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This chapter reports on the oxidative electrochemistry of spiropyrans in solution 

including the isolation and definitive assignment of the oxidation products. In contrast to 

earlier proposals that electrochemical oxidation of spiropyrans leads to the formation of the 

ring-open MC form, we demonstrate that oxidative aryl C-C coupling of the radical cation 

in the aromatic indoline moiety occurs to form dimers of the ring-closed SP form. We also 

show that the coupling can be blocked by introducing of a methyl substituent para to the 

indoline nitrogen moiety.  
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Since its discovery in 1952 by Fischer and coworkers [1], the reversible 

photochemistry of spiropyrans has been studied extensively and has led to a wide range of 

applications [2,3,4] making use of their solvato- and acido-chromism and their sensitivity to 

certain metal ions [5] to provide systems with dual, triple or even quadruple [6] stimuli 

responsivity. The merocyanine (MC) ring-open form can be obtained photochemically and 

features a zwitterionic planar structure with a positive charge on the indoline nitrogen and a 

negative charge at the oxygen of the chromene moiety. Intermolecular interactions between 

merocyanine molecules have been reported to result in photochemically induced 

aggregation [7] and formation of H- or J- stacks [8]. 

 By contrast the redox chemistry of spiropyrans has received much less attention, 

despite several reports of electrochromism both in solution and on surfaces [9,10,11]. (The 

mechanisms discussed below are reviewed in more detail in Chapter 1, in section 1.8). The 

first proposals for the mechanisms that accompany redox processes observed for 

spiropyrans were reported over a decade ago [12,13,14]. It was established that the initial 

one electron oxidation is centred on the indoline unit yielding a radical cation [12,14], 

which was proposed to undergo fast isomerization to the ring-open form. This species 

would then undergo a bimolecular reaction resulting in coupling proposed to involve the 

oxygen of the chromene moiety either to form a C-O-C [14] (Figure 1.17, Chapter 1) or C-

O-O-C bond (Scheme 1.13, Chapter 1) [15], rendering the oxidation irreversible. More 

recently it has been proposed that -radical cation dimers of the MC form upon 

electrochemical oxidation and that neutral -dimers are obtained on subsequent reduction 

[16,17]. Encapsulation of the spiropyran in a porous matrix (zeolites or mesoporous 

silicates) has been reported to render the voltammetry of spiropyrans partially or even fully 

reversible supporting the proposed formation of dimers in solution [15]. Notably, however, 

ring-opening upon oxidation was not observed when the compound was trapped in such 

confined environments [15]. Other mechanisms have been proposed also, however, 

definitive assignments of the processes involved and species formed have, until now, not 

been made. Such assignments are essential in order to be able to apply spiropyrans in redox 

responsive systems and electrochemical applications.  

 Here we demonstrate that oxidation of nitro-BIPS spiropyran (1) does in fact 

involve the subsequent formation of dimers, however, in contrast to earlier proposals, we 

show that the dimers are formed as a result of oxidative carbon-carbon bond formation at 

the ‘para’ position of the indoline units to form a spiropyran dimer 2 (Figure 6.1b). 

Isolation and characterisation of 2 allows for definitive assignment of the cyclic 

voltammetry of 1 (Figure 6.1a). Furthermore, we show that the introduction of a methyl 

substituent in the indoline unit blocks oxidative dimerization and confirms that ring-

opening to the merocyanine form does not occur upon oxidation of the ring-closed 

spiropyran form.   
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Cyclic voltammogram in solution 

In the first positive sweep of the cyclic voltammogram of 1 an irreversible oxidation of 

the indoline nitrogen at 1.05 V is observed (Figure 6.1a), followed by a reversible two wave 

reduction at 0.83 V and 0.65 V on the reverse sweep. The second cycle features two 

oxidation waves of the newly obtained species and a decreased original oxidation, which 

becomes completely irreversible if measured in diffusion limited conditions. The cyclic 

voltammogram of 1 measured under a controlled atmosphere (O2, H2O ≤ 1 ppm) is identical 

to the CV recorded in air, which excludes that water or oxygen cause  the irreversibility of 

the oxidation and is consistent with the CV data reported in the earlier [12-16] (See Figure 

1.18 in chapter 1).  

 

Figure 6.1 (a) Cyclic voltammetry of 1 at a glassy carbon electrode in 1,2-dichloroethane (0.1 M TBAPF6) (in an 

O2 and H2O free solution). The oxidation observed at 1.0 V in the CV of 1 (Figure 6.1 (i)) can be assigned as an 
overall 4 e- ECCE process (E: 1 e- oxidation of two molecules of 1, C: dimerisation of 1 to form H22, C: double 

deprotonation to form 2, E: 2 e- oxidation of 2 to form 22+), see scheme (b). At point (ii) and (iii) in the CV (Figure 

6.1), 22+ undergoes 1 e- reduction to 2•+ and 2, respectively. (b) Mechanism for the formation of 2 upon oxidation 
of 1. Oxidation of 1 is followed by aryl C-C coupling of oxidized cation radicals to form 2. R is an aliphatic ester 

chain -C2H4-OC(=O)-C7H15. 
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Figure 6.2 (a) UV/Vis absorption spectra of the product formed upon oxidation of 1 in CH3CN (0.1 M NaClO4) at 

(i) 1.2 V, and subsequent reduction at (ii) 0.8 V and (iii) 0.2 V. (b) Resonance Raman spectrum (  785 nm) of the 

radical cation species (2+·) obtained from the solution used to record (a)(ii). 

UV/vis absorption spectroelectrochemistry shows that upon oxidation of 1 (Figure 6.1 

(i)) an absorption band appears at 516 nm (with a shoulder at ca. 488 nm, Figure 6.2a). The 

spectrum is consistent with the spectra reported for the dication of N,N,N’,N’-

tetramethylbenzidine (TMB
2+

, vide infra) [18]. The first reduction at 0.83 V (Figure 6.1 

(ii)) results in a decrease in absorbance at 516 nm and the appearance of absorption bands 

at 443 nm, 478 nm, 770 nm, 867 nm and 985 nm [19]. The resonance Raman spectrum of 

the species formed upon reduction at 0.8 V (Figure 6.2) shows an intense band at 1611 cm
-

1
, tentatively assigned to the aromatic C=C stretching mode (Ar-Ar) and the N-ring 

stretching mode of the indoline unit at 1351 cm
-1

 by comparison with the spectrum reported 

for TMB
+• 

[20,21]. Reduction (Figure 6.1(iii)) results in a complete loss in NIR absorbance 

and an increase of absorbance at 308 nm with a weaker absorption band tailing into the 

visible region. 

Characterization of spiropyran dimer 

Preparative oxidative electrolysis of 1 at 1.2 V, followed by isolation and purification 

of the products obtained upon subsequent reduction at 0.2 V yielded 2 as the major product 

(Figure 6.1b). Compound 2 was separated from unreacted 1 by column chromatography 

and characterised by 
1
H NMR, ATR-FTIR, UV/Vis absorption and Raman spectroscopy, 

electrospray ionization mass spectrometry (ESI-MS) and cyclic voltammetry (see [22] for 

details). The cyclic voltammetry of the isolated compound 2 is shown in Figure 6.3a. Two 

reversible oxidations are observed at 0.8 V and 1.0 V. The redox waves coincide with those 

observed after the initial oxidative sweep for 1 (Figure 6.1a). 
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Figure 6.3 (a) Cyclic voltammogram of 2 at a glassy carbon electrode in dichloromethane (0.1 M TBAPF6). (b) 

Reversible two step oxidation of dimer 2 formed after initial oxidation of 1. 

ESI-MS shows that the mass of 2 in 955.6 m/z in agreement with dimer formation with 

loss of H2 (i.e. 12 - H2). The 
1
H NMR spectrum of 2 is very similar to that of 1 indicating 

that it is in the ring-closed spiropyran form. Importantly 2 shows one signal less in the 

aromatic region and a change in the coupling pattern for the indoline moiety indicating 

symmetric dimerization through formation of a phenyl-phenyl bond between indoline units. 

These observations are in agreement with earlier reports on similar compounds formed 

through copper(II) mediated dimerization (vide infra) [5]. See [22] for full synthetic 

procedures, spectral data and characterization. 

As for the 
1
H NMR spectra, the ATR FTIR spectra of 1 and 2 (Figure 6.4) are 

essentially the same with only minor differences in the band of the aromatic C=C stretching 

mode, which shifts from  1608 cm
-1

 for 1 to 1613 cm
-1

 for 2. The nitro stretch at 1338 cm
-1

 

and spiro carbon mode at 956 cm
-1

 are unaffected by dimerization as expected [23,24]. 

Importantly the characteristic absorption of the ring-closed form [25] (i.e. the spiropyran 

form) at 956 cm
-1 

indicates that 2 is formed in the ring-closed state, and not the ring-open 

MC form, consistent with 
1
H NMR data (vide supra). 
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Figure 6.4 ATR FTIR spectra of 1 (black line) and 2 (red line). The small shift in the aromatic C=C stretching 
band is shown in the inset. 

Photochromism of dimer in solution 

Figure 6.5 shows the UV/Vis spectrum of 2 in acetonitrile. Irradiation of 2 in 

acetonitrile at 365 nm shows the appearance of an absorption band in the visible region at 

589 nm and decrease of absorption band at 306 nm (red dotted line). The changes observed 

upon irradiation at 365 nm are in agreement with ring-opening of the dimer to the MC 

form, and confirm that the spiropyran form of 2 is obtained upon oxidation of 1. The 

original spectrum recovers thermally (Figure 6.5 black dashed line). 

 

 

Figure 6.5 UV/Vis absorption spectra of 2 in acetonitrile before (grey line) and after irradiation at 365 nm (red 

dotted line) and following thermal recovery of the original 2 spectra (black dashed line). 
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Mechanism of electrochemical dimerization of DMA  

The mechanism by which 2 forms upon oxidation of 1 (Scheme 1) can be understood 

by considering the electrochemistry of the structurally analogous N,N-dimethylaniline 

(DMA) – which represents the indoline unit of the spiropyran structure. DMA has been 

shown to undergo oxidative dimerization (Scheme 6.1) [26,27,28].
 

 

Scheme 6.1 Mechanism of electrochemical oxidative dimerization of N,N-dimethylaniline (DMA) to N,N,N’,N’-

tetramethylbenzidine (TMB). The dimer obtained can be oxidized to monocationic and dicationic states. 

Briefly, chemically irreversible oxidation of DMA at 0.76 V vs. SCE yields initially the 

radical cation DMA
·+

, which undergoes dimerization via aryl-aryl C-C homocoupling. This 

is immediately followed by loss of two protons to yield the neutral species N,N,N’,N’-

tetramethylbenzidine (TMB). TMB undergoes two one-electron processes 

(TMB↔TMB
·+

↔TMB
2+

). Hence an analogous mechanism can be proposed for the 

formation of 2 from 1 (Figure 6.1). Indeed very recently, Natali et al. have reported that a 

related nitro-BIPS compound with a pyridine and additional methoxy units designed for 

binding of metal ions reacts in the presence of Cu(II) salts to form radical cations [5]. The 

latter subsequently dimerises via a aryl carbon-carbon coupling, followed by the loss of two 

protons to form the symmetrical dimer of the ring-closed spiropyran (SP). 

Preventing dimerization 

Oxidation of nitro-spiropyran 1 produces an unstable radical cation, which reacts by C-

C coupling at the para-position of the aromatic indoline ring of the spiropyran. If the para 

position bears a methyl group, it is anticipated that a more stable cationic species would be 

generated upon oxidation preventing dimerization and thus reversible electrochemistry 

would be observed. Methyl-nitro-spiropyran 3 (Figure 6.7a) was prepared and studied with 

Raman spectroscopy (Figure 6.6a), cyclic voltammetry (Figure 6.6b) and UV/Vis 

absorption spectroelectrochemistry (Figure 6.7b). 

The solid state Raman spectra of 1 and 3 are similar, as expected, with only minor 

differences (Figure 6.6a). For both 1 and 3, the strongest features in the spectrum originate 

from the symmetric and asymmetric nitro-aromatic stretching modes at 1335 cm
-1

 and 1574 

cm
-1

 respectively. Other bands typical of the ring-closed spiropyran 1 at 1230 cm
-1

 and 

1650 cm
-1

 are also present in the Raman spectrum of 3. The cyclic voltammogram of 3 in 

acetonitrile (0.1 M TBAPF6) shows a fully reversible redox process, even at slow scan 
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rates, what contrasts sharply with the CV of 1 (Figure 6.6b and Figure 6.1a). Indeed Ipa is 

equal to Ipc and the separation of Epa and Epc in 60 mV confirmed one electron oxidation 

process, excluding formation of side products, such as dimers. 

  

Figure 6.6 (a) Solid state Raman spectra of 1 and 3, recorder with excitation at 785 nm. (b) Cyclic voltammogram 

of 3 in acetonitrile (0.1 M TBAPF6) showing reversible oxidation at ca. 1 V, measured at a glassy carbon electrode 

at a scan rate of 0.1 V s-1. 

UV/Vis absorption spectroelectrochemistry of SP-Me 

UV/Vis absorption spectroelectrochemistry of 3 in an optically transparent thin layer 

electrochemical (OTTLE) cell was carried out to observe the spectrum of the oxidized 

spiropyran 3, and to verify/exclude the possibility of formation of the ring-open 

merocyanine form. The initial absorption spectrum of 3 in acetonitrile shows no absorption 

in the visible region and, similarly to 1, features absorption maximum at 341 nm (Figure 

6.7b). Oxidation at 1.2 V results in changes to the absorption spectrum – the absorption 

band at 341 nm decreases in intensity with a concomitant increase in absorption at 306 nm 

and in the visible region at ca. 457 nm. No absorption appears in the NIR region, in contrast 

to the spectrum of monocation of dimer 2 (Figure 6.7b and Figure 6.2a). Reduction at 0.4 V 

resulted in the decrease of the absorption bands of 3
+
 and reformation of the initial 

spectrum. Notably photochemical conversion to the merocyanine form was observed in the 

absorption spectrum at ca. 430 nm due to the irradiation from the spectrometer.  

The observation that the vibrational and electronic spectra of 1 and 3 are similar 

highlights the relatively small differences between the structures of the two spiropyrans, 

however as can be seen from the cyclic voltammetry and spectroelectrochemical data, these 

small differences results in the complete reversibility of the oxidation of spiropyran 3 and 

prevents dimers formation. In brief, a completely reversible dual, photochromic and redox 

active system can be obtained by introduction of a methyl unit to nitro-spiropyran 1. 

 

 



Oxidative electrochemical aryl C-C coupling of spiropyrans 

93 

  

Figure 6.7 (a) Reversible oxidation of methyl-nitro-spiropyran 3. R is an aliphatic ester chain -C2H4-OC(=O)-

C7H15. (b) Spectroelectrochemical UV/vis absorption spectra of 3 during oxidation in OTTLE cell measured in 

acetonitrile (0.1 M TBAPF6) at a scan rate 0.05 V s-1. Monocation spectra shows a broad absorption centred at 457 
nm. Reduction restores neutral 3 with reformation of the initial spectra. Some photochemical conversion to MC 

form occurs during spectra accumulation, as evidenced from absorption at ca. 430 nm.  

 

In conclusion we have shown that one-electron electrochemical oxidation of 

spiropyrans to form an indoline centred radical cation is followed by rapid and irreversible 

dimerization. In contrast to previous proposals we show that the coupling proceeds via aryl 

C-C coupling of the indoline units to form a symmetric dimer with a ring-closed, 

spiropyran structure. Importantly, we demonstrate that the species observed 

spectroscopically upon oxidation are the oxidised states of the already dimerised species 

and not of oxidised or ring-opened merocyanine monomers.  Furthermore we show that the 

dimer formed exhibits reversible ring-opening photochemistry.  

 In a broader context, the irreversible formation of 2 by oxidation of 1 can be 

considered as permanent writing of a state for which the reversible oxidation waves of 2 at 

less positive potential could serve as a convenient readout modality, given the strong NIR 

absorption of the monocation 2
+
. In addition the photochromic response of 1 is retained in 2 

enabling temporary information storage regardless of whether it is in the monomer or dimer 

form (Scheme 6.2). 
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Scheme 6.2 Left: Photochromism and electrochromism of nitro-spiropyran system 1 and dimer 2 in solution. 

Right: Electrochemical writing of a spiropyran monomer to the dimer form at potentials greater than 1 V and non-

destructive readout of the state by sweeping to potentials less than 0.9 V.   

 

Bulk electrolysis of spiropyran monomer 

10 mg (0.03 mmol) of 1 was dissolved in 60 mL of acetonitrile (0.1 M NaClO4) and 

placed in an 3-electrode undivided electrolysis cell (porous carbon working electrode, 

graphite rod counter electrode and SCE reference electrode). Six cycles of anodic 

electrolysis at 1.2 V and consecutive cathodic electrolysis at 0.2 V were conducted with 

stirring until >80 % conversion was achieved (determined by cyclic voltammetry, as shown 

in Figure 6.8). The solution was filtered and the electrode washed with 50 ml of acetonitrile 

followed by 50 mL of dichloromethane. The combined filtrate and washings were re-

filtered and the solvent removed in vacuo. The solid obtained was dissolved in the 

minimum of acetonitrile and diluted with 100 mL of dichloromethane to precipitate excess 

NaClO4, filtered and solvent removed in vacuo. Further purification by column 

chromatography yielded 2 in a pure form. 

 

Figure 6.8 Cyclic voltammogram of 1 initially and after few (4-6) cycles of electrolysis measured at glassy carbon 
electrode vs. SCE in the electrolysis cell in acetonitrile (0.1 M NaClO4). Scan rate 0.1 V s-1.  
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