.90 V), concomitant with a decrease in the 

absorption of the NDI unit at 390 nm. At more negative potentials a band at 425 nm appears cor-

responding to the NDI dianion (at –1.40 V), concomitant with a decrease in the absorbance of the 

NDI monoanion at 480 nm (Figure 13). Complete conversion to the NDI dianion, i.e. a complete 

loss in absorbance of the NDI monoanion at 710 and 790 nm, was not achieved, indicating that 

coulombic interactions are not fully compensated by uptake of cations (TBA+) from the electro-

lyte. Scaled subtraction of the UV/vis absorption spectrum of the NDI monoanion reveals the ab-

sorption spectrum of the NDI dianion (see SOI Figure S23). Notably, subsequent oxidation at 0.0 V 

does not lead to a full recovery of the original absorption spectrum with residual absorbance of 

the NDI monoanion consistant with kinetic charge trapping in the film (see SOI Figure S24). UV/vis 

spectra recorded during cyclic voltammetry between 0.00 to 1.60 V showed the appearance of 

NIR absorptions assigned to the monocationic (425 and 1200 nm, at 1.00 V, see SOI Figure S25) 

and dicationic (775 nm, at 1.5 V) states of the bis-carbazole units (Figure 13) and a decrease in 

bis-carbazole absorption at 325 nm. The absorbance of the NDI unit is unaffected by oxidation. 

The combination of NDI and APC units allow for access to five distinct redox states and control of 

absorption over the entire UV/vis-NIR spectral range, and in particular the visible region which is 

not accessed easily with polymers comprising of carbazole units alone.40 

 

Figure 13. In situ UV/vis absorption spectroelectrochemistry of poly-APCNDI on an ITO slide (left) at 0.20 V 
(black), -0.90 V (light blue) and at -1.40 V (dark blue) and (right) at 0.00 V (black), 1.00 V (orange), 1.50 V 
(red), and at 0.00 V again (grey)  in dichloromethane (0.1 M TBAF6). 

Resonance Raman spectroelectrochemistry of poly-APCNDI 

In situ Raman spectroscopy, at λexc 785 nm allowed for characterization of the APCNDI mono-

cation, dication, and monoanion states, making use of resonance enhancement due to the ab-

sorption of these states at this wavelength (Figure 14 and Figure 16). Continuous monitoring by 

Raman spectroscopy during cyclic voltammetry on a polymer modified platinum electrode be-

tween 0.20 and 1.30 V, shows the appearance of weak bands at 1622, 1592 and 702 cm-1 upon 

oxidation between 0.7 and 1.0 V. At potentials above 1.1 V, additional bands were enhanced sub-
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stantially also together with a change in the relative intensity of the bands at ca. 1600 cm-1. These 

bands disappeared upon subsequent reduction. The increased intensity observed for the dication 

state compared with that for the monocation state is consistent with the increased absorbance at 

785 nm for the former (Figure 13). The relative intensity of the bands of the weakly scattering 

monocationic species allows them to be distinguished easily from those of the dicationic species 

and are in both cases are assigned to the bis-carbazole unit. 

 

Figure 14. (left) In situ Raman spectroelectrochemistry of poly-APCNDI at a Pt working electrode, scanning 
the potential from 0.7 to 1.3V at 5 mV s

-1
 (in dichloromethane with 0.1 M TBAPF6, λexc  785 nm) and (right) 

comparison of the dication species formed at 1.3 V (top) and the monocation species at 1.0 V (bottom).  

The resonance enhanced Raman bands (at λexc 266 nm) of APCNDI at 1622 and 705 cm-1 (Figure 

10) are assigned to C=C stretching and C-H out of plane bending of the carbazole moieties and 

correspond with bands observed for the mono- and dication states of poly-APDCNDI. The bands at 

1172 and 1020 cm-1 correspond to bands observed here at 1164 and 1024 cm-1, assigned to in 

plane bending of the oxidized carbazole C-H modes. Additionally, the appearance of a band at 

1269 cm-1 was assigned as a C-N stretching mode, which is close to the band observed at 1237 

cm-1 in the spectrum of the monomer (at λexc 266 nm), the shift to higher wavenumber being con-

sistent with the increased bond strenght expected in the cationic state (i.e. increased C=N charac-

ter). The carbazole C=C stretching band at 1622 cm-1 is unchanged upon oxidation, while the 

stronger band shifts from 1594 to 1599 cm-1 (also observed in the ex situ Raman measurements, 

vide infra) and gains intensity relatively to the 1622 cm-1 band. Furthermore, a shoulder at 1653 

cm-1 is observed in the monocationic state, assigned to the C=C alkene stretch due to loss of aro-

maticity through the radical character of the monocation. The band at 704 cm-1 observed for the 

monomer at λexc 266 nm, assigned to a C-H out of plane bending mode of APCNDI, shifts to 712 

cm-1 upon further oxidation to the dicationic state. In the case of the dicationic state, the bands at 

1164, 1140 and 1092 cm-1 are assigned as in plane, and 675, 651 and 618 cm-1 as out of plane C-H 

bending modes, constituting shifts of up to 30 cm-1 from those modes observed in resonance 

Raman spectrum of the monomer. 

Charge trapping in poly-APCNDI films 

In contrast to APCCDI, for APCNDI a pre-peak to both oxidation and reduction waves was ob-

served on a range of electrodes (including glassy carbon, platinum and gold macroelectrodes and 

ITO coated glass slides), indicative of charge trapping.41 For example, at a gold macroelectrode, 
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additional redox waves were observed at 0.80 V and at -0.50 V during formation of poly-APCNDI 

in the cyclic voltammetry of APCNDI (Figure 15). Charge trapping was first reported by Murray et 

al. in 198135 and is due to the confinement of charges in the polymer film through defects (i.e. 

thermodynamic – where a distinct species with a redox potential less positive or less negative 

than the polymer is formed) or where the outer layer is unable to discharge before the inner layer 

is depolarized (i.e. kinetic – where polymer film is sufficiently thick that the inner layer insulates 

the outer layer from the potential gradient at the electrode, Figure 15). 

 

Figure 15. Poly-APCNDI film formation via repetitive cyclic voltammetry at a gold macroelectrode (0.067 
mM in dichloromethane with 0.1 M TBAPF6, scan rate 0.1 V s

-1
, inert atmosphere, with Ag/AgCl reference 

and Pt counter electrode). Left: initial cycle(s) and right: later cycles. The pre-peaks ‘*’ are due to discharge 
of kinetically trapped charges. 

The increase in the discharge peak current and shift to more positive/negative potential with cy-

cle number and hence film thickness are apparent during the polymerization of APCNDI by cyclic 

voltammetry (Figure 15). These shifts reflect an increase in the distance between the outer edge 

of the polymer film and the limit to the thickness of film at the electrode that can be discharged 

directly. This, however, does not imply that charge trapping does not occur in films of poly-

APCCDI (vide supra), albeit that the trapped positive charges are not released by film reduction 

due to the absence of an accessible reduction wave. The formation and release of trapped charg-

es can be observed by cyclic voltammetry, UV/Vis absorption (Figure 13) and resonance Raman 

spectroscopy providing dual redox-functionality of electrochromism and non-volatile 3-state 

memory (reduced, neutral, oxidized) 

Raman spectra recorded at a poly-APCNDI modified Au electrode enables identification of the 

species responsible for the charge trapping, with spectra recorded, ex-situ, of charged films show-

ing Raman bands that confirm that the species responsible for charge trapping are in both cases 

the one electron oxidized and reduced states (Figure 16). C=C stretching modes at 1620 and 1594 

cm-1 are observed, which correspond to a one electron oxidized bis-carbazole species. The spec-

trum of the positively charge trapped film shows a shoulder at 1620 cm-1 and a shift towards 1594 

cm-1 by the scattering maximum at 1598 cm-1. 
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Figure 16. Ex situ Raman spectroscopy (λexc 785 nm) of a poly-APCNDI modified Au working electrode. Rec-
orded states include the discharged (by cycling to -0.5 V and 0.8 V in order to release negatively (left) and 
positively (right) trapped charges, respectively, solid black lines), charge trapped (by cycling to -0.9 V (left) 
or 1.1 V (right) and back, blue and red lines) and fully charged state (by pausing the cyclic voltammogram at 
either -0.9 (left) or 1.1 (right) V, cyan and orange lines). In dichloromethane with 0.1 M TBAPF6 at a scan 
rate of 0.5 V s

-1
. 

Additionally, Raman bands at 1341, 1267, 718 and 588 cm-1 appear both upon oxidation and in 

the film that had underwent a cycle to positive potentials and subsequently to 0.0 V. Upon both 

reduction of the polymer film and after a reductive cycle in which the potential is returned to 0.0 

V, bands at 1413 and 1374 cm-1 are observed. Furthermore, these bands decrease in intensity 

concomitant with the appearance bis-carbazole monocation modes upon oxidation. The band at 

1413 cm-1 is assigned to a naphthalene aromatic C-C stretching by comparison with the resonance 

Raman spectrum of APCNDI monomer recorded at λexc 355 nm. Similarly, the bands at 541 cm-1 

and 1374 cm-1 correspond to those at 537 cm-1 and 1386 cm-1, respectively, in APCNDI. Hence, 

positive or negative charges trapped in the polymer film can be assigned as due to kinetically 

trapped cationic and anionic forms of the bis-carbazole and NDI moieties, respectively.  

Erasing and rewriting of this three state charge trapping system can be achieved by application of 

positive and negative potentials (Figure 17). Reduction of the film followed by polarization of the 

electron to 0.0 V resulted in the appearance of a discharge peak on cycling to positive potentials 

even after a 30 min delay. 

 

Figure 17. Sequential cyclic voltammetry of a gold macro electrode poly-APCNDI modified film in monomer 
free solution (dichloromethane with 0.1 M TBAPF6, scan rate 0.1 V s

-1
, with Ag/AgCl reference and Pt coun-

ter electrode, “n-charging” carried out by a reductive cycle to -0.9 V). Cyclic voltammograms were recorded 
of a charged film, read-out after 30 min storage in air while charged, a subsequently discharged film, and 
thereafter immediately recharged film. 
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Conclusions 

The design of multifunctional surfaces and especially redox functional surfaces based on molecu-

lar components necessitates the proper orthogonal functioning of not only the ‘active’ compo-

nents but also the components required for polymer film formation. In this contribution we show 

that oxidative C-C coupling of carbazole is a versatile approach to the formation of stable redox 

polymer films when two carbazole units are tethered appropriately so as to enable sequential 

dimerization and thereby stepwise polymer growth. The key advantage to the bis-carbazole unit 

in polymer film formation is that the redox potential for the oxidation of monomer is coincident 

with that of the second oxidation of the bis-carbazole unit, thereby avoiding film growth limita-

tions seen with earlier systems. The unit connecting the two carbazole units is key to achieving 

this and in the present study an amino phenyl unit helps to lower the redox potential of the car-

bazole unit, however, the use of a diimide group in the bridge is essential to preclude interference 

by the formally, p-diaminobenzene motif. The insertion of an additional redox active naphthalene 

group to form APCNDI  and various precursors that led to design of the multifunctional electro-

polymerizable unit. Interestingly, whereas poly-APCCDI shows redox switchable photolumines-

cence, the APCNDI Donor-Acceptor-Donor system exhibits complete quenching of emission 

through intramolecular photo-induced electron transfer between the NDI and APC moieties. The 

quenching is sufficient to enable characterization of poly-APCNDI films in several redox states by 

resonance Raman spectroscopy. In particular, we demonstrate that charge trapping in sufficiently 

thick films of poly-APCNDI is kinetic and not thermodynamic. The combination of facile polymer 

film formation with highly controllable film thickness together with retention of the properties of 

the monomer APCNDI in the films, provide for a 3-state non-volatile memory with non-destructive 

optical readout and by resonance Raman spectroscopy. 

The supporting information can be found online at DOI: 10.1021/acs.jpcc.7b04288. 
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Chapter 3 

Solvation Dependent Redox-Gated Fluorescence Emission in 

a Diarylethene Based Sexithiophene Polymer Film 

Abstract Bringing the functionality of molecular systems to interfaces is essential to realizing their full potential. 

Avoiding cross-talk and loss of function when immobilized on surfaces is essential however. The photo-chromic 

and -physical properties of the dithienylethene and sexithiophene units of polymer films formed from a 

terthiophene-diarylethene bifunctional monomer are lost due to H-aggregation but are restored by solvent 

swelling of the film enabling electro- and photochromic switching and on/off control of fluorescence with 

memory. 
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Introduction 

Responsive surfaces have and continue to receive widespread interest1 owing to their 

applications ranging from cell culturing2 and biocompatibility,3 to microfluidic devices,4 droplet 

transport and wetting,5 sensor technologies6 and solar management systems, 7 and organic 

devices and electronics.8 A key challenge in developing responsive surfaces is to engineer a 

response to external stimuli such as light, heat, redox equivalents etc. and a common approach is 

to modify a surface with a self-assembled monolayer or polymer film which introduces the 

necessary functionality. Dually responsive systems in which two stimuli can be used orthogonally 

are of special interest because of the non-linear increase in functionality (number of states) that 

can be achieved. In particular, the control of fluorescence intensity both through excitation 

intensity and a secondary control (e.g. redox potential) is highly attractive due to the ease with 

which the state of the surface can be read.9 Furthermore, redox switching of polymer-modified 

surfaces potentially provides electrochemical control limited only by the rate of heterogeneous 

electron transfer between the electrode surfaces and the polymer film (i.e. rapid switching rates) 

and allows for potential to be used to control the extent of modulation by consideration of the 

Nernst equation.10 The challenge in the field of functional redox-polymers, however, lies both 

within the robustness (i.e. mechanical and chemical stability and film conductivity) of the redox 

cycling11 and, moreover, in the retention of the functionality of molecular components upon 

immobilization on surfaces.12 Ultimately, the goal is to generate polymers in which the function of 

the individual units in the polymer are disrupted neither by the act of electropolymerization nor 

by intercomponent interactions, or crosstalk.  

The diarylethene class of photochromic switches13 have been demonstrated to be highly 

versatile,14 e.g., for on/off control of molecular properties such as fluorescence,15 redox as well as 

photochemically triggered switching,16 etc. and hence their incorporation into polymer films 

offers considerable opportunities for photochemical and electrochemical control of surface 

properties.17 

A relatively simple approach to incorporating a dithienylethene switching unit into a redox 

polymer was demonstrated earlier by Areephong et al. in which it was modified by attachment of 

two bithiophene units directly to the dithienylethene core to yield 1 (Scheme 1). In the open form, 

1o underwent oxidative polymerization readily to form thick conducting films of a redox polymer 

(poly-1o), whereas in its closed form, 1c, polymerization was not observed upon oxidation, 

ascribed to the extended -conjugation in 1c and the coupling of the ‘radicals’ formed upon one-

electron oxidation of each half of the dithienyl ethene. Hence, the system provided for 

photochemical on/off switching of the polymerization of 1.18  

Although dithienylethene photochromic switches readily undergo thermal cyclization and 

cyclorevision upon 1-electron19 or 2-electron20 oxidation (depending on the precise structure of 

the diarylethene), in the case of 1 the rate of electrochemical ring closing was sufficiently low to 

allow for C-C coupling at the terminal thiophene carbons to be competitive and for polymer film 

formation to occur. The polymer films formed, however, were found to be inert to both 

photochemical switching and instead the spectroscopic and electrochemical properties of poly-1 

appeared to essentially those of an alkene bridged poly-sexithiophene polymer.21  
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Scheme 1. Photoswitching of the electropolymerisation  of a bis-terthiophene diarylethene (1).
18

 Photochemically 
driven electrocyclization of the open form prevents oxidative coupling of the thiophene end-groups. 

Spectroscopic comparison with model compound 222 (Scheme 2), for which the open state forms 

H-aggregates in solution at below 200 K, indicated that the extent of H-type interactions23  in the 

polymer film was substantial and hence rapid excited state deactivation due to Davydov splitting 

precluded both fluorescence and photochemical switching. 24 The introduction of a phenyl spacer 

unit between the dithienylethene and the dithiophene units restored the switching functionality 

of the dithienylethene unit in a polymer film, however, the quantum yield for photochemical 

switching was still lower than that observed in solution.25 The use of a methoxystyryl unit in place 

of the bithiophene unit allows for electropolymerization also with retention of the photo- and 

electro-chemical switching properties of the dithienylethene unit, however, this is achieved at the 

cost of film thickness and poor film stability under UV irradiation.26 Recently, we demonstrated an 

alternative approach towards the preparation of photochemically switchable redox-polymers in 

which the functional unit (a bis-spiropyran) was formed concomitant with polymerization of the 

monomer units.  This approach provides polymer films in which the properties of the switching 

unit observed in solution are retained fully in the polymer.27 With these later approaches the 

photochromic functionality of dithienylethene switching unit is retained, however, the 

opportunity to modulate the intense fluorescence of the sexithiophene unit by dual redox and 

photochemical control is lost.  Although films of poly-1 were found to be photochemically inert 

and show little or no fluorescence, the excellent properties of poly-1 in regard to 

electropolymerization, electrochromic response and film stability prompted us to reexamine its 

photochemical and photophysical properties.  

 

Scheme 2. Structure of the dithienylethene dimer model compound (2).
22
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In this contribution we show that the photochemistry and photophysics of the alkene bridged 

sexithiophene redox polymer formed by oxidative electropolymerization of the bis(terthiophene)-

hexafluorocyclopentene photochromic switch (1) can be reactivated by immersion of the polymer 

film in dichloromethane. The recovery of the switching and fluorescence properties of poly-1 is 

ascribed to the disruption of the H-aggregation between the sexithiophene units within the 

polymer film, presumably due to film swelling. The reactivation is achieved without concomitant 

desorption of polymer film from the surface. Furthermore, we show that, in stark contrast to the 

polymer’s properties in the dry state, the photophysics of poly-1 are essentially as expected for 

both a sexithiophene in terms of fluorescence and singlet oxygen generation28 and a 

dithienylethene in terms of reversible photochromic switching (i.e. cyclization and cycloreversion) 

and electrochemical ring closing. These data demonstrate that retention of the functional 

properties of the subunits within a photoswitchable polymer can be achieved through disruption 

of intermolecular interactions and, the corollary, that environmental conditions can be used to 

regain control over the photochemical and photophysical behavior of the films. 

Experimental Section 

Materials.  

TBAPF6 (Aldrich) and spectroscopic-grade DCM (UVASOL) were used without further purification 

for electrochemical and spectroscopic measurements. 2-(4-(3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-

(5-(thiophen-2-yl)thiophen-2-yl)thiophen-3-yl)cyclopent-1-enyl)-5-methylthiophen-2-yl)-5-

(thiophen-2-yl)thiophene and the (2-(5-(4-(3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-phenylthiophen-

3-yl)cyclopent-1-enyl)-5-methylthiophen-2-yl)thiophen-2-yl)thiophene)-dimer model compound 

were available from earlier studies.18,22 

Physical Methods.  

UV/vis absorption spectra were obtained on an Analytik Jena Specord600 spectrometer. 

Electrochemical data were obtained using a 600C or 760B electrochemical workstation (CH 

Instruments). The working electrodes used were a Teflon-shrouded Au electrode (3 mm 

diameter), indium tin oxide (ITO) on glass slides (1 cm × 3 cm) and a platinum disc electrode (2 

mm diameter). A platinum wire was used as an auxiliary electrode, and a Ag/ AgCl or a saturated 

calomel electrode (SCE) was used as the reference electrode. All potential values are quoted with 

respect to the SCE. Cyclic voltammograms were obtained at a sweep rate of 100 mV s−1 in 

anhydrous DCM containing 0.1 M TBAPF6. Irradiation at 365 nm (4.1 mW), 420 nm (8 mW), 490 

nm (2 mW), and 660 nm (4.5 mW) was carried out using LEDs (Thorlabs). Raman spectra at 633 

nm were acquired using an Olympus BX51 microscope coupled to a HeNe Laser (10 mW, 

Thorlabs) and a Shamrock 163 spectrograph and iDus-420-OE CCD (Andor Technology). Raman 

(488 nm) and fluorescence spectra were recorded using a Nikon Eclipse inverted microscope 

coupled to a Shamrock 303i spectrograph and iVac-OE CCD camera (Andor Technology) with 

excitation provided by 405 and 488 nm laser (Andor laser combiner/AOTF) using a 60x objective. 

Results and discussion 

As reported earlier,18 the terthiophene end groups of 1 can undergo oxidative coupling to form 

sexithiophene-linked dithienylethene polymers. The intermolecular coupling competes with 

electrocyclization of the dithienylethene unit. During electropolymerization reversible redox 
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waves at 0.8 and 1.1 V emerge due to the formation of the hexafluorocyclopentene bridged 

sexithiophene polymer on the surface.29 The redox polymer, poly-1, forms readily on a wide range 

of conducting surfaces including glassy carbon, ITO, Au and Pt electrodes.18  

A first indication that the photophysical properties of poly-1 films are not suppressed entirely in 

the film is apparent from the effect of irradiation with visible light (e.g. 420 nm) on poly-1 films on 

ITO immersed in acetonitrile. Rapid bleaching of the yellow film was observed in the region 

irradiated indicating film degradation, which was confirmed by visible absorption spectroscopy 

and Raman microspectroscopy (Figure 1). The degradation of the polymer film is restricted to the 

region irradiated and hence opens the possibility to photo-patterning of the slide after 

electropolymerization in addition to patterning by ring closing of the monomer (1) before 

polymerization. 

 

Figure 1. Irradiation of a poly-1 modified ITO slide immersed in dichloromethane results in permanent 

bleaching of the yellow polymer. The resonance Raman spectrum (exc 633 nm) of the dry ITO electrode at 
a point near the irradiated area shows that intensity of the band at 1480 cm

-1
 increases relative to the band 

at 1455 cm
-1

 indicative of the presence of the closed form of the dithienylethene also.
30

 

As expected, the resonance Raman spectrum of poly-1 was observed only outside of the 

irradiated region. Notably, however, the relative intensity of the Raman bands at 1455 cm-1 and 

1480 cm-1  was no longer constant over the whole film, indicating that in addition to film loss, 

poly-1 had underwent an additional change in its molecular structure (e.g., cyclization of the 

dithienylethene units). The presence of cyclized dithienylethene units near the irradiated region 

was confirmed by comparison with the Raman spectra of the open and closed forms of the model 

compound 2 in acetonitrile and in the solid state. The band of 2 at 1480 cm-1 increases in intensity 

relative to the band at 1455 cm-1 (vide infra) upon cyclisation. Hence, although poly-1 is stable to 

irradiation as a dry film, when immersed in solvent it undergoes both photochemically induced 

cyclization of  the dithienylethene moieties and irreversible bleaching due to the 

photosensitization of oxygen (for which oligothiophenes generally show good efficiency, vide 

infra). 28 These data prompted us to revisit the redox and photochemistry of poly-1 in solution. 

Irradiation of poly-1 with red light (660 nm) had no effect on its cyclic voltammetry. In contrast 

irradiation resonant with the absorption bands of poly-1 in air equilibrated acetonitrile or 

dichloromethane results in a rapid loss in current response at 0.8 V (Figure 2), which is consistent 

with the loss of visible absorption and Raman scattering. The decrease in current was observed 
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both while irradiating during cyclic voltammetry and when the irradiation was conducted only in 

the neutral state (SOI, Figure S2).  

 

Figure 2. (left) Continuous cyclic voltammetry during irradiation (λexc 420 nm) of a poly-1 gold disc electrode 
(3 mm diameter) in dichloromethane (0.1 M TBAPF6, scan rate 0.1 v s

-1
, SCE reference and platinum counter 

electrode) with oxygen present. (right) The evolution in current of the first and second oxidation waves as a 
function of cycle number. 

Recovery of the redox waves is not observed upon irradiation at 660 nm or thermally over 3 days. 

Furthermore the redox response continues to decrease, albeit at a lower rate, even after visible 

irradiation had ceased. The involvement of oxygen was confirmed by the absence of an effect of 

visible irradiation under oxygen free conditions (Figure 3, left). Irradiation of the film under an 

argon atmosphere results in only a slight modification of the films redox response initially and no 

further changes even under prolonged irradiation. Purging with oxygen during irradiation results 

in rapid loss in the redox response once again (Figure 3, right). 

 

Figure 3. Cyclic voltammetry of a poly-1 modified platinum macro electrode (d = 3 mm) in dichloromethane 
(0.1 M TBAPF6, scan rate 0.1 v s

-1
, SCE reference and platinum counter electrode) while irradiating (λexc 420 

nm) (left) under argon atmosphere and (right) after oxygenation. 

Although visible irradiation in the presence of oxygen leads to rapid film bleaching, irradiation 

under argon results in reversible changes to the voltammetry of poly-1 films. Hence the polymer 

film bleaching was attributed to singlet oxygen generation, typical of thiophenes,28 a property 

which is seemingly restored when wetted. Comparison with a well characterized singlet oxygen 

generator, zinc tetraphenylporphyrin,31 confirmed the reappearance of this photophysical 

property at a quantum yield of approximately 10% for the dimer model compound (SOI, Figure 
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S3). Furthermore, irradiation of poly-1 at 365 nm at conditions not owing to singlet oxygen 

generation, i.e. in dichloromethane under argon, results in a minor decrease in absorbance at 410 

nm and an increase in absorbance at 690 nm (Figure 4a), consistent with ring closing of the 

dithienylethene unit. The Raman spectrum of the slide shows an increase in the band at 1480 cm-

1 relative to 1455 cm-1, which is also in agreement with the changes observed in solution upon 

going from open to closed form (Figure 5).  

 

Figure 4. In situ switching of a poly-1 modified ITO slide to the closed form (left, λexc 365 nm) and back 
(right, λexc 660 nm) in dichloromethane under argon. 

Subsequent irradiation at 660 nm results in a recovery of the original spectrum (Figure 4b). 

Moreover, the cyclic voltammograms of the slide before and after switching shows that the 

polymer film is intact confirming that in the absence of oxygen the film indeed does not undergo 

photodegradation (SOI, Figure S4). The photostationary state reached of the polymer is 

determined to be ca. 30% closed form, estimated by comparison with the absorption of the fully 

closed model compound 2 in solution.21 

 

Figure 5. Raman spectrum of (top) 2 (c) in CH3CN (PSS at 365 nm) and (bottom) a dry poly-1 modified ITO 
slide after irradiation at 365 nm while immersed in dichloromethane under argon. 

Although the fluorescence of poly-1 is quenched in dried films (which allows for facile recording 

of its resonance Raman spectra, vide supra), wetting of the film with acetonitrile results in a 

reappearance of weak fluorescence. In contrast, wetting with dichloromethane results in the 

appearance of intense fluorescence. The difference in the effect of each solvent may reflect their 

relative abilities to swell the polymer film and disrupt the intermolecular H-type interactions. The 
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fluorescence rapidly decreases to close to zero again upon solvent evaporation, and ultimately to 

zero over the course of about 40 more seconds (SOI, Figure S5), and repeated 

wetting/evaporation cycles can be performed (Figure 6). 

 

Figure 6. Fluorescence spectra of a poly-1 modified ITO electrode upon wetting with DCM (λexc 405 nm).  

In addition to the evaporation of the solvent ‘switching off’ the fluorescence of poly-1, 

electrochemical oxidation of the film has an equally pronounced effect (SOI, Figure S6). The 

electrochemical oxidation of the film was monitored readily by in situ Raman/fluorescence 

spectroelectrochemistry. The relatively weak fluorescence in acetonitrile allows for simultaneous 

observation of both fluorescence and resonance Raman scattering from poly-1. Oxidation results 

in a disappearance in both the emission and Raman scattering (as neither the mono- nor di-cation 

absorb significantly at 488 nm), which both recover upon re-reduction to the neutral state. 

In dichloromethane, the emission of poly-1 overwhelms the Raman scattering, but again oxidation 

results in a near complete loss in fluorescence, which is reversed upon re-reduction (Figure 7, 

lower). A detailed analysis of the changes which occur during polarization/depolarization of the 

electrode with respect to emission intensity is that the initial emission (Figure 7 upper, black line) 

decreases to almost zero upon polarization at 1.0 V for 60 seconds before the start (t = 0 s) of the 

experiment. Afterward the potential was stepped back to 0.0 V and held at that potential for the 

remainder of the experiment, without excitation for the first 60 s. The emission spectrum 

obtained immediately after was weak (Figure 7 upper, red line) but recovered gradually while 

under irradiation towards its original state. Notably the recovery of fluorescence did not occur 

unless the film was under irradiation, as signified by the further recovery under on/off switching 

of the excitation. These data indicate that at least partial oxidatively driven cyclization of the 

dithienylethene units in the polymer film occurred at 1.0 V. 
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Figure 7. (upper) Fluorescence spectroelectrochemistry and (lower) the corresponding integrated emission 
intensity over time of a poly-1 modified platinum electrode. Oxidation at 1.0 V to the dicationic and 
subsequent depolarization at 0.0 V does not result in an immediate recovery of emission. Excitation 
(shaded regions) results in rapid recovery of the emission intensity due to cycloreversion of the closed 
dithienylethene units.  

A key aspect of device performance is response time (switching rate). In the case of redox 

polymers the rate of charging and discharging of films is limited by the mobility of charge carriers 

in the film (i.e. intermolecular electron self-exchange rates). Hence, the response time of a film to 

a change in electrode potential would be expected to increase with film thickness and indeed a 

response time of up to tens of seconds before the fluorescence intensity reaches a steady state 

was observed upon film reduction at 0.0 V. Furthermore the films described above are sufficiently 

thick to observe kinetic charge trapping upon film reduction also. Hence, the intrinsic response of 

the films to changes in electrode potential were explored using thinner films (with film thickness 

controlled by the number of cycles used during polymer formation), albeit with an associated 

decrease in absolute fluorescence intensity. Nevertheless for the thinner film, switching off the 

fluorescence is achieved within a few seconds, while subsequent on-switching is even faster. 

Stepped polarization/depolarization of the electrode (at 0.0 and 1.0 V, respectively) for increasing 

periods of time under continuous irradiation at 405 nm shows the rapidity with which 

fluorescence can be quenched by electrochemical oxidation. Oxidation at 1.0 V resulted in a near 

complete switching off of the emission within several seconds. Notably, the time over which the 
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potential is held at 1.0 V had a marked effect on the time taken for the films emission to reach 

maximum intensity. After several seconds at 1.0 V, switching polarization to 0.0 V resulted in a 

near immediate recovery in emission intensity. As the duration of oxidation increases the 

recovery took longer once the polarization was switched to 0.0 V. Of note is that the rate of 

immediate recovery of emission at 0.0 V, i.e. the re-reduction of the still open form, was relatively 

constant (Figure 8). 

 

Figure 8. Emission intensity at selected wavelengths for a thin poly-1 film on a platinum electrode over time. 
Spectra were recorded continuously (λexc 405 nm) during alternating polarization of the electrode at 0.0 and 
1.0 V with 10, 15, 20, 30, 40 and 50 s intervals. 

The electrochemical ring closing upon oxidation of the polymer film is therefore shown to be 

slowly established, as longer periods of oxidation cause a higher dependence on ring opening 

towards the fluorescent form (Scheme 3). 

 

Scheme 3. Mechanism of the slowly established electrochemical ring closing of the polymer responsible for 
fluorescence quenching upon oxidation and its subsequent reactivation by irradiation with visible light. 

Conclusion 

In conclusion, the sexithiophene-diarylethene hybrid polymer, poly-1, although photochemically 

and photophysically inactive when dry, shows a remarkable recovery in photoswitching and 

fluorescence when the film is immersed in solvent, ascribed to disruption of the H-Type 

intermolecular interactions due to solvent swelling of the film (Scheme 4). 
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Scheme 4. Reactivation pathway of the photochemistry and photophysics in a sexithiophene-linked dithienylethene 
switchable polymer with the added possibility of photopatterning by singlet oxygen generation. 

The reactivation of the photochemical properties of the film includes oxygen sensitization, which 

results in oxidation and eventual film bleaching at the irradiated area, enabling facile post-

polymerization patterning of films. In the absence of oxygen the cyclization of the dithienylethene 

moieties is driven both photochemically and electrochemically. This together with the switching 

of luminescence by polarization of the polymer modified electrode at 1.0 V allows for volatile 

information storage. Emission is reactivated by photochemical ring opening of the 

dithienylethene moieties upon depolarization of the electrode at 0.0 V. In summary, poly-1 

modified electrodes can serve as functional memory devices, as oxidation can be used to write 

information, short bursts of visible light to read and long bursts to erase and re-write the state of 

the film. Additionally, the properties of the functional system can be tuned by varying the film 

thickness. Increased fluorescence intensity and photochromism is paired with longer response 

times due to slow diffusion of charges within the polymer film. On the other hand, a thin film 

allows for much faster response times with lower overall emission intensity. Ultimately, this 

approach of seeking to circumvent quenching effectively allows for reactivation of the functional 

units which were previously thought to be practically deactivated upon polymerization. 

The supporting information can be found online at DOI: 10.1002/adom.201600330 
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Chapter 4 

A Remarkable Multitasking Double Spiropyran: Bidirectional 

Visible-Light Switching of Polymer-Coated Surfaces with Dual 

Redox and Proton Gating 

Abstract Smart or functional surfaces that exhibit complex multimodal responsivity, e.g., to light, heat, pH, etc., 

although highly desirable, require a combination of distinct functional units to achieve each type of response and 

present a challenge in achieving combinations that can avoid cross-talk between the units, such as excited-state 

quenching. Compounds that exhibit multiple switching modalities help overcome this challenge and drastically 

reduce the synthetic cost and complexity. Here we show that a bis-spiropyran photochrome, which is formed 

through coupling at the indoline 5-position using redox chemistry, exhibits pH gated photochromism, with 

opening of the spiro moiety by irradiation with UV light and the expected reversion by either heating or 

irradiation with visible light gated by protonation/deprotonation. Remarkably, when the photochrome is oxidized 

to its dicationic form, bis-spiropyran2+, visible light can be used instead of UV light to switch between the spiro 

and merocyanine forms, with locking and unlocking of each state achieved by protonation/deprotonation. The 

formation of the bis-spiropyran unit by electrochemical coupling is exploited to generate “smart surfaces”, i.e., 

polymer-modified electrodes, avoiding the need to introduce an ancillary functional group for polymerization and 

the concomitant potential for cross-talk. The approach taken means not only that the multiresponsive properties 

of the bis-spiropyran are retained upon immobilization but also that the effective switching rate can be enhanced 

dramatically. 

 

 

This chapter was published as: L. Kortekaas, O. Ivashenko, J. T. van Herpt and W. R. Browne, J. Am. 

Chem. Soc., 2016, 138, 4, 1301-1312. DOI: 10.1021/jacs.5b11604. The Supporting information can 

be found online. 



Chapter 4 

60 

 

4
 

 

Introduction 

Surfaces that respond to external stimuli to enable changes in surface properties,1 such as 

wettability,2 adhesion,3 surface roughness,4 and biocompatibility,5 have received widespread 

interest with applications in fields as diverse as sensor technologies,6 cell culture,7 solar 

management systems8, fluorescence modulation9 and electro- and photochromic devices.10 In 

particular, surfaces that allow switching of surface properties through external stimuli, have been 

applied extensively in the control of cell growth through patterning of surfaces not only prior to 

cell growth but also during the process, which has enabled a deeper understanding in the factors 

that control cell morphology and growth direction.11 Furthermore, photoswitchable modified 

electrodes have been applied extensively, in particular with spiropyrans, to the control of 

interfacial electron transfer kinetics, as demonstrated elegantly by Katz, Willner, and others.12 

Photo- and redox-switching of surface properties through self-assembled monolayers and 

polymers is of particular interest, as they offer the possibility of rapid and complete control.13 

These functionalized surfaces are attractive because of the wide range of approaches that can be 

taken toward their preparation including activated substrates,14 self-assembly through thiol- or 

alkylsiloxy-terminated aliphatic chain ends,15 functionalized polymers,16 and plasma-induced 

grafting.17 Two key challenges faced in introducing responsiveness lie in the requirement for 

chemical compatibility between the method used for surface modification and the switching unit 

and, more importantly, the retention of photochromic response after immobilization.18 

Among the many approaches to surface modification, the in situ electrochemical formation of 

polymers at electrode surfaces provides a simple yet robust method for obtaining electroactive 

thin films and has been applied in a number of systems incorporating photochromes such as 

stilbenes,19 diarylethenes,20 and spiropyrans.21 A challenge presented in using 

electropolymerization is that it typically requires the addition of a second functional 

(electropolymerizable) group in addition to the photochromic unit and hence risks “cross-talk” 

between the functioning of the polymerizable unit and the photoresponsive unit (vide infra, 

Scheme 2). The central challenge is to avoid the loss of photochemical performance after 

polymerization. For example, in the case of a dithienylperfluorocyclopentene photochromic 

switch to which two bithiophene units were appended, electropolymerization to form ethene-

bridged sexithiophene polymers proceeded smoothly when the monomers were in the colorless 

open form but was prevented by photochemical ring-closing of the monomer.22 However, neither 

the photochemical switching nor the photoluminescence of the switch were retained in the 

polymer films because of quenching due to H-aggregation of the sexithiophene units.23 One 

approach that has been taken to prevent the loss of photochromic function upon 

electropolymerization is to introduce a spacer unit between the photoswitchable moiety and the 

unit responsible for electropolymerization.24,25 Although this approach leads to polymer films that 

show reversible photochemical switching, the methoxystyryl units used to form the polymer 

through oxidative coupling resulted in poor photostability of the film overall, especially upon 

irradiation with UV light.25 

In the present contribution, an alternative approach is taken to circumvent these complications 

by avoiding the use of a separate functional unit for electropolymerization. Here we take 

advantage of the oxidative dimerization of spiropyran 1 (vide infra; Scheme 1)26,27 to form the 

polymer film and, simultaneously, the photochromic unit, i.e. the bis-spiropyran, thereby avoiding 
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the need to include a separate functional unit for polymerization. We show that the bis-

spiropyran unit formed exhibits unprecedented redox- and H+-gated photochromism (Scheme 2) 

and that these properties are retained after immobilization on conducting surfaces. 

 

Scheme 1. Structures of spiropyran 1 and double (alkyl ester-bridged) spiropyrans 2 and 3. Immobilization of 2 and 3 is 
achieved through sequential oxidative coupling of the indoline units.

28
  

The photochromic properties of spiropyrans were first reported in 1952,29 and they have been 

applied widely since in molecular-based devices.30 The photochromism of spiropyrans is based on 

interconversion between the spiro (SP) and merocyanine (MC) forms (Scheme 2, top left). Upon 

irradiation with UV light, the spiropyran is converted to its merocyanine form, with reversion 

upon irradiation with visible light as well as thermally. Additionally, for a number of spiropyrans 

the photostationary state has been reported to shift in favor of the merocyanine form in the 

presence of a source of H+.31 The absorption spectrum of the protonated merocyanine is distinct 

from that of the nonprotonated merocyanine,32 but nevertheless, irradiation with visible light 

regenerated the spiropyran form with rerelease of the H+, a behavior that has indeed proven 

useful in exerting subtle control over pH.33 
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Scheme 2. pH- and redox-gated photochemical switching between the bis-spiropyran (5) and its bis-merocyanine 
form. 

Although the redox chemistry of spiropyrans has been noted on several occasions, their potential 

use in electrochemical applications has focused primarily on the change in polarity induced by 

photochemical switching.34,35,36 The first report of the redox chemistry of the spiropyran unit itself 

was by Campredon et al. in 1993.37 However, the electrochemical mechanisms observed38 were 

clarified only relatively recently when it was established that dimerization through the 5-position 

of the indoline unit of, e.g., 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 

octanoate (1) (Scheme 3) occurs.27 Such dimerization was shown to be blocked effectively by the 

incorporation of a methyl group at that position (i.e., in 6).27 The dimerization of spiropyrans is 

manifested in their cyclic voltammetry by an irreversible oxidation at ca. 1.05 V vs SCE (Scheme 3), 

which results in coupling and subsequent double deprotonation. The bis-spiropyran formed is 

oxidized immediately to its dicationic state and subsequently undergoes stepwise reduction at ca. 

0.8 and 0.65 V vs SCE. Overall its voltammetry resembles that of [3,3’,5,5’-

tetramethylbenzidine]2+.39 The fact that spiropyrans can undergo oxidative coupling in this way 

presents opportunities for the utilization of both their electro- and photochemistry29,40 and raises 

questions regarding the photochemistry of the bis-spiropyran formed (Scheme 3). 
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Scheme 3. (a) Mechanism for oxidative dimerization of 1 to form bis-spiropyran 5 and (inset) the corresponding cyclic 
voltammetry. (b) Reversible one-electron oxidation of 6, for which the methyl group at the indoline 5-position 
prevents carbon-carbon bond formation. Data shown in insets are taken with permission from Ivashenko et al.

27 

In this work, we took advantage of the propensity of spiropyran 1 to undergo oxidative 

dimerization to form redox- and photoresponsive films through electropolymerization. Two 

spiropyrans were tethered covalently using bisester linkers of various lengths attached at the 

indoline nitrogen to form 2 and 3 (Scheme 1). Electrochemical coupling of two spiropyrans 

enabled the formation of polymers of alkyl diester-bridged bis-spiropyrans, in the case of 2 and 3.  

We show that although the already limited photochromic response of the bis-spiropyran (5) in 

solution is reduced further upon immobilization, the H+-gated and electrochemically gated 

photochromic response is retained fully on the polymer-modified electrodes. Furthermore, 

immobilization as a thin film on an electrode allows for more rapid electrochemical/H+-gated 

switching, with visible rather than UV light, than can be achieved in solution. Hence, rather than 

losing responsivity upon immobilization, as is often the case, the present system provides even 

more rapid access to the H+-gated and electrochemically gated photochromism of 5. 
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Experimental Section 

Materials.  

2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethanol (4) was synthesized following 

literature procedures.41 All of the chemicals for electrochemical measurements and for the 

synthesis of bis(2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl) succinate and 

bis(2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl) adipate were purchased from 

Aldrich or Acros and were used without further purification. Dichloromethane (DCM) was distilled 

over calcium hydride before use for chromatography, and spectroscopic-grade DCM (UVASOL) 

was used without additional purification for spectroscopic and electrochemical measurements. 

Synthesis of bis(2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl) succinate (2). 

 Compound 4 (0.58 g, 1.64 mmol), N,N-dimethylaminopyridine (DMAP) (0.20 g, 1.64 mmol), N,N-

dicyclohexylcarbodiimide (DCC) (0.35 g, 1.7 mmol), and succinic acid (0.09 g, 0.82 mmol) were 

dissolved in DCM (50 mL) and stirred overnight at room temperature. The solution was washed 

with water (3 x 30 mL) and the organic layer was dried over Na2SO4. The solvent was removed in 

vacuo and the residue was purified by column chromatography over silica gel using pentane with 

an increasing gradient of ethyl acetate as the eluent, providing the product as a pink solid in 58% 

yield (0.75 g, 0.95 mmol). Mp: 81.0-83.5°C. 1H NMR (CDCl3): δ 8.03 (d, J = 2.6 Hz, 2H), 7.98 (s, 2H), 

7.19 (t, J = 7.7 Hz, 2H), 7.09 (d, J = 6.5 Hz, 2H), 6.91 (d, J = 9.7 Hz, 2H), 6.89 (t, J = 8.1 Hz, 2H), 6.74 

(d, J = 9.7 Hz, 2H), 6.65 (d, J = 7.7 Hz, 2H), 4.32-4.14 (m, 4H), 3.60-3.28 (m, 4H), 2.51 (s, 4H), 1.27 

(s, 6H), 1.15 (s, 6H). 13C NMR (CDCl3): δ 172.1, 159.5, 146.7, 141.2, 135.8, 128.5, 128.0, 126.1, 

122.9, 122.0, 121.9, 120.1, 118.6, 115.7, 106.8, 106.6, 62.9, 53.0, 42.5, 28.9, 26.0, 20.0. ESI-MS: 

m/z 787.2980 [M+H]+; calcd for C44H43N4O10, 787.2974. Anal. Calcd for C44H42N4O10: C, 67.2; H, 

5.38; N, 7.12. Found: C, 67.4; H, 5.48; N, 6.98. 

Synthesis of bis(2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl) adipate (3).  

Compound 4 (1.00 g, 2.8 mmol), DMAP (0.34 g, 2.8 mmol), DCC (0.62 g, 3.0 mmol) and adipic acid 

(0.20 g, 1.4 mmol) were dissolved in DCM (50 mL) and stirred overnight at room temperature. 

The solution was washed with water (3 x 30 mL) and dried over Na2SO4. The solvent was removed 

in vacuo, and the residue was purified by column chromatography over silica gel using pentane 

with an increasing gradient of ethyl acetate as the eluent, providing the product as a pink solid in 

65% yield (0.73 g, 0.91 mmol). Mp: 77.8-77.9°C. 1H NMR (CDCl3): δ 8.02 (d, J = 2.6 Hz, 2H), 8.00 (s, 

2H), 7.19 (t, J = 7.7 Hz, 2H), 7.08 (d, J = 7.1 Hz, 2H), 6.92 (d, J = 10.1 Hz, 2H), 6.89 (t, J = 7.7 Hz, 

2H), 6.74 (d, J = 8.5 Hz, 2H), 6.67 (d, J = 7.8 Hz, 2H), 5.87 (d, J = 10.4 Hz, 2H), 4.31-4.11 (m, 4H), 

3.55-3.34 (m, J = 21.4 Hz, 15.1 Hz, 6.3 Hz, 4H), 2.22 (bs, 4H), 1.55 (m, 4H), 1.28 (s, 6H), 1.16 (s, 

6H). 13C NMR (CDCl3): δ 173.1, 159.5, 146.8, 141.2, 135.8, 128.5, 128.0, 126.1, 122.9, 122.0, 

121.9, 120.1, 118.6, 115.7, 106.8, 106.6, 62.6, 53.0, 42.5, 33.8, 26.0, 24.3, 20.0. ESI-MS: m/z 

815.3419 [M+H]+; calcd for C46H47N4O10: 815.3827. Anal. Calcd for C46H46N4O10: C, 67.8; H, 5.69; N, 

6.88. Found: C, 67.6; H, 5.93; N, 6.68. 

Synthesis of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’-yl)ethyl octanoate (1).  

Compound 4 (1.11 g, 3.0 mmol), octanoic acid (0.47 g, 3.3 mmol), N-(3-(dimethylamino)propyl)-

N’-ethylcarboiimide hydrochloride (EDCI), (0.63 g, 3.3 mmol) and N-hydroxybenzotriazole (HOBt) 
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(0.42 g, 3.1 mmol) were dissolved in 40 mL of DCM, and the solution was stirred overnight under 

a nitrogen atmosphere. The organic layer was washed with aqueous NaHCO3 (2 x 20 mL) and 

water (3 x 20 mL) and dried over MgSO4. DCM was removed in vacuo. Purification of the crude 

product by column chromatography over silica gel using pentane with an increasing gradient of 

DCM as the eluent provided the product as a yellow solid in 23% yield (0.33 g, 0.69 mmol). 1H 

NMR (CDCl3) δ 0.86 (m, J = 6.8 Hz, 3H), 1.14 (s, 3H), 1.17-1.30 (br, 8H), 1.27 (s, 3H), 1.53 (m, 2H), 

2.22 (t, J = 6.8 Hz, 2H), 3.38 (m, 1H), 3.45 (m, 1H), 4.16 (m, 1H), 4.22 (m, 1H), 5.87 (d, J = 10.3 Hz, 

1H), 6.66 (d, J = 8.4 Hz, 1H), 6.72 (d, J = 7.8 Hz, 1H), 6.87 (m, 2H), 7.06 (d, J = 7.3 Hz, 1H), 7.19 (t, J 

= 7.8 Hz, 1H), 7.98 (s, 1H), 8.00 (d, J = 7.3 Hz, 1H). 

Synthesis of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’-yl)ethyl octanoate dimer (5).  

Compound 1 (0.20 g, 0.42 mmol) was dissolved in 20 mL of CH3CN and 163 mg of Cu(ClO4)2 · 6 

H2O was dissolved in 400 µL of water. The aqueous solution containing Cu(ClO4)2 · 6 H2O was 

added to the organic solution, and the reaction mixture was stirred at room temperature for 24 h. 

The solvent was then evaporated under reduced pressure, and the crude material was dissolved 

in 40 mL of DCM and filtered. The filtrate was washed with a saturated solution of NaHCO3 

containing 5% EDTA (3 x 20 mL). The organic phase was then dried over Na2SO4 and the solvent 

was distilled in vacuo to afford a brown solid. Purification by preparative TLC (silica, 20 cm x 20 

cm, 1500 μm) with 30% EtOAc/pentane as the eluent yielded, next to the starting material, the 

product in 34% yield (34 mg, 0.036 mmol). 1H NMR (CDCl3): δ 0.85 (t, 3H), 1.10-1.40 (br, 13H), 

1.57 (m, 3H), 2.24 (m, 2H), 3.47 (m, 2H), 4.24 (m, 2H), 5.91 (d, 1H), 6.73 (d, 1H), 6.78 (d, 1H), 6.93 

(d, 1H), 7.24 (s, 1H), 7.33 (d, 1H), 8.01 (s, 1H), 8.06 (m, 1H). 

Physical Methods.  

1H and 13C NMR spectra were obtained on a Varian Mercury Plus 399.93 MHz spectrometer. 

Chemical shifts (δ) are reported in parts per million and coupling constants in hertz. Integrations 

are also reported, and multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, br = 

broad singlet, m = multiplet. Chemical shifts are reported with respect to tetramethylsilane and 

referenced to residual solvent (CHCl3) signals. Mass spectra were recorded on a ThermoScientific 

LTQ Orbitrap XL spectrometer. UV/vis absorption spectra were obtained on an Analytik Jena 

Specord600 spectrometer. Electrochemical data were obtained using a 600C or 760B 

electrochemical workstation (CH Instruments). The working electrodes used were a Teflon-

shrouded glassy carbon electrode (3 mm diameter), indium tin oxide (ITO) on glass slides (1 cm x 

3 cm), a platinum disc electrode (2 mm diameter), and gold beads.42 A platinum wire was used as 

an auxiliary electrode, and a Ag/AgCl reference electrode or a saturated calomel electrode (SCE) 

was used as the reference electrode. Cyclic voltammograms were obtained at a sweep rate of 100 

mV s−1 in anhydrous DCM containing 0.1 M tetrabutylammonium chloride with analyte 

concentrations of 0.5 to 2 mM unless stated otherwise. All potential values are quoted with 

respect to SCE. Redox potential (Ep,a, anodic peak potential; Ep,c, cathodic peak potential; E½ = 

(Ep,a+Ep,c)/2) values are ±10 mV. UV/vis absorption spectroelectrochemistry of 5 was carried out 

using an optically transparent thin-layer electrochemical (OTTLE) cell (a liquid IR cell modified with 

Infrasil windows, platinum mesh working and counter electrodes and a Ag/AgCl reference 

electrode; University of Reading) mounted in a Specord600 UV/vis absorption spectrometer with 

the potential controlled by a CHI760B potentiostat. The Ag/AgCl reference electrode of the OTTLE 
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cell was prepared by anodization at 9 V with a platinum wire cathode in 3 M KCl(aq). In situ UV/vis 

absorption spectroelectrochemistry of poly-2 and poly-3 was carried out by initial modification of 

an ITO electrode by cyclic voltammetry followed by transfer to a quartz cuvette as an 

electrochemical cell. Irradiation at 365 nm (4.1 mW), 490 nm (2 mW), and 660 nm (4.5 mW) was 

provided by laser diodes (Thorlabs). 

Results and discussion 

The syntheses and electrochemical and spectroscopic characterizations of compounds 4,41 1 and 

526 (Scheme 4) were reported earlier. Although electrochemical dimerization of 1 was carried out 

previously,27 for convenience oxidative dimerization of 1 was carried out with a Cu(II) salt using 

the method described by Natali and Giordani.26
 to yield spiropyran dimer 5 in 34% yield (Scheme 

4). The spectroscopic properties of the obtained product (SOI, Figure S1 and S2) were identical to 

those of the product previously obtained by electrochemical oxidative coupling.26 Compounds 2 

and 3 were prepared from 4 by reaction with succinic and adipic acid, respectively (Scheme 4). 

 

Scheme 4. Synthesis of 5 through chemical oxidative dimerization of 1 and synthesis of 2 and 3 from 4 through DCC 
coupling. 

pH gated photochromism of 5  

Bis-spiropyran 5 shows absorption at < 400 nm, which upon irradiation at exc = 365 nm results in 

the appearance of a visible absorption band at 600 nm assigned to the merocyanine form (Figure 

1). Thermal reversion is rapid once irradiation is ceased.26 Addition of CF3SO3H at the 

photostationary state at 365 nm results in an immediate blue shift of the visible absorption band 

to 507 nm, with a shoulder at 441 nm. Further irradiation at 365 nm results in a substantial 

increase in the absorbance of this new band (Figure 1). Subsequent irradiation at 490 nm had no 

effect on the absorption spectrum, confirming both the thermal and photochemical stability of 

the protonated merocyanine form of 5. Addition of Et3N, however, resulted in an immediate red 

shift in the visible absorption band from 507 to 600 nm followed by rapid thermally driven 
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recovery of the original absorption spectrum of the spiropyran form of 5 (Figure 2). The thermal 

stability of the bis-spiropyran form of 5 in the absence of acid was complete (i.e., the ring-opened 

form was not observed), indicating that the difference in ground-state energies of the two forms 

is high. Under acidic conditions, however, ring opening to form the merocyanine was observed 

over long periods (> 3 h), indicating that it is more stable than the spiropyran form, which is 

consistent with its more positive oxidation potential (vide infra), and that the barrier to thermal 

isomerization is controlled by the interchange between the spiro and deprotonated merocyanine 

forms. 

 

Figure 1. UV/vis absorption spectrum of 5 (1 mM in DCM containing 0.1 M TBAPF6) before (black) and after 
(light blue) irradiation at λexc = 365 nm. Addition of CF3SO3H results in a blue shift in the absorption 
spectrum (pink), and subsequent irradiation at 365 nm yields the bis-merocyanine form of 5 (dark blue). 

 

Figure 2. UV/vis absorption spectrum of the protonated bis-merocyanine form of 5 (dark blue) (1 mM in 
DCM containing 0.1 M TBAF6) generated by irradiation at λexc = 365 nm after addition of CF3SO3H (dark 
blue). Subsequent addition of Et3N (light blue) is followed by thermal recovery (dotted lines recorded at 7.5 
s intervals) of the spectrum of bis-spiropyran 5 (black line). 
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UV/vis/NIR absorption spectroelectrochemistry of 5 

The cyclic voltammetry of 5 is characterized by two reversible oxidation waves at 0.65 and 0.80 V 

vs SCE (Scheme 3).26 Electrochemical oxidation of 5 to its monocationic form 5+ resulted in the 

appearance of bands at 445 and 470 nm together with near-IR (NIR) absorption bands at ca. 770, 

870, and 995 nm, which are characteristic of a TMB+-type radical cation (Figure 3).43  

 

Figure 3. In situ UV/vis absorption spectra of 5 obtained during thin-layer cyclic voltammetry at 0.7 (orange) 
and 0.9 V (red). 

Oxidation at more positive potentials resulted in a loss of the NIR absorption band and a red-shift 

and increase in visible absorption at 525 nm due to formation of dicationic 52+, as described 

previously.27 The changes in the absorption spectrum of 5 were reversed fully upon application of 

a potential of < 0.6 V, confirming that the spiropyran structure is unaffected by oxidation. 

Notably, however, when UV/vis absorption spectra were acquired at short time intervals when 5 

was in its oxidized state (i.e., 52+), the initial absorption spectrum did not recover fully. Instead, 

weak visible absorption bands remained after reduction at 0.0 V, indicating that 52+ is 

photochemically active. Indeed, when spectra were recorded continuously when the potential 

was held more positive than that of the second redox wave, the conversion to this second species 

was complete (Figure 4). Subsequent reduction at 0 V resulted in the disappearance of the band 

at 780 nm, confirming that the photochemical product is also redox-active, with a visible 

absorption band remaining at 430 nm that is both thermally and photochemically stable. 

 

Figure 4. Changes in the UV/vis absorption spectrum of 5 (1 mM) oxidized at 1.1 V (thick black line) during 
sequential acquisitions (shown at 7 s intervals in blue; the final spectrum is shown in green) followed by 
reduction at 0.0 V (red). 
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Although irradiation of the neutral bis-spiropyran 5 at 365 nm results in the appearance of an 

absorption band at 600 nm and, in the presence of acid, a stronger absorption band at 507 nm, 

irradiation of 5 with visible light (e.g., 490 nm) has no effect on its absorption spectrum. 

Furthermore, neither the protonated merocyanine form (vide supra) nor the monocationic form 

5+, are affected by irradiation at 365 or 490 nm. 

The dication 52+ is thermally stable, in contrast to related indolinooxazolidines.44 Irradiation at 490 

nm (i.e., in resonance with the absorption band of 52+ at 525 nm) results in a rapid decrease in 

absorbance at 525 nm and the appearance of broad visible absorption bands at 420 and 750 nm 

(Figure 5). When irradiation is ceased, the spectrum recovers partially, i.e., the absorption band of 

52+ at 525 nm increases and the bands at 420 and 750 nm decrease again. Subsequent reduction 

at 0.0 V results in a loss of absorbance of 52+ and its primary photoproduct, but, the initial 

spectrum of 5 is not recovered fully (Figure 5). Instead, a broad absorption band is observed at 

470 nm that is similar to the one observed upon protonation of the merocyanine form of 5 (Figure 

2; vide supra). These data demonstrate for the first time that instead of suppressing the 

photochemistry of 5, oxidation to the dicationic form enhances this photochemistry. 

 

Figure 5. UV/vis absorption spectrum of 5
2+

 (thick black line, generated by oxidation at 1.2 V) and spectra 
after 90 s at 1.2 V (dashed black line), after irradiation at 490 nm for 60 s (solid cyan line), and after 1 min 
without irradiation (dashed cyan line). The spectrum obtained after subsequent reduction at 0.0 V is shown 
as a solid gray line. 

In summary, these data show that bis-spiropyran 5 is thermally stable in the neutral state and that 

UV irradiation converts it to its thermally unstable merocyanine form. Protonation of the 

merocyanine form renders it thermally and photochemically stable and allows the equilibrium 

position to be shifted in favor of the merocyanine form, as is observed frequently for 

monospiropyrans.31,32,34 Hence, ring opening can be achieved by irradiation with UV light, and the 

ring-open state can then be “locked” by protonation and “unlocked” by deprotonation. In the 

dicationic state, 52+, ring opening to the merocyanine form proceeds smoothly using visible light, 

and although the oxidized merocyanine form is thermally unstable (reverting to the dicationic 

spiropyran form), it can be “locked” by protonation and subsequent reduction either during or 

after oxidation (vide infra). It should be noted that all steps (i.e., in Scheme 2) indicate that both 

spiropyran units undergo switching.45 Intermediates in which switching of only one of the units 

has occurred are also possible. Indeed, this question is a central issue in the field of 

multiphotochromics.46 In the present case of 5, no evidence for such intermediate species is 
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available; this may be due to the increased aromatization of one indoline unit, which drives 

aromatization (and ring opening) of the second unit.  

Synthesis and characterization of 2 and 3 

As discussed above, immobilization of 5 as a polymer on electrodes was achieved by taking 

advantage of the propensity for spiropyrans to undergo oxidative dimerization (Scheme 3). The 

alkyl group on the indoline nitrogen is a key structural feature of the spiropyrans, as it provides an 

excellent platform for other functional units to be attached in a modular manner, allowing more 

complex responsive molecular systems to be synthesized. Two spiropyran units were tethered via 

a diester linker by esterification of 4 with succinic acid or adipic acid. The spectroscopic 

characterizations of compounds 2 and 3 are provided in the Experimental Section and Supporting 

Information. As stated above, a key question raised in the preparation of modified surfaces based 

on molecular switches, concerns the retention of functionality of the switchable unit after 

immobilization. Here, the bis-spiropyran was immobilized through electrochemical polymerization 

on ITO, glassy carbon, and Pt, and the effect of immobilization on the functional properties of the 

bis-spiropyran was examined using a combination of cyclic voltammetry, UV/vis/NIR absorption 

spectroscopy, and spectroelectrochemistry. 

The cyclic voltammetry of 2 and 3 in the range of 0 to 1.2 V (Figure 6) is, as expected, very similar 

to that of monospiropyran 1, with an oxidation peak at ca. 1.0 V assigned to oxidation of the 

indoline units, which is irreversible due to rapid dimerization (Scheme 3). In contrast to 1, 

however, the oligomers formed deposit directly on the electrode resulting in an increase in 

current for the redox waves assigned to poly-2/poly-2+ and poly-2+/poly-22+ at 0.65 and 0.80 V, 

respectively, i.e., each of the spiropyran units in 2 and 3 undergoes a one-electron oxidation, after 

which coupling with another spiropyran radical occurs in an overall four-electron ECCE process 

(see Scheme 3), as observed previously for 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-

1'-yl)ethyl octanoate.27 

 

Figure 6. Cyclic voltammetry of 3 (1 mM in acetonitrile containing 0.1 M TBAPF6) at a glassy carbon 
electrode (d = 3 mm) with a Pt counter electrode and an SCE working electrode at 0.1 V s

-1
. The 

corresponding voltammetry at an ITO-on-glass electrode is shown in Figure S3 (SOI). 

The current response at > 1.05 V decreased over multiple cycles along with an increase in current 

response of the redox waves at 0.65 and 0.80 V, consistent with a buildup of poly-2/3 at the 

electrode (Figure 6).47 The decrease in current response at > 1.0 V is in part due to depletion of 

the diffusion layer, but stirring between cycles to “refresh” the depleted diffusion layer resulted in 
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only a slight recovery of its current response. This indicates that film formation results in a 

reduction, albeit a modest one, in the conductivity at the onset potential for oxidation of 2/3 

although the film continues to grow in thickness with each cycle. Polymer film formation was also 

observed in acetonitrile or 1,2-dichloroethane, as well as on platinum, gold, and ITO electrodes. 

The formation of thicker films was observed on ITO electrodes compared with glassy carbon 

electrodes, which is ascribed to the former’s increased roughness, and films of sufficient thickness 

for UV/vis/NIR absorption spectroscopy studies were obtained readily (Figure 8; vide infra). 

Cyclic voltammetry at poly-2 and poly-3 modified electrodes 

For both polymers, two fully reversible oxidation waves at 0.65 V and 0.80 V (Figure 7) are 

observed in monomer-free solution. The cyclic voltammetry at the electrodes modified with 

spiropyrans poly-2 and poly-3 shows a linear dependence on the scan rate, and for both, Ep,a = Ep,c 

and Ip,a = Ip,c for both redox waves, as expected for surface-confined redox processes. Continuous 

repeated cyclic voltammetry at 0.1 V s-1 results in only a slight decrease in Ip,a due primarily to 

peak broadening indicating both good adhesion of the film to the glassy carbon electrode and 

stability of the film in all three oxidation states. The non-Faradaic current shows a linear 

dependence on the scan rate (capacitance = 50 ± 1 µF cm-2) and is unaltered by repeated cyclic 

voltammetry, further indicating that the film is not altered significantly upon oxidation and 

reduction (Figure 7). The absence of a significant redox wave at 1.1 V on poly-2/3-modified 

electrodes indicates that the degree of polymerization is high, as the polymer chain ends (i.e., 

nondimerized spiropyran units) would be expected to show a reversible redox wave at a potential 

similar to that of 6 (Scheme 3) due to entrapment of monospiropyran moieties within the polymer 

film with no opportunity to dimerize. 

 

Figure 7. Scan-rate dependence of (electrochemically) deposited (left) poly-2 and (right) poly-3 on a glassy 
carbon working electrode (3 mm diameter) in monomer-free solution with the current normalized to the 
scan rate. The surface coverage estimated by integration was 7.3 ×10

-10
 mol cm

-2
, which corresponds to 

between 1 and 2 densely packed monolayer equivalents. 

A key feature of redox polymers is that charge transfer from the electrode can be blocked except 

at potentials close to the formal potentials of the redox processes. This phenomenon is especially 

apparent as the polymer formed increases in thickness, i.e., as it forms a blocking layer at the 

electrode. The poly-2 and poly-3 films formed were probed for their ability to passivate the 

electrode at high redox potentials using the cationic redox probe48 [Ru(ph2phen)3]PF6 (where 

ph2phen = 1,10-diphenylphenanthroline), which is oxidized at 1.3 V vs SCE.27,49 The 
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electrochemical response of a poly-3 modified glassy carbon working electrode in monomer free 

solution showed the expected two reversible redox waves at 0.65 V and 0.80 V (SOI, Figure S4). 

Addition of [Ru(ph2phen)3]PF6 had essentially no effect on the voltammetry at the electrode 

between 0.0 and 1.4 V vs SCE, confirming that redox conductivity of the fully oxidized polymer 

was absent (i.e., that electron transfer to and from the electrode was blocked effectively at 

potentials less and more positive than those of spiropyran polymer) and that coverage of the 

electrode surface by the polymer was complete. Continuous cyclic voltammetry, however, 

showed a steady increase in current response from [Ru(ph2phen)3]PF6 over time concomitant with 

a decrease in the current response of poly-3 (SOI, Figure S4). This change in response with cycling 

was not observed in the absence of [Ru(ph2phen)3]PF6. Notably, the capacitance (i.e., non-

Faradaic current) of the electrode was unaffected over the entire period indicating that the 

change in redox response was not due to desorption of the film. Furthermore, when the 

electrode was subsequently washed with solvent and transferred to a solution containing only 

electrolyte, the redox response of [Ru(ph2phen)3]PF6 2 was no longer observed, confirming that it 

was not absorbed into the film. The redox waves of the spiropyran polymer did not show further 

changes even after standing in solution for 24 h. Returning the electrode to a 1 mM solution of 

[Ru(ph2phen)3]PF6 showed an almost identical response as obtained 24 h previously (i.e., partial 

blocking of its current response), and continued cycling resulted in a further increase in 

conductivity at high potentials. 

Vis/NIR absorption spectroelectrochemistry of poly-2 and poly-3 

Vis-NIR absorption spectroelectrochemistry of poly-2/3 modified ITO electrodes showed the 

formation of the mono- and dicationic bis-spiropyrans (Figure 8), as observed for 5 in solution 

(vide supra).50 Electrochemical oxidation of poly-3 at 0.8 V to form poly-3+ resulted in the 

appearance of absorption bands at 440 and 1000 nm. Subsequent oxidation at 0.9 V resulted in 

the disappearance of the NIR absorption band at 1000 nm and the appearance of a more intense 

visible band at 530 nm. The absorption spectra of each state are essentially the same as observed 

for N,N-dimethylaniline,51 which represents the bis-indoline unit in bis-spiropyrans, and 5.  

 

Figure 8. Vis/NIR absorption spectroelectrochemistry and (inset) cyclic voltammetry of a poly-3 film on an 
ITO slide (in DCM containing 0.1 M TBAPF6). Shown are the initial absorbance (black) and absorption 
spectra recorded during the cyclic voltammetry at the potentials indicated by the orange and red arrows in 
the inset. 

 



Double Spiropyran: Switching Polymers with Dual Redox and Proton Gating 

73 

 

4
 

 

Photochromism of poly-2 and poly-3 

The photochromism of poly-2 and poly-3 was established by both UV/vis absorption spectroscopy 

and cyclic voltammetry at ITO and glassy carbon electrodes. Irradiation of the as-formed polymer 

films did not result in a significant increase in visible absorption. As in the case of 5, addition of 

acid (i.e., dilute CF3SO3H) resulted in switching-on of the photochromism of the polymer films 

upon irradiation at 365 nm, causing a rapid increase in visible absorption (Figure 9) identical to 

that observed for 5 in solution (Figure 3).  

  
Figure 9. UV/vis absorption spectroscopy of a poly-3-modified ITO electrode in DCM with CF3SO3H (1 mM) 
(a) after irradiation at 365 nm showing an increase in absorption at 525 nm, and (b) after irradiation at 365 
nm (solid black line) followed by addition of Et3N (to 5 mM, red and blue lines; the blue arrow shows the 
direction of change in the spectrum), showing the decrease in visible absorption observed over time (thin 
lines, at 20 s intervals). 

UV/vis absorption spectroelectrochemistry of photoswitched poly-32+ 

The changes to the UV/vis/NIR absorption spectrum of a poly-3 modified electrode upon 

oxidation at 0.65 and 0.80 V (Figure 8) are essentially identical to those observed for 5 (vide 

supra), with the appearance of absorption bands at 470 and ca. 1000 nm at 0.7 V, which are 

replaced at 0.9 V by a strong absorption at 525 nm (Figure 10). The band at 525 nm is stable at 0.9 

V over time, but irradiation of the electrode at 490 nm at this potential resulted in a decrease in 

the absorption at 525 nm to leave a band at 500 nm. This band was unaffected by subsequent 

reduction at 0.0 V as at 1.0 V the photoproduct is immediately reduced (vide infra). Subsequent 

oxidation at 1.2 V resulted in an increase in absorbance at 430, 630, and 770 nm, corresponding 

to the oxidized protonated merocyanine form of 5. 

 
Figure 10. In situ UV/vis absorption spectroscopy of a poly-3-modified ITO electrode upon application of a 
potential of 0.9 V (red line) and after 30 s at 0.9 V(dotted red line). Irradiation at 490 nm for 15 s results in a 
decrease in visible absorbance (black line), which is unaffected by reduction at 0.0 V (gray lines). The 
spectrum after subsequent oxidation at 1.2 V is also shown (green line). 
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Electrochemically gated switching of poly-2 and poly-3 

Although poly-2- and poly-3-modified electrodes are stable over repeated cycling between 0.0 

and 1.4 V vs SCE (vide supra), irradiation with visible light (i.e., at 490 nm) results in a decrease in 

the current of the two redox waves of the bis-spiropyran units and an increase in a redox wave at 

1.2 V vs SCE (Figure 11).  

 

Figure 11. Cyclic voltammetry of a poly-3-modified ITO slide (DCM containing 0.1 M TBAPF6, 0.1 V s
-1

) (left) 

showing the effect of continuous irradiation at exc = 490 nm (2 mW cm
-2

) during multiple cycles between 
0.24 and 1.05 V vs SCE and (right) after irradiation is ceased. 

Oxidation to the dicationic state poly-32+ is required in order for photoconversion to be observed 

and the rate of switching at a glassy carbon electrode was found to be on the order of only < 15 s 

(SOI, Figure S6). Polarization of the electrode to 1.0 V is sufficient to oxidize poly-3 to poly-32+, but 

this potential is not sufficiently positive to oxidize the photoproduct, and hence, immediately 

after photochemical switching the product is reduced. This process is apparent from the charge 

passed at the working electrode, which initially is anodic (oxidation of poly-3) and upon 

commencement of irradiation becomes cathodic; ultimately the net charge passed is zero, 

confirming complete reduction of the film. 

Summary and Conclusions 

Smart surfaces, i.e., surfaces that respond to combinations of orthogonal stimuli such as light, 

heat, pH etc., are highly desirable for a wide range of applications. Such surfaces require the use 

of components, typically molecular, that can achieve specific functions, and hence, a multimodal 

response requires the combination of multiple functional units. The use of molecular components 

that can carry out multiple distinct functions are therefore invaluable in reducing the synthetic 

complexity of smart surfaces. Furthermore, such units reduce the risk of undesirable cross-talk 

between components, such as quenching of photochemical activity. The preparation of 

photoswitchable polymers in principle requires the use of distinct units in their precursors, i.e., 

the photochromic unit itself and a unit that enables formation of the polymer. The properties of 

these units both before and after polymerization must be orthogonal in order to preserve the 

dual functionality of the system as a whole. The immobilization of polymers on conducting 

surfaces through electropolymerization is a highly attractive approach but brings with it 

challenges in regard to cross-talk between the functional units.  
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In this contribution, we have shown that bis-spiropyran 5 exhibits pH- and redox-gated 

photochromism. The opening of the spiro moieties to their merocyanine forms occurs upon 

irradiation with UV light, and they revert thermally and upon irradiation with visible light. 

Oxidation of 5 to 52+ results in a shift in its absorption spectrum to 520 nm, and remarkably, 

irradiation with visible light leads to conversion to the bis-merocyanine form. The conversion can 

be “locked” reversibly by protonation and reduction. These properties make 5 highly attractive as 

a component in responsive surfaces. The synthetic approach used to prepare bis-spiropyran 5 

offers a distinct opportunity for polymerization to form poly-2 and poly-3 through combining the 

formation of the photochrome and the polymer in a single step. This combination is achieved by 

making the oxidative coupling of the two spiropyran units the final step in the formation of the 

polymer also and was achieved by tethering two spiropyran units via an alkyl chain in a manner 

that prevents intramolecular radical-radical coupling upon oxidation. This approach is made 

possible by the relative coincidence of the potential of the 5+/52+ redox couple and the onset 

potential for polymerization of the monospiropyran precursors 2 and 3. Because the use of a 

separate polymerizable unit is avoided, the obtained polymer-modified electrodes retain the 

properties of 5, and indeed, surface confinement on an electrode enables enhanced switching 

rates compared with those obtainable in solution.  

This approach opens up new opportunities in creating multiresponsive surfaces, particularly in the 

dynamic control of electron transfer at interfaces and in the reversible switching of surface 

properties with visible light alone. The ability to control electron transfer at the electrode 

interface over a relatively wide, and physiologically relevant potential range opens up possibilities 

in the selective control of interfacial redox processes. Importantly, the present system allows 

switching between states to be achieved without the use of UV light, which is of particular benefit 

in terms of the stability of modified electrodes in operation. In a broader sense, the versatility of 

the present system in terms of switching possibilities opens up new prospects in applications in 

molecular logic,52 with a single system providing an unprecedented degree of complexity in 

switching operation possible with a direct interface to the macroscopic world and hence high 

switching rates. 

The supporting information can be found online at DOI: 10.1021/jacs.5b11604 

References 

                                                           

1 (a) Yerushalmi, R.; Scherz, A.; van der Boom, M. E.; Kraatz, H-B. J. Mater. Chem. 2005, 15, 
4480–4487; (b) Katsonis, N.; Lubomska, M.; Pollard, M. M.; Feringa, B. L.; Rudolf, P. Prog. 
Surf. Sci. 2007, 82, 407–434; (c) Raymo, F. M.; Giordani, S.; White, A. J. P.; Williams, D. J. J. 
Org. Chem. 2003, 68, 4158-4169. 

2 Wang, S.; Song, Y.; Jiang, L. J. Photochem. Photobiol., C 2007, 8, 18–29. 

3 (a) Okano, T.; Yamada, N.; Okuhara, M.; Sakai, H.; Sakurai, Y. Biomaterials 1995, 16, 297–
303. (b) Khongtong, S.; Ferguson, G. S. J. Am. Chem. Soc. 2002, 124, 7254–7255. 

4 Klein, J.; Kumacheva, E.; Mahalu, D.; Perahia, D.; Fetters, L. J. Nature 1994, 370, 634–636. 

5 Galaev, I. Y.; Warrol, C.; Mattiasson, B. J. Chromatogr. A 1994, 684, 37–43. 

 



Chapter 4 

76 

 

4
 

 

                                                                                                                                                                             

6 Willner, I.; Basnar, B.; Willner, B. Adv. Funct. Mater. 2007, 17, 702-717. 

7 Alexander, C.; Shakesheff, K. M. Adv. Mater. 2006, 18, 3321-3328. 

8 Nogueira, A. F.; Toma, S. H.; Vidotti, M.; Formiga, A. L. B.;Córdoba de Torresi, S. I.; Toma, 
H. E. New. J. Chem. 2005, 29, 320-324. 

9 Tomasulo, M.; Deniz, E.; Alvarado, R. J.; Raymo, F. M. J. Phys. Chem. C 2008, 112, 8038–
8045. 

10 (a) Willner, I.; Willner, B. J. Mater. Chem. 1998, 8, 2543–2556. (b) Hauch, A.; Georg, A.; 
Baumgärtner, S.; Opara Krasovec, U.; Orel, B. Electrochim. Acta 2001, 46, 2131–2136. 

11 Robertus, J.; Browne, W. R.; Feringa, B. L. Chem Soc. Rev. 2010, 39, 354-378. 

12 (a) Katz, E.; Minko, S.; Halámek, J.; MacVittie, K.; Yancey, K. Anal. Bioanal. Chem. 2013 405, 
3659-3672; (b) Doron, A.; Katz, E.; Tao, G.; Willner, I. Langmuir 1997, 13, 1783-1790. 

13 (a) Leclerc, M. Adv. Mater. 1999, 11, 1491–1498. (b) Liu, Y.; Mu, L.; Liu, B. H.; Kong, J. L. 
Chem.- Eur. J. 2005, 11, 2622–2631. 

14 Tomlinson, M. R.; Genzer, J. Macromolecules 2003, 36, 3449–3451. 

15 (a) London, G.; Carroll, G. T.; Fernández Landaluce, T.; Pollard, M. M.; Rudolf, P.; Feringa, 
B. L. Chem. Commun. 2009, 1712–1714; (b) Ivashenko, O.; Logtenberg, H.; Areephong, J.; 
Coleman, A. C.; Wesenhagen, P. V.; Geertsema, E. M.; Heureux, N.; Feringa, B. L.; Rudolf, 
P.; Browne, W. R. J. Phys. Chem. C 2011, 115, 22965–22975; (c) Doron, A.; Katz, E.; Tao, G.; 
Willner, I. Langmuir 1997, 13, 1783-1790. 

16 (a) Ionov, L.; Sidorenko, A.; Stamm, M.; Minko, S.; Zdyrko, B.; Klep, V.; Luzinov, I. 
Macromolecules 2004, 37, 7421–7423. (b) Fuhrmann, I.; Karger-Kocsis, J. J. Appl. Polym. 
Sci. 2003, 89, 1622–1630. 

17 Kai, T.; Ueno, W.; Yamaguchi, T.; Nakao, S. J. Polym. Sci., Part A: Polym. Chem. 2005, 43, 
2068–2074. 

18 Browne, W. R. Coord. Chem. Rev. 2008, 252, 2470-2479. 

19 Wolf, M. O.; Fox, M. A. Langmuir 1996, 12, 955-962. 

20 Logtenberg, H.; Browne, W. R. Org. Biomol. Chem. 2013, 11, 233. 

21 Tomasulo, M.; Yildiz, I.; Raymo, F. M. Aust. J. Chem. 2006, 59, 175-178. 

22 (a) Areephong, J.; Kudernac, T.; de Jong, J. J. D.; Carroll, G. T.; Pantorott, D.; Hjelm, J.; 
Browne, W. R.; Feringa, B. L. J. Am. Chem. Soc. 2008, 130, 12850–12851; (b) Areephong, J.; 
Hurenkamp, J. H.; Milder, M. T. W.; Meetsma, A.; Herek, J. L.;Browne, W. R.; Feringa, B. L. 
Org. Lett. 2009, 11, 721-724. 

23 Milder, M. T.; Herek, J. L.; Areephong, J.; Feringa, B. L.; Browne, W. R. J. Phys. Chem. A. 
2009, 113, 7717-7724. 

24 Logtenberg, H.; Jellema, L-J. C.; Lopez-Martinez, M. J.; Areephong, J.; Verpoorte, E.; 
 



Double Spiropyran: Switching Polymers with Dual Redox and Proton Gating 

77 

 

4
 

 

                                                                                                                                                                             

Feringa, B. L.; Browne, W. R. Anal. Methods 2012, 4, 73−79. 

25 Wesenhagen, P.; Areephong, J.; Fernandez Landaluce, T.; Heureux, N.; Katsonis, N.; Hjelm, 
J.; Rudolf, P.; Browne, W. R.; Feringa, B. L., Langmuir 2008, 24, 6334-6342. 

26 Natali, M.; Giordani, S., Org. Biomol. Chem. 2012, 10, 1162-1171. 

27 Ivashenko, O.; van Herpt, J. T.; Rudolf, P.; Feringa, B. L.; Browne, W. R. Chem. Commun. 
2013, 49, 6737-6739. 

28 The oxidative coupling of the spiropyrans results in the release of two protons, however, 
the spiropyran itself remains in the spiro state and hence is unable to accept the protons 
released. The protons are instead scavenged effectively by adventitious proton acceptors 
(e.g., water) in the solvent, which is a subsequent source of protons for protonation of the 
merocyanine form upon ring opening. 

29 Fischer, E.; Hirshberg, Y. J. Chem. Soc. 1952, 4522-4524. 

30 Molecular Switches, 2nd ed.; Feringa, B. L., Browne, W. R., Eds.; Wiley VCH: Weinheim, 
Germany, 2011; Vols. 1 and 2. 

31 (a) Maity, C.; Hendriksen, W. E.; van Esch, J. H.; Eelkema, R. Angew. Chem. Int. Ed. 2015, 
54, 998–1001. (b) Giordani, S.; Cejas, M. A.; Raymo, F. M. Tetrahedron 2004, 60, 10973–
10981. (c) Sumaru, K.; Kameda, M.; Kanamori, T.; Shinbo, T. Macromolecules 2004, 37, 
4949-4955. (d) Angiolini, L.; Benelli, T.; Giorgini, L.; Raymo, F. M., Macromol. Chem. Phys. 
2008, 209, 2049–2060. (e) Silvi, S.; Arduini, A.; Pochini, A.; Secchi, A.; Tomasulo, M.; 
Raymo, F. M.; Baroncini, M.; Credi, A. J. Am. Chem. Soc. 2007, 29, 13378-13379. 

32 (a) Raymo, F. M.; Giordani, S.; White, A. J.; Williams, D. J. J. Org. Chem. 2003, 68, 4158-
4169. (b) Angiolini, L.; Benelli, T.; Bicciocchi, E., Giorgini, L.; Raymo, F. M. React. Funct. 
Polym. 2012, 72, 7, 469–477. 

33 Silvi, S.; Constable, E. C.; Housecroft, C. E.; Beves, J. E.; Dunphy, E. L.; Tomasulo, M.; 
Raymo, F. M.; Credi, A. Chem. Commun. 2009, 1484–1486. 

34 (a) Doron, A.; Katz, E.; Tao, G.; Willner, I. Langmuir 1997, 13, 1783-1790. (b) Katz, E.; 
Willner, I. Electroanalysis 1995, 7, 417-419. 

35 Perrier, A.; Maurel, F.; Jacquemin, D. Acc. Chem. Res. 2012, 45, 1173–1182. 

36 Ivashenko, O.; van Herpt, J. T.; Feringa, B. L.; Rudolf, P.; Browne, W. R. J. Phys. Chem. C 
2013, 117, 18567-18577. 

37 Campredon, M.; Giusti, G.; Guglielmetti, R.; Samat, A.; Gronchi, G.; Alberti, A.; Benaglia, M. 
J. Chem. Soc., Perkin Trans. 2 1993, 2089-2094. 

38 (a) Preigh, M. J.; Stauffer, M. T.; Lin, F.-T.; Weber, S. G. J. Chem. Soc. Faraday Trans. 1996, 
92, 3991-3996. (b) Zhi, J. F.; Baba, R.; Hashimoto, K.; Fujishima, A. J. Photochem. 
Photobiol., A 1995, 92, 91-97. (c) Doménech, A.; García, H.; Casades, I.; Esplá, M. J. Phys. 
Chem. B 2004, 108, 20064-20075. (d) Wagner, K.; Byrne, R.; Zanoni, M.; Gambhir, S.; 
Dennany, L.; Breukers, R.; Higgins, M.; Wagner, P.; Diamond, D.; Wallace, G. G.; Officer, D. 
L. J. Am. Chem. Soc. 2011, 133, 5453-5462. 

 



Chapter 4 

78 

 

4
 

 

                                                                                                                                                                             

39 Owano, H.; Murakami, H.; Yamashita, T.; Ohigashi, H.; Ogata, T. Synth. Met. 1991, 39, 327-
341. 

40 Guragain, S.; Bastakoti, B. P.; Ito, M.; Yusa, S.; Nakashima, K. Soft Matter 2012, 8, 9628-
9634. 

41 Lee, S. J.; Jung, S. H.; Lee, S.; Han, W. S.; Jung J. H. J. Nanosci. Nanotechnol. 2009, 9, 5990-
5996. 

42 Browne, W. R.; Kudernac, T.; Katsonis, N.; Areephong, J.; Hjelm, J.; Feringa, B. L. J. Phys. 
Chem. C 2008, 112, 1183−1190. 

43 (a) Hasegawa, H. J. Phys. Chem. 1961, 65, 292-296 (b) Kiruthiga, K.; Aravindan, P.; 
Anandan, S.; Maruthamuthu, P. Res. Chem. Intermed. 2006, 32, 115-135. 

44 Szalóki, G.; Alévêque, O.; Pozzo, J.-L.; Hadji, R.; Levillain, E.; Sanguinet, L. J. Phys. Chem. B 
2015, 119, 307–315. 

45 A further issue is the extent of protonation. In the present study, excess acid and base 
were used to ensure that only fully protonated or fully deprotonated states were reached. 

46 Fihey, A.; Perrier, A.; Browne, W. R.; Jacquemin, D. Chem. Soc. Rev. 2015, 44, 3719-3759. 

47 The proximity of the indoline units could result in intramolecular coupling, especially at 
low concentration. However, space filling models of spiropyrans 2 and 3 indicate that the 
strain would preclude intramolecular coupling to a significant extent. In addition, the 
formation of macrocycles is entropically unfavorable. 

48 Kapturkiewicz, A. Chem. Phys. Lett. 1995, 236, 389-394. 

49 Connelly, N. G.; Geiger, W. E. Chem. Rev., 1996, 96, 877-910. 

50 The surface enhanced resonance Raman spectra recorded at 785 nm (see Figure S5 in the 
SOI) are consistent with spectra obtained earlier for self-assembled monolayers.36 

51 (a) Mizoguchi, T.; Adams, R. N. J. Am. Chem. Soc. 1962, 84, 2058–2061 (b) Yang, H.; Wipf, 
D. O.; Bard, A. J. J. Electroanal. Chem. 1992, 331, 913-924. 

52 de Silva, A. P.; Uchiyama S. Nat. Nanotechnol. 2007, 2, 399-410. 

 

 

 

 



 

5
 

 

Abstract Spiropyrans undergo Cspiro-O bond breaking to their ring-open protonated E-merocyanine form 

upon protonation and irradiation via an intermediate protonated Z-merocyanine isomer. We show that 

the extent of acid induced ring opening is controlled by matching both the concentration and strength of 

the acid used and with strong acids full ring opening to the Z-merocyanine isomer occurs spontaneously 

allowing its characterization by 1H NMR spectroscopy as well as UV/vis spectroscopy, and reversible 

switching between Z/E isomerization by irradiation with UV and visible light. Under sufficiently acidic 

conditions both E- and Z-isomers are thermally stable. Judicious choice of acid such that its pKa lies 

between that of the E- and Z-merocyanine forms enables thermally stable switching between spiropyran 

and E-merocyanine forms and hence pH gating between thermally irreversible and reversible 

photochromic switching. 

 

 

 

 

 

 

 

Manuscript in revision, L. Kortekaas, J. Chen, D. Jacquemin, W. R. Browne. Supporting 

information can be found at the end of the chapter. 
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Introduction 

Smart systems built from molecular switches1 that respond to external triggers such as light,2 

electricity,3 heat,4,5 sound,6–8 and pH,9 through changes in molecular properties (color, polarity, 

shape, conductivity, reactivity etc.) are highly desirable due to the possibility to tune these 

physical responses through structural (synthetic) modification.10 Building such molecular switches 

into materials can impart responsiveness at the macroscopic level, often amplifying the changes 

in physical properties ranging from sensing11 and surface properties12 to luminescence13,14 and 

electrochromism.15,16 Photochromes, including dithienylethenes,17,18 azobenzenes19,20 and 

spiropyrans,21 are amongst the most widely applied due to their modularity and flexibility towards 

modification and the possibility to combine them with other responsive units, e.g., 

multiphotochromes.22 The combination of synthetic versatility, and thermo- and acidochromism 

shown by spiropyrans in addition to their well-known photochromism reported first in 1952,23 has 

made this class amongst the most important in applications in smart materials and systems to 

date. 

The photochromism of spiropyrans arises from a light driven interconversion between a ‘ring 

closed’ spiropyran (SP) structure and the zwitterionic ‘ring open’ merocyanine (MC) state in which 

the C-O bond of the spiro motif is cleaved, and is stabilized by an accompanying Z/E-isomerization 

around the spiro- and pyran-bridging double bond (Scheme 1). The merocyanine ‘open form’ can 

exist as any of several distinct isomers, denoted commonly by reference to the cis/trans 

orientation around each of the three bonds starting at the Cspiro-C bond, indicated in Scheme 1 by 

α, β and γ. The preferred conformations and their involved pathways have lent various 

spiropyrans to be case study of choice in numerous theoretical studies with a range of levels of 

theory.24–29 The orientation of the β-bond affects the thermal stability of the merocyanine with 

regard to reversion to the spiropyran form. Although multiple colored isomers have been 

observed at cryogenic temperatures,30 the low thermal stability of the cis-β configurations 

(referred to as the Z-isomer) means that only the more stable trans-β configurations (E-isomer) 

are observed at ambient temperatures.31 Indeed, the TTC form, specifically, was shown by 

Ernsting and co-workers to be the thermally most stable isomer.32 

 

Scheme 1. Structures and photochromism of the colorless spiropyran (SP) and nitrospiropyran (NSP). Photo-induced 
ring-opening can lead to any of 8 distinct isomers differing in conformation, cis (C) and trans (T), around the α, β and γ 
bonds. Protonation of the colored merocyanine form inhibits thermally induced reformation of the spiro form (ring 
closing). 

Protonation of the phenol moiety of the merocyanine form impacts the chemistry of spiropyrans 

and indeed acidochromism has been reported for several spiropyran structures whereby addition 

of acid results in thermally induced conversion to the protonated merocyanine form (MCH+).33–46 

However, the mechanism and nature of the intermediate species formed throughout these 
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reports are not consistent, and several conflicting mechanistic scenarios have been proposed to 

date.  

Both Fissi et al.45 and Wojtyk et al.,33 for example, proposed that a rapid equilibrium between the 

non-protonated and N-protonated spiropyran is established in the presence of trifluoroacetic 

acid, lying in favor of the protonated E-merocyanine form. The immediate conversion the 

protonated E-merocyanine form upon protonation of a spiropyran impregnated 

polydimethylsiloxane polymer films was noted by Nam and co-workers also, but with subsequent 

thermal reversion back to the spiropyran form.46 Later Genovese et al. reported that reversion to 

the ring-closed form could be induced by irradiation with visible light also.34 Rémon et al., on the 

other hand, proposed that, in aqueous media, N-protonation only occurs at pH below 0.5, and 

that the only protonated species present is the ring open merocyanine form which is in thermal 

equilibrium with the non-protonated closed form.36 Later Schmidt et al. noted the formation of 

the protonated E-merocyanine in ethanol upon addition of trifluoroacetic acid.37 Collectively, 

these reports indicate that ring opening to the stable protonated E-merocyanine occurs upon 

protonation. However, over two decades ago, Zhou and co-workers reported a species "Y" while 

investigating the pH dependence of the negative photochromism of a 6’,8’-dinitrospiropyran, for 

which the merocyanine form is most stable even when unprotonated.43 Species Y was assigned to 

the protonated form of species “X”, a transient spiropyran species which has a broken Cspiro-O 

bond and a geometry intermediate to the perpendicular spiro and the planar merocyanine form, 

and postulated that a rapid equilibrium is established between species Y and the spiro form under 

sufficiently acidic conditions. In the same period, Roxburgh et al. reported the trifluoroacetic acid 

induced thermal ring-opening of spiropyrans to their protonated E isomer, which was proposed to 

be via either the unprotonated or protonated Z form.44 The proposed intermediacy of the 

protonated Z form was supported by Shiozaki subsequently, who proposed that protonation of 

spiropyran in ethanol with sulfuric acid, a stronger acid than the trifluoroacetic acid, generated 

the Z-merocyanine form, which could not only undergo subsequent thermal but also 

photochemical Z/E-isomerization (Scheme 2).38 Shiozaki’s interpretation of the changes observed 

by UV-vis absorption spectroscopy were supported by theoretical studies and is analogous to the 

acid induced ring opening (C-O bond cleavage) observed for the related photochromic 

spirooxazines.47 The formation of the Z-MCH+ form has been proposed elsewhere as well,48 and 

has been reported in gas-phase studies.49 

Here, we show through a combination of spectroscopy and theory that the observed pH induced 

switching of both spiropyrans (SP) and nitrospiropyrans (NSP) in solution can be rapid and 

complete (Scheme 2) but is highly dependent on acid strength in non-aqueous solvents. The 

extent of reaction with acids follows the order of pKa values reported, including the intermediate 

pKa of HNO3 in the middle, for which an excess amount is required in order to generate the 

desired response.50–52 Furthermore, we show unambiguously that the initial step is cleavage of 

the C-O bond to form a relatively stable Z-isomer of the merocyanine that undergoes thermal as 

well as photochemically induced Z/E-isomerization to the more stable E-form. Overall, we show 

that fully reversible isomerization is retained upon acid/base switching provided that the acid 

used is stronger than the phenol moiety in at least the E-isomer. The demonstration of pH 

induced switching between spiro and Z-merocyanine forms as well as photochemical E/Z 

switching opens new opportunities in the application of spiropyrans as molecular switches. It is 
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especially relevant in applications where large local changes in pH can occur such as at electrodes, 

e.g., during cyclic voltammetry,53,54 which can affect the observed photochemistry profoundly. 

 

Scheme 2. pH-gated photochromism of the colorless spiropyran (SP). Protonation of SP results in spontaneous ring 
opening to the Z-merocyanine (Z-MCH

+
). UV irradiation to the thermally stable E-merocyanine (E-MCH

+
) is reversed by 

visible irradiation. 

It is notable that in most earlier studies of the pH dependence of spiropyrans, triflouroacetic 

acid33–35,37,39,40 as well as HCl,21,36,41,42 were the acids of choice employed. Notably, however, in 

studying pH-gated spiropyran photochromism, Shiozaki employed sulfuric acid.38 Here, we show 

that the choice of acid is crucial to fully understanding the acido-photochromism of spiropyrans. 

We show that addition of acid to SP and NSP induces a bathochromic shift, the extent of which is 

dependent on the strength of the acid used. With relatively weak acids, such as trifluoroacetic 

and HCl acid in acetonitrile, acidochromism in SP is weak with only a minor bathochromic shift 

upon UV-irradiation. For NSP, the changes are even less apparent due to its already red-shifted 

absorption (due to the electron withdrawing nitro group), which rationalizes why the 

acidochromism of the spiro form has thus far gone essentially unnoticed. We show here that with 

stronger acids, protonation induced changes are clear for both SP and NSP and that both show 

pH-gated photochromism to the protonated merocyanine forms.  

Spontaneous ring opening to the Z-MCH+/Z-NMCH+ states is observed upon addition of strong 

acid, with subsequent reversible photo induced isomerization to the E-MCH+/E-NMCH+ states. The 

higher acidity of the protonated Z-merocyanine form is demonstrated by adding an acid with a 

pKa intermediate of those of Z-MCH+ and E-MCH+, enabling direct photochemical switching 

between the SP and thermally stable E-MCH+ form at room temperature. Understanding the 

acid/base switching of spiropyrans, and the requirement for matching of the pKa of the acid with 

that of the merocyanine forms, allows for stable access of a total of four photochromic states and 

opens up a wide range of possibilities for applications as functional units. Finally, although only 

the spiropyran form is thermally stable at room temperature in the absence of acid and addition 

of acid induces spontaneous ring opening to the Z-MCH+ and E-MCH+ forms, by using an acid with 

a pKa between that of the Z- and E- merocyanine isomers, reversible photochemical switching 

between thermally stable colorless SP and colored E-MCH+ forms can be achieved at room 

temperature. 

Experimental Section 

Materials 

NSP and chemicals used for the synthesis of SP were purchased from Aldrich or TCI and were used 

without further purification. The synthesis of SP is described in the supporting information, as 
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well as characterization by NMR spectroscopy (1H, 13C APT, HSQC, HMBC, COSY and NOESY) of its 

protonated Z and E forms generated by trifluoromethanesulfonic acid and phosphoric acid, 

respectively. HPLC grade acetonitrile was used for the spectroscopic studies. 

Physical Methods 

NMR spectra were obtained on a Bruker 600 NMR spectrometer. Chemical shifts (δ) are reported 

in parts per million and coupling constants in Hertz. Integrations are reported, with multiplicities 

denoted as: s = singlet, d = doublet, t = triplet, br = broad singlet, m = multiplet. Chemical shifts 

are reported with respect to tetramethylsilane and referenced to residual solvent (CH3CN) signals. 

UV/vis absorption spectra were recorded using an Analytik Jena Specord600 spectrometer. 

Quantum yields were determined as described in the supporting information, with calculations 

concerning the protonated photochromism were performed by assuming full conversion (λexc 300 

nm), in the presence of strong acid, to trans-MCH+. The absorption spectrum was related to that 

of the photostationary state (PSS) obtained from cis-MCH+ indicating 60 % conversion to the 

trans-MCH+ form. Scaled subtraction of the spectrum of the pure cis form from the PSS (λexc 365 

nm) spectrum to give the same maximum as observed upon protonation and ring opening of SP 

to trans-MCH+ with phosphoric acid, i.e. the spectrum did not contain contributions from cis-

MCH+, confirms the 60:40 ratio. Irradiation was carried out with LEDs (Thorlabs) at 365 nm (4.1 

mW, M365F1), 455 nm (3200 mW, M455L3-C5), 565 nm (2.0 mW, M565F1), and 660 nm (14.5 

mW, M660F1). For details of theoretical calculations see the SI. 

Results and Discussion 

Acidochromism of SP and NSP with weak acids 

Although the photochromism of spiropyran (SP) was reported earlier,23 the photochromism of 6’-

nitrospiropyran (NSP) is much more pronounced45 due to resonance stabilization of the phenolate 

in the ring-open form (see Scheme 1). The merocyanine form of NSP is sufficiently thermally 

stable for photoswitching to be observed at room temperature (Φ = 0.03), however, the thermal 

reversion of SP is sufficiently delayed only at -30 oC to observe photoswitching to its merocyanine 

form (Φ = 0.07, Figure S1). The acidochromism of NSP and SP has been noted on several 

occasions, with trifluoroacetic acid in large excess,27,28,30,32–34 manifested in a slight bathochromic 

shift, that is less pronounced for NSP than SP, and in both cases results in only minor amounts of 

the protonated species (Figure 1). The limited acidochromism of SP and NSP observed with 

CF3CO2H and HCl earlier, was observed also with excess CCl3CO2H and, in the case of NSP, with 

H3PO4 (Figure S2) also. Irradiation at 365 nm results in a further slight bathochromic shift, which is 

reversed by irradiation with visible light. The fact that protonation induces a larger effect for SP 

than for NSP, is consistent with theoretical calculation (Table S1 in the SI). 
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Figure 1. UV/vis absorption spectra of (top) SP and (bottom) NSP (62 µM in acetonitrile, black lines) upon addition of 
excess CF3CO2H (10 and 52 equivalents, respectively, red lines) and upon subsequent irradiation at 365 nm (blue lines). 
Irradiation with visible light recovers the absorption spectrum previous to irradiation at 365 nm. 

pH-gated photochromism of SP and NSP with strong acids 

In contrast to the changes observed with acids such as CF3CO2H, addition of near stoichiometric 

amounts of strong acids (H2SO4, pKa 8.7; CF3SO3H, pKa 0.7; and HClO4, pKa -0.7 )51 to SP and NSP in 

acetonitrile resulted in the appearance of a well-defined absorption band assigned to Z-isomer of 

the protonated merocyanine form (Figure 2 and Figure S3), which is unaffected by the addition of 

further equivalents of acid. A bathochromic shift and increase in absorptivity was induced by 

subsequent irradiation at 365 nm (Φ𝑅=𝐻 = 0.92, Φ𝑅=𝑁𝑂2
 = 0.82) consistent with the 

observations of and mechanism proposed by Shiozaki and assigned as due to Z/E isomerisation.38 

This is also consistent with the theoretical calculations (Table S1 in the SI) that predict a 32 nm 

bathochromic shift and a strong increase of the oscillator strength when going from Z-MCH+ to E-

MCH+. Irradiation at 455 nm results in recovery of the Z-isomer for both NSP (Figure 2) and SP, 

even under continuous irradiation of the spectrometer (Figure 3), and is analogous to the 

behavior of spirooxazines.47  

 

Figure 2. UV/vis absorption spectra of (top) SP and (bottom) NSP (62 µM in acetonitrile, black lines) upon 
addition of 1 equiv. CF3SO3H (red lines). Irradiation at 365 nm induces a red shift to 420 nm (blue lines), 
which is reversed by irradiation at 455 nm. 
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Figure 3. UV/vis absorption of the E-MCH
+
 form (blue line, generated by irradiation at 365 nm, inset) over time, 

showing near complete reversion to the initial Z-MCH
+
 form upon continuous visible light irradiation (by the 

spectrometer, spectra at 100 s intervals, while no change in absorbance was observed over 200 s in the dark). 

The red-shift that manifests Z to E-isomerization is ascribed to the increase in electronic 

delocalization that accompanies increased planarity. Indeed the maximum visible absorption of 

the TTC isomer of the (deprotonated) merocyanine shifts from 550 nm to 595 nm in the TTT 

isomer (Scheme 1).56,57 The protonated E-merocyanines are also obtained by addition of 1 equiv. 

of a (strong) acid to E-MC and E-NMC formed by irradiation of SP and NSP at -30 °C (to limit 

thermal reversion, Figure S4 and Figure 4, respectively). Subsequent irradiation at 365 nm re-

establishes the PSS obtained with acid (vide supra) with reversion to the Z-isomers upon 

irradiation at 455 nm. 

 

Figure 4. Low temperature UV/vis absorption spectrum of E-NSP and of E-NMC generated at -30 °C by 
irradiation at 365 nm (grey solid line). Addition of near-stoichiometric amounts of CF3SO3H leads to 
formation of E-NMCH

+
 (blue solid line) with reversion to a PSS upon irradiation by the light source of the 

UV/Vis spectrometer (red solid line). 

The acid/base dependence of the photochemistry of both spiropyrans is summarized in Scheme 3. 

The data presented here contradict earlier proposals that irradiation of the protonated E-

merocyanine leads to the formation of the spiropyran form,33,34,36,58,46 based on the loss of visible 

absorption (i.e. decoloration). Instead it is the protonated Z-merocyanine that was obtained. 
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Indeed that this is the case is apparent in the blue shifted shoulder due to the Z-(N)MCH+ form in 

spectra reported earlier.37  

Although deprotonation of MCH+ at the photostationary state (PSS365nm) results in full recovery of 

the absorption spectrum of the ring closed SP and NSP forms, when base is added stepwise 

substoichiometrically the conversion of the Z-isomer is observed prior to that of the E-isomer 

(Figure S5). The order of recovery is consistent with the pKa of the Z-isomer being less than that of 

the E-isomer, which is expected considering the contribution of ring closing to the acid/base 

equilibrium. Furthermore, at -30 °C, a temperature at which the E-MC isomers are thermally 

stable, the visible absorption of the MC form does not appear until the sufficient base has been 

added to deprotonate all of the Z-MCH+ present (Figure S6).  

Φ

Φ

Φ

Φ

 

Scheme 3. pH-gated photochromism of spiropyrans and nitrospiropyrans, in absence and 

presence of strong acids. 

Calculated energies and barriers for ring opening of SP and NSP  

The energies of the observed isomers were calculated using a DFT known to be suited for 

spiropyrans, as detailed in the SI.41 The calculated energies of the unprotonated spiropyran forms 

relative to their merocyanine isomers are fully consistent with experimental data; i.e. that the 

ring-open form is thermally accessible from the NSP form. Interestingly, a comparison between 

the computed Raman spectra with those measured experimentally for the non-protonated SP and 

NSP forms (Figure S7 and Figure S10), as well as for the protonated Z-MCH+ and E-MCH+ show a 

good qualitative match, which supports that the selected level of theory is well suited for our 

purposes. 

The lowest energy MC form, the TTT, lies 3.2 kcal/mol higher than the ring-closed SP form and has 

a 17.5 kcal/mol barrier from the E to Z form before undergoing low-barrier ring-closing. The 

lowest energy NMC form, on the other hand, is the TTC conformer, which is 0.8 kcal/mol lower in 

energy than the ring-closed form, though closely followed by the TTT (1.8 kcal/mol). Furthermore, 

the TTC form, which is the main species observed experimentally also for nitrospiropyrans,32,59–61 

has a significantly higher barrier to conversion to the Z-NMC form (26.9 kcal/mol for direct 

conversion, 21.8 kcal/mol for conversion through the TTT form). These data are consistent with 

its observed thermal stability at room temperature. Notably, theory shows that even if the 

indolinic nitrogen is protonated, as proposed earlier,33,36 proton transfer coupled with Cspiro-O 

bond cleavage is barrierless and yields the thermally more stable Z-merocyanine form (Scheme 5). 
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Scheme 4. Computed energy profiles for the optimized lowest energy conformers of (a) SP and (b) NSP in the ring-
closed spiropyran and ring-open merocyanine forms, and the barriers to their interconversion. All energy differences 
given in kcal/mol. 

 
Scheme 5. Computed energy profiles for the optimized lowest energy conformers of the protonated forms of (a) SP 
and (b) NSP. See caption of Scheme 3. 

The barriers are significantly higher than those of the unprotonated forms, ranging from 29.6 

(Scheme 5a) to 39.4 kcal/mol (Scheme 5b), consistent with their experimentally observed thermal 

stability. The photochemical interconversion between the Z- and E-merocyanine forms thus 

enables controlled access over two distinct protonated states as shown, through the energetic 

entrapment of the respective isomers. 

Re-enabling room temperature switching of SP 

The difference in the pKas of the Z and E-merocyanine isomers additionally opens the possibility to 

gate the photochromism of SP with pH. In large excess, H3PO4 induces formation of Z-MCH+ 

(Figure S7), whereas near stoichiometric amounts have essentially no effect on the absorption 

spectrum of SP. Remarkably, in presence of equimolar phosphoric acid at room temperature 

solely the E-MCH+ isomer is generated both upon irradiation at 300 nm (Figure 5) and thermally 
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over time (Figure S8), with full recovery to the unprotonated SP–form upon subsequent 

irradiation at 455 nm. This effect is observed because the pKa of H3PO4 lies between that of the E- 

and Z-MCH+ isomers. Any H2PO4
- present will deprotonate Z-MCH+ spontaneously inducing ring 

closing, while any photogenerated E-MC will undergo protonation by H3PO4 preventing thermal 

reversion and thus enables essentially direct photoconversion between SP and E-MCH+ forms 

through the Le Chatelier principle (Scheme 6) despite that SP/E-MC photochromism is thermally 

inhibited at room temperature. Furthermore, the thermal stability of the E-MCH+ formed in the 

presence of near-stoichiometric amounts of H3PO4 allows for its characterization by NMR 

spectroscopy (1H, 13C APT, HSQC, HMBC, COSY and NOESY), as well as that of the Z-MCH+ form 

generated by addition of CF3SO3H (see the SI). 

 

Figure 5. UV/vis absorption spectra of SP (62 µM in acetonitrile, black line) with 1 equiv. H3PO4 (red line) followed by 
Irradiation at 300 nm (to form E-MCH

+
, blue line), while irradiation at 455 nm recovers the SP form. 

 

Scheme 6. Unidirectional cyclic interconversion between SP and E-MCH
+
 upon pH-gated photochromism in near 

stoichiometric presence of H3PO4. 

Conclusions 

In conclusion, we show through a combined experimental and theoretical study that the 

acidochromism of spiropyrans is highly dependent on the strength of the acid used in aprotic 

solvents, with acids, such as CF3CO2H and HCl, used typically, being too weak to protonate the Z-

(N)MC isomer. Fully pH-gated photochromism of simple spiropyrans is achieved with stronger 

acids (e.g., CF3SO3H), manifested in the two-state photo-isomerization of Z-(N)MCH+/E-(N)MCH+ 

and, together with (N)SP/E-(N)MC photoisomerization, leads to an overall four-state molecular 
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switching cycle. In retrospect, the reactivity reported in the present study implies that in earlier 

studies the Z-(N)MCH+ form may have been observed erroneously assigned as the expected ring-

closed spiropyran form. The theoretically computed energies agree with the experimentally 

observed forms and, moreover, underline the increased stability of the Z- and E-isomers through 

significantly higher thermal barriers than in the deprotonated states. Additionally, in contrast to 

conclusions drawn earlier regarding the protonation of spiropyrans,33,34,36,37,45,46,48 theory suggests 

that the protonation of the indolinic nitrogen leads to barrierless proton transfer to the 

phenolate. Hence, even if an acid is strong enough to protonate the indolinic nitrogen, 

spontaneous ring-opening to the Z-(N)MCH+ form would make such a protonation transient at 

most. Finally, by selecting an acid such that its pKa lies between that of the Z- and E-MCH+ isomers 

(e.g., H3PO4 in the case of SP), enables gated photochromism and a unidirectional multistate 

interconversion between spiropyran and merocyanine species at room temperature. This pKa 

dependent control opens new opportunities in the application of spiropyrans in photocontrol of 

pH and in understanding the influence local pH changes (e.g., at surfaces of electrodes) have on 

spiropyran based electrochemical devices. 

 

Supporting information 

Synthesis of SP.1,3,3-trimethyl-2-methyleneindoline (612.2 mg, 3.53 mmol) was added dropwise 

to a solution containing salicylaldehyde (413.3 mg, 3.38 mmol) in 40 mL EtOH followed by 

refluxing under Argon for 14 h. Evaporation in vacuo yielded pink crystals, which upon transfer to 

a P4 glass filter and extensive washing with ice-cold EtOH with subsequent vacuum filtrations (8 x 

3 mL) turned faint pink (492.5 mg, 1.78 mmol, 50 % yield). 1H NMR (CD3CN, 600 MHz): δ 7.14 (dt, 

Jd = 1.27 Hz & Jt = 7.65 Hz, 1 H, b), 7.12 (m, 1 H, j), 7.09 (m, 2 H, d and i), 6.94 (d, J= 10.25 Hz, 1 H, 

h), 6.84 (dt, Jd = 1.09 Hz & Jt = 7.44 Hz, 1 H, c), 6.81 (dt, Jd = 0.90 Hz & Jt = 7.40 Hz, 1 H, k), 6.59 (d, 

J = 8.11 Hz, 1 H, l), 6.55 (d, J = 7.73 Hz, 1 H, a), 5.75 (d, J = 10.25 Hz, 1 H, g), 2.70 (s, 3 H, m), 1.26 

(s, 3 H, e/f), 1.13 (s, 3 H, e/f). 
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Z-MCH+ was generated by addition of 1.2 equiv. CF3SO3H. 1H NMR of Z-MCH+ 

(CD3CN, 600 MHz): δ 7.81 (s, 1 H, n), 7.73 (d, J = 7.08 Hz, 1 H, d), 7.64 (m, 4 H, 

a/b/c/g), 7.36 (dt, Jd = 1.47 Hz & Jt = 7.76 Hz, 1 H, j), 7.21 (dd, J = 1.21 Hz & J = 7.78 

Hz, 1 H, i), 6.96 (dt, Jd = 0.80 Hz & Jt = 7.54 Hz, 1 H, k), 6.90 (d, J = 8.20 Hz, 1 H, l), 

6.66 (d, J = 12.82 Hz, 1 H, h), 3.30 (s, 3 H, m), 1.64 (s, 6 H, e/f). 13C APT NMR 

(CD3CN, 600 MHz): δ ~190.5 (from HMBC, 9), 155.72 (12), 145.60 (10), ~142.8 (from 

HMBC also, 6 and 1), 133.65 (14), 132.31 (13), 130.59 (2 [or 3]), 129.85 (3 [or 2]), 123.73 

(5), 122.90 (17), 121.43 (15), 116.85 (16), 115.97 (4), 112.57 (11), 54.76 (7), 36.81 (18), 23.30 

(8). 

 



 Reversible E/Z Isomerization of Protonated Spiropyrans  

91 

 

5
 

 

 

 



Chapter 5 

92 

 

5
 

 

 

 

E-MCH+ was generated by addition of 4 equiv. PO4H3, , with subsequent thermal equilibration 

directly to the E-form over 48 h. 1H NMR (CD3CN, 600 MHz): δ 8.52 (d, J = 16.43 Hz, 1 H, g), 7.89 

(dd, J = 7.79 Hz and 1.57 Hz, 1 H, i), 7.71 (m, 1H, d), 7.68 (m, 1H, c), 7.63 (m, 1H, b), 7.62 (m, 1H, 

a) 7.57 (d, J = 16.43 Hz, 1 H, h), 7.49 (dt, Jd = 1.64 Hz, Jt = 7.76 Hz, 1 H, j), 7.07 (d, J ≈ 7.71 Hz, 1 H, 

l), 7.06 (t, J ≈ 7.80 Hz, 1 H, k), 3.99 (s, 3H, m), 1.77 (s, 6H, e/f). 13C APT NMR (CD3CN, 600 MHz): δ 

183.73 (9), 159.45(12), 150.67 (10), 144.27 (6), 142.85 (1), 136.52 (14), 131.29 (13), 130.58 (2), 
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130.25 (3), 123.73 (5), 122.30 (17), 121.83 (15), 117.69 (16), 115.69 (4), 113.16 (11), 53.36 (7), 

35.11 (18), 26.56 (8). 
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Physical Methods 

1H and 13C NMR spectra were obtained on a Bruker 600 NMR spectrometer. Chemical shifts (δ) 

are reported in parts per million and coupling constants in hertz. Integrations are also reported, 

and multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, br = broad singlet, m 

= multiplet. Chemical shifts are reported with respect to tetramethylsilane and referenced to 

residual solvent (CH3CN) signals. UV/vis absorption spectra were obtained on an Analytik Jena 

Specord600 spectrometer. Quantum yields were determined as described below under 

“Actinometry”. Quantum yield calculations concerning the protonated photochromism were 

performed by approximating practically full conversion for the protonation starting from trans-

MC after reaching its maximum absorption over time (λexc = 300 nm). Relating this absorption to 

that of the PSS starting from cis-MCH+ gives a calculated 60 % conversion to the trans-MCH+ form. 

Scaled subtraction of pure cis form from the PSS (λexc = 365 nm) until the same λmax is observed as 

when interconverting between SP and trans-MCH+ directly with phosphoric acid, i.e. with no 

involvement of cis-MCH+ in the process, confirms this 60:40 ratio. Irradiation was performed by 

Thorlabs LED’s with λmax at 365 nm (4.1 mW, model M365F1), 455 nm (3200 mW, M455L3-C5), 

490 nm (2.3 mW, M490F1), 565 nm (2.0 mW, M565F1), and 660 nm (14.5 mW, M660F1). 

Actinometry 

Absolute quantum yield was determined with reference to the actinometer potassium 

ferrioxalate.a Laser flux was determined by the method of total absorption using 2 mL of 6 mM ( 

                                                           

a Hatchard, C.; Parker, C. A. Proceedings of the Royal Society of London. Series A. Mathematical 

and Physical Sciences 1956, 235, 518. 
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for 355 nm) and 0.15 M (for 457 nm) potassium ferrioxalate in a 1 cm pathlength cuvette with 

stirring. The actinometer was irradiated for 90 s (at 355 nm) and 45 s (at 457 nm), respectively. A 

reference cuvette was held apart from the excitation source. After irradiation, 1 mL of each 

solution was added to buffered aqueous phenanthroline (0.1 M, 2 mL), and diluted 10 fold with 

water and left to stand in the dark for at least 30 min and the absorbance determined at 510 nm. 

The photon flux was calculated using equation (E1):  

(𝑁ℎ𝑣/𝑡) =
∆𝐴

𝐿×𝜀×Ф×𝑡×𝐹
× 20                                                 (E1) 

Where L is the pathlength of the cuvette, ε is the molar absorptivity of iron(II) tris-phenanthroline 

(11100 L mol-1 cm-1 at λmax 510 nm), Ф is quantum yield of the actinometer at 355 nm and 457 

nm,6 t is the irradiation time, F is the fraction of the light the actinometer absorbed. 

Quantum yield theory. The arylazoindazole trans-to-cis isomerization was calculated as previous 

reported method.b 

-V 
𝑑𝐶1

𝑑𝑡
= 𝜙1

𝜀1𝐶1

𝐷
I(1 − 10−𝐷) − 𝜙2

𝜀2𝐶2

𝐷
I(1 − 10−𝐷)                           (E2) 

-V 
d𝐶1

dt
 is the change of species A in mole, I(1 − 10−D), the light absorbed by the whole system, 

𝜀1𝐶1

𝐷
 is the fraction of the light absorbed by A, C1, C2 are the concentration of trans and cis 

isomers, M, 𝜀1, 𝜀2 is absorption coefficient of trans and cis isomers at λirri, D is absorbance when 

using 1 cm path length cuvette, 𝜙1, 𝜙2 are quantum yields for the reaction from trans to cis, and 

cis to trans, I is photon flux determined by actinometry. 

Using mole fractions X = 
𝐶

𝐶0
, C0 = C1 + C2 is Ctotal, defining K = 𝜀1𝜙1+ 𝜀2Ф2, 

-
𝑑𝑋1

𝑑𝑡
∙

𝐷

1−10−𝐷 =
𝐼

𝑉
(KX1 −

𝜀2𝐶2

𝐶0
 )                                           (E3) 

Using  R=
𝜀2𝐶2

𝐶0
,  

𝑑𝑋1

𝑑𝑡
∙

𝐷

1−10−𝐷 =
𝐼

𝑉
(KX1 − 𝑅)                                              (E4) 

 

Using  f=∫
1−10−𝐷

𝐷
𝑑𝑡,

𝑡

0
 and integrated the equation, then  

ln
(𝐾𝑋1−𝑅)

(𝐾𝑋0−𝑅)
=f 

𝐾𝐼

𝑉
                                                         (E5) 

If  we reached the photostationary state, -
𝑑𝑋1

𝑑𝑡
=0, 

(KX1 −
𝜀2𝐶2

𝐶0
)=0,    KX1

∞=R 

So, 

                                                           

b Malkin, S.; Fischer, E. The Journal of Physical Chemistry 1962, 66, 2482. 
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ln
(KX1−KX1

∞)

(KX1
0−KX1

∞)
=f 

𝐾𝐼

𝑉
,    ln

(X1−X1
∞)

(X1
0−X1

∞)
=f 

𝐾𝐼

𝑉
, 

at the photostationary state, 

-V 
𝑑𝐶1

𝑑𝑡
= 𝜙1

𝜀1𝐶1

𝐷
I(1 − 10−𝐷) − 𝜙2

𝜀2𝐶2

𝐷
I(1 − 10−𝐷) = 0 

𝜀1𝜙1X1
∞ = 𝜀2𝜙2X2

∞ 

because K =  𝜀1𝜙1 +  𝜀2Ф2, 

∅1=K
X2

∞

𝜀1
, ∅2=K

X1
∞

𝜀2
,                                                    (E6) 

 

 

Supporting Figures 

 

Figure S1. (Top left) UV/vis absorption of NSP (52 mM in acetonitrile) upon irradiation at 365 nm. (Top right) UV/vis 
absorption of SP (62 mM in acetonitrile) upon irradiation at 300 nm at room temperature (5 s intervals), (bottom left) 
at -30 °C (100 s intervals) and (bottom right) its subsequent thermal ring closing at -30 °C (100 s intervals) with no 
observed photoacceleration of the ring closing by irradiation at 565 nm nor 660 nm. 
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Figure S2. UV/vis absorption spectra of 62 µM SP (left column) and NSP (right column) in acetonitrile (black lines) 
upon addition of the indicated proton source (red lines) and after subsequent irradiation at 365 nm (blue lines). 
Reversion to the Z-MCH

+
 and Z-NMCH

+
 forms is observed upon irradiation at 455 nm. 
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Figure S3. UV/vis absorption of (left column) SP and (right column) NSP (62 µM in acetonitrile, black lines), upon 
addition of the indicated proton source (red lines) and subsequent irradiation at 365 nm (blue lines). Reversion is 
again observed upon irradiation at 455 nm. 
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Figure S4. Low temperature UV/vis absorption of photoswitched MC from SP (-30 °C, 62 mM in acetonitrile, λexc 300 
nm, grey solid line) with addition of 150 nmol trifluoromethanesulfonic acid (to blue solid).  

 
Figure S5. (Left) UV/vis absorption of SP (62 mM in acetonitrile, black solid line) after the previous pH-gated (300 nmol  
trifluoromethanesulfonic acid) photoconversion at 365 nm, while adding a first portion of 600 nmol NaOAc in 20 µL 
9:1 acetonitrile/water (to red line, red arrows indicate direction of change), and a second equal portion (to blue line, 
blue arrows indicate direction of change), followed by swift thermal relaxation to the original spiropyran form (green 
line). (Right) (Inset) UV/vis absorption of SP (62 mM in acetonitrile, black solid line) after the previous pH-gated (300 
nmol trifluoromethanesulfonic acid) photoconversion at 365 nm, while adding a first portion of 600 nmol NaOAc in 20 
µL 9:1 acetonitrile/water. As deprotonated SP is formed the difference spectrum is “compensated” with 0.48 
equivalents of the original closed form absorption, at which point the corrected differential absorption (solid red line) 
matches that of the protonated form (dashed black) precisely. 

 

Figure S6. Low temperature UV/vis absorption of a mixture of Z- and E-isomer of MCH
+
 (-30 °C, 62 mM in acetonitrile, 

red and blue alternatingly dashed line) after reaching the PSS in pH-gated photochromism with 150 nmol 
trifluoromethanesulfonic acid (1.2 equivalents, λexc = 365 nm), while adding a first portion of 450 nmol NaOAc in 15 µL 
9:1 acetonitrile/water (to solid blue line, green arrows indicate direction of change), and a second portion of 300 nmol 
NaOAc (to black line, yellow arrows indicate direction of change). Afterwards slow thermal relaxation back to the 
original closed spiropyran form is observed. 
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Figure S7. Experimentally obtained Raman spectra (λexc 785 nm) of thin dropcast films of (top) SP, Z-MCH
+
 and E-MCH

+
 

and (bottom) NSP, Z-NMCH
+
 and E-NMCH

+
. The dropcast films were prepared by casting a drop of saturated solution 

(in dichloromethane, [N]SP; as is, Z-[N]MCH
+
; addition of 2 equiv. trifluoromethanesulfonic acid, E-[N]MCH

+
; 

subsequent irradiation at 365 nm and scaled subtraction of the Z-form) into a quartz crucible, allowing the volatile 
solvent to evaporate swiftly while leaving a thin solid film behind. 
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Figure S8. UV/vis absorption of SP (62 µM in acetonitrile, black line), upon addition of a large excess 75 equiv. H3PO4 
(red line) and subsequent irradiation at 365 nm (blue line). Reversion occurs upon irradiation at 455 nm (cyan line). 

 

Figure S9. (Left) UV/vis absorption of E-MCH
+
 (an estimated concentration of 9 μM by absorption versus the 

absorption of E-MCH
+
 following direct protonation by triflic acid of the photoproduced MC form, Figure S4) resulting 

from addition of 1 equivalent of H3PO4 to 62 μM SP and subsequent irradiation at 300 nm to the PSS. Though the E-
MCH

+
 form is thermally more stable, attested by complete thermal conversion over time as seen in the NMR 

spectroscopy, its contribution to absorbing of incident light is deemed to result in this photostationary state. (Right) 
UV/vis absorption spectra of equimolar SP and phosphoric acid (62 µM in acetonitrile, black line) over several hours, 
showing thermal conversion to the E-MCH

+
 form over time. 

Theoretical methods. 

All our theoretical calculations have been performed with the Gaussian16.A03 code,c using 
default approaches, algorithms and thresholds, except when noted below. We have followed a 
computational protocol similar to the one proposed by Bieske,d though we accounted for solvent 
effects systematically using the Polarizable Continuum Model (acetonitrile). We performed DFT 
geometry optimization and vibrational frequency calculations with the PW6B95-D3 exchange-
correlation functionale combined with the def2-TZVP atomic basis set for all atoms. These 
calculations were performed with the so-called ultrafine DFT integration grid, and used 
improved SCF convergence (10-10 au, fully accurate integrals throughout) and geometry 
optimization (10-5 au on rms forces, so-called "tight" criterion in Gaussian16) thresholds. For 

                                                           

c
 M. J. Frisch and co-corkers, Gaussian 16.A03, Gaussian Inc., Wallingford, CT, 2016. 

d
 Markworth, P. B.; Adamson, B. D.; Coughlan, N. J. A.; Goerigk, L.; Bieske, E. J. Phys. Chem. Chem. Phys. 2015, 17, 

25676.. 

e
 Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2005, 109, 5656. 
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determining the various transition-states, we started with reasonable guesses and used the 
Berny algorithm with analytic determination of the Hessian at each point. It was checked at the 
end of the calculation that the obtained (single) imaginary frequency indeed corresponds to a 
chemically-sound displacement. For all transition states reported in the manuscript, we 
attempted calculations with both a normal and a so-called broken-symmetry wavefunction, but 
the latter systematically led back to the same solution during the SCF cycles. Discussion about 
the merits and limitations of the selected approach for TS determination can be found in the 
above-mentioned Bieske work. It should be underlined that our goal here was not to obtain 
quantitative estimates for all TS energies, but rather to compare four different chemically-
related systems. The optical properties were explored with TD-DFT using the CAM-B3LYPf range-
separated functional and the aug-cc-pVDZ atomic basis set. The vertical approximation was 
applied, so that one typically expects blue-shifted results as compared to experiment (in which 
vibronic couplings are present). 

TD-DFT characterizations 

The Table below lists selected transition wavelengths and corresponding oscillator strengths 

computed for some key species. 

Table S1. Computed vertical transition energies (expressed in nm) and corresponding oscillator 

strengths for selected dipole-allowed excited-states 

Species  (nm) f Species  (nm) f 

SP 281 0.14 NSP 313 0.29 
Z-MC (CCC) 458 

356 
315 

0.31 
0.11 
0.31 

Z-NMC (CCC) 427 
344 

0.46 
0.36 

E-MC (TTT) 478 
325 

0.87 
0.30 

E-NMC (TTC) 445 
331 
308 

1.07 
0.21 
0.41 

SPH+ 268 
244 

0.21 
0.19 

NSPH+ 285 0.14 

Z-MCH+ (CCT) 358 0.44 Z-NMCH+ (CCT) 336 
287 
281 

0.41 
0.14 
0.11 

E-MCH+ (TTT) 390 
317 

1.08 
0.11 

E-NMCH+ (TTT) 377 
283 

1.08 
0.23 

 

Theoretically determined Raman spectra 

Below are presented the theoretically computed Raman spectra (normalized intensities but no 

scaling of the frequencies). These graphs can be straightforwardly compared to their 

experimental counterparts of Figure S7. One notices a reasonably good agreement in all cases, 

e.g., the SP isomer presents three intense bands of decreasing height at ca. 1600 cm-1; whereas 

the most intense peak is located at small (large) wavenumbers in the Z (E) isomers of the 

protonated structures. One also notices that the impact of introducing a nitro group is strong for 

                                                           

f
 Yanai, T.; Tew, D.; Handy, N. C. Chem. Phys. Lett. 2004, 393, 51. 



Chapter 5 

104 

 

5
 

 

the closed isomer but more modest for the merocyanine structures, which also fits the 

measurements. 

 
 

Figure S10. (Left) DFT computed Raman Spectra for SP and the protonated forms of Z-MCH
+ 

(CCC) and E-MCH
+ 

(TTT). 
(Right) Same information for the nitro derivatives.  
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Chapter 6 

Novel Reactivity in Bispiropyran Photochromes 

Abstract Synthetic coupling of two spiropyrans was conducted through their photochrome, yielding a new class of 

spiropyran photochromes complete with novel reactivity. By direct tethering through their photoactive functional 

unit, cross-talk between the two components is achieved which affects their response in mainly the protonated 

state. Spiropyrans themselves we know to be capable of pH-gated photochromism, complete with thermal 

equilibration of the bidirectionally photoaccessible protonated Z and E isomer forms. These bispiropyrans, 

however, show complete thermal stability in the protonated Z- and E-isomer forms, while showing an 

unprecedented one-way reactivity to UV resulting in Z to E photoisomerization. Deprotonation of either 

protonated form swiftly resets the system to the bispiro ring-closed form through fast thermal relaxation. 

Furthermore, deprotonation of the protonated E form partly yields an additional red-shifted ring-open species 

absorbing at λmax = 734 nm, ascribed to the extendedly conjugated quinoidal open form, which is not observed 

though direct irradiation with UV light of the bispiro closed form. This synthetic methodology opens up to a new 

family of responsive materials by simple modification of long-established spiropyran syntheses. Moreover, the 

different states accessible in these bispiropyrans are remarkably stable, allowing for long lived manipulation of 

the system and dynamic control over properties. The extra species observed give more insight to the inner 

workings of spiropyrans, as well as their complex isomerization and access thereof. The robustness of the present 

system, its high switching rates and, as opposed to spiropyrans, their full thermal control with pH-gating opens 

up to new opportunities for regulating an unprecedented degree of complexity.  

 

 

 

 

 

 

 

Manuscript in preparation, L. Kortekaas, J. D. Steen, D. Jacquemin, W. R. Browne. Supporting 

information can be found at the end of the chapter.
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Introduction 

Molecular switches have been envisioned to play part in reversibly diversifying macroscopic 

properties by simple stimuli, e.g. irradiation,1 heat,2,3 electricity4 and pH,5 just as they do on the 

microscale. The attempted translation from microscopic to macroscopic response commonly 

involves surface modifications or incorporation into polymers.6 Many of such incorporable stimuli 

responsive compounds have been devised to date, photochromic dithienylethenes,7 stilbenes,8 

and spiropyrans9 to name but a few that have had a prominent place herein. In search for the 

ideal behavior a vast range of modifications in these photochromic building blocks have been 

explored, putting their versatility to the test for decades already. An unpredictable challenge in 

combining components, however, is cross-compatibility of functionalities, which can have a major 

impact on the extent of both the retention and the nature of photophysical properties in the final 

device, sometimes giving rise to new functionality altogether.10 One way of maximizing this cross-

talk in hopes of extending the functionality is to tether the functional groups close together either 

directly or even by fusing a common motif.11,12 Wegener et al., for example, show modulation of 

the antibiotic activity of a drug by UV-triggered switching of an intrinsic stilbene moiety.13 

Areephong et al. successfully demonstrated two-part functionality in a terthiophene-diarylethene 

hybrid, the behavior of which resembled that of the diarylethene in its ring-open form, while 

changing to that of the terthiophene substituents in the ring-closed form.11 Conversely, building a 

spacer unit in between the components has been shown to reduce the change in photophysical 

properties, confirming a direct relationship between the distance of the functional groups and 

their electronic communication.14 

As one of the most synthetically and functionally flexible systems to date, the spiropyran class of 

photochromes has already shown proficiency at modulating a range of properties in polymers and 

at surfaces.9 Their marked influence over properties originates from the strong change in 

molecular structure upon photochemical breaking of their heterocycle followed by a stabilizing 

Z/E isomerization (Scheme 1). While several so called transoid merocyanine forms are 

conformationally possible, the TTC form, as by the cis-trans configuration about the α, β and γ 

positions in the pyran alkene bridge, has been shown to be the thermally most stable with a small 

presence of TTT form depending on solvent (see Chapter 1). Moreover, in acetonitrile specifically 

it has been shown that this ratio of TTC to TTT isomer of 6-nitrobenzoindolinospiropyran is 10:1, 

and that the TTT form has a red-shifted absorption maximum at 595 nm compared to that of TTC 

at 557 nm.15 

 

Scheme 1. Photochemical conversion of the ring-closed spiropyran to the ring-open merocyanine form with thermal 
reversion. The TTC ring-open merocyanine form, with C and T indicating their cis and trans configuration about the α, β 
and γ positions, commonly is thermally most stable, but the other transoid isomers may be thermally accessible as well. 
Protonation of the colored merocyanine form obstructs the ring-closing by generating a thermally stable state. 
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The photoconversion to the zwitterionic ring-open isomers is reversible by heat and, as shown in 

Chapter 5, can be avoided by conversion to the thermally stable protonated form upon treatment 

with strong acids. This intrinsic behavior was also already observed in bis-spiropyrans16 while 

making use of the ability of spiropyrans to undergo oxidative coupling (Scheme 2).17 

 

Scheme 2. Oxidative (electrochemical) indoline-indoline coupling of spiropyrans to bis-spiropyran dimers as first 
described by Ivashenko et al.

17
 

In this present work we take advantage of the modularity of spiropyrans while building on the 

previously reported bis-spiropyran system by re-approaching their dimeric tethering. Here, we 

take on an alternative route by synthetically linking two spiropyrans directly through their pyran 

unit instead of their indoline fragment, with a biphenyl central motif as a result (Scheme 3). This 

was achieved by chemical aryl-aryl coupling of 5-iodosalicylaldehyde with a palladium/indium 

bimetallic system according to literature procedure,18 followed by double Fischer base 

condensation of the indoline to the double spiropyran (vide infra). 

 

Scheme 3. A new approach towards coupling spiropyran photochromes, direct linking through the pyran unit. 

We show that, alike its single spiropyran precursor (see Chapter 5), the bispiropyran (biSP) 

photoswitch possesses swift thermal reversion from the bimerocyanine (biMC) form and 

protonates to the deprotonated bimerocyanine (biMCH2
2+) spontaneously upon addition of 

trifluoromethanesulfonic (triflic) acid. Furthermore, though the pH-gated photoisomerization 

seen in Chapter 5 is retained, an electronic structure additional to the usual TTC form is observed 

upon deprotonation. This structure is ascribed to that of the quinoidal double TTC isomer which is 

stabilized by increased orbital overlap throughout the trans-configuration over the full 

photochrome (Scheme 4), thus ultimately overcoming the energetic stability of the zwitterionic 

TTC form which is stabilized by phenolate H-bonding with the C3’-H. 

 

Scheme 4. Structure of the doubly TTC quinoidal form of bispiropyran, accessed through the reversible breaking up of 
the TTC stabilizing H-bonding between the phenolate and the C3’-H. 
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The novel photochemical activity and stability of their different states that is shown by this 

species is unprecedented and opens up to new uses for this class of spiropyran based 

photochromes. 

Experimental section 

Materials. All of the chemicals for the synthesis of 1, 2 and 3 were purchased from Aldrich or TCI 

and were used without further purification. HPLC grade acetonitrile was used without additional 

purification for the spectroscopic measurements. 

Synthesis of 1. 74.0 mg Pd(PPh3)4 (0.064 mmol, 4 mol %) and 273.5 mg In (2.4 mmol, 1.5 eq.) was 

added at room temperature to a solution of 5-iodosalicylaldehyde (400.5 mg, 1.6 mmol) in 8 mL 

DMF and the resulting mixture heated to 100 °C for 72 h. After cooling to room temperature the 

reaction mixture was quenched with 15 mL of semisaturated NaHCO3. An extraction with EtOAc 

(3 x 20 mL) was followed by washing of the organic layer with water (2 x 30 mL) and brine (20 

mL), with subsequent drying over MgSO4. The organic layer was dried in vacuo and the residue 

was transferred to a P4 glass filter with washing by pentane and scraping the compound out of 

the flask (3 x 30 mL). The pentane removed almost all of the residual monomer present, yet a 

final washing with a small amount of diethyl ether (5 mL) gets rid of the last portion, yielding 77.0 

mg of yellow crystals (0.32 mmol, 20% yield). 1H NMR (CDCl3, 400 MHz): δ 11.01 (s, 2 H), 9.99 (s, 2 

H), 7.73 (m, 4 H), 7.10 (d, J = 9.76 Hz, 2 H). 

 

Synthesis of 2. 1,3,3-trimethyl-2-methyleneindoline (76.0 mg, 0.43 mmol) was added to a solution 

containing 32.2 mg of 1 (0.13 mmol) in 15 mL EtOH followed by refluxing for 20 h under Argon. 

Pinkish-white crystals had crashed out the solution, which is still highly colored from the excess of 

1,3,3-trimethyl-2-methyleneindoline. The reaction mixture was cooled down to 0 °C and filtered 

over a P4 glass filter, with subsequent washing of the filtrand by a small amount of EtOH at 0 °C, 

turning the crystals white (30.4 mg, 0.06 mmol, 42% yield). Chloroform is sufficiently acidic of 

nature to partly ring open the product into various isomers, whereas acetonitrile provides a clean 

spectrum of solely the ring closed form. 1H NMR (CD3CN, 400 MHz): δ 7.37 (d, J = 2.22 Hz, 2 H, i), 

7.33 (dd, J = 2.36 Hz and J = 8.41 Hz, 2 H, j), 7.15 (dt, J = 0.98 Hz and J = 7.73 Hz, 2 H, b), 7.11 (d, J 

= 6.71 Hz, 2 H, d), 7.01 (d, J = 10.20 Hz, 2 H, h), 6.82 (t, J = 7.25 Hz, 2 H, c), 6.66 (d, J = 8.44 Hz, 2 

H, k), 6.57 ( d, J = 7.68 Hz, 2 H, a), 5.81 (d, J = 10.23 Hz, 2 H, g), 2.73 (s, 6 H, l), 1.29 (s, 6 H, e/f), 

1.15 (s, 6 H, e/f). 
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Synthesis of 3. 1,3,3-trimethyl-2-methyleneindoline (172.8 mg, 0.83 mmol) was added to a 

solution containing 66.5 mg of 1 (0.27 mmol) in 40 mL EtOH followed by refluxing for 20 h under 

Argon. Pinkish-white crystals had crashed out the solution again, the solution still being highly 

colored from the excess of 1,3,3-trimethyl-2-methyleneindoline. The reaction mixture was cooled 

down to 0 °C and filtered over a P4 glass filter, with subsequent washing of the filtrand by a small 

amount of EtOH at 0 °C, turning the crystals to off-white (41.8 mg, 0.07 mmol, 25% yield). 

Chloroform is sufficiently acidic of nature to partly ring open this product as well into various 

isomers, whereas acetonitrile provides a clean spectrum of solely the ring closed form. 1H NMR 

(CD3CN, 400 MHz): δ 7.37 (d, J = 2.14 Hz, 2 H, h), 7.33 (dd, J = 2.26 Hz and J = 8.37 Hz, 2 H, i), 7.14 

(dd, J = 2.18 Hz and J = 8.07 Hz, 2 H, b), 7.10 (d, J = 2.02 Hz, 2 H, c), 7.01 (d, J = 10.17 Hz, 2 H, g), 

6.67 (d, J = 8.37 Hz, 2 H, j), 6.52 ( d, J = 8.39 Hz, 2 H, a), 5.79 (d, J = 10.26 Hz, 2 H, f), 2.71 (s, 6 H, 

k), 1.27 (s, 6 H, d/e), 1.15 (s, 6 H, d/e). 

 

Physical methods. 1H and 13C NMR spectra were obtained on a Bruker 600 spectrometer. Chemical 

shifts (δ) are reported in parts per million and coupling constants in Hertz. Multiplicities are 

denoted as follows: s = singlet, d = doublet, t = triplet, br = broad singlet, m = multiplet. Chemical 

shifts are reported with respect to tetramethylsilane and referenced to residual solvent (CHD2CN) 

signals. UV/vis absorption spectra were obtained on an Analytik Jena Specord600 spectrometer. 

Irradiation at 300 nm (370 μW), 365 nm (4.1 mW), 455 nm (3.2 W), 490 nm (2.3 mW), 565 nm 

(2.0 mW), and 660 nm (14.5 mW) was provided by M300F2, M365F1, M455L3-C5, M490F1, 

M565F1 and M660F1 Thorlabs laser diodes. UV/vis absorption spectra recorded at -30 °C used a 

QuantumNorthwest temperature controlled cuvette holder. Absolute quantum yields were 

determined as described in Chapter 5. Emission spectra were obtained by excitation with the 

aforementioned laser diodes, with a 500 nm shortpass filter in front of the M490F1 LED 

lightsource specifically in the case of the fluorescence of E-biMCH2
2+.

Results and Discussion 

Bisalicylaldehyde 1 was synthesized using an aryl-aryl coupling procedure reported by Chang et 

al.18 Bispiropyrans 2 and 3 were prepared by Fischer base condensation of 1,3,3-trimethyl-2-

methyleneindoline and 5-chloro-1,3,3-trimethyl-2-methyleneindoline, respectively, with the 

bisalicylaldehyde (Scheme 5), and characterized by 1H and two-dimensional NMR spectroscopy.  
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Scheme 5. Synthesis of bispiropyrans 2 and 3. 

Photochromism of bispiropyrans: 

Bispiropyrans 2 and 3 show UV-vis absorption spectra that are typical of spiropyrans with 

absorption only in the UV region, with irradiation at room temperature resulting in only a slight 

transient increase in visible absorption (Figure S1). The absence of photochromic behavior at 

room temperature is due to rapid thermal reversion as at -30 oC photo induced ring-opening is 

observed (Figure S1) with a quantum yield for 3 of 4 %, which is similar to that of unmodified 

spiropyrans (ca. 7 %, see chapter 5). Both 2 and 3 show maxima at 395 and 619 nm with a 

shoulders at 408 and 660 nm, respectively (Figure 1, right and Figure S2). Subsequent irradiation 

with visible light did not affect the spectra of the open bimerocyanines (Figure S1), as expected 

for spiropyrans without electron withdrawing substituents (see Chapter 1). In comparison, the 

monospiropyran shows maximum absorption at 385 nm and 582 nm, with only a shoulder at 398 

nm.  

 

Figure 1. (left) Normalized UV/vis absorption of 2 (solid) and 3 (dashed) in acetonitrile and (right) UV/vis 
absorption spectroscopy (-30 °C) of 2 in acetonitrile during irradiation at 300 nm. 

pH-gating and acidochromism of bispiropyrans: 

The pH-gating and acidochromism of spiropyrans discussed in chapter 5 is observed for the 

bispiropyrans 2 and 3 also. An instant response to addition of stoichiometric triflic acid is 

observed with spontaneous ring opening to the Z-bimerocyanines (Figure 2, left). Incremental 

addition of acid results in a stepwise change in absorbance without evidence for intermediate 

species even at low temperature. Subsequent deprotonation recovers the absorption spectrum of 

the ring-closed form immediately (Figure S3). Irradiation of the protonated form results in the 

appearance of absorption bands at 385 and 450 nm (compared to 420 nm for spiropyran, Chapter 

5) with an isosbestic point maintained at 350 nm, suggesting Z/E-isomerization proceeds without 



Novel Reactivity in Bispiropyran Photochromes 

113 
 

6
 

significant steady state concentrations of intermediates (Figure 2, right). The quantum yield is 68 

%, which is similar to that (92 %) of the monospiropyran (see chapter 5). In contrast to the 

monospiropyrans, however, thermally induced interconversion of the Z- and E-isomers is not 

observed, and irradiation at 455 nm does not induce reversion (E to Z) in the bispiropyrans. In 

summary, protonation results in formation of two thermally stable open isomers at room 

temperature, with one formed from the other by irradiation with UV light (Scheme 6, Figure S4).  

 

Figure 2. (Left) UV/vis absorption spectrum of 3 (35 μM in acetonitrile) upon addition of 2 equiv. CF3SO3H to 
form the Z-biMCH2

2+
 form and (right) subsequent irradiation at 365 nm to form the E-biMCH2

2+
 form. 

 

Scheme 6. Dual photo- and pH-switching of 2 and 3 with fast thermal reversion of the unprotonated bimerocyanines, 
but full thermal stability at room temperature in the protonated states concurrent with unidirectional 
photoisomerization. 

Deprotonation of 2 or 3 with Et3N or sodium acetate recovers the merocyanine form, which 

relaxes quickly to the closed spiro form at room temperature. However, in contrast to the 

monospiropyran additional absorption bands at 310 and 730 nm are observed (Figure S5). The 

additional species is not observed upon irradiation of the spiro form at low temperature, and its 

absorption undergoes thermal decay more rapidly than that of bimerocyanine.  

pH-gating of photo induced extended conjugation in bispiropyrans: 

At -30 °C  Z/E-isomerization is observed upon addition of 2 equiv. of CF3SO3H to 2 or 3 followed by 

irradiation at 365 nm (Figure S6). Subsequent addition of base in a stepwise manner results in a 

more pronounced absorption at 730 nm than observed at room temperature (Figure 3). 
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Figure 3. (Left) UV/vis absorption spectrum (at -30 °C) of (blue) E-biMCH2
2+

 in acetonitrile (generated by 
irradiation of 2 with 2 equiv. CF3SO3H present) with subsequent addition of NaOAc (260 nmol per step) and 
(right) the evolution of absorbance at selected wavelengths as base is added. At 2340 nmol base added full 
conversion is reached (dotted line), and the subsequent few additions merely showed thermal decay of 
visible absorption. 

After full deprotonation, the thermal decay of the extra species also occurs gradually at -30 °C, 

and is completely independent of visible light irradiation as well (Figure S7). Interestingly, avoiding 

exposure to UV light during the deprotonation favors the formation of the NIR absorbing species, 

thereby enabling distinguishing between the bimerocyanine form generated by direct irradiation 

and the extra species generated by pH switching (Figure 4). 

 

Figure 4. UV/vis absorption spectrum (at -30 °C) of 3 in acetonitrile, before and after excitation with a 
halogen light source. (Left) After photogeneration of E-biMCH2

2+
 (blue line) an excess 1200 nmol NaOAc 

was added, creating a mix of the previously observed E-bimerocyanine absorption (normalized trace added 
as dotted grey line) and the new NIR species. (Right) Absorption spectrum of the new species with λmax at 
734 nm obtained by scaled subtraction of the spectrum of E-merocyanine (grey dotted line) from the 
spectrum of a mixture of both species (green dotted line). 

1H NMR spectroscopy of bispiropyrans: 

As with spiropyrans, the stability of the accessible bispiropyran/bimerocyanine forms allows for 

their observation by 1H NMR spectroscopy. Unlike with spiropyrans, which are unable to fully 

convert to the E-isomer due to a photostationary state, a complete series of thermally stable 

bispiropyran states can be characterized in order by 1H NMR spectroscopy at room temperature 

(Figure 5, Table 1). 
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Figure 5. 
1
H NMR spectra of bispiropyran 3 (1, bottom), with 2 equivalents of CF3SO3H (2), after subsequent 

irradiation at 365 nm (3), and upon addition of 21 equivalents of sodium acetate (4). 

 
Proton 

BiSP Z-biMCH2
2+ E-biMCH2

2+ 

Chemical Shift Coupling Chemical Shift Coupling Chemical Shift Coupling 

l - - 7.99 (bs) - -  
h 7.36 (d) 2.28 7.81 (d) 2.01 8.18 (d) 2.31 
i 7.33 (dd) 8.36/2.36 7.66 (dd) 8.52/1.97 7.84 (dd) 8.54/2.32 
b 7.14 (dd) 8.19/2.20 7.55 (m)  7.65 (m) - 
c 7.10 (d) 2.10 7.50 (d) 2.40 7.79 (d) 1.59 
g 7.00 (d) 10.20 6.71 (d) 12.93 7.68 (d) 16.41 
j 6.67 (d) 8.30 7.62 (d) 8.59 7.20 (d) 8.53 
a 6.52 (d) 8.20 6.92 (d) 8.41 7.65 (m) - 
f 5.78 (d) 10.17 7.55 (m)  8.57 (d) 16.40 
k 2.71 (s) - 3.32 (s) - 4.00 (s) - 
e 1.27 (s) - 1.65 (s) - 1.81 (s) - 
d 1.15 (s) - 1.65 (s) - 1.81 (s) - 

Table 1. 
1
H NMR chemical shift assignments of 3 in its different states, chemical shift (δ) in ppm, multiplicity 

in parentheses, coupling constant in Hz. 

In comparison, spiropyran, which has been shown to undergo spontaneous conversion to the Z-

merocyanine upon protonation followed by Z/E-isomerization under UV irradiation, shows almost 

identical chemical shifts and coupling constants (see Chapter 5). The 1H signal of the methane 

closest to the indoline (proton f) shifts from 5.75 ppm to 7.64, and further to 8.52 ppm upon Z/E-

isomerization, with coupling constants changing from 10.25 Hz via an unidentifiable multiplet to 

16.43 Hz in the E isomer. Concomitantly the signal of the hydrogen on the side of the phenol 

(proton g) shifts from 6.94 ppm to 6.66, and further to 7.57, with the coupling constants changing 

from 10.25 Hz via 12.82 Hz in the Z-isomer to 16.43 Hz in the E isomer as well. 

   BiSP 

Z-biMCH2
2+ 

E-biMCH2
2+ 

 

Recoverd BiSP 
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Although it is not observed by UV/vis spectroscopy (Figure S3), stepwise addition of triflic acid 

allows for an intermediate species to be observed by 1H NMR spectroscopy (Figure 6). This 

intermediate indicates that instead of the first protonation rendering the second protonation step 

more facile, a thermally stable intermediate is formed, possibly a form of the singly protonated 

species (Scheme 7), while the electronic structure still resembles that of the ring closed form. The 

coupling constant of the intermediate’s signals at 5.80 ppm (chemical shift of +0.01 ppm with 

respect to the closed spiro form) and 6.94 ppm (a shift of -0.07 ppm) are 10.05 Hz, while the 

aliphatic methyl protons undergo shifts of 0.01 ppm. 

Figure 6. 
1
H NMR spectrum of, from bottom to top, 3 in CD3CN, and with increasing amounts of 

trifluoromethanesulfonic acid to the complete conversion to protonated bimerocyanine form. 

 

Scheme 7. Possible intermediate protonation state of bispiropyrans. 

1H NMR spectroscopy at -30 oC with in situ irradiation: 

As for UV/vis absorption spectroscopy at low temperature, the increased lifetime of intermediate 

species formed upon protonation and irradiation allows for their study by 1H NMR spectroscopy. 

Irradiation of the protonated bimerocyanine at 365 nm at -30 °C results in the appearance of 

several species before conversion to the final photoproduct (Figure 7). 
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Figure 7. Evolution of 
1
H NMR spectrum of 2 in acetonitrile-d3 after protonation during in situ irradiation 

(λexc = 365 nm, spectra arranged from bottom to top). 
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Minor shifts in the 1H signals of the alkene and aliphatic methyl substituents indicate that a 

conformational change occurs during irradiation at 365 nm. Eventually the most 

thermodynamically stable state is reached, presumed to be the TTC form. 

Fluorescence spectroscopy of bispiropyrans: 

Emission of 3 was studied at -30 °C to investigate fluorescence properties of the different states 

of bispiropyrans. Interestingly, apart from the closed form (λexc = 300 nm) neither the Z-biMCH2
2+ 

(λexc = 365 nm and 420 nm) nor the unprotonated ring-open E-biMC (λexc = 565 nm, 660 nm and 

691 nm) emitted upon irradiation. The protonated E-biMCH2
2+ form, however, emits red light 

when irradiated at λexc = 490 nm (Figure 8). This provides a single, but thermally completely 

stable emissive state, reached by protonation and irradiation with UV light and reverted by facile 

addition of base.  

 

Figure 8. Emission spectrum of 3 in acetonitrile at -30 °C (λexc = 490 nm). 

Conclusions 

Here, we have shown that when tethering two spiropyrans together through their pyran 

component the photochromism to the ring open bimerocyanine at low temperature is retained, 

as well as the pH-gated access to the protonated ring-open forms at room temperature. 

However, unlike in spiropyrans, the pH-gating leads to two completely thermally stable states, the 

protonated E form being irreversibly photogenerated by irradiation with UV light of the 

protonated Z-bimerocyanine. Once accessed, the E-isomer is shown to be a capable red-emitter 

(λexc = 490 nm) and at any time the system can be reset by deprotonation, allowing the swift 

thermal reversion to recover the bispiropyran ring-closed starting form. Furthermore, this 

deprotonation pathway yields stability in a new isomer which is not observed upon direct 

irradiation to the ring-open TTC form, with a red-shifted absorption maximum at 734 nm. This 

new isomer is postulated to be the doubly quinoidal TTC form which possesses E-conjugation over 

a total of 6 double bonds, supporting the further red-shift that is observed. Overall, this approach 

of tethering spiropyrans through their photochrome has shown to enhance the thermal stability 

of the pH-gated photochromism, ultimately providing access to a thermally stable and emissive 

protonated E-form. Additionally, the detection of the intermediate bimerocyanine form which can 

only be accessed through deprotonation of this E-isomer provides further insight into the 

spectroscopic properties and the behavior of bispiropyrans. This synthetic design thus opens up 

to a new family of responsive materials by simple modification of long-established spiropyran 
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syntheses. Moreover, the achieved greatly enhanced thermal stability in these bispiropyrans bring 

us a step closer to the envisioned long lived manipulation of system dynamics by the spiropyran 

photochrome. The robustness of the present system and its high switching rate to the structurally 

different E form over mere seconds opens up to new opportunities for providing full control over 

an unprecedented degree of complexity. 

Supporting information 

 

Figure S1. UV/vis absorption spectrum of 2 in acetonitrile over time (arrow) while irradiating at 300 nm. 

 

Figure S2. UV/vis absorption spectroscopy (at -30 °C) of 3 in acetonitrile during irradiation at 300 nm. 

 

Figure S3. (Left) UV/vis absorption spectroscopy (at -30 °C) of 2 in acetonitrile following addition of triflic 
acid and (right) addition of 2 equiv. CF3SO3H to 3 in acetonitrile, followed by addition of 10 equiv. sodium 
acetate (note that absorption of merocyanine is observed due to irradiation from the spectrometer light 
source). 
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Figure S4. (Left) UV/vis absorption spectra of 2 before (black) and after (red) placing of a 400 nm longpass 
filter between light source and sample and after addition of 2 equiv. CF3SO3H (blue); the spectra is not 
affected further by 30 spectral acquisitions at 10 s intervals afterward. (Right) UV/Vis absorption spectrum 
of 2 with 2 equiv. CF3SO3H before (black) and under continuous irradiation by the spectrometer. Spectra 
were recorded at 1 min intervals. 

 

Figure S5. (Top left) UV/vis absorption of 2 in acetonitrile with 2 equiv. CF3SO3H after irradiation at 365 nm 
(black line). Upon addition of 2.5 equivalents of sodium acetate in 50 μL 10:1 acetonitrile/water a new 
absorption appears rapidly (red line), decaying over time (to blue line) with subsequent full relaxation of the 
unprotonated bimerocyanine to the closed form. (Top right) Addition of 0.5 more equivalents CF3SO3H to 
deprotonate the remainder of the protonated open form. (Bottom) UV/vis absorption of 35 μM 3 and 2 
equivalents of CF3SO3H in acetonitrile after irradiating to the photospecies with λexc = 365 nm, monitored 
while deprotonating with excess Et3N. The colored arrows indicate the directions of change in absorption 
going to the spectrum of their color. 
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Figure S6. UV/vis absorption spectroscopy (at -30 °C) of 2 in acetonitrile after addition of 2 equiv. CF3SO3H 
(black solid line) upon irradiation at 365 nm. 

 

Figure S7. UV/Vis absorption spectrum of bimerocyanine 2 over time in acetonitrile at -30 °C after 
deprotonating the unknown protonated photospecies. No photoacceleration of this process is observed as 
the rate of decay does not change by intermediate irradiation at 565 and 660 nm. 
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Chapter 7 

Redox-Chemistry of Bispiropyrans 

Abstract Bispiropyrans discussed in chapter 6 are potential monomers for electropolymerization as described in 

chapter 4. Although the oxidative aryl-aryl coupling observed for spiropyrans would be expected to occur in the 

bispiropyrans, it is not observed due to ring opening of the spiropyran. The lack of electropolymerization is due to 

coupling through the phenol moiety, which results in intercomponent communication in the double 

photochrome and an increase in the thermal stability of the protonated open forms. Electrochemical oxidation is 

centered on indoline oxidation as for the other spiropyrans but appears as a reversible redox-process in 

bispiropyrans, consistent with a lack of oxidative C-C coupling between the indoline moieties. The competing 

process is shown to be related to the redox response of 4,4’-biphenol, indicating redox mediated ring-opening to 

the bimerocyanine form. At higher than conventional scan rates, i.e. 1 V s-1, however, the coupling pathway is 

able to partially outcompete the quenching redox-chemistry of biphenol, yielding moderate polymerization in 

compound 1. The non-polymerizable analogue, 2, in which the para position of the indoline units is blocked from 

engaging in C-C coupling by a chloro substituent, provides insight into the observed spectral changes during 

oxidation. The results described in this chapter highlight how a delicate balance of processes (C-C coupling vs ring 

opening) dictates the observed behavior of a spiropyrans.  
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Introduction 

Reversible responsivity at the molecular (subnano) scale enables control over interactions 

between entities at that scale. Translation of changes at the molecular level to micro and macro 

dimensions requires cooperative or ensemble responses and/or interfacing with macroscale 

materials and systems.1,2 Stimuli such as light,3 pH (Chapter 5),4 electricity,5 and heat,6,7 can 

trigger reversible changes in molecular properties, e.g., dipole moments, proton release or uptake 

and color, and this functionality can be realized easily in solution.3,4 However, when interfaced 

with surfaces and macroscopically addressable materials these changes can be used to effect 

control at the macroscale. Incorporation of responsive functional units into polymerizable 

materials is an attractive approach to ‘upscale’ molecular responsivity and engineer so called 

smart materials.1,2,8 Incorporating molecular switches into the building block of the polymers 

themselves provides an added advantage of a predetermined structuring, and thereby a relatively 

uniform response from a material achieved without exceedingly specific conditions in a select few 

blended materials, where in general phase separation can create heterogeneously distributed 

domains.9–11 

One approach is to append molecular switches to the backbone of well-established polymerizable 

systems or to absorb them into the polymer matrix.12,13 The benefit to this approach is that with a 

sufficiently flexible alkyl spacer unit, the photochromic units are undisturbed by electronic 

intramolecular communication.14,15 This electronic interaction becomes more probable when the 

switching functionality is incorporated within the polymer backbone, resulting in cross-talk 

between the components which may affect adversely the properties of the individual 

components, but can also result in additional unexpected behaviour.16–18 Areephong at al., for 

example, reported that a dithienylethene based double terthiophene exhibited cross-talk 

between the polymerizable and photoswitchable components resulting in electropolymerization 

proceeding only when the ring open form of the dithienlylethene was used.19 The difference in 

reactivity of open and closed forms provided for photocontrol over its polymerization and hence 

photopatterning. In chapter 4 another of the well-established class of photochromes, the 

spiropyrans, are shown to undergo electrochemical sequential dimerization to form redox 

polymers by taking advantage of their propensity to undergo oxidative C-C bond formation at 

their indoline unit (Scheme 1).18,20 

 

Scheme 1. (a) Oxidative (electrochemical) indoline-indoline coupling of spiropyrans as first described by Ivashenko et 
al.

20
 and (b) the approach to polymerizable double spiropyrans coupled by a diester alkyl spacer through the modular 

N-alkyl sidechain described in chapter 4.
18
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In Chapter 6 an alternative approach to tethering two spiropyrans together, i.e., through their 

chromene unit, yields novel photochemical properties. In this chapter, the propensity to undergo 

electropolymerization analogous to the approach described in chapter 4 is investigated,18 as the 

point of tethering should not impede, sterically, oxidative dimerization of the indoline units.20 

Interestingly, this approach shifts the balance in reactivity between C-C coupling and ring-opening 

to the bimerocyanine. When, however, cyclic voltammetry is performed at scan rates above         

1 V s-1, the oxidation of the indoline seems to occur in tandem with the alternative biphenol 

oxidation process, yielding partly the response which resembles that of the previously observed 

electropolymerization of double spiropyrans.18  

 

Scheme 2. Structure of spiropyran, 4,4’-biphenol and, with a fused motif of the latter two, the bispiropyrans (X = H 
and X = Cl) studied in this chapter. 

Double spiropyrans linked through an N-alkyl spacer (Scheme 1) show cyclic voltammetry, as with 

all unmodified spiropyrans (at least in their indoline unit), irreversible in nature.18 Concomitantly, 

as shown in earlier work, compound 2 was expected to preclude electrochemical coupling 

altogether as the position at which the dimerization occurs is blocked by chloro-substituents.20 

Remarkably, compound 1, though sterically unhindered in its indoline fragment, also exhibits 

chemical reversibility (Figure 1). Furthermore, the redox behavior is predominantly diffusion 

controlled as the current output relates almost linearly to the square root of the scan rate. These 

properties of compounds 1 and 2, due to tethering of the two photochromic units via their phenol 

moiety, arise from the cross-talk such a connection causes and prompted further examination of 

the basic properties of spiropyrans (chapter 5). The pronounced tendency of bispiropyrans to 

undergo ring-opening at an electrode results in ring opening outcompeting aryl-aryl coupling 

observed in monospiropyrans. Indeed the effect of crosstalk and acid sensitivity is to render the 

redox chemistry chemically reversible overall and resemble that of the biphenol core, while 

simultaneously providing insight to some of the spiropyran electrochemistry observed before. It 

demonstrates that protons produced at the electrode are not necessarily innocent and should be 

considered as a factor in understanding the kinetics of the processes that lead to polymer 

formation. 

Experimental section 

Materials 

Tetrabutylammonium hexafluorophosphate (TBAPF6), 4,4’-dimethoxybiphenyl and 4,4’-biphenol 

were purchased from Aldrich or TCI and were used without further purification. HPLC grade 

acetonitrile was used without additional purification. 4-chloro-N,N-dimethylaniline was purchased 

from SynQuest Labs. Inc. and used without further purification. Compounds 1 and 2 were 

available from earlier studies (Chapter 6).
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Physical methods 

Electrochemical data were obtained using a 406E electrochemical workstation (CH Instruments). 

The working electrodes used were a Teflon-shrouded glassy carbon electrode (3 mm diameter) or 

indium tin oxide (ITO) on glass slides (1 cm × 3 cm).42 A platinum wire auxiliary electrode, and a 

Ag/ AgCl electrode or a saturated calomel electrode (SCE) reference electrode were used. Cyclic 

voltammograms were, unless stated otherwise, obtained at a sweep rate of 100 mV s−1 in 

acetonitrile containing 0.1 M TBAPF6with analyte concentrations of 0.5 to 2 mM. All potentials are 

quoted with respect to SCE. Redox potential (Ep,a, anodic peak potential; Ep,c, cathodic peak 

potential; E1/2 =( Ep,a + Ep,c)/2) values are ±10 mV. UV/vis absorption spectroelectrochemistry of 2, 

4,4’-dimethoxybiphenyl, and 4,4’-biphenol was carried out using an optically transparent thin-

layer electrochemical (OTTLE) cell (a liquid IR cell modified with Infrasil windows, platinum mesh 

working and counter electrodes, and a Ag/AgCl reference electrode; University of Reading) 

mounted in a Specord600 UV/vis absorption spectrometer with the potential controlled by a 

CHI406E potentiostat. The Ag/AgCl reference electrode of the OTTLE cell was prepared by 

anodization at 9 V with a platinum wire cathode in 3 M KCl(aq). In situ UV/vis absorption 

spectroelectrochemistry of poly-2 was carried out by initial modification of an ITO electrode by 

cyclic voltammetry followed by transfer to a quartz cuvette as an electrochemical cell. Irradiation 

at 300 nm (370 μW) and 455 nm (3200 mW) was provided by M300F2 and M455L3-C5 Thorlabs 

laser diodes. 

Results and Discussion 

Cyclic Voltammetry of 1 and 2 

The cyclic voltammetry of compound 1 and 2 indicates that the oxidations are overall chemically 

reversible (Figure 1), with no evidence for formation of polymer at the electrode over multiple 

cycles. Such behavior could be considered expected for 2 since dimerization at the indoline unit is 

blocked by the presence of chloro-substituents, however for 1 the lack of electrochemical 

reversibility (i.e. that its voltammetry is similar to 2) is surprising compared to the analogous 

methyl blocked and unblocked mono (nitro)spiropyran reported earlier.20 This suggests that the 

changes in chemical structure that gives rise to the irreversibility are common to both 1 and 2 and 

unrelated to oxidative C-C coupling (vide infra) The scan rate dependence of the cyclic 

voltammetry (up to 5 V s-1) however, shows an additional redox response at 0.95 and 0.75 V at 

higher scan rates. Indeed, when cycling repeatedly at 1 V s-1 the response of this additional redox-

response increases with each cycle (Figure 2). The scan rate dependence will be discussed further 

below. 
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Figure 1. (Left) Scan rate dependence of 0.5 mM of 1 in acetonitrile (0.1 M TBAF, GC working, SCE reference 
and platinum counter electrode) and (right) with current normalized to the square root of the scan rate. 

 

Figure 2. Cyclic voltammetry of 0.5 mM of 1 in acetonitrile (0.1 M TBAF, ITO working, Ag/AgCl reference and 
platinum counter electrode) at 1 V s

-1
. 

Despite that the redox chemistry at low scan rate shows chemical reversibility since the phenol 

part of the spiropyran system is fundamentally distinct from that of the mono-spiropyrans, the 

possibility that the redox chemistry was essentially that of bisphenol (the core unit in 1 and 2) was 

explored. 

4,4’-Dimethoxybiphenyl mimics the structure of the bisphenol unit in the bispiropyrans and 

undergoes electrochemically reversible oxidation at 1.25 V. Considerable chemical irreversibility is 

observed also especially upon cyclicing to more positive potentials with a new reversible redox 

wave appearing at at 0.75 V (Figure 3, left). The origin of the redox wave at 0.75 V is confirmed by 

comparison with the cyclic voltammetry of 4,4’-biphenol, which shows a quasi-reversible redox 

wave at 0.80 V, similar to that of the bispiropyran (Figure 4). 
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Figure 3. Cyclic voltammetry of 4,4’-dimethoxybiphenyl (1 mM) in acetonitrile (0.1 M TBAF, GC working, 
Ag/AgCl reference and platinum counter electrode, scan rate 0.1 V s

-1
).  

Hence, it is apparent that during oxidative cyclic voltammetry the ring-closed bispiropyran 

undergoes rapid ring opening to the bimerocyanine form which presents a 4,4-biphenol motif.  

 

Figure 4. Scan rate dependence of 1 mM of 4,4’-biphenol in acetonitrile (0.1 M TBAF, GC working, SCE 
reference and platinum counter electrode) with current normalized to the square root of the scan rate. 

The cyclic voltammogram of 2 at various scan rates does not show evidence for electrochemical 

coupling (Figure 5) as would be expected since the coupling position has been taken in by chloride 

substituents already.20 
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Figure 5. Scan rate dependence of the cyclic voltammograms of 2 (0.5 mM) in acetonitrile (0.1 M TBAF, GC 
working, SCE reference and platinum counter electrode) without (left) and with (right) 0.5 mM 
trifluoromethanesulfonic acid. The current is corrected for the square root of the scan rate. 

The complete absence of coupling in compound 2 allows us to investigate its electrochromic 

properties by thin layer UV-vis absorption spectroelectrochemistry. UV/vis 

spectroelectrochemistry of the analogous 4-chloro-N,N’-dimethylaniline, and 4,4’-

dihydroxybiphenyl provides comparative spectra for the indoline fragment and the bisphenol 

moieties, respectively (Figure 6). 

 

Figure 6. In situ UV/vis absorption spectra of (left) 4-chloro-N,N-dimethylaniline and (right) 4,4’-
dihydroxybiphenyl obtained during thin layer cyclic voltammetry by cycling between 0 and 1.2 V in an 
OTTLE cell (0.1 M TBAF, platinum working and counter electrode, Ag/AgCl reference electrode). 

Oxidation of 4-chloro-N,N-dimethylaniline results in the appearance of a broad absorption at 500 

nm, which persists after reduction whereas the oxidation of 4,4’-biphenol results in a reversible 

appearance of an absorption band at 389 nm. The reversibility in the case of 2 is also dependent 

on the duration at which the potential is held above 1.0 V (Figure 7). 
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Figure 7. UV/vis absorption spectra of 2 obtained during thin layer cyclic voltammetry between 0 (black line) 
and 1.2 V (red line) in an OTTLE cell (0.1 M TBAPF6, platinum working and counter electrodes, Ag/AgCl 
reference electrode). Pausing at 1.2 V affects the reversibility, and a gradual blue shift yield a new 
absorption (blue line), which does not bleach upon returning to 0 V. 

Spectroelectrochemistry of poly-1: 

Cyclic voltammetry of 1 at a scan rate of 1 V s-1 at an ITO-coated glass slide working electrode 

yields a thin film coating on the electrode, of which the response is retained upon light washing 

and transferring to a solution with only electrolyte (Figure 8). UV/vis absorption 

spectroelectrochemistry of this film showed the appearance and disappearance of an absorption 

at 440 nm upon oxidation and reduction of the film, respectively. 

 

 

Figure 8. (Top) Cyclic voltammetry of a lightly washed and transferred ITO slide electrode after 
polymerization of 1 (0.5 mM in acetonitrile, 0.1 M TBAPF6, Ag/AgCl reference and platinum counter 
electrode, 100 segments at 1 V s

-1
), in acetonitrile with TBAPF6 in the same potential window. The arrows 

indicate the high (red arrow) and low potential (black arrow) for the UV/vis spectroelectrochemistry shown 
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below it. (Bottom) UV/vis absorption spectroelectrochemistry of a poly-1 film on an ITO slide (in acetonitrile 
containing 0.1 M TBAPF6, Ag/AgCl reference and platinum counter electrode) with the potential held high 
(left) and subsequently low (right). 

Furthermore, when the oxidized film is irradiated with visible light (λexc = 440 nm), the blue shift in 

absorbance (to 390 nm) is accelerated (Figure 9). The redox-gated species that absorbs at 390 nm 

is stable to irradiation and does not bleach in the potential window of 0 to 1.2 V. 

 

Figure 9. UV/vis absorption spectroelectrochemistry of a poly-1 film on an ITO slide (in acetonitrile 
containing 0.1 M TBAPF6, Ag/AgCl reference and Pt counter electrode) with the potential held at 1.2 V 
during irradiation at 440 nm. 

Concluding Remarks and Future Prospects 

The distinct photochromic response shown by bispiropyrans (Chapter 6) coupled to their redox-

chemistry opens many opportunities to expanding further this versatile class of photochrome. 

The bispiropyrans discussed in these chapters undergo spontaneous reversible ring-opening to 

the bimerocyanine form upon oxidation, manifested in their cyclic voltammetry which is 

analogous to but distinct from the redox chemistry of both 4,4’-dimethoxybiphenyl and 

spiropyran. At higher scan rates, however, the typical response of spiropyrans, i.e. the indoline-

centered oxidation followed by aryl-aryl radical coupling, was observed to partially outcompete 

the alternative biphenol centered redox-process of 1. As expected, compound 2 does not show 

evidence for aryl-aryl coupling of the indoline units at higher scan rates, as the chloro-

substituents block such processes. Spectroelectrochemistry of 2 showed that the absorption 

during alternating redox states indeed resembled that of 4,4’-biphenol, analogous to the ring-

open bimerocyanine form. Furthermore, prolonged oxidation resulted in the appearance of an 

absorption band that persisted at 0 V. Finally, a polymer film of 1 was formed at a transparent 

electrode by repeated oxidation at high scan rate. Poly-1 showed a similar spectroelectrochemical 

response to that of 2, with an additional species generated upon irradiation at 440 nm. Future 

work includes more detailed characterization of the additional species formed by, e.g., Raman 

spectroscopy. Additionally, to investigate the role of local pH cyclic voltammetry will be 

conducted at varying pH and in a buffered solution. Ultimately, a grip on the polymerization 

process of this remarkably multifaceted species is desired. 
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Summary 

Smart molecular systems in which spiropyran based molecular switches play a key role are the 

central focus of this thesis. These systems respond to stimuli (e.g., light, pH, electricity, etc.) 

through a change in molecular, and thereby material, properties such as color, acidity, or 

conductivity, amongst others. The change in macroscopic properties is often the consequence of 

a change in molecular charge and/or structure, however, it is the arrangement of molecules in a 

material that dictates the overall expression of the changes of the molecular switches at the 

macroscopic level. The spiropyran class of molecules, in particular, is interesting as both the 

charge and structure can be changed by external stimuli, not least irradiation (photochromism, 

Scheme 1), or pH changes (acidochromism). 

 

Scheme 1. Molecular switching of spiropyrans. The NO2 group facilitates switching back with visible light (of 
wavelength 550 nanometer) in addition to thermal reversion. 

Although spiropyrans and related compounds have been known for over a hundred years, their 

versatility makes them a staple in applications using molecular based materials and are still 

ubiquitous in the contemporary scientific literature and, increasingly, in commercial uses (for 

example the color-changing sunglasses). Responding to multiple stimuli and providing a number 

of distinct changes to molecular properties can be taken advantage of in many fields, and the 

potential to use these responsive building blocks increases steadily. Despite the large volume of 

literature on spiropyrans already present, these compounds continue to provide novel features, 

which had often gone partly unnoticed, making them an interesting target for study.  

The key challenge, not only with the spiropyran class of molecules but also others, is to translate 

the changes that occur in a single molecule to the macroscopic world so that we can experience 

the result and put it to use. For this to work, enough molecules (at an appropriate density) have 

to undergo the change, and, importantly, the change must have a collective affect and ideally be 

cooperative. A change in either charge or structure in a neighboring molecule can already 

dramatically affect the energy required for a molecule to undergo the same change. Harnessing 

this common issue requires cooperation between the different building blocks of the material, 

and, e.g., the space to undergo a structural change freely, or the presence of compensating 

charges and solvent. 

In chapter 2 cross-talk, i.e., influence of one component over another and vice versa, that led to 

complete quenching of the individual photophysical (e.g., photochromism, fluorescence) 

properties of appended carbazole and naphthalene units was explored. This cross-talk was highly 
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efficient and resulted in unexpectedly effective quenching of fluorescence of the naphthalene 

unit, which allowed us to characterize the monomer and the well-behaved redox polymers 

formed by cyclic voltammetry (electrochemical oxidation). The proof of principle was 

demonstrated by synthesizing and characterizing model compounds, including a double carbazole 

with a non-functional linker capable of undergoing the same polymerization, which provided a 

fluorescent polymer in the absence of cross-talk with a naphthalene core. A key finding in this 

study is that while the carbazole unit is highly effective in oxidative dimerization itself, tethering 

of two carbazole units covalently provides for remarkably well-behaved oxidative polymerization. 

Overcoming cross-talk between individual functional components in a molecular material is not 

only accomplished through new synthetic designs, so called molecular engineering, but can also 

be overcome by recognizing the cause of the cross-talk and physical engineering of a material. 

This latter approach is the focus of chapter 3, in which a molecular based system that loses its 

photochromic and other excited state properties due to intermolecular interactions called H-

aggregation, i.e., close stacking of the polymer chains that lead to excited state quenching, is 

brought back to life again by disrupting these stacking interactions physically rather than by 

molecular redesign. The polymer made up of repeating units of a sexithiophene/dithienylethene 

hybrid was shown earlier to be entirely photochemically inactive and in chapter 3, we show that 

when these interactions are disrupted by swelling the polymer with solvent (i.e., solvent 

molecules intercalate between the polymer chain to break up the stacking interaction) all excited 

state properties are restored, including singlet oxygen generation, emission, and photochromism. 

Chapter 4 applies the experience and knowledge gained in chapters 2 and 3, i.e., 

electropolymerization (making a polymer upon oxidation of the building block) at electrodes and 

avoiding deactivation of photochromic properties in the polymer form, to the spiropyran class of 

photochromes. Spiropyran dimers generated by (electro)chemical oxidation provide access to a 

set of new properties. By attaching two spiropyrans together through a different site in the 

molecule, analogous to chapters 2 and 3, we were able to create double spiropyrans that each 

could still couple by electrochemical oxidation to another spiropyran (Scheme 2).  

 

Scheme 2. Approach to use electrochemical dimerization (i.e., single coupling) of spiropyrans to achieve 
polymerization by having each building block able to couple twice. 

The key finding in this chapter was that the molecular units within the polymers formed were also 

able to undergo visible light driven ring-opening when oxidized, thus allowing electrochemical 

control over ring-opening and ring-closing with only visible light irradiation once in the polymer 

form. 
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In chapter 5, the acidochromism (i.e., acid-induced color changes) of spiropyrans is explored. 

Though it has been suggested many times that an intermediate acidified cisoid should exist, and 

the thermally generated acidified cis-merocyanine was observed spectroscopically, the first 

report that was able to demonstrate a response between the pKa (acid strength) and 

photochemical bistability was only in 1995. In this report, a large excess of hydrochloric acid was 

used to effect a modest change in UV/vis absorbance. In this chapter, however, we show that 

matching the pKa of the acids used and the acidity of the merocyanine forms is essential to 

achieving acid induced switching (Scheme 3). 

 

Scheme 3. The discovered interconnecting behavior of spiropyran in presence of sufficiently strong acid and 
irradiation. 

In chapter 6 and 7, a new design of spiropyran is investigated. In contrast to chapter 4 where two 

spiropyrans were connected through a long flexible side-chain, here the approach of fusing them 

through a biphenyl unit was taken (Scheme 4). 

 

Scheme 4. The newly designed bispiropyran molecular switch, inspired by the spiropyran and biphenyl motifs. 

Chapter 6 focuses on the photochromic properties of bispiropyrans, which largely follow those of 

the “regular” spiropyran. However, an additional colored species is observed, linked to the direct 

connection of the two components, which may also give insights into the reactivity of the more 

usual spiropyran forms. Lastly, in Chapter 7, the electrochemical properties of bispiropyrans are 

studied, which turn out to differ largely from their mono-spiropyran analogues. Due to the direct 

connection between the switching moieties, the electrochemical oxidation, which is normally not 

involving the phenol unit, is now centered on the central bisphenol motif, which opens new 

opportunities in electrochromic as well as photochromic behavior. Under certain conditions ring-

opening coupled with oxidation can be out-competed and electropolymerization can achieved, 

yielding novel redox and photo responsive polymers of this new bispiropyran photochrome. 

As a whole, this thesis contributes to the advancement of the exciting field of spiropyran 

photochromes and at the same time we have answered key fundamental questions regarding the 

chromism of spiropyrans. Of course many more questions have been raised in the process. 
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Samenvatting 

Adaptieve moleculaire systemen waarin op spiropyran gebaseerde moleculaire schakelaars een 

cruciale rol spelen staan centraal in dit proefschrift. Zulke systemen kunnen reageren op prikkels 

(zoals licht, pH, elektriciteit, etc.) met een verandering in moleculaire, en daarbij materiële, 

eigenschappen zoals kleur, zuurgraad, of geleiding, onder andere. De wijziging in macroscopische 

eigenschappen is vaak een gevolg van veranderende moleculaire lading en/of structuur, echter is 

het de algehele rangschikking van moleculen in het materiaal die de uitdrukking van deze 

veranderingen op de macroscopische schaal dicteren. Het spiropyran-type moleculen is in dat 

opzicht met name erg interessant, aangezien zowel de lading als de structuur kan worden 

aangestuurd door externe prikkels, zoals door bestraling (fotochroom, Schema 1), of verandering 

in zuurgraad (acidochroom). 

 

Schema 1. Moleculair schakelen van spiropyrans. De NO2 groep maakt terugschakelen met zichtbaar licht (van 
golflengte rond 550 nanometer) mogelijk, naast het al gebruikelijke terugschakelen door warmte. 

Hoewel spiropyrans en gerelateerde moleculen al 100 jaar lang bekend zijn, maakt vandaag de 

dag zijn veelzijdigheid het een centrale schakel in toepassingen die gebruik maken van 

moleculaire materialen, en is het nog steeds een veelvoorkomend gebruiksmiddel in de moderne 

wetenschappelijke literatuur en, steeds meer, in commerciële toepassingen (bijv. in de van kleur 

veranderende brilglazen). Reagerend op meerdere prikkels en met een scala aan veranderingen 

op het moleculaire niveau ten gevolg wordt er dankbaar gebruik van gemaakt in vele 

onderzoeksgebieden, en de potentie om deze reactieve bouwstenen te gebruiken in 

hedendaagse toepassingen wordt steeds groter. Ondanks de immense hoeveelheid literatuur 

over spiropyrans, echter, blijken deze moleculen telkens weer nieuwe eigenschappen te bezitten 

die voorheen (deels) onopgemerkt waren, hetgeen ze zeer interessant maakt te onderzoeken. 

De grote uitdaging, niet alleen in de spiropyran klasse van moleculen maar ook in andere, is het 

vertalen van de verandering in een enkel molecuul naar de macroscopische wereld zodat wij op 

onze schaal de verandering ook kunnen ervaren, en benutten. Om dit te bewerkstelligen moeten 

genoeg moleculen (met een bepaalde dichtheid) de verandering ondergaan en, het meest 

belangrijke, de verandering moet een collectief effect teweegbrengen en idealiter coöperatief 

zijn. Een verandering in ofwel lading of structuur in een naburig molecuul, namelijk, kan de 

energie die benodigd is om dezelfde verandering te ondergaan al drastisch beïnvloeden. Het 

overwinnen van dit probleemstuk vereist de samenwerking tussen de verschillende bouwstenen 

van het materiaal en, bijvoorbeeld, de ruimte om de structuurverandering ongehinderd te 

ondergaan, of de aanwezigheid van compenserende ladingen en oplosmiddelen. 



 

 137
 

Hoofdstuk 2 verkent intercommunicatie, d.w.z. de invloed van een component op een ongelijk 

ander en vice versa, die leidde tot complete afsluiting van individuele fotofysische (bijv. 

fotochromie en fluorescentie) eigenschappen van gelinkte carbazool en naftaleen componenten. 

Deze intercommunicatie was uiterst efficiënt en leidde tot onverwacht effectieve afsluiting van 

fluorescentie van naftaleen, wat ons in staat stelde om zowel de schakelblokken als het verassend 

goed gedragende polymeer dat gevormd wordt d.m.v. cyclische voltametrie (electrochemische 

oxidatie) te karakteriseren. Het bewijs van principe was geleverd door de synthese en 

karakterisatie van modelstoffen, waaronder een dubbele carbazool zonder een functioneel 

schakelstuk wat nog steeds in staat was om effectief polymeren te genereren, maar ook een 

fluorescerend polymeer gaf in afwezigheid van de intercommunicatie met naftaleen. Een 

belangrijke vondst hierin was dat hoewel de oxidatieve dimerisatie van carbazolen op zichzelf erg 

effectief en bekend is, geeft het aan covalent aan elkaar schakelen van twee carbazool-eenheden 

de mogelijkheid tot verassend goed gedragende oxidatieve polymerisatie. 

Niet alleen kan intercommunicatie tussen individuele componenten in een moleculair materiaal 

vermeden worden door compleet nieuwe synthetische moleculaire ontwerpen, maar 

intercommunicatie kan ook worden overwonnen door het herkennen van de oorzaak ervan en 

herontwerp in wijze van gebruik. Dit laatste is een sleutelconcept in hoofdstuk 3, waarin een 

moleculair systeem zijn fotochromische en andere fotofysische eigenschappen verliest vanwege 

intermoleculaire interacties bij het nauw spontaan opeenstapelen van polymeerketens, 

zogenoemde H-aggregatie, maar weer herkrijgt door het opstapelen fysiek te doorbreken in 

plaats van door moleculair herontwerp. Het polymeer bestaande uit afwisselend zes thiofeen en 

een diaryletheen was voorheen bestempeld als compleet fotofysiek inactief, en in hoofdstuk 3 

demonstreren we dat deze negatieve interacties worden doorbroken door opzwellen van de 

polymeerfilm met oplosmiddel (d.w.z. dat de moleculen van het oplosmiddel tussen de 

polymeerketens intercaleren om de opstapelende interacties tegen te gaan), met herstel van 

fotofysische eigenschappen als resultaat, inclusief het genereren van singletzuurstof, 

fluorescentie, en fotochromie. 

Hoofdstuk 4 past de ervaring en kennis van hoofdstuk 2 en 3, het electropolymeriseren 

(genereren van een polymeer door het oxideren van de beginstof) op elektrodes en het mijden 

van deactivatie van fotofysische eigenschappen in de polymeervorm, toe op de spiropyran klasse 

van moleculaire schakelaars. Spiropyran dimeren gemaakt door (electro)chemische oxidatie 

geven toegang tot een reeks nieuwe eigenschappen. Door twee spiropyrans aan elkaar te linken 

met behulp van een locatie onafhankelijk van de (electro)chemische koppeling, gelijkend op de 

aanpak in hoofdstuk 2 en 3, waren we in staat om dubbele-spiropyrans te maken die elk nog de 

mogelijkheid hadden om met behulp van de electrochemische oxidatie aan een partner te 

koppelen (Schema 2). 
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Schema 2. De toegepaste strategie, gebruik makend van de electrochemische dimerisatie (d.w.z. een enkele 
koppeling) van spiropyrans, om polymerisatie te bereiken doordat elk individueel onderdeel in staat is om tweemaal 
te koppelen. 

Een belangrijke vondst in dit hoofdstuk was dat de moleculaire eenheden waaruit het polymeer 

opgebouwd was ook in staat waren om door middel van bestraling met zichtbaar licht te ring-

openen wanneer ze zich in geoxideerde staat bevonden, waarmee volledig electrochemisch 

controle over het ring-openen en ring-sluiten met slechts zichtbaar licht ontstond in de 

polymeervorm. 

In hoofdstuk 5 wordt de verkleuring van spiropyrans bij verschillende zuurgraden verkend 

(acidochromie). Hoewel vaak gesuggereerd is dat er een tussenstap zou moeten bestaan, de 

zogenoemde geprotoneerde cis-merocyanine, en deze vorm met behulp van warmteregeling 

spectroscopisch was geobserveerd, was de eerste verslaggeving van een link tussen pKa (kracht 

van het zuur) en fotochemisch evenwicht pas in 1995. Hierin werd een grote overmaat aan 

zoutzuur gebruikt met een bescheiden verandering in absorptie van de opgeloste spiropyran ten 

gevolg. In dit hoofdstuk, echter, tonen wij dat het zorgvuldig matchen van het te gebruiken zuur 

en de zuurgraad van de merocyanine essentieel is om toegang te krijgen tot twee nieuwe 

schakels in dit moleculair systeem (Schema 3). 

 

Schema 3. Het ontdekte gedrag van spiropyran in aanwezigheid van zuur met voldoende kracht en bestraling met 
licht. 

In hoofdstuk 6 en 7 wordt een nieuw ontwerp van spiropyrans onderzocht. In tegenstelling tot 

hoofdstuk 4 waar een lange flexibele keten de link vormde in dubbele spiropyrans, wordt hier 

gebruik gemaakt van een gezamenlijk motief, een bifenyl (Schema 4). 
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Schema 4. De nieuw-ontworpen bispiropyran moleculaire schakelaar, geïnspireerd door de spiropyran en bifenyl 
gezamenlijke motieven. 

Hoofdstuk 6 richt zich op de fotochromische eigenschappen van bispiropyrans, welke voor een 

groot deel die van de “gewone” spiropyrans volgen. Echter, is er een secundaire gekleurde vorm 

gedetecteerd die aan de directe connectie tussen de twee componenten gelinkt kan worden, en 

welke tevens zou kunnen leiden tot meer inzicht in de reactiviteit van de originele spiropyrans. 

Ten slotte worden in hoofdstuk 7 de electrochemische eigenschappen van bispiropyrans 

onderzocht, die aanzienlijk blijken te verschillen van het gedrag dat we gewend zijn in gewone 

spiropyrans. Door de directe verbinding tussen de twee schakelaars wordt de electrochemische 

oxidatie, die normaliter niet op de fenol van de open vorm gericht is, gedirigeerd naar het 

centrale bifenol motief, wat nieuwe mogelijkheden biedt met betrekking tot zowel 

electrochromisch as fotochromisch aanstuurbaar gedrag. Onder bepaalde gecontroleerde 

omstandigheden kan het ring-openen dat gepaard is met de oxidatie worden overtroffen door de 

electropolymerizatie, wat nieuwe reductie/oxidatie- en fotogevoelige polymeren verschaft van 

deze nieuwe bispiropyran moleculaire schakelaar. 

In zijn geheel draagt dit proefschrift bij aan het vooruitstreven van dit enerverend 

onderzoeksgebied van spiropyran moleculaire schakelaars, terwijl tegelijkertijd enkele 

belangwekkende fundamentele kwesties opgelost zijn aangaande de chromie van spiropyrans. 

Maar natuurlijk zijn in dit proces ook weer vele nieuwe kwesties opgegraven. 
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