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In this chapter an overview of the electrochemistry of photo- and redox-active molecular 

switches is presented. Photochemistry is discussed briefly also; however the primary focus 

is on the redox properties and mechanisms of electrochemical oxidation and reduction of 

photoactive switches. Following the solution studies, the redox functionality of surface-

anchored molecular switches is discussed. In the conclusion, an overview is provided as 

well as the motivation for the studies presented in this dissertation.  
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Photochromic molecular switches are a class of compounds that undergo reversible 

changes in their structure upon irradiation with light; these changes can be reversed 

thermally or by irradiation with light of a different wavelength [1]. Electrochromic 

molecular switches, on the other hand, undergo a change in oxidation state, which may be 

accompanied by a change in their molecular structure [2]. Among the several classes of 

photoactive compounds, many exhibit electrochromic switching behaviour as well [3]. This 

chapter reviews redox transformations in the various types of molecular photochromic 

switches (Scheme 1.1), namely stilbenes (a), azobenzenes (b), spiropyrans (c), 

dithienylethenes (d), bis-thiaxanthylidenes (e) and rotaxanes (f), in their two corresponding 

forms, cis- and trans-, open and closed, syn- and anti-folded, etc. The comparison of the 

electrochemical behaviour in solution and in a monolayer on electrodes illustrates how 

these compounds can be used for the development of smart functional surfaces. 

 

Scheme 1.1 Photochemical switching of various molecular switches: (a) stilbenes; (b) azobenzenes; (c) 
spiropyrans; (d) dithienylethenes; (e) bis-thiaxanthylidene overcrowded alkenes; (f) representation of 

photochemical switching in rotaxanes. 
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Photochemistry of stilbenes 

The photochemistry of stilbenes consists of a trans-cis isomerization around the central 

double bond bridging the two arenes, in which a trans- (T), E isomer converts into a cis- 

(C), Z isomer under irradiation with light [4] (see Scheme 1.1a). 

Reduction with alkali metals 

The chemical reduction of diphenylpolyenes with alkali metals was first reported in 

1959 by Hoijtink and van der Meij [5]. The reduction of stilbenes in 1,2-dimethoxy-ethane 

or tetrahydrofuran resulted in the formation of an anionic state, accompanied by a green 

colouration of the solution, and, if the reduction was continued, in a red solution of dianions 

[6]. The reduction of both cis- and trans-isomers has been studied between -80 °C and 40 

°C by electron paramagnetic resonance (EPR) spectroscopy and yielded identical spectral 

features, independent of the temperature and the isomer. Theoretical calculations suggested 

that the barrier for the cis-trans isomerization is much lower for the radical anion than for 

the neutral molecule and therefore the observed EPR spectra arise from the trans- isomer, 

regardless of the initial isomer of stilbene before the reduction [6,7]. UV/vis absorption and 

Raman studies found identical spectra of reduced cis- and trans- isomers, thus confirming a 

fast C
•-
↔T

•- 
isomerization [7]. 

Cyclic voltammetry of stilbenes 

The cyclic voltammetry of stilbenes in dimethylformamide (0.2 M Bu4NBF4 in 

presence of neutral alumina) has demonstrated the formation of anionic and dianionic 

species of stilbene (Figure 1.1) [7]. The reduction of the trans- isomer to a monoanionic 

state occurs at 50 mV less negative potentials than that for the cis- isomer. If after the 

reduction of the cis-stilbene to the monoanionic state the potential is held at more negative 

values (ca. -2.5 V) for 30 s, the redox waves appear shifted to less negative potentials and 

overlap with that of the trans stilbene, indicating a cis-trans isomerization of the radical 

anions. The second reduction of the monoanion to dianion is observed at the same potential 

(-2.7 V vs. saturated calomel electrode (SCE)), regardless of the initial form of the 

compound. This observation suggested that the same final product was formed eventually 

after one-electron reduction. Therefore, the species obtained after the first reduction C
•-
, 

undergoes fast cis-trans isomerization (C
•-
↔T

•-
), and is subsequently reduced to the 

dianionic state of the trans- form at -2.7 V. Combellas et al. have shown that the one-

electron reduction of the trans-stilbene is reversible and that loose ion pairing has little 

effect on the electrochemistry [8]. 
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Figure 1.1 Cyclic voltammetry of trans- (left) and cis- stilbene (right) in DMF (0.2 M Bu4NBF4) measured at a 

platinum disc electrode at a scan rate 0.1 V s-1. Holding of the potential at ca. -2.5 V after the first reduction results 
in redox waves shifted to lower potentials and overlapping with the cyclic voltammogram of the trans- form, thus 

confirming isomerization [7]. Copyright Acta Chemica Scandinavica. 

 Based on the kinetic and EPR data, supported by molecular orbital calculations a 

mechanism for reduction has been postulated [9 and references therein], which includes a 

bimolecular electron exchange reaction and disproportionation: 

2C
•-
→C+C

2-
 

C
2-

→T
2-

 

T
2-

→T
•-
+C

•-
 

_____________________ 

C
•- 

→T
•-
 

Spreitzer et al. have pointed out that various stilbene derivatives can undergo both 

oxidation and reduction, depending on the functional group they bear [10]. For example an 

anthraquinone derivative 1, shows reversible two one-electron reduction waves and a 

reversible one-electron oxidation, while a phenyl-substituted stilbene presents only a 

reversible reduction to the monoanionic state, similar to the unsubstituted parent compound.  

 

 

Scheme 1.2  Structures of stilbene derivatives 1a-c, 2a-c and 3. 
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The observation of isosbestic points in the UV/vis absorption spectroelectrochemical 

data (Figure 1.2 left) of the E isomer of 2a indicates that the oxidation results in a single 

product. For the Z isomer after oxidation to a cation, a subsequent isomerization to the E 

isomer has been found (Figure 1.2 right).  

 

Figure 1.2 UV/vis absorption spectroelectrochemistry recorded during oxidation of the E (left) and Z (right) 

isomers of the anthraquinone stilbene derivative 2a [10]. Copyright Liebigs Ann, 1996. 

Moreover, the reduction of 2a to the anionic (Figure 1.3 left) and further to the 

dianionic (Figure 1.3 right) state shows reversibility for both isomers, with the appearance 

of well-defined isosbestic points in the absorption spectra [10].  

 

Figure 1.3 Spectroelectrochemical UV/vis absorption spectra measured upon reduction of 2a-Z to anion (left) and 

to dianion (right) [10]. Copyright Liebigs Ann., 1996. 

Electrochemistry of stilbene based self-assembled monolayers 

Wolf and Fox [11] have shown that self-assembled monolayers of thiol-terminated 4-

cyano-4’-(mercaptodecoxy)stilbene (3 in Scheme 1.2) on gold exhibits a pronounced 

photochemical response resulting in dimerization but the mechanism involved was not 

elucidated. Electrodes functionalized with 3 show electrochemical blocking of the response 

associated with the oxidation of decamethylferrocene (DMFc) present in solution, i.e. no 

redox waves of DMFc are observed in the range (-0.5 to 0.5 V) vs. Ag wire, pointing to a 
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well ordered monolayer. This finding is confirmed by the high surface coverage, 

determined from electrochemical reductive stripping of the monolayer from Au in KOH 

solution at ca. -1 V vs. Ag wire; of ca. 10
-9

 mol cm
-2 

for the trans-isomer and 3*10
-10

 mol 

cm
-2

 for the cis-isomer [11].  

A general problem in electrochemically activated switches anchored to a surface is the 

stability of the linker with which the molecule is attached. For the exploration of the 

reductive electrochemistry of stilbenes in monolayers, expected in the range (-1.0 V to -2.5 

V) vs. SCE [11] a thiol linker cannot be employed because reductive stripping of the 

monolayer from the electrode surface is observed at -1 V vs. Ag wire via reduction of the S-

Au bonding [10]. An alternative is the development of redox active derivatives that are 

structural analogues to stilbenes but electrochemically responsive at potentials higher than 

that of the reduction of the thiol from gold (ca. -1.5 vs. SCE), but lower than that for 

oxidative desorption of the molecules from gold.  

 

Photochemistry of azobenzenes 

The photochromism of azobenzenes is similar to that of their structurally related 

analogues – the stilbenes. The thermally stable trans-isomer transforms into the cis-isomer 

under UV irradiation, and the metastable cis-form can be easily reverted to the trans-form, 

either thermally or photochemically [12,13].  

The similarity of the photochemistry of azobenzenes and stilbenes is complemented by 

a similar but more complex reductive electrochemistry. The electrochemical behaviour of 

the azobenzene-hydrazobenzene redox couple is characterized by a strong dependence on 

the experimental conditions (concentration of reactants, solvent, pH). Numerous studies of 

the reduction electrochemistry of azobenzenes have been summarized by Laviron and 

Mugnier [3, 14 and references therein]. In brief, the reduction of azobenzene proceeds at 

the electroactive chromophore “-N=N-” in a single two-electron, two-proton process 

resulting in a hydrazobenzene “-NH-NH-” (Scheme 1.3). In aqueous solutions at pH<10, 

both isomers show little difference in half-wave potentials (E1/2), which depends linearly on 

pH (Figure 1.4 right) [14,15]. At pH>11 E1/2 becomes independent of pH but the cis-isomer 

is reduced at less negative potentials than the trans-isomer. Hydrazobenzene obtained upon 

reduction shows a linear dependence of the oxidation potential on pH in the whole range 

[14]. 

 

Scheme 1.3 Trans-azobenzene reduction: a two-electron, two-proton process azobenzene to form hydrazobenzene.  
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Figure 1.4 Left: Cyclic voltammogram of trans-azobenzene in water at pH 2.6 at a scan rate 0.2 V s-1 (A) and 5 V 

s-1 (B). Right: dependence of the redox peak potentials of trans-azobenzene (○), cis-azobenzene (+), and 

hydrazobenzene (●) on a pH in ethanol [14]. Copyright Elsevier, 1980. 

Komorsky-Lovrić has shown that the redox reaction in azobenzenes can take place in 

the solid state on the surface of microcrystals adsorbed at a graphite electrode [16]. In that 

case the mass transport is attributed to the surface diffusion of azobenzene/hydrazobenzene 

molecules, combined with the mobility of the electrons on the molecular surface [16]. The 

cyclic voltammogram measured on the microcrystals at pH 2 in 1 M KNO3 (Figure 1.5) 

resembles the one of the molecules in solution; however with a greater hysteresis between 

the oxidation and reduction waves of ca. 0.7 V. 

 

Figure 1.5 Abrasive cyclic voltammetry of azobenzene microcrystals on a slightly toughened paraffin-
impregnated graphite electrode measured in 1M KNO3 at pH 2, at a scan rate 0.1 V s-1. The potentials are reported 

vs. a Ag/AgCl reference electrode [16]. Copyright Springer-Verlag, 1997. 
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Liu et al. have reported a photoelectric system consisting of a monolayer of the 

azobenzene derivative ABD (4-octyl-4’-(5-carboxy-pentamethylene-oxy)-azobenzene), 

deposited on a SnO2 substrate by the Langmuir-Blodgett method [17]. When subjected to a 

combination of light and potential (Figure 1.6), the monolayer switches between three 

states: trans-, hydrazobenzene and cis-. In contrast with the original azobenzene (Figure 

1.4), this ABD monolayer has been found to be so well packed that the reduction potentials 

of the cis-form and the trans-form differ by more than 400 mV (Figure 1.6 left), allowing 

cis-azobenzene to be reduced at -0.3 V vs. Ag/AgCl, while the trans-azobenzene is reduced 

at significantly more negative potentials [18].  

This characteristic has opened up several possibilities for employing azobenzenes in 

writing/reading applications: photochemical writing could be achieved via laser-induced 

photochromic trans-cis isomerization; non-destructive readout could be obtained 

spectroscopically [19] since all three states have distinct vibrational/electronic properties. 

On the other hand, electrochemical recording on a selected area of the monolayer can be 

realized with the help of a scanning tunnelling microscopy-like technique where the tip acts 

as counter electrode [20] to perform a redox cycle and permanent 

cis→hydrazobenzene→trans writing. The electrochemical readout of the isomeric form in 

the monolayer results, however, in erasing of the stored state [18]. A complete wipe out of 

the memory is activated by reducing and reoxidizing the whole film, thus regenerating the 

trans-form. Good fatigue resistance has been demonstrated over several hundreds of cycles 

of irradiation-reduction-oxidation stimuli [18]. The hypothesized storage density of such a 

monolayer has been given as 10
8
 bits cm

-2
 in the photochemical writing mode and 10

12
 bit 

cm
-2

 in the writing mode utilizing the electrochemically active tip [17].  

    

Figure 1.6 Left: Cyclic voltammograms of a monolayer of azobenzene ABD deposited by the Langmuir Blodgett 

technique on SnO2 in cis-(solid line) and trans-form (dashed line), measured in water (0.2 M KClO4), at pH 7, 
with a scan rate of 0.02 V s-1. Right: Switching cycle of an azobenzene monolayer consisting in a two-electron, 

two-proton reduction of the cis-isomer to form hydrazobenzene (HABD), its isomerization to the trans-form and a 

two-electron, two-proton oxidation of HABD to trans-azobenzene followed by photochemical regeneration of the 
cis-isomer. [17]. Copyright Nature, 1990.  
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The dependence of the redox potentials of azobenzenes on the pH is also observed for 

the monolayers on electrodes, confirming the involvement of the protons in the formation 

of -NH-NH- hydrazobenzene [18].  

 

Figure 1.7 Changes in potentials related to the reduction of the trans-(▼) and cis-isomers (●), and to the oxidation 

of hydrazobenzene (○) upon change in the pH of the electrolyte [18]. Copyright Elsevier, 1992. 

Wang et al. have reported that self-assembled monolayers of azobenzenes on gold 

show similar electrochemistry as the monolayers deposited by the Langmuir Blodgett 

technique [21], however the isomer used was not specified or identified spectroscopically. 

Variation of the length of the terminal group from one to four hydrocarbons allowed several 

effects to be observed: an increased separation between the cathodic and anodic peak 

potentials, thus lower reversibility; a decrease in the capacitance of the double layer on the 

electrode; a higher hydrophobicity of the surface due to the increased packing with longer 

chain azobenzenes; increased blocking/insulating properties of the SAM towards redox 

behaviour of other redox active compounds present in solution [21,22].  

A comparison of the surface-enhanced Raman spectra (SERS) of the SAMs of C0-and 

C8-terminated azobenzene – see Scheme 1.4 – on gold demonstrates that reduction of the 

former is manifested in a reversible reduction wave and corresponding changes in the SERS 

spectra, while no redox response or difference in the SERS spectra is observed for the 

latter. This observation supports the conclusion that increased surface packing and a long 

terminal alkyl group makes the redox centre inaccessible to protons and does not allow the 

conformational freedom necessary for the isomerization [23]. 

 

Scheme 1.4 Structures of azobenzene with (C8AzoC2SH) and without (C8AzoC2SH) long end terminal group 

studied by Liu et al [23]. 
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Figure 1.8 Cyclic voltammograms of azobenzene SAMs of C0AzoC2S-Au (a) and C8AzoC2S-Au (b) measured 

in a Britton-Robinson buffer (0.1 M NaClO4) at pH 5.0 with a scan rate of 0.05 V s-1. SERS spectra of the same 

SAMs on gold during electrochemical reduction ((c) and (d)), recorded with excitation at 633 nm, 5 mW [23]. 
Copyright OPA, 1997. 

Zhang et al. have studied self-assembled monolayers of azobenzenes and 

acetaminoazobenzene on gold with X-ray photoemission (XPS) and SERS spectroscopy 

[24]. Thiol-terminated azobenzenes form chemisorbed monolayers on Au as evidenced by 

the S 2p core level XPS spectrum. In the case of an acetamino end group, intramolecular 

hydrogen bonding at the surface has been suggested as the cause for a more uniform and 

densely packed structure [24].  

The possibility of formation of mixed cis/trans isomeric domains in a SAM of 

azobenzene with an odd number of aliphatic carbons has also been proposed [25]. Under 

these experimental conditions, the cyclic voltammogram of the AZOC5S-Au SAM shows 

not only the expected reduction of the trans-isomer at -0.6 V, but also an additional 

reversible two-electron wave at ca. 0.2 V and -0.15 V, corresponding to the sequential two-

electron reduction of the cis-isomer (Figure 1.9). However the authors did not address the 

absence of a reoxidation wave related to the trans-isomer on the return sweep. 
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Figure 1.9 Left: Scan rate dependent cyclic voltammetry of a SAM of AzoC5S-Au showing reversible two-

electron reduction at lower potentials, attributed to the induced cis-form. Right: two-electron, two-proton reduction 
of cis-azobenzene in AzoC5S-Au [25]. Copyright Elsevier Science (USA), 2002. 

A different electrochemical behaviour of azobenzene monolayers on gold has been put 

forward by Jung and co-workers [26], according to whom the amount of the charge 

transferred during the reduction of the monolayer and other electrochemical values 

correspond to a one-electron reduction process, in contrast to a two-electron reduction 

suggested earlier [14]. 

 The linker employed to immobilize the molecule on the surface can also seriously 

influence the photoelectrochemical response of azobenzenes as found in studies of 

azobenzene-alkanethiol derivatives [27]. Amide-containing azobenzene SAMs show a 

significantly different photochemical response from ether-containing ones; namely a poor 

yield of photoisomerization and consequently a low modulation of the electrochemically 

induced cis→hydrazobenzene→trans switching, while for the ether containing linker the 

opposite is observed. This difference has been rationalized by the difference in electronic 

structure of the two SAM systems [27].  

The overall excellent photochromic properties and the reduction-driven cis-trans 

isomerization both in solution and in SAMs makes this class of compounds a good 

candidate for multi-addressable smart materials. Functionalization of azobenzenes with 

halogenated terminal groups and self-assembly on surfaces allows exploring large changes 

in surface properties [28]. In conjunction with other functional units [29, 30], photoelectric 

switching can yield a robust platform for the development of dual-responsive molecular 

electronics. 

 

A typical rotaxane is composed of two functional parts: a macrocycle and an axle; the 

latter can incorporate a bridge, stations and stoppers to prevent disassembly [31]. In the 

case of charged rotaxanes, the stations where the macrocycle can be positioned are 
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surrounded with counterions. The macrocycle or crown is formed by a cyclic ether, it is 

able to move between the photo- or electroactive recognition stations, when the latter 

respectively undergo isomerization or reduction. These stations can be for example alkyl 

viologens derivatives in dicationic states or neutral tetrathiafulvalene (TTF).  

The characteristic potential energy diagram of a bistable rotaxane shows that the 

macrocycle will be positioned preferentially on one of the stations (A in Figure 1.10) in the 

ground state. The macrocycle can be moved reversibly to the other station (B) by 

manipulating of the properties of one of the stations (for example A) through external 

stimuli [31]. By exciting an ensemble of surface-grafted rotaxanes the collective 

macromolecular movement can result in macroscopic work such as the movement of 

droplets on a surface in response to light [32]. 

 

Figure 1.10 Operation of a two-station rotaxane as a controllable molecular shuttle and idealized representation of 
the potential energy of the system as a function of the position of the ring relative to the axle upon switching off 

and on station A. (a) and (c) represent equilibrium states and (b) and (d) metastable states. Alternatively station B 

can be made a stronger recognition site by applying an external stimulus [31]. Copyright Wiley, 2010. 

A review on electroactive rotaxanes and catenanes [31] has outlined the properties of a 

number of rotaxanes in solution and on surfaces. In particular, redox switching can be 

induced by two-electron oxidation of a neutral station, composed of a tetrathiafulvalene 

(TTF) unit [33] or by a reduction of dicationic viologen to a neutral state [34]. Therefore 

depending on the number of stations present on the axle, several reversible redox processes 

are observed.  

Considering the supramolecular design of rotaxanes, it is apparent that the synthesis 

and characterization of a solely photoswitching or a solely redox switching molecule 

demands a considerable effort. Consequently, the design of a dual, photo- and redox-active 
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supramolecular compound, which includes a chromophore and a redox-active unit, is even 

more demanding.  

Among the numerous electrochemically addressable rotaxanes and pseudorotaxanes in 

solution [31,33,34,35,36], nanoparticles [37,38] and in monolayers [39,40,41], which have 

been reported, only a few show photochromism also [35,42].  

A photochemically driven redox-active molecular-level abacus has been achieved by 

substituting one of the stoppers of the rotaxane with a chromophore P. Other molecular 

components include a spacer S; two different π-electron acceptors A1 and A2; and a stopper 

T, as illustrated in Scheme 1.5. As a chromophore P, a [Ru(bpy)3]
2+

 type complex was 

chosen; A1 was 4,4’-bipyridinium; A2 was 3,3’-dimethyl analogue of A1; the macrocycle is 

composed of π-electron-donating BPP34C10 (see Scheme 1.5). Photoexcitation brings the 

chromophore to the excited state; electron transfer to the recognition site A1 occurs 

(P→P
+
+e

-
), producing the anion A1

-
, which deactivates the station A1. As a result, the 

electron donor ring moves to the electron acceptor recognition station A2. Electron transfer 

back to the chromophore (P
+
+e

-
) restores the electron accepting power of A1 with the 

associated movement of the macrocycle to A1. Alternatively a restoration of the oxidized 

chromophore (P
+
) and the electron accepting power of A1 can also be induced 

electrochemically in solution by reduction and oxidation, respectively [35]. 

 

Scheme 1.5 Left: structures of [2]rotaxane (A6+) and its components P-chromophore (E2+), S-spacer (F), A1 and 

A2 recognition sites (G2+ and H2+), R-ring (BPP34C10), and T-stopper. [35]. Copyright Wiley, 2000.  
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The comparison of the cyclic voltammetry of [2]rotaxane A
6+

 and of its components 

shows that all units retain their redox activity upon molecular assembly and that the activity 

of the macromolecular architecture can be described as sum of the redox chemistry of the 

indicated building blocks (Figure 1.11) [35]. Two oxidation waves are present, related to 

the reversible oxidation of the chromophore (1.4 V vs. SCE) and one irreversible oxidation 

of the macrocycle (1.7 V). Reduction shows four reversible one-electron waves originating 

from A1 (-0.44 and -0.83 V) and A2 (-0.73 and -0.99 V) as well as a reduction of the spacer 

unit (-1.43 V). From the shift of the reduction wave associated with the first reduction of A2 

with respect of the reference free axle, it has been concluded that the macrocycle resides at 

A2, while A1 is deactivated by reduction. The macrocycle can be induced to return to A1 by 

reoxidation of A2
-
 back to A2. Thus the shuttle is driven by the reversible reduction-

reoxidation A1
-
A2↔A1

-
A2

-
. 

 

Figure 1.11 Left: photochemically induced electron transfer to A1 deactivates this station and induces ring to 

move to A2. Restoration of the initial state is achieved by electron transfer back to P or by reoxidizing A1. In the 
latter case the photochrome is reduced electrochemically also. Right: cyclic voltammetry of a [2]rotaxane (A6+) 

and its components: R- BPP34C10 ring, B6+ – axle, C2+-chromophore and spacer, D4+ – stopper and two stations, 

G2+ and H2+ two separate stations A1 and A2  (see Scheme 1.5 for structures)  [35]. Copyright Wiley, 2000. 

It is thus possible to trace the electrochemical behaviour of rotaxanes to the redox 

behaviour of their recognition stations, influenced by the intramolecular interactions with 

the macrocycle [33]. Several reversible redox waves can be observed, one of which will 

imply a movement of the macrocycle towards another station on the axle. The presence of 

the chromophore in such a system provides photo-induced electron transfer to one of the 

recognition sites and can play the role of an extra means to address the system [35]. An 
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interesting, simpler alternative, which has not been implemented to date, is an approach, 

where one of the recognition stations is a dual responsive switch, similar to azobenzene or 

dithienylethene. Activation of the station could then be done both by light and redox 

potential, without involving an intramolecular charge transfer from the chromophore in the 

stopper position. 

 

The photochromism of dithienylethenes consists in reversible ring-closing / ring-

opening upon irradiation with UV (312-365 nm) and visible (>400 nm) light, respectively 

(Scheme 1.1d) [43]. The thermal stability of both forms, their distinct absorption and 

vibrational [44] spectra and their difference in conjugation make them suitable components 

for molecular and organic electronics [45,46] and surface property tuning applications [47]. 

Recently a detailed review of the electrochemistry of dithienylethenes (DTE) and their 

application in photo- and redox-switchable surfaces has been published by Logtenberg et 

al. [48]. In brief, the ring-open diarylethene 3o undergoes an irreversible two-electron 

oxidation at 1.2 V vs. SCE as shown in Figure 1.12 left. On the return sweep two resolved 

reduction waves appear at ca. 0.6 V and 0.4 V. Therefore, cyclic voltammetry shows that 

the oxidation of the open form leads to formation of a dication of the open form and 

immediate ring closing as illustrated in Scheme 1.6. On the return sweep the ring-closed 

form undergoes two sequential one-electron reductions. Continuous cycling leads to the 

accumulation of the closed form within the Nernst diffusion layer [48]. The cyclopentene 

unit has been shown to play an important role in the electrochemical oxidation of DTE. 

Replacement of the perhydrocyclopentene unit with an electron-withdrawing perfluoro unit 

produces remarkably different electrochemistry. As shown in Figure 1.12, irreversible 

oxidation of 4o at higher potentials leads to an unidentified product and eventual ring-

closure (Figure 1.12 right). On the other hand 4c oxidatively forms a dicationic state and 

reduces instantly to form 4o (Figure 1.12 right inset).  

 

Figure 1.12 Cyclic voltammetry of diarylethene 3o (left) and 4o (right) in dichloromethane at a scan rate of 0.1 V 

s-1 at glassy carbon electrode (GCE). In the right figure the cyclic voltammetry of the 4c is plotted with grey line 
and with an offset [48]. Copyright Wiley, 2005.  
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Monolayers on indium tin oxide 

Monolayers of diarylethene immobilized on indium tin oxide (ITO) electrodes have 

been found to undergo multi-cyclic ring-opening and ring-closing reactions upon electro- 

and photochemical stimuli (Scheme 1.6) [49].  

  

Scheme 1.6 Left: Electrochemically driven ring-opening and ring-closure via monocationic and dicationic states. 
Right: A write-read-erase system based on photo-electrochemical switching of 5o-ITO to 5c-ITO.  

 

Scheme 1.7 Covalent attachment of 5o on an ITO electrode surface to form 5o-ITO, which can be switched 

reversibly to 5c-ITO either photo- or electrochemically [49]. Copyright RSC, 2006. 

The cyclic voltammetry of 5o-ITO [49] shows an irreversible two-electron oxidation 

wave at 1.10 V, in which a dicationic state is formed (5o-ITO→5o
2+

-ITO). The dication 

obtained undergoes a fast ring-closure (5o
2+

-ITO→5c
2+

-ITO) and on the return sweep 

shows two reversible one-electron waves (5o
2+

-ITO→5c
+
-ITO→5c-ITO). The 

electrochemistry of 5-ITO is therefore essentially equivalent to that observed in solution 

(Figure 1.12 left). The surface density of the diarylethene on ITO was estimated from the 

oxidation wave to be 5.5*10
-11

 mol cm
-2

 [49].  
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Figure 1.13 Cyclic voltammetry of 5o-ITO in CH2Cl2 (0.1 M TBAPF6) [49]. Copyright RSC, 2006. 

The ring-open and the ring-closed form show distinct electrochemical responses in the 

region -0.2 to 0.6 V: the ring-open 5o-ITO displays no Faradaic current (Figure 1.14 left, 

a), while the ring-closed 5c-ITO presents a reversible one-electron oxidation at 0.5 V. This 

difference has been used to tune the redox activity of the electrode in this range 

photochemically [49]. Irradiation of 5o-ITO with 312 nm for 5 min results in 

photocyclisation and in the appearance of an oxidation wave at 0.5 V. Repetitive photo-

electrochemical cycling over four cycles in dichloromethane (0.1 M TBA(CF3SO3)) has 

shown stable redox switching between 5o and 5c as monolayers on ITO (Figure 1.14 right).  

 

Figure 1.14 Left: Cyclic voltammetry of (a) 5o-ITO and (b) 5c-ITO, obtained photochemically after irradiation at 
312 nm for 5 min. Right: Current response of 5-ITO upon photochemical switching in dichloromethane (0.1 M 

TBACF3SO3) measured at a scan rate 2 V s-1. Copyright RSC, 2006. 

Browne et al. have studied self-assembled monolayers of several dithienylethene 

derivatives 6-8 on gold electrodes (Scheme 1.8) [50] and demonstrated that self-assembly 

results in a relatively high coverage of the electrodes with a surface density of 0.7 - 1.5 *10
-

10
 mol cm

-2
. The photo- and electrochemical properties of the switches observed in solution 

are retained upon immobilization on the surface.   
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Scheme 1.8 Structure of dithienylethene-beased switches 6-8 used for self-assembly on gold electrodes. o=open, 

c=closed, H and F denote hexahydro- and hexafluoropentene switches, respectively [50]. Copyright ACS, 2008. 

In particular, 6o-Au undergoes ring-closure to 6c-Au upon oxidation at ca. 1 V. As 

shown in Figure 1.15, left, the irreversible oxidation at >0.8 V vs. SCE results in a 

progressive increase in the reversible oxidation wave at 0.4 V, associated with the oxidation 

of the ring-closed 6c-Au form. The cyclic voltammetry of 7c-Au shows an increased 

reversibility at increased scan rates and allows for monitoring of the photochemical 

switching without interference of redox-driven ring-opening. In the cyclic voltammetry of 

7c-Au a redox wave at 0.8 V is apparent (Figure 1.15 right). Irradiation of the electrode 

with visible light (>400 nm) to generate the ring-open form results in a progressive 

decrease of the redox waves of 7c-Au in the range <0.8 V, attributed to the formation of 

7o-Au; the latter oxidizes at higher potentials. X-ray photoelectron spectroscopy confirmed 

the chemisorption of 6-8 on Au as well as the stability of the SAMs towards electro- and 

photochemical switching. 

 

Figure 1.15 Left: Cyclic voltammetry of 6o-Au. Oxidation at >0.8 V results in the appearance of redox waves at 
ca. 0.4 V, associated with 6c-Au; measured at a scan rate of 1 V s-1 in CH3CN (0.1 M LiClO4). Right: Cyclic 

voltammetry of 7c-Au initially and after sequential irradiation with visible (>400 nm) light to form 7o-Au; 

measured at a scan rate > 1 V s-1 with intervals of 3 min [50]. Copyright ACS, 2008. 

Dithienylethenes are particularly attractive candidates for the development of smart 

molecule-based surfaces because when immobilized as monolayers on ITO (Figure 1.13) or 

gold electrodes (Figure 1.15 left) they not only exhibit a pronounced stable electrochemical 

behaviour, which is not hindered by intermolecular repulsion in the SAM, but they can also 

be switched photochemically (Figure 1.15 right).  
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Photochemistry of spiropyrans in solution and in monolayers 

Spiropyrans consist of two moieties – indoline and chromene, linked at the spiro 

carbon. The two halves orient orthogonally in the ring-closed spiropyran form. Irradiation 

with UV light induces breaking of the Cspiro-O bond and isomerisation to the more 

conformationally stable forms of merocyanine with an overall planar configuration [51]. 

Spiropyran solutions are typically colourless or slightly yellow while merocyanine 

solutions are violet/blue coloured. The photochromism of spiropyrans has been 

characterized in solution [52], in the solid state [53] and in monolayers [54] and found to 

strongly depend on the experimental conditions such as pH, solvent and temperature [55]. 

The first electrochemical study on spiropyran derivatives was reported by Campredon 

et al. in 1993 [56]. Several nitro-naphtho-pyrans (Scheme 1.9) were studied with EPR 

spectroscopy and cyclic voltammetry. The electrochemical behaviour of spiropyran without 

the nitro group in the indoline moiety (10) showed an irreversible oxidation at 1.02 V vs. 

SCE, while 9 and 11 displayed an oxidation wave at higher potentials, i.e. 1.24 V and 1.36 

V respectively. On the reduction sweep a reversible one-electron wave was observed at -

1.53 V, -1.27 V and -1.20 V for 9-11. For 11 an additional reduction was observed at -1.41 

V, corresponding to the second reduction of the other nitro-aromatic group. For all three 

compounds a second oxidation wave was detected at higher potentials. The EPR spectra 

demonstrated that the oxidation involves transfer of one electron and formation of a cation 

radical.  

 

Scheme 1.9 Structure of the naphtho-nitrospiropyrans 9-11 studied by Campredon et al. [56]. 
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Figure 1.16 Cyclic voltammograms recorded during the reduction (left) and oxidation (right) sweeps of 
spiropyran 10 in acetonitrile (0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)) [56]. Copyright J. 

Chem. Soc. 1993. 

Reductive ring-opening of nitrospiropyrans 

Reversible ring-opening upon reduction of nitrospiropyran has been reported by Zhi et 

al. and can potentially be used for multifunctional electro-optical device applications [57]. 

The reductive cyclic voltammetry of nitro-spiropyran was essentially the same as that of the 

naphto-substituted nitrospiropyran 12. The appearance of strong bands in the visible region 

at 556 nm in the UV/vis absorption spectroelectrochemistry upon reduction to the radical 

anion and the subsequent oxidation to the neutral species suggests the formation of the ring-

open merocyanine form as the product of reduction cycle. The initial ring-closed form is 

regenerated by irradiation with visible light (Scheme 1.10).  

 

Scheme 1.10 One-electron reduction of nitro-spiropyran to a radical anion and the subsequent one-electron 

oxidation of the anion formed to the neutral ring-open merocyanine form. Recovery of the spiropyran form is 

achieved photochemically with visible light. The reduction of the merocyanine form results in the same ring-
closed anionic species [57]. 
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Oxidation of spiropyrans in solution 

The mechanism of oxidation was explored by Preigh et al. in the oxidation of hydroxy-

spiropyran and of indoline and chromene model compounds (Figure 1.17) [58]. From bulk 

electrolysis, cyclic voltammetry and NMR spectroscopy of the oxidation product, the 

authors concluded that the oxidation of 12 involves the transfer of two electrons to produce 

a radical cation, which rapidly undergoes ring-opening and disproportionates to 

hydroquinone and quinone, resulting in a slow, water-mediated dimerization (Figure 1.17).  

 

Figure 1.17 Left: Cyclic voltammogram of hydroxyl-spiropyran 12 measured in acetonitrile (0.1 M 

tetrabutylammonium perchlorate) at a glassy carbon disc electrode at a scan rate of 0.25 V s-1. Right: Mechanism 
of the oxidation of 12 and the resulting dimerization of the obtained quinone ring-open spiropyrans as postulated 

by Preigh et al. [58]. Copyright J. Chem. Soc., 1996. 

In view of employing nitro-spiropyrans in polymeric multiswitchable materials Wagner 

et al. conducted a spectroelectrochemical study of the oxidation of nitrospiropyran 13 in a 

thin layer, in solution and in a polymer (Scheme 1.11) [59].  

 

Scheme 1.11 Mechanism of electrochemical two-step switching in a nitro-spiropyran integrated into a 
polythiophene backbone. The initial oxidation below 0.6 V results in the oxidation of the polymer, while the 

second oxidation at >0.76 V was proposed to result in oxidation of the spiropyran and ring-opening to the 

merocyanine form.  
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Scheme 1.12 Mechanism of the oxidation of nitro-spiropyran 13 suggested by Wagner et. al. A radical cation is 

formed, which rapidly ring-opens to give the radical cations of two most stable merocyanine isomers TTC and 
TTT, each of which undergoes a reversible one electron reduction to a neutral form [59]. Copyright ACS, 2011. 

The irreversible oxidation of nitro-spiropyran 13 at 1 V vs. SCE has been attributed to 

fast ring-opening of the radical cation formed (Scheme 1.12) [59]. In the second cycle of 

the cyclic voltammetry two new oxidation waves can be seen at lower potentials, namely at 

ca. 0.65 and 0.8 V vs. SCE; the latter have been assigned to the reversible one-electron 

oxidation of the two most stable ring-open merocyanine isomers – TTC and TTT (Scheme 

1.12). In the UV/vis absorption spectra measured in situ during oxidation, near-IR bands at 

880 nm and 997 nm are observed (Figure 1.18); these features have been attributed to a 

radical cation dimer of the merocyanine isomers. 

 

Figure 1.18 Spectroelectrochemistry of nitrospiropyran 13 measured in an OTTLE cell in acetonitrile (0.1 M 

TBAPF6). (Left) Two cycles of cyclic voltammetry and (right) UV/vis absorption spectra during potential sweep 

0.6-0.9 V vs. Ag wire [59]. Copyright ACS, 2011. 
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Oxidation of spiropyrans encapsulated in porous materials 

Domenech et al. studied the electrochemistry of spiropyrans in surface porous confined 

environments. This allowed the proposed earlier ring-opening and dimerization that follow 

the electron transfer step to be blocked [60]. The cyclic voltammetry of 14 evidences a 

completely reversible electrochemistry when spiropyran is bound in a porous matrix. By 

contrast, for oxidation in solution the authors have proposed that the radical cation formed 

undergoes ring-opening to the merocyanine form and dimerization, however via a different 

coupling than that put forward by Preigh et al. (compare Scheme 1.13 and Figure 1.17).  

 

Scheme 1.13 Electrochemical oxidation of nitro-spiropyran proposed by Domenech et al.. Oxidation yields a ring-

closed spiropyran radical cation, which can either be reduced reversibly if encapsulated and isolated in porous 

materials, or ring-opens to the merocyanine radical form with disproportionation to a quinone, neutral 
merocyanine form or merocyanine dimer via C-O-O-C coupling in the chromene moiety [60]. Copyright ACS, 

2004. 

Oxidation of spiropyrans in monolayers 

Despite the substantial amount of work performed in order to understand the 

electrochemical behaviour of spiropyrans in solution and in polymers [56-60], the 

electrochromism of these compounds remains ambiguous to date. This is the motivation for 

focusing on the electrochemical oxidation of spiropyran, in solution and in monolayers in 

the projects presented in Chapters 6 and 7 of this thesis.   
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Overcrowded alkenes undergo reversible isomerization from the anti-folded ground 

state conformation to a more sterically hindered, thermally unstable syn-folded 

conformation [61,62] (Scheme 1.1). The electrochemistry of overcrowded 

bisthiaxanthylidenes has been studied electrochemically and spectroscopically in solution 

[63,64,65]. Two-electron oxidation of 15A at 1.21 V vs. SCE produces a dicationic state 

with an orthogonal structure of the upper and lower three-cyclic moieties (Scheme 1.14).  

 

Scheme 1.14 The interconversion between the three conformers of 15 (15A-15C) and the oxidized state 152+ is 

driven by a combination of light, heat and electrochemical oxidation/reduction (only trans isomers are shown for 

clarity) (left). Upon oxidation and reduction the change in conformation results in a 0.85 V hysteresis in the cyclic 

voltammogram (right, thin-layer cyclic voltammogram collected with a scan rate of 0.1 V s-1 on a glassy carbon 

electrode, where the initial potential is 0.0 V). The changes in molecular structure that accompany each redox 
process are sketched in the left panel. Reproduced from [63], copyright ACS, 2006. 

The oxidation to the dicationic state A→2+ is irreversible (Scheme 1.14), and on the 

reverse sweep the dicationic state can be reduced to a twisted neutral conformation 2+→C. 

The thermally unstable twisted conformer rapidly isomerizes to a syn-folded conformation 

and subsequently back to the initial anti-folded conformation C→B→A, thus the starting 

compound is formed again via oxidation with a hysteresis of ca. 0.85 V. At increasing scan 

rates the syn-folded 15B conformer has less time to convert thermally to the more stable 

anti-folded state 15A, and another oxidation to the dicationic state can be observed at lower 

potentials – 1.1 V, originating from the oxidation of the syn-folded conformer, B→2+.  

As a result of redox, photochemical and thermal stimuli, transitions between the states 

15A, 15
2+

 and 15B can be obtained, which have different molecular structures and show 

distinct absorption and fluorescence properties (Figure 1.19). This can be used for 

development of the multiresponsive smart surfaces. The spectroelectrochemical study of the 

SAMs of bis-thiaxanthylidene on gold, presented in chapter 3 of this dissertation represents 

an important step in this direction since it evidences several aspects of the effects of 

packing and intermolecular interactions in monolayers, which result in an increased 

stability of obtained conformational and redox states in monolayers.  
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Figure 1.19 (a) UV/vis absorption and emission spectra of 15A (blue) and 152+ (red) in CH3CN (0.1M KPF6). (b) 

Changes in absorption intensity of dication 152+ at 254 nm (bottom line) and 400 nm (top line) upon cycling 

between 1.4 and -0.2 V vs. SCE, at 0.01 V s-1 [63]. Copyright ACS, 2006. 

A bisthiaxanthylidene, immobilized on an ITO surface has allowed for the 

development of an energy donor-acceptor system [66]. The photochemistry of the donor 

16c in the presence of oxygen comprises a photo-driven isomerization at 312 nm and an 

irreversible oxidation, resulting in the cyclization to acceptor 17c (Figure 1.20). Once 17c is 

obtained, it quenches the photochemical cyclisation of neighbouring molecules and thus a 

mixed monolayer of 16c and 17c on ITO is formed.  Initially the monolayer of 16c exhibits 

blue fluorescence, similar to that of 15A in solution (Figure 1.19, Figure 1.20); this state 

can be switched to a green fluorescent of 16c+17c mixed donor-acceptor monolayer. Such a 

donor-acceptor monolayer system generated in situ shows a remarkable change in 

fluorescence properties upon irradiation with UV light. In addition, the electrochemical 

behaviour of the 16c monolayer on ITO has been observed to be similar to the one of 15A 

in solution (Scheme 1.14 and Figure 1.21). For 16c-ITO an irreversible oxidation at 1.4 V 

vs. SCE and a reduction at 0.6 V on the reverse sweep are observed (Figure 1.21).  

 

Figure 1.20 Left: Scheme showing the photochemical cyclisation of 16 (a,b,c) to form closed 17 (a,b,c) in CH2Cl2 

by irradiation at 312 nm. Right: Normalized absorption and emission spectra of 16a (λexc =312 nm) and 17a (λexc 

=425 nm) in CH2Cl2. Inset shows corresponding green fluorescence of 16, which changes to blue fluorescence of 

16c+17c  at 365 nm excitation. [66] Copyright Wiley, 2010. 
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Figure 1.21 Cyclic voltammetry of 16c-ITO in CH3CN (0.1 M TBAPF6) measured at a scan rate of 0.1 V s-1 [66]. 

Copyright Wiley, 2010.  

 

The variety of the molecular switches reviewed in this chapter is fascinating and 

inspiring. A substantial amount of work has been done to understand the molecular 

behaviour in solution and to utilize the switching on a surface. Moving from solution 

functionality to surface functionality triggers several questions about the molecular film:  

i) Concerning composition and structure: What is molecular coverage – does it 

correspond to a multilayer, monolayer or submonolayer? What type of bond is formed at 

the interface between the molecule and the substrate – chemical (-S-Au; -Si-SiO2, etc.) or 

physical (π-π, van der Waals, metal coordination)? What is the orientation of the molecular 

backbone with respect to the substrate?  

ii) Regarding functionality: are the dynamical properties of the switch preserved? Are 

the property changes reversible? Is there an influence of packing on molecular dynamics? 

iii) Which experimental techniques can we use answer these questions? 

Chapter 2 describes general experimental details, such as procedures for the 

preparation of substrates and of SAMs and information on equipment that was utilized to 

collect the data presented in chapters 3-7. Some specific experimental details are also 

included at the end of the chapters. 

The three state luminescence of bis-thiaxanthilidene in solution is driven photo- and 

electrochemically [63]. A similar overcrowded alkene has been used as a monolayer on 

ITO to prepare a donor-acceptor molecule-based surface with wavelength shifting 

properties [66]. In Chapter 3 of this dissertation we report the behaviour of monolayers of 

bis-thiaxanthilidene on gold, ITO and quartz were studied spectroelectrochemically to 

answer the questions i)-iii). Reversible switching of the monolayer between four different 

states is demonstrated and represents a robust platform for the development of smart 

surfaces. Specifically, it is possible to tune the surface hydrophilicity by switching a mono- 
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-layer between two redox states electrochemically and thereby change the water contact 

angle by more than 30°. 

Analysis of functionalized surfaces often involves surface sensitive techniques such as 

X-ray photoelectron spectroscopy (XPS) and surface enhanced Raman spectroscopy 

(SERS) used in combination [67,68]. For a proper study of spiropyran self-assembled on 

roughened Au bead electrodes with XPS and SERS, a reference compound such as nitro-

benzene disulfide derivative, which is widely used in molecular electronics and represents 

part of the chromene moiety of nitrospiropyran, was analysed as reported in Chapter 4.  

Although the photochromic functionality of spiropyrans in solution has been described 

more than 50 years ago [69] only very little is known to date concerning the photochemical 

ring-opening in monolayers of these switches. In Chapter 5 this issue is addressed with 

several spectroscopic techniques, where switching between open and closed forms in the 

SAM was induced by light in the UV/vis/NIR range and observed by Raman, XPS and 

UV/vis absorption spectroscopy.  

As described in section 1.8 of this chapter, for the electrochemical oxidation of 

spiropyrans in solution, several mechanisms have been proposed [55-60]. To eliminate the 

uncertainty in the existing literature, a thorough multi-technique study was carried out to 

establish the correct oxidation mechanism and the resulting product. The results of this 

work are presented in Chapter 6. 

The findings discussed in Chapter 6 raised several questions on whether the same 

electrochemical process observed in solution takes place also in SAMs of spiropyran on 

gold.  To complement the utilization of the photochromic function of spiropyran in a SAM, 

reported in chapter 5, with the redox functionality, SAMs of spiropyran were 

electrochemically oxidized and studied spectroscopically. Based on the results obtained, it 

was possible to outline in Chapter 7 the complete photo- and redox functionality of a 

spiropyran SAM, consisting of 10 photoelectrochemically accessible, structurally different 

states.  

A summary lists the most important achievements made over the last four years of my 

PhD in the field of dual responsive compounds on surfaces. 
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The study of molecular switches anchored to surfaces involves several important 

preceding steps – the synthesis of the molecular compound, the investigation of the 

molecular behaviour in solution, the preparation of substrates, the self-assembly of the 

molecules on the surface, the characterization of the obtained monolayer and the 

observation of functionality in the self-assembled monolayer (SAM). In each step one or 

preferably several spectroscopic techniques are used to monitor reactions in situ or assess 

the state of the surface after a certain treatment.  

In this chapter the general procedures for the preparation of different types of Au 

substrates and for the self-assembly of the various molecular switches and other related 

molecules are described. The experimental details of how X-ray photoelectron 

spectroscopy, Fourier transformed infrared spectroscopy, Raman spectroscopy and UV/Vis 

absorption spectroscopy were applied in our study and how  electrochemical and contact 

angle measurements were done are also explained. The synthesis of the molecules and 

experimental details which are specific only to particular systems we investigated and not 

general to all of them are indicated in the corresponding chapters and in references.  
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Semitransparent Au substrates. For UV/Vis absorption measurements performed in 

the course of the spectroelectrochemical studies of SAMs a 18-20 nm film of gold (purity 

99.99%, Schöne Edelmetaal B.V.) was deposited on top of a 2 nm chromium (purity 99.6 

%, Umicore) adhesion  layer on a glass microscope slide (Knittel Glass). Prior to gold 

evaporation, the slide was cleaned with 10% hydrochloric acid for 10 min, rinsed with 

water, acetone and ethanol for 2 min, followed by drying under a stream of nitrogen. The 

slides were then subjected to air plasma cleaning (Diener) for 1 min. Thicker (≥200 nm) Au 

films on glass were prepared in the same way. 

150 nm thick films of Au were grown on mica substrates (grade V-1, Ted Pella), 

freshly cleaved and annealed at 375°C for 16 h in order to remove impurities, in the same 

deposition system. 

Gold bead substrates were prepared from 0.5 mm diameter 99.999% Au wire (Schöne 

Edelmetaal B.V.), which was melted in a butane gas flame to form a bead with a diameter 

of 2-3 mm. Freshly prepared beads were cleaned chemically and electrochemically [1]. 

Roughening of the gold beads and Au films was performed following the procedure 

described by Tian et al. [1]; SERS-active surfaces were obtained after 24 cycles. 

 

Monolayers were prepared by self-assembly from a 10
-4

-10
-3

 M solution of the chosen 

compound in dichloromethane. Immediately after cleaning and roughening or evaporation 

the freshly prepared gold surfaces were immersed in a solution overnight at room 

temperature in the dark. After functionalization of the surface, the substrate was rinsed with 

dichloromethane, thoroughly dried with an argon gas stream and introduced immediately 

into the measuring system.  

 

The thickness of a film on a surface was determined using a VASE ellipsometer VB-

400 (J. A. Woolam Co., Inc.) with a control module unit, a high speed monochromator 

system HS-190
TM

 and 75W light source. The system was calibrated on a silicon wafer and a 

fresh 150 nm thick gold on mica reference substrate was used to generate the mathematical 

model used to calculate the film thickness [2]. 

 

Contact angles were measured on a Device Dataphysics instrument with SCA20, 

version 3.60.2 software. A 2 μl drop of doubly distilled deionized water was used as the 

measuring liquid (sessile drop method [3]). A minimum of 5 spots on each sample were 

probed and the contact angles averaged. Analysis consisted of applying a baseline and 

elliptical curve fitting of the water-air contact profile. The uncertainty in the measurements 

is +/- 2°.   
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XPS was performed using a Surface Science SSX-100 ESCA instrument with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV). The pressure in the measurement 

chamber was maintained below 5*10
-9 

mbar during data acquisition. The electron take-off 

angle with respect to the surface normal was 37°. The diameter of the analysed area was 

1000 μm; the energy resolution was 1.26 eV (or 1.67 eV for a broad survey scan). XPS 

spectra were analysed using the least-squares curve fitting program Winspec [4]. Binding 

energies were referenced to the Au 4f7/2 photoemission peak originating from the substrate, 

centred at a binding energy of 84 eV [5]. Deconvolution of the spectra included a Shirley 

[6] baseline subtraction and fitting with a minimum number of peaks consistent with the 

structure of the molecules on a surface, taking into account the experimental resolution. The 

profile of the peaks was taken as a convolution of Gaussian and Lorentzian functions. 

When more than one component was used to fit a core level photoemission line, binding 

energies are reported ± 0.1 eV. The average uncertainty in the peak intensity determination 

is 3 % for nitrogen and sulfur, and 1% for carbon, gold, and oxygen. All measurements 

were carried out on freshly prepared samples.  

Exposure to UV (365 nm) light was conducted in situ or ex situ of the vacuum 

chamber. 

Electron irradiation of the nitrobenzene SAMs was performed with a flood gun which 

is part of the XPS setup and was regulated to deliver a flux of electrons with 0.5 eV of 

kinetic energy. 

 

Electrochemical measurements were performed using either a CHInstruments 600C or 

a 760C potentiostat. A three-electrode arrangement with a reference electrode (Hg/HgSO4, 

Ag/AgCl wire pseudo reference electrode or SCE), Pt wire auxiliary electrode and glassy 

carbon, gold (bead or slide) or ITO working electrode was used. The electrolytes were 

freshly prepared 0.1 M solutions of a) tetrabutylammonium hexafluorophosphate (TBAPF6, 

Sigma Aldrich Co, electrochemical grade) in acetonitrile or dichloromethane; b) NaClO4 or 

c) LiClO4 in CH3CN (or in EtOH in the case of XPS measurements of oxidation of 

spiropyran SAMs). All potentials are reported with respect to the Saturated Calomel 

Electrode (SCE). Redox potentials are reported ± 10 mV. The surface coverage of the 

electrodes was determined from the most defined redox peak (overcrowded alkene dication 

reduction wave (ca. 0.36 V) or spiropyran oxidation wave (ca. 1 V)) on the first or second 

sweep, taking into account the area of the electrode obtained by the AuO reduction wave 

measured on a bare Au bead in 1N H2SO4 prior to monolayer deposition or measuring the 

geometric area of the Au slide. Capacitance of the double layer at the electrode was 

determined from the scan-rate dependence of the non-Faradic current (within a potential 

range removed from redox processes of overcrowded alkene) in TBAPF6 in acetonitrile. 
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Raman and UV/Vis absorption spectroelectrochemistry were carried out as described 

above with a CHI600c potentiostat with Ag/AgCl reference electrode, Pt auxiliary electrode 

and either a) a platinum gauze, b) a roughened gold bead with a monolayer of switch or c) 

semitransparent Au/glass with SAM of switch as a working electrode. For thin layer 

spectroelectrochemistry optically transparent thin layer electrochemical (OTTLE) cell was 

employed with a platinum gauze working electrode, Pt auxiliary electrode and Ag/AgCl 

reference electrode.   

 

ATR FTIR spectra were collected on a Perkin Elmer FT-IR/F-FIR Spectrometer 

“Spectrum 400” using a UATR attachment and liquid N2 cooled MCT detector.  

Raman spectra were recorded at 785 nm using a Perkin Elmer Raman Station 400F. 

The spot size for Raman and SERS measurements was 7.8x10
3
 μm

2
, or 0.78 μm

2
 when a 

microscope with a magnification of 100x was used. Spectra were recorded typically with 1 

- 5 exposures of 2 - 40 s unless stated otherwise. Further analysis of the Raman spectra 

involved manual baseline correction and normalization. 

UV/Vis absorption spectra were acquired using either a JASCO V630 or a Analytik 

Jena Specord S600 diode array spectrophotometer. 

 

Solutions of colloidal Au nanoparticles were prepared according to the procedure 

described by Frens [7]. Spiropyrans were mixed with Au colloid and aggregated using KCl 

aqueous solution at a typical concentration of 0.1 mM. 

 

Topographic AFM images were obtained measuring in contact mode in air using a 

Scientec 5100 equipped with NT-MDT cantilever with silicon tip of typical radius 6 nm 

and ∼ 0.13-0.003 Nm
-1

 of force constant (typical 0.03 Nm
-1

). Data analysis was performed 

using WSxM software (version 8.7, Nanotec Electronica S.L., Spain [8]). 

 

Irradiation of solutions, solids or SAMs was performed using a Spectroline 365 nm 

(centre wavelength) lamp and a Thorlabs fibre optic halogen lamp with an external 520 nm 

long path glass filter. 

 

All commercially available chemicals were purchased from Aldrich and Acros, and 

used without further purification. All solvents used for spectroscopic and electrochemical 

measurements were UVASOL grade (Merck) unless stated otherwise.  
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1
H NMR spectra were recorded using a Varian Mercury Plus spectrometer (300 or 400 

MHz). Chemical shifts are relative to the residual solvent peak (CD3CN = 7.26 ppm, d6-

DMSO=2.49 ppm). 
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Although bistability of molecular switches in solution is well established, achieving 

highly robust bistable molecular switching in self-assembled monolayers remains a 

challenge. Such systems are highly attractive as components in organic electronics and 

molecular based photo and electrochromic devices. In this chapter we report a remarkably 

robust surface confined bisthiaxanthylidene redox switch that shows excellent bistability, 

manifested in reversible changes in spectroscopic and electrochemical properties and in 

physical properties such as water contact angle changes (ca. 30° difference in water contact 

angle between the two redox states of a bisthiaxanthylidene self-assembled monolayer). 

The effect of surface immobilization of the overcrowded alkene bis-thiaxanthylidene on its 

photochromic, thermal and electrochemical properties is described. Surface immobilization 

is achieved by incorporating thiol- and alkylsiloxy-terminated “legs” on one of the tricyclic 

aromatic units. The molecular switch in its neutral and dicationic state, generated by bulk 

electrolysis, was characterized in solution, in the solid state and on surfaces by UV/Vis 

absorption, Fourier transform infrared, X-ray photoelectron and Raman spectroscopies and 

by cyclic voltammetry. In solution the redox switching to the dicationic state is achieved by 

oxidation at 1.2 V vs. SCE. Reduction of the dication at < 0.4 V results in initial formation 

of a highly unstable twisted conformation that reverts via a syn-folded conformational state 

to the most stable (anti-folded) conformer. Although the syn-folded state can be obtained 

by UV irradiation at < 0 °C, the twisted conformation is not observed in solution even at 

200 K. Remarkably, in monolayers on electrodes this highly unstable form (which is 

generated by reduction of the dicationic state) is relatively stable even for several minutes. 

This stability is ascribed to the formation of densely packed monolayers in which the 

intermolecular interactions provide for a substantial barrier to thermal inter-conversion 

between the various conformational states. 

 

The results presented in this chapter were published in:  

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. 
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Bringing molecular bistability from solution to surfaces is without doubt one of the 

most exciting challenges in molecular switching currently, not least because of the potential 

to control surface properties with external stimuli such as light and redox reactions [1,2,3]. 

Such ‘smart’ surfaces, i.e. surfaces that are stimuli responsive, hold considerable potential 

application in areas as diverse as organic electronics [4,5,6], magnetic memory [7] and 

logic [8], bio-compatibility and cell culture on surfaces [9,10]. Achieving robust bistability, 

under repeated operation, either photo- or electrochemically, is essential for real 

applications and ideally a large hysteresis in the switching and thermal bistability is 

preferable, as is key to magnetic memory systems for example in the light induced spin 

cross-over systems [11]. In this regard the structurally simple overcrowded alkene 

bisthiaxanthylidene is an excellent candidate for redox control of surface properties due to 

its fascinating photo, thermal and redox driven switching behaviour [12]. 

The photochemical, thermal and electrochemical properties and the dynamic 

stereochemistry [13,14,15,16,17,18] of overcrowded alkenes [19,20,21,22,23,24,25] have 

captured the imagination of chemists for over 100 years [26]. Over the last decades this 

class of functional compounds has seen application in the development of functional 

molecular materials, molecular switches and devices. Most notable are the bistricyclic 

aromatic enylidenes (BAE) [27,28,29] and phenanthrylidenes [30,31,32,33],which were the 

basis for unidirectional light-driven molecular motors [31,33]. 

The thermal and photochemical properties of BAEs are highly sensitive to variations in 

molecular structure [34,35,36]. Indeed, even structurally simple BAEs show complex 

thermo-, photo- and electrochromic behaviour such as the bisthiaxanthylidenes 1, for which 

we reported recently the unprecedented three-state-switching of luminescence between 

blue, red and non-fluorescent states using a combination of electrochemical, photochemical 

and thermal stimuli (Figure 3.1) [12].  

     

Figure 3.1 The interconversion between the three conformers of 1 (1A-1C) and the oxidized state 12+ is driven by 

a combination of light, heat and electrochemical oxidation/reduction (only trans isomers are shown for clarity) 

(left). Upon oxidation and reduction the change in conformation results in a 0.85 V hysteresis in the cyclic 

voltammogram (right, thin-layer CV, scan rate 0.1 V s-1, glassy carbon electrode, initial potential is 0.0 V). The 

changes in molecular structure that accompany each redox process are shown schematically. Taken from [12]. 
Copyrights ACS 2006. 
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The overcrowded alkene dimethyl-bisthiaxanthylidene (1) can adopt any of three 

distinct conformational states – anti-folded (1A), syn-folded (1B) and twisted (1C); with 

the anti-folded (1A) conformation being the most thermodynamically favorable and the 

only conformation observed at 293 K in solution. Previously we have demonstrated that 

switching between the various conformational states can be achieved by the interplay of 

external stimuli, i.e. applied potential (electrochemical switching), temperature (thermal 

switching) and light (photochromic switching), Figure 3.1 [12]. The metastable syn-folded 

conformer (1B) can be obtained from 1A either by UV irradiation or an electrochemical 

oxidation/reduction cycle at temperatures below 0 °C [12]. The twisted conformer (1C) is 

too unstable for a significant population to be maintained even at 200 K in solution. The 

bisthiaxanthylium dication (1
2+

), which is obtained from 1A by a two-electron oxidation, 

can be isolated from bulk electrolysis experiments as a stable red solid and has been 

characterized by single crystal X-ray structural analysis [12]. The structure of 1
2+

 is 

analogous to 1C with the upper and lower tricyclic groups orientated orthogonally with 

respect to each other (Figure 3.1). 

Such a wide range of functionality, and excellent redox and photochemical robustness, 

in a single molecular species is a rather unique and highly attractive feature with regard to 

the preparation of responsive molecularly modified surfaces. This raises an important 

question: Can the switching properties in solution be reproduced when immobilized on a 

surface and does surface immobilization influence stability of less stable conformers and 

the rates of the transformations between the various states? 

The importance of intermolecular interactions upon surface confinement was 

highlighted in a related BAE system reported recently by our group for a related blue 

fluorescent BEA in which the upper half contained a sulfur atom and the lower half a 

methylene unit [37]. In that case the compound underwent a 6-  electron pericyclic ring 

closing reaction followed by rapid irreversible dehydrogenation in the presence of 

molecular oxygen to form a photostable green fluorescent compound [38]. Immobilization 

of this irreversibly switchable blue fluorescent BEA on quartz and ITO surfaces however 

lead to the isomerization being inhibited by intermolecular energy transfer quenching. Such 

quenching was not observed in solution. In this case, the effect of immobilization of the 

photochrome as a monolayer on a surface was to change the kinetic competitiveness of the 

various excited state deactivation pathways compared with those observed in solution [12]. 
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Figure 3.2 Structures of compounds used in this study (a) model compound 2 used to compare properties in 

solution with those observed on surfaces, (b) compounds 3 and (c) 4 used to form self-assembled monolayers on 
gold and monolayers on ITO and quartz, respectively. 

For the overcrowded alkenes described here, such as 2-4A (see Figure 3.2), the large 

structural changes that accompany both photochemical and redox switching could give rise 

to cooperative or inhibitory effects at high packing densities when immobilized on surfaces 

as monolayers. Furthermore the proximity of molecules in a monolayer can profoundly 

influence the kinetics of inter- and intra-molecular reactions including rates of 

disproportionation [39] and energy transfer quenching [37]. Because of the large structural 

changes involved upon electrochemical switching, it can be expected [40] that in the 

closely packed environment of a Self-Assembled Monolayer (SAM), intermolecular 

interactions will modify the conformational properties of the compound and allow for the 

observation of highly conformational unstable species such as the twisted isomer 1C 

(Figure 3.1). 

In the present chapter the effect of immobilization of analogues of 1, based on the BAE 

core and two ‘legs’ for surface attachment is investigated on a range of surfaces, with 

regard to changes in electrochemical, thermal and photochemical behaviour. Modification 

of the overcrowded alkene with thiol- or alkylsiloxy-terminated aliphatic ‘legs’ enables 

immobilization of the overcrowded alkenes 3 and 4 on gold, quartz and ITO surfaces 

(Figure 3.2), a strategy employed recently for a range of related overcrowded alkenes, 

especially the light driven molecular rotary motors [41]. The goal is to understand how 

packing in a SAM can be used to tune molecular properties beyond what is achievable with 

modifications in molecular structure. This aspect could open up new opportunities in the 

application of organic materials in organic electronics by generating functions and complex 

responses of surfaces to external stimuli. 
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Photochromism and redox switching in solution and solid state 

The synthesis and characterization of compounds 2-4 is reported elsewhere [42]. 

The similarity of 
1
H NMR [42], FTIR and Raman spectra of compounds 2-3 (Figure 

3.3) confirm that the peripheral nature of the difference between the two compounds has 

little, if any, effect on the structure of the BAE unit. 2
2+

 was prepared by electrochemical 

oxidation and isolated as described for 1
2+

 earlier (for preparation and 
1
H NMR of 2

2+
 see 

section 3.4).
  

 

Figure 3.3 (a) FTIR and (b) Raman ( exc = 785nm) spectra of 2A and 3A at 298 K.  

The approach taken to immobilize the bisthiaxanthylidene (1) on electrode surfaces, i.e. 

by attaching alkoxy ‘legs’ to one half of the molecule, requires that a more appropriate 

model (i.e. compound 2) is employed to determine the solution properties being used as a 

reference point for determining the effect of immobilization in monolayers. As was 

observed for 1, irradiation at 365 nm at 273 K results in a decrease in absorption at 350 nm 

and an increase at 253 nm, corresponding to conversion from the anti-folded (2A) to the 

syn-folded (2B) conformational state (Figure 3.4). Warming to room temperature results in 

recovery of the original spectrum (2A). Conversion from 2A to 2B in the solid state (i.e. as 

thin films deposited on an ATR crystal) was confirmed by FTIR spectroscopy (Figure 3.4). 

Irradiation of 2A at 365 nm results in a decrease in the intensity of the ring breathing mode 

at the 1567 cm
-1

, and a blue shift of the mode at 1457 cm
-1

. The initial spectrum recovered 

after several minutes. Overall changes to the FTIR spectrum upon irradiation are minor, as 

expected considering that only a change in conformation and not bonding is occurring. 

Nevertheless, the changes observed demonstrate the possibility of photoswitching between 

2A and 2B in the solid state.  
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Figure 3.4 (left) Conversion of 2A to 2B by irradiation at 365 nm at 273 K followed by the thermal recovery over 
10 min monitored by UV/Vis absorption spectroscopy measured in solution at 273 K and (right) FTIR spectrum of 

2A in the solid state at 293 K before and after irradiation at 365 nm; the difference spectrum (red line) is shown 

off-set.  

In Figure 3.5 (left), the cyclic voltammogram shows that initially only 2A is present in 

solution, i.e. scanning initially from 0.7 V in a negative direction confirms the absence of 

2
2+

 which has a reduction potential of 0.36 V. On the return cycle towards positive 

potentials an irreversible oxidation is observed at 1.21 V (vs. SCE), which on the 

subsequent scan towards negative potentials is accompanied by an irreversible reduction 

wave at 0.36 V. The redox behaviour was found to be independent of the solvent/electrolyte 

combination employed and is essentially the same as that observed for 1A (Figure 3.1). 

  

Figure 3.5 Cyclic voltammetry of 2A (left) and 22+(PF6
-)2 in CH2Cl2 (0.1 M TBAPF6) (right). (inset: current vs. 

sqrt(scan rate)). 
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Figure 3.6 UV/Vis spectroelectrochemistry during (a) oxidation from 2A to 22+ at 1.2 V vs. SCE and (b) reduction 
from 22+ to 2A at -0.3 V vs. SCE. 

UV/Vis absorption spectroelectrochemistry (Figure 3.6) shows the formation of 2
2+

 

upon oxidation at 1.2 V and the full recovery of the initial spectrum of 2A upon reduction  

at 0.0 V. In contrast to the methyl-substituted overcrowded alkene 1, for 2 the UV/Vis 

absorption spectrum of the dication is red shifted and shows more clearly that the lowest 

energy absorption is a superposition of several distinct absorption bands. This is expected 

considering that the upper and lower halves are non-equivalent due to the alkoxy 

substituent in the lower half of the molecule. 2A can be converted to the dicationic state 

(2
2+

) by preparative (bulk) electrolysis (and isolated as a PF6
-
 salt, see 

1
H NMR in Figure 

3.19). The cyclic voltammetry of 2
2+

 is in agreement with that of 2A with the reduction of 

2
2+

 being observed at ca. 0.3 V and the current scaling with the square root of the scan rate 

(Figure 3.5).In contrast to the photochemical conversion of the anti-folded 2A to the syn-

folded 2B, the oxidation of 2A to 2
2+

 results in large changes in the FTIR (Figure 3.7a) and 

XPS spectra (Figure 3.7b) as well as in the UV/Vis absorption spectrum. The changes in the 

FTIR spectrum are consistent with the large changes in structure that accompany oxidation. 

The S 2p region of the XPS spectrum of the film of 2 contains only one doublet component 

at 163.6 eV, as expected for neutral sulfur atoms [43]. However, for a film of 2
2+

 the major 

S 2p component (70%) was at 165.1 eV and is assigned to the S
1+

 oxidation state [43]. A 

minor component (ca. 15%) assignable to the neutral form, 2 (S2p3/2 at 163.6 eV) is 

observed. The S 2p3/2 peak of sulfur in a higher oxidation state was observed at 166.9 eV. 

Therefore, from the XPS measurements it is apparent that oxidation results in a 

considerable change (ca. 1.5 eV) in the binding energy of the sulfur 2p doublet, consistent 

with localization of the positive charge on the sulfur atoms, and relatively minor changes in 

the carbon region (not shown).  



 Chapter 3 

44 

  

Figure 3.7 (a) Solid state FTIR spectra of 2A and (22+)(PF6
-)2. (b) XPS data of the S2p core level region for 2A 

and 22+ as films on Au/mica. 

In summary, it can be concluded that, with respect to 1, the introduction of the two 

alkoxy-groups does not perturb the basic photo- and electrochemistry of the overcrowded 

alkene substantially. 

Surface functionalization by self-assembly of switchable molecules 

Surfaces modified with self-assembled monolayers of 3 were characterized by 

ellipsometry, contact angle measurements and XPS. The expected thickness of the SAM of 

3, composed of molecules perpendicularly oriented to a gold surface, is 1.75 nm. A 

thickness of 1.6 ± 0.05 nm was determined by ellipsometry and from this it can be inferred 

that the molecules are tilted at 24° (± 3°) with respect to normal to the surface. Contact 

angle (CA) measurements with water gave values of 78° (± 3°) for 3-Au and 74° (± 3°) for 

4-ITO, which when compared with bare Au (83 ± 3°) and ITO (30 ± 3°), are in agreement 

with the immobilization of 3 and 4 as monolayers on the respective surfaces.  

Additional information on the composition of the monolayer and the bonding of the 

molecules to the surface was obtained by XPS. A survey scan shows the fingerprint of the 

expected elements (S, C, O, Au) only. From the attenuated intensity of the gold 

photoelectron emission peak, the thickness of the molecular film was estimated to be 1.4 ± 

0.1 nm, which is in agreement with the data from ellipsometry and the theoretical length of 

the molecule. The spectra of the S 2p and C 1s core level regions are shown in Figure 3.8.  
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Figure 3.8 X-ray photoemission spectra of the S 2p (a) and C 1s (b) core level regions of 3-Au. Data and fits are 

shown (for details see text). Inset: binding energies of the components, their full width at half maximum (FWHM) 
and relative contribution. 

The sulfur 2p spectrum contains two contributions, one at a binding energy of 161.9 eV 

of the 2p3/2 level, corresponding to the S-Au bond,
 
and another at 163.6 eV assigned to the 

sulfur bound to the carbon of the bisthiaxanthylidene part of the molecule [44,45,46,47]. 

The intensity ratio between these components SS–Au/SS–C – 33/67% is in agreement with the 

expected attenuation of the S-Au component in a well packed monolayer and implies 

formation of a monolayer only. Peaks at higher binding energy corresponding to oxidized 

species were not observed, as expected for a densely packed SAM of 3A [44].  

The overcrowded alkene (3-Au, Figure 3.1) consists of seven chemically non-

equivalent carbon atoms. The closely spaced peaks originating from C-O and C-S bonds 

cannot be distinguished in the spectra; the same holds for aromatic and aliphatic carbon 

contributions. As a result, the peak at BE 284.4 eV is attributed to the aliphatic and 

aromatic parts (24 atoms) of the molecule accounting for 67% of the C 1s signal [48].The 

component at 285.8 eV corresponds to the twelve C-O, C-S bonds, which makes up 27.3% 

of the carbon signal. The two carbonyl carbon atoms produce a peak at 288.5 eV and 

contribute 5.4% to the total C 1s signal. The satellite peak at 291 eV is assigned to π-π* 

shake-up of the aromatic parts of the molecule [49]. 

The carbon stoichiometry of the molecule gives a theoretical ratio between the 

intensities of the three spectral components as 24:12:2; experimentally a ratio 24.8:10:2 was 

found. The slightly lower contribution of the second component (C-O, C-S) can be 

rationalized by the attenuation of the two carbons bound to sulfur at the bottom (leg) 

position of the molecule and the neighbouring carbon bonded to oxygen.  

Taken together, ellipsometry, contact angle and XPS spectroscopy confirm self-

assembly of the overcrowded alkene switch as a densely packed monolayer on Au surfaces, 

attached via the sulfur legs with an orientation tilted ca. 24° with respect to the surface 

normal. 
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 Photochemistry of monolayers on gold and quartz  

The UV/Vis absorption spectrum of a monolayer of 4 assembled on quartz was 

measured in order to determine whether the photo-induced switching observed for 2 in 

solution (Figure 3.4a) was retained when immobilized on a solid surface. The UV/Vis 

absorption spectrum of 4-quartz shows absorption bands at ca. 230 nm, 300 nm and 350 nm 

in agreement with the spectrum of 2A. Irradiation of the modified quartz slide (4-quartz) at 

365 nm for 30 min resulted in changes consistent with formation of the unstable syn-folded 

form 4B. The conversion is manifested in a decrease in absorbance at ca. 240 and 350 nm, 

and an increase in absorbance at 260 nm (Figure 3.9), in agreement with the changes 

observed in the UV/Vis absorption spectrum of 2 in solution (Figure 3.4a). 

Due to the absorption of gold below 400 nm, monitoring of photochemical switching of 

a SAM of 3 on gold by UV/Vis absorption spectroscopy is not feasible. However, 

formation of the unstable syn-folded form 3B from 3A by irradiation with UV light should 

lead to a decrease in intensity of the oxidation wave at 1.2 V and the appearance of a new 

broader oxidation wave at ca. 1.1 V as observed for 2A, and previously for 1A [12], in 

solution. Irradiation of SAMs of 3A on both gold slide and gold bead electrodes for 60 min 

at 365 nm, however, did not result in any change to the cyclic voltammetry (Figure 3.9, 

right). This result demonstrates that the SAM is stable even under prolonged UV 

irradiation. 

  

Figure 3.9 Left: UV/Vis spectrum of 4-quartz: initial (solid line) and after irradiation at 365 nm (dashed line). A 
difference spectrum is shown in the bottom part of the graph (dotted line). Arrows indicate changes upon 

irradiation. Right: Cyclic voltammetry (0.1 V s-1) in CH2Cl2 (0.1 M TBAPF6) of a SAM of 3 on gold (on mica) 

after irradiation at 365 nm for 1 h (only first cycle is shown). 
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Cyclic voltammetry of monolayers on gold and ITO  

SAMs of 3 and monolayers of 4 on electrode surfaces allow for electrochemically 

induced transformation of the switch to be induced and studied by cyclic voltammetry, in 

addition to the determination of surface coverage ( ) [50,51,52,53]. The electrochemically 

determined surface coverage of 3 on an Au electrode was found to be 1.5 x 10
-10

 mol cm
-2

. 

The value obtained is consistent with monolayer formation,
 
and found to be independent of 

the concentration of the compound (in the range 10
-4

-10
-7 

M) in the solution from which 

self-assembly took place [54]. In contrast for 4-ITO, the concentration of 4 in solution plays 

an important role in monolayer formation (  10
-11

 - 10
-12 

mol cm
-2

), as a result of the 

kinetics of chemisorption and the irreversibility of the process. The monolayers formed on 

gold (  = 10
-10

 mol cm
-2

) are, in general, more dense than on ITO (  = 10
-11

 mol cm
-2

).  

The redox behaviour of both 3 and 4, when immobilized on a gold bead and on an ITO 

electrode, respectively, is shown in Figure 3.10. Even at low scan rates the cyclic 

voltammogram is stable over multiple cycles, indicating that oxidation to the dicationic 

state and the resulting increase in Coulombic repulsion between molecules in the SAM is 

not sufficient to force desorption. The irreversible oxidation wave observed at 1.2 V in the 

first positive scan corresponds to the oxidation of the anti-folded form (3A, 4A) to the 

dicationic state (3
2+

, 4
2+

), as observed for 2A in solution (vide supra). On the return sweep 

towards negative potentials, a reduction wave is observed at 0.36 V, corresponding to the 

two electron reduction of the dicationic form, again as observed for 2A and 2
2+

 in solution. 

The relative intensity of each redox wave is independent of scan rate and shows the 

expected linear dependence of current on scan rate for a SAM (Figure 3.11). Remarkably 

on subsequent cycles the electrochemical behaviour of 3 (and 4) on surfaces shows 

profound differences to that of 2 in solution. 

  

Figure 3.10 Cyclic voltammogram of 3-Au (a) and 4-ITO (b) in CH2Cl2 (0.1 M TBAPF6) at 0.1 V s-1. 
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Figure 3.11 Scan-rate dependence of the cyclic voltammetry of the SAM 3-Au, (a) first cycle at each scan rate 

shown only, and (b) second cycle at each scan rate. Scan rate varied from 0.1 to 5 V s-1, 0.1 M TBAPF6 in CH2Cl2. 

After each cycle the bead was allowed to rest in electrolyte for 10 min. 

 

Figure 3.12 Cyclic voltammogram of a SAM of 3A on a Au bead in (a) CH3CN (0.1 M TBAPF6), (b) CH2Cl2 (0.1 

M TBAPF6) and (c) CH3CN (0.1 M LiClO4) (  = 1*10-10 mol cm-2). 

In solution for both 1 and 2, the reduction of the dication (e.g., 2
2+

) is irreversible at 

room temperature with thermal reversion of the product - 2C (the twisted conformational 

state; see Figure 3.1), to 2A being much faster than the electrochemical timescale (Figure 

3.1). In contrast for both 3-Au and 4-ITO the reversibility of the reduction of the dication to 

the neutral C form (Figure 3.11b, see twisted state, Figure 3.1, also) is substantial, as seen 

from the oxidation wave at ca. 0.4 V on the second cycle. It is possible that the increased 

reversibility of the reduction of the dication on surfaces is related to ion pairing effects; 

however, essentially the same behaviour is observed (for the same SAM-coated bead 

electrode) in dichloromethane and in acetonitrile with several electrolytes (see Figure 3.12).  

In the case of the 3-Au SAMs and 4-ITO monolayers, restoration of the anti-folded isomer 

is a thermally activated process and takes several minutes to achieve after one oxidation 

and reduction cycle of the SAM (Figure 3.13) in contrast to that observed in solution, where 

the thermal reversion is essentially instantaneous. 
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Figure 3.13 Recovery of the twisted neutral state 3C generated by reduction of 32+. The initial cycle, shown in 

blue, oxidizes 3A to form 32+, which is reduced on the return cycle. The potential was then held at 0.0 V for two 

(left) and three (right) min before a second cycle commenced (red). As follows from oxidation at 1.2 V, the 
recovery of the anti-folded 3A is found to be incomplete with ca. 50% of the twisted form 3C still present. (left: 3-

Au bead working electrode, right: 3-Au/mica working electrode, scan rate 0.1 V s-1, in CH2Cl2 with 0.1 M 

TBAPF6). 

The electrochemical behaviour of 3-Au and of 4-ITO are essentially the same, despite 

the difference in surface density and chemical nature of the surface attachment. Hence the 

discussion focuses on 3-Au but is applicable to both systems. The separation (ca. 0.85 V) 

between the oxidation and reduction waves reported previously for 1, and in the present 

study for 2, in solution is observed for 4-ITO and 3-Au also.  

The temperature dependence of the cyclic voltammetry of a 3-Au SAM is shown in 

Figure 3.14. At all temperatures the initial cycle shows oxidation of 3A to 3
2+

 at 1.2 V, 

followed by reduction of 3
2+

 at ca. 0.4 V. At 20 °C the redox wave associated with 3A on 

the second cycle is 15 % of the intensity observed on the initial scan. As the temperature is 

increased the recovery of 3A on the timescale of the experiment (ca. 20 s between 

reduction of 3
2+

 at below 0.4 V and the reoxidation at 1.2 V) increases and at 60 °C the 

intensity in the second cycle reaches 90% that of the initial cycle. On returning the 

electrode to 0 °C, again 3A does not recover on the time scale of the cyclic voltammetry 

and the compound remains in the twisted and syn-folded states after reduction of 3
2+

-Au. 

 

Figure 3.14 Temperature dependence of the cyclic voltammetry of 3-Au. CVs at (a) 20 °C, (b) 30°C, (c) 50°C, (d) 
60°C, (e) 0°C. 0.1 M LiClO4 in CH3CN at 0.1 V s-1. 
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Importantly, although at elevated temperatures some desorption of 3-Au occurs with 

repeated cycling, manifested in a decrease in charge of the reduction wave of 3
2+

-Au; this 

decrease is only moderate and allows for extensive repeated measurements on each SAM 

modified electrode. The percentage in Figure 3.14 (a-e) indicates the area of the oxidation 

wave (of 3A) on the second cycle with respect to the initial cycle. 

UV/Vis absorption and Surface enhanced Raman spectroelectrochemistry  

UV/Vis absorption spectroelectrochemistry was performed on SAMs of 3 on 

semitransparent Au slide electrodes (with a 20 nm thick layer of gold on glass). The 

absorption spectrum of 3-Au is characterized by a shoulder at ca. 300 nm (Γ=1.1*10
-10

 mol 

cm
-2

) and a maximum at 330 nm (Figure 3.15a). Oxidation at 1.2 V leads to substantial 

changes in the absorption spectrum consistent with the formation of 3
2+

-Au. Intense 

absorption bands appear at 314 nm and 398 nm, and a decrease in absorption is observed at 

337 nm. The original spectrum can be recovered completely by reduction at 0.36 V and the 

oxidation and reduction could be repeated for several cycles, indicating that the SAM is 

stable in both oxidation states with respect to desorption (Figure 3.15b). The cyclic 

voltammogram of 3-Au on a transparent gold slide is shown in Figure 3.15c.  

  

  

Figure 3.15 (a) UV/Vis spectrum of the monolayer of 3 on a surface of 20 nm thin Au film on glass electrode 

during spectroelectrochemical oxidation (1.2 V) and reduction (0.0 V). The difference between the spectra of the 

initial and oxidized state is shown with an offset of +0.03. (b) Potential dependence of the intensities of individual 

absorption bands over several oxidation/reduction cycles. (c) Cyclic voltammetry in acetonitrile (0.1 M TBAPF6) 

of the SAM of 3 on gold (on glass) measured during spectroelectrochemistry (a), scan rate is 0.1 V s-1. 
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Figure 3.16 Surface enhanced Raman spectra of 3A-Au bead before and after oxidation and after subsequent 
reduction. A multipoint baseline correction has been applied to the spectra. The initial spectrum was recorded 

before applying a potential to the electrode. The spectrum oxidized was obtained after cycling the potential from 0 

to 1.2 V and then to 0.6 V (vs. SCE), i.e. intermediate between the oxidation wave of 3A and the reduction wave 

of 32+. The reduced spectrum was obtained by continuing the cyclic voltammogram from 0.6 V to 0.0 V and 

holding the potential at 0.0 V. 

Surface enhanced Raman spectroscopy (SERS) was employed to study the oxidation 

and reduction of 3A on roughened gold bead electrodes. The Raman spectra of solid 

samples of 2A and 3A are shown in Figure 3.3 and show strong modes at 1610, 1586, 1563 

cm
-1

 as expected for an aromatic system. The initial spectrum of the SAM of 3A on 

roughened gold bead electrodes (Figure 3.16, top) contains aromatic ring breathing modes 

at 1608, 1586 and 1562 cm
-1

, consistent with the solid state spectrum of 3A. Upon 

oxidation at 1.2 V a large change in the SERS spectrum was observed with the appearance 

of four strong modes at 1557, 1453, 1388, 1328 cm
-1

 (Figure 3.16, middle). Reduction 

again at 0.0 V resulted in a recovery of the initial spectrum (Figure 3.16, bottom). 

X-rays photoelectron spectroscopy and contact angles of oxidized SAMs 

The X-ray photoelectron spectroscopy (XPS) data of a SAM of 3A on a gold film (on 

mica) demonstrate a reversible change in the sulfur oxidation state upon electrochemical 

oxidation (Figure 3.17). Obtained pattern is consistent with that measured on a thin film of 

2
2+

 (vide supra) with an additional component in the S 2p core level region due to the sulfur 

chemisorbed to the gold surface. As can be seen in Figure 3.17 (centre) the chemisorbed 

sulfur component (33%) remains unaffected by electrochemical oxidation, but the intensity 

of the bisthiaxanthylidene sulfur peak at 163.6 eV has decreased due to electrochemical  



 Chapter 3 

52 

 

Figure 3.17 XPS spectra before and after oxidation to form a SAM of 32+ and after subsequent reduction to reform 

the SAM of 3A on gold (on a mica substrate). Redox switching was carried out electrochemically in CH2Cl2 (0.1 

M TBAPF6). 

conversion to the dicationic state, which results in a peak shifted to 165.0 eV. Subsequent 

reduction of the electrochemically oxidized SAM results in a complete recovery of the 

original XPS spectrum of 3A-Au and a complete absence of signals from PF6
-
 as expected 

for the neutral state. In addition this indicates that the monolayer is stable in the oxidized 

state for at least several hours and under the vacuum conditions of the XPS instrument. The 

cyclic voltammogram of the 3A on gold coated mica slide used for XPS measurements is 

identical to that shown in Figure 3.18. 

Electrochemical oxidation to the dicationic form 3
2+

-Au manifests itself in a change in 

the contact angle of water on the surface of the SAM on roughened Au (Figure 3.18). The 

oxidized SAM is less hydrophobic and the contact angle decreases to 53° from an initial 

value of 89° (78° and 46°, respectively, on SAM on Au/mica surfaces). This change is 

reversed upon reduction with the contact angle restored to 78°. The process was repeatable 

for several cycles. 

The changes in contact angle are unlikely to be due to changes in molecular structure, 

i.e. anti-folded vs. orthogonal. It is more reasonable to ascribe the changes in contact angle 

to changes in polarity, especially when the differences in solubility between 2A and 

2
2+

(PF6
-
)2 are considered. 2A is soluble in CH2Cl2 but only sparingly soluble in CH3CN 

whilst 2
2+

(PF6
-
)2 is soluble in CH3CN but only sparingly in CH2Cl2. Hence in the reduced 

state the surface should be more hydrophobic than in the oxidized state, which is observed 

(Figure 3.18). 
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Figure 3.18 Change in contact angle of water on a SAM of 3 on roughened Au slide before (left image) and after 
electrochemical oxidation (centre image) and subsequent reduction (right image) in CH2Cl2 (0.1M TBAPF6). The 

corresponding oxidation a) and reduction b) sweeps of the cyclic voltammogram are shown below the droplet 

images. 

 

In this chapter the effect of immobilization of analogues of 2A on a range of surfaces 

was discussed. In particular we focused on the investigation of changes in electrochemical, 

thermal and photochemical behaviour when the molecules are anchored to surfaces. 

Modification of the overcrowded alkene with thiol- or alkylsiloxy-terminated aliphatic 

‘legs’ enabled the immobilization of the overcrowded alkenes (3A and 4A) on gold, quartz 

and ITO. The SAMs and monolayers formed were characterized by XPS, UV/Vis 

absorption and surface enhanced Raman spectroscopy as well as electrochemically. Overall 

the properties of 2A were found to be retained when immobilized on surfaces. However, 

whereas in solution intermolecular interactions are essentially absent, when immobilized on 

surfaces as SAMs, intermolecular interactions dominate the thermal and photochemical 

properties. With regard to photochemical activity a combination of rapid intermolecular 

excited state deactivation (as seen for related SAMs earlier) [37] and the tight packing 

within the monolayers serves to reduce the efficiency of the anti/syn- isomerization. The 

ability to access highly unstable states by electrochemical oxidation in the present system 

allows for the effect of packing on thermal relaxation to the lowest energy conformer (the 

anti-folded state) to be observed. Remarkably whereas in solution the twisted conformer, 

which lies 18 kcal mol
-1

 above the anti-folded state [22], is not observable, it is stable for 

several minutes at room temperature after being formed by reduction of a SAM of 3
2+

 on 

gold. The results described here underline the need to consider the increase in the 

contribution of intermolecular interactions in densely packed arrangements when designing 

functional surfaces based on SAMs of photo/electrochromic molecular systems, which 

undergo large structural changes in response to external stimuli, in particular 
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electrochemistry. The large hysteresis and volatile memory, i.e. the slow reversion of the 

highly unstable twisted conformation to the anti-folded conformation, opens new prospects 

in organic electronics and molecular memory systems. 

 

The dication of 2A was prepared by bulk oxidation in CH3CN with 0.1 M KPF6 and 

isolated as its PF6
-
 salt as described earlier for compound 1

2+
 [12]. 

 

Monolayers were prepared by self-assembly from a 10
-4

-10
-3

 M solution of compounds 

in dichloromethane or ethanol. Freshly prepared gold surfaces were immersed in a solution 

overnight at room temperature in the dark. Quartz and ITO slides were functionalized with 

overcrowded alkene by heating at reflux in toluene overnight. After functionalization of the 

surface, the substrate was rinsed with ethanol and dichloromethane, thoroughly dried with 

an argon gas stream and introduced immediately into the measuring system.  

Thin films XPS and Raman measurements were prepared by dropcasting on a gold 

substrate from CHCl3 (or CH3CN for oxidized 2
2+

 compounds). 

ITO and quartz substrates were prepared by treatment as described earlier (see for 

example Markovich et al. [55]). 

 

Figure 3.19 1H NMR spectrum of 22+ in CD3CN. 
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Compounds 2 and 3 were synthesized by Dr. Anthony C. Coleman; the synthesis of 

compounds 1 and 4 and temperature dependent electrochemistry was conducted by Dr. 

Jetsuda Areephong. UV/Vis absorption and Surface enhanced Raman 

spectroelectrochemistry were carried out together with Dr. Hella Logtenberg. The oxidized 

compound 2
2+

 was prepared by Dr. Wesley R. Browne. 
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The application of multiple spectroscopic techniques to the characterisation of self-

assembled monolayers (SAMs) is essential for determining whether the desired surface 

functionalization was achieved, the molecules are integral after self-assembly and well-

packed on the substrate. In this chapter we report on the use of surface enhanced Raman 

spectroscopy and X-ray photoelectron spectroscopy to characterise SAMs of a disulfide-

functionalised nitrobenzene (i.e. 4-nitrophenyl-5-(1,2-dithiolan-3-yl)pentanoate). We 

showed that electron-induced damage during acquisition of photoemission spectra of the 

monolayer occurs through reduction of the nitro group. The use of roughened bulk gold 

substrates to enhance the SERS sensitivity resulted in an increase in the rate at which the 

reduction proceeds under the conditions used to obtain XPS data.  

 

 

 

The results presented in this chapter were published in:  

Ivashenko, O.; van Herpt, J. T.; Feringa, B. L.; Browne, W. R.; Rudolf, P. Chem. Phys. 

Lett. 2013, 559, 76–81. 
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The development of molecular and organic electronics is in large part based on the use 

of self-assembled monolayers (SAMs) of compounds that bear functional units; indeed 

often relatively complex organic compounds are used [1,2]. The characterisation of SAMs 

formed by these compounds is essential to understand the electronic properties of devices 

prepared from them and facilitated by the wide range of techniques available including 

electrochemistry, ATR FTIR, (spectroscopic) ellipsometry, etc. Ideally several techniques 

should be employed in the characterisation of SAMs and in this regard X-ray photoelectron 

spectroscopy (XPS) and surface enhanced Raman spectroscopy (SERS) are especially 

useful in the characterisation of non-redox active SAMs and submonolayer functionalized 

surfaces [3,4,5,6,7]. Characterising the same SAM modified surfaces with both these 

techniques is potentially useful as it allows for direct correlation of the results 

[8,9,10,11,12]. However, for SERS the range of suitable substrates, i.e. metal island films, 

colloids and roughened silver, gold or copper electrodes [13], is more limited than for XPS. 

Nitrobenzene units are extensively used in the field of organic electronics, for instance 

as a key component in spiropyran molecular photo-switches [14]; as a part of systems that 

allow electrochemical switching of molecular conductance [15]; in molecular junctions 

[16,17,18]; as a monolayer linker for attachment of a functional units to a substrate 

[19,20,21,22]; as a reagent for surface electron-initiated polymerization [23]; and as a 

precursor in the preparation of electrodes for electrochemistry [24]. The wide range of 

applications requires that the compounds used are stable when the SAM formed from them 

is employed in devices. In the present report we focus on changes that occur in 

nitrobenzene based SAMs due to interactions with slow electrons; these changes could 

affect the performance of such SAMs in molecular-based electronic devices.   

 

Figure 4.1 Structure of 1 (a) and possible mechanism for reduction (b). 
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Previous XPS studies on nitrobenzene-based self-assembled monolayers on gold 

[25,26,27] or silicon [28,29] demonstrated that when exposed to X-rays or electron beams, 

the nitro group can undergo reduction to, e.g., amines (Figure 4.1). This phenomenon was 

observed first by Grunze and co-workers [25,30] and attributed to the reduction to amines 

induced by slow electrons, promoted by hydrogen liberated from the phenyl moieties by 

secondary electrons. The resulting N 1s XPS spectrum of the fully reduced monolayer 

comprised a peak at ca. 400 eV binding energy (BE), consisting of a convolution of amine 

(399 eV) and protonated amine contributions (401 eV), while the original N 1s peak of the 

nitro-component at 406 eV was absent. A similar spectrum was observed when the 

monolayer was reduced electrochemically [26]. La et al. [28] observed reduction of 

nitroaromatic groups in monolayers on silicon, induced by primary and secondary electrons 

or by an electron beam (500 eV), in addition to extensive degradation/stripping of the nitro 

group when the monolayer was exposed to soft X-rays (550 eV). The source of hydrogen 

for the reduction was proposed to be protons released from the thiol anchors upon 

chemisorption, which are trapped within the monolayer when the self-assembly is carried 

out under UHV conditions [31], and which are absent for self-assembly from solution or for 

compounds bearing a disulfide anchor group. Roodenko et al. reported that oxygen 

liberated by the reduction of the nitro group can react with the Si/SiO2 substrate to form 

surface oxides [29]. Furthermore, it has been noted that during the three step reduction 

process (C-H splitting, N-O splitting, formation of N-Hx), polymerization is likely to occur 

yielding various cross-linked aromatic amines [30,32]. This reaction attracted significant 

attention in lithographic applications and surface patterned modification, where electron 

(<1 keV) or UV (<100 eV) beams were used to induce reduction and cross-linking [27,33]. 

To our knowledge, for the case of roughened surfaces used for SERS analysis of SAMs 

information on the reactivity of nitrobenzene-based compounds under XPS analysis has not 

been reported to date. In this chapter this issue is addressed and the optimal conditions to 

utilize both SERS and XPS effectively are identified. For this we prepared self-assembled 

monolayers of the nitrobenzene-based compound 1 (4-nitrophenyl-5-(1,2-dithiolan-3-

yl)pentanoate), (Figure 4.1) on several surfaces including smooth gold coated slides, and 

electrochemically roughened gold coated slides and gold beads. We demonstrate that with 

roughened gold beads and, to a lesser extent, with roughened, gold-coated slides as 

substrate, XPS spectra of SAMs with nitroaromatic groups are unrepresentative of the 

pristine composition of the SAM due to in situ reduction of the nitro group. We also found 

that the charge for the reduction originates from the gold substrate as primary and 

secondary electrons, and their effective yields are increased in the case of SERS-active 

roughened Au bead surfaces. 
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Solid state Raman spectrum 

Compound 1 was obtained by the esterification of thiooctic acid with p-nitrophenol in 

dichloromethane, using DCC as coupling reagent. The detailed synthesis and 

characterisation by 
1
H and 

13
C NMR spectroscopy and mass spectrometry of 1 are provided 

in [34].  

In the solid state Raman spectrum of 1, shown in Figure 4.2, a band of benzene 

stretching mode at 1592 cm
-1

 and an intense band of the symmetric nitro stretching mode at 

1346 cm
-1

 are observed [35]. The band at 865 cm
-1 

can be assigned to either the deformation 

mode of the NO2 group or the para-, nitro- substituted aromatic ring out-of-plane 

deformation [35]. The disulfide stretching mode is observed at 505 cm
-1

 [36]. 

SERS of self –assembled monolayers on roughened gold bead electrodes 

The SERS spectrum obtained from a SAM of 1 on an electrochemically roughened Au 

bead (Figure 4.2) is remarkably similar to the solid state Raman spectrum of 1, testifying to 

the integrity of 1 in the SAM. Notably the disulfide stretching mode at 505 cm
-1

, present in 

the solid state spectrum of 1, is absent in the spectrum of the SAM, indicating that SAM 

formation involves breaking of the disulfide bond to form S-Au bonds.  

Core level photoemission spectra of a film and SAMs on roughened Au beads 

X-rays photoelectron spectra were acquired on SAMs of 1 formed on a roughened Au 

bead and compared with spectra of a film of 1 (representative of the bulk compound), to 

gain insight into the influence of the nature of the substrate on the composition of the SAM 

(Figure 4.3).  

 

Figure 4.2 Solid state Raman spectrum of 1 and SERS spectrum of a SAM of 1 on a roughened Au bead. The 
intense NO2 stretch at 1346 cm-1 is truncated to facilitate spectral comparison. 
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Figure 4.3 Comparison of the (a) N 1s, (b) S 2p and (c) C 1s XPS spectra for a SAM of 1 on a roughened Au bead 

(lower spectra) and for the same compound drop-cast to form a film on a gold substrate, representative of the bulk 

compound (upper spectra). (a) The N 1s core level region of the SAM features of two contributions, a nitro peak at 
406 eV binding energy and a contribution assigned to the reduced species at ca. 400 eV, while the film shows only 

the former. (b) The S 2p core level region of the SAM is composed of two doublets corresponding to a 

chemisorbed (R-S-Au) and a disulfide species, respectively, while for the film only the disulfide doublet is 
observed. (c) The C 1s core level region of SAM of 1 on the Au bead and in the film, deconvoluted with three 

components – C-C at 284.9 eV, C-S, C-N and C-O at ca. 286 eV (see text for details) and COO at 289 eV. 

Both SAM and film were exposed for 10 min to X-rays to accumulate the spectrum of 

the N 1s core level region. The N 1s spectrum of the thin film shows only the component at 

406 eV indicating that the nitro groups at the surface of the physisorbed film are not 

affected by such a short X-ray exposure.  The N 1s spectrum the SAM of 1 on a roughened 

Au bead consists instead of two contributions at 406 eV and 400 eV binding energy, where 

the latter is attributed to nitrogen in a lower oxidation state than that of Ar-NO2, i.e. to 

contributions from amine and protonated amine nitrogen atoms at 399.7 and 401 eV {e.g., 

Ar-N=O (400 eV), Ar-NH2 (399.5 eV) or Ar-NH3+ (401 eV) [37,38]}. The reduced species 

account for ca. 30 % of the total N 1s intensity after 10 min exposure to X-rays [39]. To the 

best of our knowledge, neither X-ray induced reduction of the nitro group on a roughened 

bead surface nor the rate at which the reaction proceeds there have been reported to date. 

The relative intensity of the reduced nitrogen species increases over time, reaching half of 

the total N 1s intensity after 2 h of exposure to X-rays.  

A similar picture emerges from spectra of the S 2p region: after 20 min of exposure to 

X-rays, the thin film showed only one type of sulfur species at a binding energy of 163.3 

eV, typical of free disulfide groups [40], while for the SAM, next to the signal of the 

chemisorbed species (R-S-Au) at a binding energy of 161.8 eV, a second signal at 163.6 eV 

was observed. This additional signal, which accounts for 48 % of the total S 2p intensity, is 

assigned to disulfides, in agreement with results obtained after exposure to a deep UV beam 

(21.2 eV) by Turchanin et al. [22,40]. Continued exposure of the SAM to X-rays did not 

induce further changes in S 2p spectra over time. However, the ratio between the N 1s 

intensity originating from the reduced nitrogen species, Nred, and the total S 2p intensity, 

corrected for the respective sensitivity factors, increased with time and reached 

I(Nred)/I(S)=0.25 after 2 h of accumulation; this is more than twice its initial value of 0.11. 

The C 1s spectrum of the film of 1 was composed with three components – aromatic and 
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aliphatic C-C contribution at 284.9 eV, C-S, C-N and C-O component at 286 eV and a 

COO peak at 289.1 eV [41]. Comparison of the C 1s spectrum of the film and the SAM 

shows a difference mainly in the component related to the C-S, C-N, C-O carbon, which 

appears to be shifted to higher binding energies at 286.4 eV. The observed shift is attributed 

to the diminishing of C-S contribution to the peak due to the attenuation in the monolayer. 

This results in the observation of the higher BE components – C-N and C-O. Furthermore, 

the C 1s spectrum remained relatively unaffected over the accumulation time.  

Taking into account that during the measurement X-rays and photoelectrons travel 

through the monolayer, it is important to identify the source of the electrons necessary for the 

reduction of the nitro group. 

 

Core level photoemission spectra of a SAM on flat and roughened Au surfaces 

We carried out XPS measurements for SAMs of 1 on flat and roughened Au/Cr/glass to 

investigate how the morphology of the substrate on which the SAM is formed influences 

the extent of reduction during exposure to X-rays. Figure 4.4 shows the N 1s core level 

region of the SAM of 1 assembled on the flat substrate (top line a), where after 10 min of 

exposure to X-rays only one peak at 406 eV BE was observed, as for the film of 1 (vide 

supra). Analogous results were obtained for a SAM of 1 assembled on flat Au/mica (not 

shown). In contrast, the N 1s spectrum measured on a SAM of 1 formed on a SERS-active 

roughened Au/Cr/glass substrate, presented in Figure 4.4 (middle line b), featured an extra 

component corresponding to a reduced species at 400 eV BE, with an intensity that 

accounted for ca. 11 ± 2% of the total N 1s intensity. If  the accumulation was continued at 

the same spot of the roughened surface for several hours, a broadening at the lower BE side 

was observed as well as a gradual increase of the intensity of the component corresponding 

to the reduced species, ultimately reaching 39 ± 1% of the total N 1s intensity (not shown). 

For this system, the ratio between the intensity of the N 1s peak originating from the 

reduced nitrogen species, Nred, and the total S 2p intensity, I(Nred)/I(S) increased from 0.13 

to 0.26, similar to that observed for the SAM of 1 formed on a roughened gold bead. 

After 3.5 h of accumulation degradation of the monolayer was evident; a decrease in 

the total intensity of the N 1s (-15%), O 1s (-20%) and C 1s (-1%) signals was observed 

together with an 11% increase in the intensity of the S 2p line. This result can be 

rationalised as a loss of the outermost atoms of the SAM, which consequently leads to a 

reduction in the attenuation of the S 2p signal from chemisorbed sulfur. In addition, a 

shoulder at lower binding energies appeared in the O 1s core level region and was assigned 

to Ar-NO and the original nitro peak with an overlapping contribution from NHOH (Figure 

4.4). 
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Figure 4.4 Left: N 1s photoemission spectra of a SAM of 1 on a smooth (a) and a roughened (b) Au/Cr/glass 

substrate. The bottom curve (c) was collected on the SAM of 1 on a roughened Au/Cr/glass substrate after 

exposure to electrons with a kinetic energy of 0.5 eV for 30 min. Right: X-ray photoemission spectrum of the O 1s 
core level region of 1-Au/Cr/glass before (a) and after extensive reduction under X-rays (b). The additional 

component at 531.5 eV which appears after extensive exposure to X-rays, is assigned to either Ar-NO or Ar-NOH 

reduced groups. 

From these results one can conclude that reduction occurs at a much slower rate for a 

SAM of 1 formed on a roughened Au-covered glass slide than on a roughened bead but 

with more substantial loss in coverage if a certain region was irradiated continuously.   

To confirm the hypothesis that reduction occurs due to photoelectrons and secondary 

electrons from both the metal substrate and the monolayer, a SAM of 1 on roughened 

Au/Cr/glass was irradiated with low kinetic energy (0.5 eV) electrons for 30 min in the 

absence of X-rays and other ionizing sources. The spectrum of the N 1s core level region of 

the sample (Figure 4.4, bottom line c) acquired subsequently showed only the signal 

originating from the reduced nitrogen species, at ~ 400 eV BE. The reduction of the nitro 

peak under slow electron bombardment demonstrates the origin of the electrons as low 

energy secondary electrons that escape from the substrate. Remarkably the energy of the 

electrons (0.5 eV) that caused reduction is far below the energy threshold (7 eV) necessary 

to cleave C-H bonds by dissociative electron attachment [42,43,44]. This observation leads 

us to conclude that the reduction proceeds either with H obtained from the cleavage of C-H 

bonds if the energy of electron is sufficient or involving electron attachment at antibonding 

orbitals.  

Integrated intensities of Au 4f photoemission peak of SAMs on various 

substrates 

The measured intensities of the Au 4f photoemission doublet of SAMs of 1 on the 

different types of Au substrates were quantified to gain further insight into the reduction 

process (Table 1). The lowest intensity of the Au signal was measured for the SAM of 1 on 

smooth Au/Cr/glass. Electrochemical roughening of this substrate increases the geometrical 
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surface area (see optical and AFM images of the slide and bead substrates in Figure 4.5); 

however, the limited thickness of the Au film restricts the roughness that can be achieved 

and therefore only a 22% increase in Au intensity was observed. The Au 4f photoemission 

doublet observed for smooth and electrochemically roughened Au bead electrodes by 

contrast was 75% and 125% more intense, respectively. The increase in the intensity of the 

Au 4f photoemission line is attributed to a higher photoemission yield from the rougher 

gold bead, based on the expected change of the work function, which decreases with 

increasing roughness of the interface [45,46]. This results in higher amount of secondary 

electrons (Figure 4.6). Remarkably the secondary electron background of both smooth 

(RMS roughness 6 ± 1 nm) and roughened (RMS roughness 81 ± 3 nm) Au slides did not 

differ as much; the same is true in the comparison of the smooth (RMS roughness 10 ± 1 

nm) and roughened beads (RMS roughness 418 ± 10 nm), however a large difference in 

background between slides and beads is observed. This indicates that the roughness, which 

is required for SERS, plays a minor role in the reduction process. Indeed rapid reduction of 

nitro groups was observed on smooth beads as well. The rate of the reaction is influenced 

by the number of gold atoms which, in a particular experimental geometry, can contribute 

to the generation of photoelectrons and secondary electrons. 

 

Table 1  

Au 4f doublet intensity of SAMs of 1 on Au substrates and their RMS roughness 

values 

Substrate I (Au 4f)  (10
5
counts) Roughness RMS values (nm) 

Flat Au/Cr/glass  1.4 6 ± 1 

Roughened Au/Cr/glass  1.7 81 ± 3 

Smooth Au bead 2.4 10 ± 1 

Rough Au bead 3.1 418 ± 10 
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Figure 4.5 Optical (a-d) and AFM (e-h) images of the Au substrates used for monolayer preparation.  (a, e) 

smooth Au/Cr/glass, (b, f) roughened Au/Cr/glass, (c, g) smooth Au bead, (d, h) roughened Au bead. 

 

 

Figure 4.6 Survey XPS scan of the SAMs on Au substrates studied. A strong increase in the secondary electron 

background can be observed. The increase in C 1s intensity found in the spectra collected on the beads is related to 

a higher coverage by 1 and different photoemission geometry (spot size increases on the curved beads’ surfaces). 
The Na Auger line originates from the sample holder. 

 

  SERS of a SAM on an electrochemically roughened Au surface after exposure 

to X-rays 

The SERS spectrum of a SAM of 1 on an electrochemically roughened Au/Cr/glass 

substrate, presented in Figure 4.7a, was similar to that measured for a SAM of 1 on a 

roughened Au bead and the solid state Raman spectrum of 1 (Figure 4.2). However, the 

SERS spectrum acquired after reduction with low energy electrons, until the nitro N 1s 

component was depleted in the XPS spectrum (Figure 4.4), shows several differences. 
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Spectra collected from different regions of such a sample and also presented in Figure 4.7a, 

show a significant intensity decrease of all Raman bands of 1 and the appearance of a new 

band at 1553 cm
-1

 (Figure 4.7a middle spectrum). Furthermore, in many areas of the SAM 

the aromatic stretching mode at 1592 cm
-1

 and the symmetric nitro stretching mode 1346 

cm
-1

 are no longer observed (Figure 4.7a bottom spectrum) and only the peak at 1553 cm
-1

 

is discernible in the spectrum. The intensity decrease of the band at 1346 cm
-1

 can be 

rationalised by conversion of the nitro group to amines, while the decrease of the 1593 cm
-1

 

mode supports the breaking of C-H bonds of the aromatic ring to deliver protons for the 

reduction. In addition, the spectrum of the reduced SAM of 1 is not similar to the spectra of 

aniline or nitrosobenzene (Figure 4.7b), which excludes the formation of a significant 

population of these species. Therefore we tentatively assign the new band at 1553 cm
-1

 to 

cross-linked or polymerized species [47]. 

 

 
 

 

Figure 4.7 (a) SERS spectrum of a SAM of 1 on electrochemically roughened Au/Cr/glass (top). The middle and 

bottom spectra were recorded at different points on the same SAM-modified slide after extensive reduction by 
exposure to an electron beam (kinetic energy = 0.5 eV). (b) Solid state Raman spectra of aniline and 

nitrosobenzene. 
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Self-assembled monolayers of compounds bearing nitroaromatic moieties, in particular 

nitrospiropyrans [48], are often used in organic electronic applications. We have 

demonstrated here that if these molecules are assembled on substrates such as roughened 

gold beads, XPS measurements (or exposure to an electron beam) can induce extensive 

reduction/polymerization of the nitroaromatic groups. This effect does not occur to the 

same extent on flat surfaces such as Au/Cr/glass or Au/mica, but on these substrates surface 

enhancement of the Raman spectrum is either weak or totally absent. The optimal substrate 

for the combined study of such SAMs with SERS and XPS is a roughened Au/Cr/glass 

slide, where a satisfactory enhancement of Raman spectrum can be achieved but only 

limited photoemission-induced reduction occurs, allowing for the collection of XPS data 

that are representative of the pristine SAM. The observed effect is directly related to the 

high electron emission efficiency on gold beads, where photoelectrons and secondary 

electrons of the substrate convert nitroaromatic species to amines and cross-

linked/polymerized species. In a broader context such reduction processes may need to be 

considered also in organic devices where current passes through the hybrid 

organic/inorganic systems. 

 

 

Compound 1 was synthesized by J. T. van Herpt. AFM microscopy was performed 

with the assistance of S. Gottardi. 
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 U

 

This chapter reports on self-assembled monolayers of 6-nitro BIPS spiropyran (SP) 

modified with disulfide terminated aliphatic chains, which were prepared on polycrystalline 

gold surfaces and characterized by UV/Vis absorption, surface enhanced Raman scattering 

(SERS) and X-ray photoelectron spectroscopies (XPS). The SAMs obtained were 

composed of the ring-closed form (i.e. spiropyran) only. Irradiation with UV light results in 

conversion of the monolayer to the merocyanine form (MC), manifested in the appearance 

of an N
+
 contribution in the N 1s region of the XPS spectrum of the SAMs, the 

characteristic absorption band of the MC form in the visible region at 555 nm and the C-O 

stretching band in the SERS spectrum. Recovery of the initial state of the monolayer was 

observed both thermally and after irradiation with visible light. Several switching cycles 

were performed and monitored by SERS spectroscopy demonstrating the stability of the 

SAMs during repeated switching between SP and MC states. A key finding of the study 

presented here was that ring opening of the surface-immobilized spiropyrans can be 

induced by irradiation with continuous wave NIR (785 nm) light as well as by irradiation 

with UV (365 nm) light. We demonstrated that ring opening by irradiation at 785 nm 

proceeds by a two-photon absorption pathway both in the SAMs and in the solid state. 

Hence, spiropyran SAMs on gold can undergo reversible photochemical switching from the 

SP to the MC forms with both UV and NIR and the reverse reaction induced by irradiation 

with visible light or heating. Furthermore the observation of NIR-induced switching with a 

continuous wave source holds important consequences in the study of photochromic 

switches on surfaces using SERS and emphasizes the importance of the use of multiple 

complementary techniques in characterizing photoresponsive SAMs. 

 

The results presented in this chapter were published in:  

Ivashenko O.; van Herpt J.T.; Feringa B.L.; Rudolf P.; Browne W.R. Langmuir, 2013 
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The ability of certain compounds to absorb light (λ1) and respond to the excitation by a 

change in molecular structure, e.g. changes in conjugation, conformation or isomer 

geometry, yielding new species with distinct absorption spectra, is of central importance in 

molecular based functional systems and materials that can be addressed by light [1]. Ideally 

the change can be reversed by irradiation with light of a different wavelength (λ2) or by 

thermal reversion, recovering the original state of the compound. Typically, excitation with 

UV or visible light is employed to induce photochemical switching, however, two-photon 

absorption of near-infrared (NIR) light has seen increasing application [1]. 

The photochromism in spiropyrans has been studied extensively both theoretically and 

experimentally in diverse environments ranging from solution and gas phase to single 

crystals, thin films, polymers and monolayers [2]. UV/Vis absorption, Raman spectroscopy, 

electrochemistry [3,4,5], as well as theoretical calculations [6,7]
 
have been employed to 

investigate the photochromism of spiropyrans in vacuo [8], solution [9], polymers [10], 

monolayers [11,12] and in conjunction with functional materials [13]. Spiropyrans can exist 

in either of two forms – the ring-closed spiropyran (SP) and the ring-open merocyanine 

(MC). UV light is generally used to induce ring-opening of the spiropyran form to the 

merocyanine form, which subsequently reverts back to the spiropyran form thermally or by 

irradiation with visible light. Recently, two-photon absorption in the near IR region, using 

ultra short laser pulses, has also been reported to induce interconversion between the 

spiropyran and the merocyanine forms [14,15,16].The depth of penetration, without losses 

due to one-photon absorption, and the localization of the excitation at the focal point, 

achieved by two-photon excitation, is attractive for recording devices and in biological 

applications, where deeper penetrating NIR light can be used [16] to deliver small amounts 

of energy (20 μJ-7 mJ) in short pulses (50 fs – 30 ps) [17,18]. 

The possibility to address a photochromic system with light of longer wavelengths has 

an important impact on the application of molecular switches in bio-interfaces, drug 

delivery systems and molecular electronics [2]. For example, it has been demonstrated that 

spiropyrans can be used in the imaging of live cells [19]. For biological systems a non-

destructive stimulus, such as NIR light, is often essential. Zhu et al. have demonstrated a 

system for imaging of breast cancer cells, making use of the ability of spiropyrans to 

undergo two-photon absorption; this approach also allows for the analysis of live tissue 

using fluorescence imaging while minimizing photodamage [16]. Another example is the 

use of SP/nanoparticle systems in the controlled release of drugs or amino acid derivatives 

in response to UV irradiation [20,21]. Ultrafast bidirectional switching [22] is attractive for 

molecular electronics also since spiropyran can serve as a molecular logic unit [23] and as a 

memory unit [24].In addition, the open merocyanine form has been shown to be useful in 

selective sensing of certain cations [25] and cyanide anions [26].  
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Recently the photochromic functionality of spiropyrans has been studied also in 

monolayers. Photochemical ring-opening was shown to proceed with a low quantum yield 

if the chromophore is adsorbed directly onto Au (111), with an efficiency of 10
-9

 

events/photon [8]. Functionalization of the spiropyran with a disulfide anchoring unit 

allows for self-assembly and decouples the chromophore electronically from the gold 

surface, as shown by sum-frequency generation spectroscopy [27].  

In this chapter fundamental questions regarding the photochromism of monolayers of 

spiropyran on gold are addressed – specifically as to the composition of the monolayer, and 

how it is adsorbed; switching in either direction on the surface and the innocence of the 

spectroscopic techniques used to monitor the switching reactions is explored both 

qualitatively and quantitatively. In particular, Raman spectroscopy is shown to be an 

exceptionally useful tool when studying SP and MC, as demonstrated previously by Onai et 

al., who have investigated long lived merocyanine aggregates formed upon ultraviolet 

irradiation of nitro-BIPS (1′,3′-dihydro-1′,3′-3′-trimethyl-6-nitrospiro[2H-1-benzopyran-

2′,2′-(2H)-indole]) in apolar solvents [28]. Takahashi et al. [29] used nanosecond time-

resolved resonance Raman to identify the formation of the various isomers of the 

merocyanine structure, while Lukyanov et al. examined solid state photochromism of 

spiropyrans as thin films on silver at 514 nm [30], and proposed that the surface can trigger 

dissociation of the Cspiro-O bond. 

Here we show that surface enhanced Raman scattering (SERS) spectroscopy using NIR 

excitation can be used effectively to monitor the photochemistry of monolayers on gold 

surfaces. We demonstrate, however, that despite using a continuous wave excitation source 

and not a pulsed laser, the power densities involved are nevertheless sufficient for the NIR 

excitation to drive ring-opening of the spiropyran.  

Figure 5.1 (a) Structure of spiropyrans 1 and 2 and (b) photochemically or thermally induced ring-opening in a 

SAM of 2 on Au. Ring-opening occurs upon exposure to ultraviolet light (365 nm) or via two-photon absorption 
of near IR light (785 nm); recovery of the ground state occurs thermally or by irradiation with visible light (520 

nm). 
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ATR FTIR and Raman spectra of the spiropyran form 

The attenuated total reflectance Fourier transform infrared (ATR FTIR) and Raman spectra 

of the spiropyrans 1 and 2 were recorded in the solid state (Figure 5.2). The ATR FTIR 

spectrum of 1 (Figure 5.2a) shows the characteristic absorption bands of the ring-closed 

form – the symmetric nitro stretch at 1337 cm
-1

, the asymmetric C-O-C mode at 1273 cm
-1

, 

the N-Cspiro-O at 956 cm
-1

 and out of plane ring deformation modes at 747 and 809 cm
-1 

[31,32,33].
 
The FTIR spectrum of 2 (Figure 5.2a), which contains a disulfide moiety, is 

essentially the same as that of 1. 

The solid state Raman spectra of 1 and 2, Figure 5.2b, consist of bands at 1653 cm
-1

, 

1574 cm
-1

, 1337 cm
-1

, 1230 cm
-1

, 1089 cm
-1

, 1019 cm
-1

, 953 cm
-1

, 923 cm
-1

, 683 cm
-1

, 629 

cm
-1

 and 522 cm
-1

 originating from the indoline and chromene moieties of the ring-closed 

form and, in the case of 2, of the surface anchoring disulfide unit in the low wavenumber 

region [34]. Many of the bands correspond to absorption bands in their respective ATR 

FTIR spectra, as expected. The Raman bands at 1519 and 1337 cm
-1

 are the most intense 

and are assigned to the nitro asymmetric and symmetric stretching modes [27].  

  

Figure 5.2. ATR FTIR (a) and solid state Raman (b) spectra of 1 and 2.  

Photochemical switching between SP and MC forms in the solid state 

The photochemically induced ring-opening (SP → MC) of 1 and 2 in the solid state and 

in solution was monitored by ATR FTIR (Figure 5.3), UV/Vis (Figure 5.5a), Raman and 

SERS (Figure 5.4 and Figure 5.5b) spectroscopy. The FTIR absorption spectra of the ring-

closed form of the spiropyran form of 1 and 2 (Figure 5.3) in the solid state show changes 

in the fingerprint region upon irradiation at 365 nm, in particular the band at 1337 cm
-1 

assigned to the symmetric nitro stretch decreases in intensity. Concomitantly, an increase in 

absorption associated with bands assigned to the MC form, e.g., at 1216 cm
-1

, a broad band 

at ca. 1280 cm
-1

 and aromatic ring breathing modes at ca. 1600 cm
-1

, was observed. As 
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expected, the absorption band at 1735 cm
-1

, assigned to the carbonyl group of the linker 

moiety, was relatively unaffected by irradiation. Irradiation at 254 nm results in further 

changes to the FTIR spectrum, indicating formation of a third species. The asymmetric 

nitro stretch, shifted to 1512 cm
-1

, the CH bend at 1459 cm
-1

, an unassigned band at ca. 

1280 cm
-1

, and a N- Cspiro-O band at 951 cm
-1

 decreased in intensity. The spectrum after 

irradiation at 365 nm and subsequently 254 nm is identical to the spectrum obtained by the 

irradiation of the original SP form at 254 nm directly. This dependence on wavelength of 

excitation light is attributed, tentatively, to formation of distinct isomers of the MC form 

(vide supra) [6]. 

The Raman spectrum of a film (0.1-0.3 mm thick) of spiropyran 1 on Au/glass (Figure 

5.4) is identical to the spectrum of a powdered sample (Figure 5.2b). Irradiation of the film 

at 365 nm for 10 min induces ring-opening to the MC form, manifested in the loss in 

intensity of the bands of the spiropyran form (at 1651, 1335, 1230 and 1087 cm
-1

) and the 

appearance of several new bands in the Raman spectrum at 1590, 1464, 1366, 1296 and 

1197 cm
-1

 (Figure 5.4). These data are consistent with FTIR spectroscopic data. 

 

Figure 5.3 Changes in ATR FTIR spectra of film (< 0.1 mm thick) of 2 upon irradiation (a) at 365 nm and (b) 

subsequent irradiation at 254 nm. The time interval between each spectrum is 1 min and arrows indicate the 
direction of intensity change. 

 

Figure 5.4 Raman (785 nm) spectra of films of 1 on Au/glass before (SP) and after irradiation at 365 nm (MC). 
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Figure 5.5 (a) UV/Vis absorption spectrum of 2 in ethanol. The absorption in the visible region (at 550 nm) 
appears upon irradiation at 365 nm and is characteristic of the ring-open (MC) form of the spiropyran. The 

difference spectrum is shown with an offset +1.5. (b) SERS (λexc = 785 nm) spectra of 1 in the SP form and at the 

photostationary state obtained by irradiation at 365 nm. Spectra were obtained by addition of a solution of 1 (0.2 
mM, SP), before and after irradiation at 365 nm in acetonitrile, to aqueous Au followed by addition of KCl(aq) to 

induce aggregation of the colloid. 

Irradiation at 365 nm of a solution of 2 in EtOH induces ring-opening, manifested in 

the appearance of an absorption band in the visible region at 550 nm and an increase in 

absorption at 378 nm and 309 nm (Figure 5.5a) [35]. The SERS spectra of 1 in the SP and 

MC forms correspond closely to their solid state spectra (Figure 5.5b), however, as 

expected some Raman bands show different enhancement factors. 

The Raman and SERS spectroscopic data for 1 and 2 in the solid state and in solution, 

respectively, highlights the differences in the vibrational spectra of the SP and MC forms, 

and provide a reference data set for the study of the photochromic functionality of SAMs of 

2 by SERS spectroscopy, on electrochemically roughened gold surfaces. 

X-ray photoelectron spectra of self-assembled monolayers on gold 

SAMs of 2 were prepared on roughened gold bead electrodes and characterized by 

SERS (vide infra) and X-ray photoelectron spectroscopy (XPS). XPS data obtained from 

the SAMs on the roughened Au beads, used for recorded SERS spectra (vide infra), were 

affected by in situ reduction of the nitro groups of the spiropyrans to amine species, caused 

by secondary electrons originating from the roughened substrate [36]. The effect is much 

less pronounced for SAMs on Au/mica slides, where reduction of the nitro groups was not 

significant [37]. 
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Figure 5.6 X-ray photoemission spectra of the S 2p and N 1s core level regions of a SAM of 2 self-assembled on 

Au/mica. The S 2p core level region (a) contains only one doublet with a maximum at 161.8 eV, indicative of a 

chemisorbed species. In the N 1s core level region (b) initially (upper curve) only spiropyran contributions were 
observed, namely the indoline nitrogen contribution at 399.4 eV and the nitro- peak at 405.9 eV. After exposure to 

UV light a new component at 400.8 eV was observed (lower curve) originating from the indoline part of the ring-

open MC. 

 A doublet at a binding energy (BE) of 161.8 eV in the S 2p core level region of SAMs 

of 2 on Au (Figure 5.6a) corresponds to SP chemisorbed on a gold surface [38]. S 2p3/2 

peaks at 163.6 eV (which is characteristic for dimerized or physisorbed species) or above 

167 eV (which is characteristic of oxidized components) were not present in the XPS 

spectrum [39]. The N 1s core level region (Figure 5.6b) contains two peaks originating 

from the nitro group at a BE of 405.9 eV and an indoline nitrogen at 399.4 eV [40,41]. The 

absence of a N
+
 component at 400.5-401 eV [42] indicates that the merocyanine form was 

not present in the film. After irradiation of the SAM at 365 nm for 10 min, a new 

component was observed in the nitrogen 1s core level region at 400.8 eV, indicative of 

nitrogen in the N
+ 

oxidation state, with a concomitant decrease of the main indoline 

nitrogen peak. The relative intensity of each of the N 1s core level peaks was: NSP (399.4 

eV) – 32%, N
+
 (400.8 eV) – 19% and Ar-NO2 (405.6 eV) – 48%. The higher oxidation state 

of the new component (C-N
+
=C) is in agreement with BE values reported for merocyanines 

by Delamar et al. [42]. The observation of a spectral feature of the MC form, and its 

relative contribution (37 % of the SAM) indicate that in a monolayer of the spiropyran on 

gold, photochromic ring-opening with UV light is not inhibited substantially by the gold 

surface. The surface coverage of 2 in the SAM on Au/mica, estimated from the charge 

related to electrochemical oxidation of the SP, was (6±1)*10
-11

 mol cm
-2

 [43]. 
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Photochromic response of SAMs on semitransparent gold slides 

The UV/Vis absorption spectrum of a SAM of 2 on Au was dominated by gold 

plasmonic absorption in the range 200-700 nm (Figure 5.7), even after exposure to UV light 

for 10 min. However, the changes that occurred are apparent in the difference spectra. The 

decrease in absorption at 335 nm is related to spiropyran, which ring-opened to the 

merocyanine form, giving an increased absorption at 395 nm and 555 nm, as was observed 

previously in solution and for the absorption spectra of Langmuir-Blodgett monolayers of 

MC on glass [44].  

 

Figure 5.7 UV/Vis absorption spectra of a SAM of 2 on Au/glass before (red) and after (dashed black) irradiation 
at 365 nm for 10 min (upper spectra); the difference spectrum is shown (lower spectrum) with arrows indicating 

the direction of the change in intensity upon irradiation. 

Photochromic response of SAMs on roughened Au beads  

SAMs formed from 2 on roughened Au beads were characterized by surface enhanced 

Raman spectroscopy (SERS). The spectrum (Figure 5.8) consists of bands at 1335 cm
-1

, 

1649 cm
-1

 and 1230 cm
-1

, which were observed in the non-resonant Raman spectrum of 1 

and 2 in the SP form (Figure 5.2). However, strong ring vibrations at 1400-1600 cm
-1

 and a 

strong C-O
-
 band at 1197 cm

-1
 indicated, by comparison with the SERS spectrum of 1-MC 

in solution (Figure 5.5b), a substantial contribution of the MC form of 2 was observed in 

the spectrum of the SAM. It is apparent therefore that the spectrum indicates a monolayer 

that is a mixture of the SP and MC forms, in contrast to the observed absence of an MC 

(N
+
) signal in the initial XPS spectrum.  

The monolayer was irradiated at 365 nm to increase the proportion of the MC form 

present (Figure 5.8, lower spectrum), however, only minor changes were observed in the 

intensity of the nitro stretching band at 1335 cm
-1

. Irradiation with visible light (>520 nm) 

for 1 h resulted in the recovery of the original spectrum, demonstrating the reversibility of 

the photochromism (Figure 5.8, upper grey spectrum). However, the changes in the SERS 

spectra of the monolayer upon UV irradiation were minor and contrasted markedly with the 
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large effect of irradiation at 365 nm on thin films (< 0.1 mm) observed by FTIR and Raman 

spectroscopy (vide supra). This suggests that the unexpected large contribution of the MC 

form in the SERS spectra in the SAM, formed from the solution containing SP form, is 

induced by the excitation at 785 nm, during spectral acquisition (vide infra). 

 

Figure 5.8 SERS spectra of a SAM of 2 on an electrochemically roughened Au bead (upper spectrum, black line), 

after irradiation at 365 nm (lower spectrum) and after 1 h of irradiation at 520 nm (upper spectrum, grey line).  

Power and exposure time dependence of the spectra of SAMs on gold 

The hypothesis that excitation at 785 nm can induce switching of the SP form to the 

MC form was examined through power/exposure time dependence of the SERS spectra of 

SAMs of 2 on electrochemically roughened Au beads and thin (0.1-0.3 mm) films. For a 

SAM of 2 on Au, irradiation at 785 nm for 10 s and 50 s at 220 W cm
-2

 resulted in only 

slight differences between the spectra (Figure 5.9). The difference (see difference spectrum, 

Figure 5.9) matches precisely the solid state Raman spectrum of the SP form (Figure 5.9). 

Hence it can be concluded that excitation at 785 nm perturbs the composition of the 

monolayer in the sense that it induces SP→MC conversion and that the weak 

photochromism observed (vide supra), measured via exposure for a minimum of 25 s at 220 

W cm
-2

, was due to photochemical switching of the SAM during spectral acquisition. 
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Figure 5.9 SERS spectra obtained from an electrochemically roughened Au bead modified with a SAM of 2, with 
10 s and 50 s acquisition times (upper spectra) at 220 W cm-2, their difference spectrum (middle spectrum) and, for 

comparison, the solid state spectrum of 2 (lower spectrum). 

Excitation-power-dependent measurements over the range 22 - 220 W cm
-2

 provided an 

indication of the relative rate at which the transformation from the SP form to the MC form 

occurs and the conditions required to probe, non-destructively, the original state of the 

monolayer (Figure 5.10). At an excitation power density of 22 W cm
-2

, the relatively 

intense nitro band at 1335 cm
-1

 of the SP form and a weak C-O
-
 stretching band at 

1197 cm
-1

 of the MC form indicate that the initial state of the monolayer is predominantly 

the SP form. An increase in the excitation power density results in an improved signal to 

noise ratio, as expected, and a greater contribution from the MC form to the overall 

spectrum, manifested in the relative increase in intensity of the band at 1197 cm
-1

 (inset in 

Figure 5.10). At an excitation power density of 220 W cm
-2

, the spectrum was dominated 

by the bands of the MC form (Figure 5.10). The conversion of the SP form to the MC form 

is illustrated in the plot of the relative intensity of the 1335 cm
-1

 and 1197 cm
-1

 bands with 

respect to power density used for spectral acquisition (inset Figure 5.10), showing the 

gradual increase in the contribution of the MC form to the spectrum at the expense of that 

of the SP form. A photostationary state appears to be reached at between 10 and 20 kJ/cm
2
.  
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Figure 5.10 Dependence of the SERS spectrum (λexc = 785 nm) of a SAM of 2 on an electrochemically roughened 

Au bead on photon dose. The inset illustrates the relative intensity of the band at 1335 cm-1 assigned to the nitro 

stretch of the SP form and the band at 1197 cm-1 assigned to the C-O stretch of the MC form after a certain dose of 
785 nm light. 

These data lead to the conclusion that initial studies of the photochromism of the SAMs 

(vide supra), which indicated a substantial initial presence of the MC form and only minor 

photochromism, were affected by the non-innocence of excitation source (785 nm), due to 

laser-induced SP→MC conversion within the first seconds of acquisition of the spectra. 

Conversion of the SP to the MC form in films upon exposure to NIR light 

Surface plasmons have been shown to give either quenching or enhancement of 

photochemistry and fluorescence, depending on the distance between the chromophore and 

the substrate [45]. Although the photochromism observed with excitation at 785 nm can be 

attributed to two-photon absorption by the SP form [14], the potential involvement of 

surface plasmons excited at the roughened substrate, which lie at the origin of the surface 

enhancement of the Raman scattering, should also be considered. The interaction of the 

surface plasmon with the SP SAM could provide the energy required to induce conversion 

of the SP form to the MC via low energy triplet states. 

This was explored by investigating the effect of exposure, at high power densities, of thin 

films (0.1 to 0.3 mm thick) to 785 nm light when deposited on a smooth Au/glass slide. For 

smooth gold surfaces the energy of the surface plasmons is too high to interact with 

radiation at 785 nm. The initial spectrum of a film of 1 measured within less than 20 s 

exposure is identical to the solid state spectrum of 1-SP (Figure 5.11 and Figure 5.2b). 

Subsequent exposure for more than 40 s gave a substantial decrease in the bands associated 

with the SP form (e.g. at 1335 cm
-1

) and increase in the relative intensity of bands 

associated with the MC form (e.g. at 1197 cm
-1

). The relative decrease in spectral intensity 

of the SP form in the film occurs over the first few minutes of exposure and reaches a 

steady state after ca. 6 min, with an excitation power density of 55 kW cm
-2

. 
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After exposure of a film of 1 for 90 s at various power densities (0.5 kW cm
-2 

– 55 kW 

cm
-2

), as with for a SAM of 2 – different relative contributions from the SP and MC forms 

were observed (see inset in Figure 5.11). At an excitation power density of 0.5 kW cm
-2

 

minimal conversion to the MC form is observed in the film, while at 55 kW cm
-2

 (achieved 

using a 100x objective) almost equal spectral contributions from the SP and MC forms 

were obtained. A photograph of a film of 1 after 90 s exposure at 55 kW cm
-2

 is shown 

Figure 5.12a. The irradiated spot is apparent as a dark coloured spot in the centre of the 

image. The reversibility of the change was confirmed by the decolouration (over 12 h) of a 

pattern in the shape of the letters “MC” (Figure 5.12b). For thicker films the thermal 

decolouration took several days at room temperature (rt) in the dark. The thermal recovery 

to the original colourless state is consistent with thermal relaxation of the MC form to the 

SP form. 

 

Figure 5.11 Raman spectra of film of 1 on a Au/glass slide as a function of excitation power density, between 

12 kW cm-2 and 1400 kW cm-2. Spectra were acquired each time on a fresh spot after 90 s of exposure at the 
respective intensity. The direction of intensity change of specific bands is indicated by arrows. Inset: relative 

intensities of the SP and MC bands observed after 90 s irradiation at 785 nm at various power densities 

(0.5 kW cm-2 – 56 kW cm-2). 
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Figure 5.12 (a) Photograph of a film of 1 on Au/glass substrate after irradiation for 90 s at 55 kW cm-2. (b) The 

pattern “MC” was formed by irradiation of each spot at 785 nm beam at 55 kW cm-2 for 90 s. (c) The same film as 
in (b) after 12 h at room temperature in the dark. 

The probability of two photon absorption was estimated [46] by taking into account the 

power density at sample (55 kW cm
-2

) at 785 nm obtained in the Raman spectrometer and 

the TPA cross section of spiropyran [2] to be is 4.9*10
-2

 photons s
-1

. This corresponds to an 

exposure time of 20 s to induce full conversion in the irradiated area. 

The reversibility and dependence on power and exposure time of the observed SP and 

MC contributions in the relatively thick film, where surface plasmons cannot contribute, 

together with the estimation of TPA probability indicates that the photochromic 

transformation in both the SAM and in the film is due to two-photon absorption at 785 nm. 

The involvement of thermalization can be excluded since even at 373 K the recovery of the 

spiropyran form from the merocyanine form is observed, which is opposite to the direction 

of switching observed by irradiation at 785 nm.  

Photochromism of SAM on gold measured with minimum exposure to the NIR 

beam 

As described above, short (1-4 s) exposure at 785 nm at lower power densities allows 

for Raman spectra to be collected with minimal switching to the MC form. Hence, although 

two-photon absorption results in switching from the spiropyran to merocyanine forms in 

SAMs of 2 on roughened gold, it is nevertheless possible to use SERS to characterize the 

molecular state of SAMs. 

SERS spectra of SAMs of 2 on roughened Au beads were recorded with 4 s exposure at 

a power density of 22 W cm
-2

 at 785 nm. Initially, the majority of the bands in the SERS 

spectrum of the SAM can be assigned to the SP form. The relatively intense band at 1335 

cm
-1

 ascribed to the SP form and the near complete absence of the band at 1197 cm
-1

 

ascribed to the MC form indicates that the SAM is in the SP form (Figure 5.13a), which is 

consistent with XPS data of SAMs of 2 on smooth gold surfaces. Irradiation of the SAM of 

2 on a roughened Au bead at 365 nm for 10 min resulted in a change in the SERS spectrum. 

The bands associated with the MC form had increased in intensity (e.g., at 1197 cm
-1

) and 

those of the SP form were completely absent from the spectrum. Irradiation with visible 

light (>520 nm) for 1 h resulted in a recovery of the initial SERS spectrum indicating that 

the SP form is restored (Figure 5.13a). It should be noted that thermal recovery of the SAM 

is not significant over 1 h. Indeed as with the films (vide supra) thermal recovery of the 
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SAM to the SP state occurs over 12 h at room temperature and takes 20 min at 60 °C. The 

reversibility of the photochromic ring-opening and closing was confirmed by monitoring 

the relative intensities of the 1335 cm
-1

 and 1197 cm
-1

 bands during alternate irradiation at 

365 nm and > 520 nm (Figure 5.13b); the initial ratio of the bands at 1335 cm
-1

 and 

1197 cm
-1

 is 17 and decreases to 0.5 ± 0.1 upon irradiation at 365 nm and recovers to 

3.0 ± 0.1 with irradiation at >520 nm.  

 

Figure 5.13 (a) SERS spectrum of a SAM of 2 on a roughened Au bead (λexc = 785 nm, 4 s exposure, 22 W cm-2). 

(top) initial spectrum, (middle) after irradiation for 10 min at 365 nm and (bottom) after irradiation for 1 h at >520 
nm. (b) The ratio of the bands at 1335 cm-1 (SP form) and 1197 cm-1 (MC form) as a function of exposure to UV 

and visible light over multiple cycles. 

 

 

Monolayers of 2 (6-nitro BIPS) in the spiropyran form were prepared on both smooth 

and electrochemically roughened gold substrates and characterized by Raman, SERS, 

UV/Vis and XPS spectroscopies to both determine the initial state of the SAMs and to 

characterize the effect of UV and visible irradiation on the SAMs. The data were compared 

with data obtained from both 1 and 2 in the solid state and in solution. Of particular interest 

was the effect of the roughened surface used in the SERS studies on the photochemical 

switching of 2.  

XPS and UV/Vis absorption spectroscopies indicated that the SAMs of 2 on smooth 

gold surfaces were comprised of the spiropyran form of 2 and that irradiation at 365 nm 

resulted in switching of the SAMs to the merocyanine form. An initially surprising result 

obtained by SERS spectroscopy of the SAMs of 2 on roughened Au surfaces was that the 

SAMs appeared to be comprised of both the SP and MC forms of 2 and that the 

photochromic response was negligible. Confirmation of these data by XPS spectroscopy 

was not possible due to the reduction of the nitroaromatic moiety of the 2 upon exposure to 

X-rays during XPS measurements on roughened substrates [37].  

The unexpected composition of the SAM and the weak photochromism observed by 

SERS spectroscopy on roughened Au surfaces was subsequently found to be due to the 
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intensity of the NIR excitation source used to acquire the SERS spectrum. At high power 

densities at 785 nm two-photon absorption induced ring opening of SP form was observed. 

The phenomenon was confirmed by ring opening of 1 and 2 in the solid state by excitation 

at relatively high power densities at 785 nm. It should be noted, however, that such power 

densities are employed routinely in NIR Raman spectroscopy. XPS and SERS spectra (the 

latter measured at low power densities) of a SAM of spiropyran with a disulfide linker 

assembled on Au demonstrated that this SAM was initially composed of the ring-closed 

form only and that it could be switched with UV light (at 365 nm). This is in contrast to 

other systems where photochemistry of the spiropyran unit is quenched by the gold surface 

and highlights the importance of the linker unit in the design of functional photochromic 

SAMs on gold [47]. 

This study highlights the challenges faced in the characterization of photoresponsive 

monolayers and emphasizes the necessity to investigate photochromic SAMs with multiple 

surface sensitive techniques. In particular, two-photon processes, which are more 

commonly studied in complex optical setups using multiple optical focusing elements, need 

to be taken into account when dealing with photochromic monolayers in general, and with 

spiropyrans in particular, even when using continuous wave sources, since the latter have a 

relatively high cross-section for two-photon-absorption.  

In conclusion we demonstrate here that when using lower power densities, NIR Raman 

is shown to be a powerful spectroscopic method to characterize not only the state but also 

the photochemical properties of the SAM. Furthermore, we show that ring-opening of 

spiropyrans can be induced both by UV and NIR light, which is especially attractive for 

applications of the spiropyrans in the fields of biocompatible switching systems and 

molecular electronics.  
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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. 
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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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Photochromism in self-assembled monolayers of spiropyran has attracted substantial 

attention in recent years, however the electrochemistry of the spiro- compounds has not 

received much consideration to date. In this chapter we explore the electrochemical 

oxidation of self-assembled monolayers of 6-nitro BIPS spiropyran (SP) prepared on 

polycrystalline gold surfaces. SAMs were characterized with cyclic voltammetry, X-ray 

photoelectron spectroscopy (XPS), surface enhanced Raman scattering (SERS) and UV/vis 

absorption spectroelectrochemistry. Electrochemical oxidation of spiropyrans in solution 

results in aryl C-C coupling and the formation of a symmetric spiropyran dimer, as was 

shown in chapter 6. Comparison of spectroscopic data for spiropyran dimers in solution and 

in monolayers confirms that similar oxidative coupling occurs in the SAMs on gold also. 

The dimer formed can be electrochemically oxidized to monocationic and dicationic states 

and shows remarkable stability under UHV and ambient conditions in all those redox states. 

In addition, the dimerized spiropyran SAM shows photochromism, which was 

characterized by XPS and SERS spectroscopy. In conclusion, the photochemical and 

electrochemical functionality of spiropyran SAMs is demonstrated to show potential for 

application as dual responsive materials. 

 

 

 

 

 

The results presented in this chapter are in preparation for publication. 
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Molecular switches are organic compounds that allow the control of molecular 

structure and function with external stimuli - light (photochromism), potential 

(electrochromism), pH (acidochromism), solvent (solvatochromism) and temperature 

(thermochromism) due to changes in bonding and/or redox state. In some cases more than 

one stimulus type can bring the molecule into a new state providing a multiresponsiveness 

to a material.  

Dual responsive (photo- and redox-active) materials are attractive because they offer 

the possibility to combine light, which non-destructively addresses the chromophore, and a 

potential to access different oxidation states for molecular memory applications. 

Remarkable examples of such smart materials are azobenzenes, which undergo 

photochemical trans-cis isomerization and reductively form hydrazobenzene, in a reversible 

manner [1]. Another, more complex system with four accessible states is the overcrowded 

alkene bis-thiaxanthylidene, where the conformationally unstable syn-folded state is 

generated photochemically, while dicationic and twisted form result from oxidation and 

reduction [2,3]. Dithienylethenes have been shown to constitute a versatile platform for 

photo-electrochemical control over materials’ properties also [4]. 

Spiropyrans are well known for their photochromism, which can be utilized in the solid 

state [5], solution [6], polymers [7,8] and monolayers [9,10]. The reversible photochromism 

of spiropyrans consists of switching between the ring-closed stable form where the indoline 

and chromene moieties are orthogonal and the ring-open thermally unstable form with a 

planar configuration (Scheme 7.1), induced by UV/vis light, respectively [11]. 

Acidochromism [12], solvatochromism [13] and response to the presence of metal ions [14] 

have been demonstrated as well. In acidic environments the chromene oxygen of the MC 

form becomes protonated, which has been used in a SAM- functionalized electrode [15]. A 

monolayer on an electrode surface converted to the merocyanine form can be switched 

between zwitterionic (N
+
 and O

-
) (Scheme 7.1) and protonated merocyanine forms (N

+
 and 

OH) by variation of the pH of the solution, thus giving a photochemical and pH-

controllable electrode [15]. 

 

Scheme 7.1 Photochromism and acidochromism of spiropyran.  

In contrast, uncertainty in the literature concerning the mechanisms that follow 

oxidation of spiropyrans in solution has limited the development of this aspect and the 

utilization of spiropyrans for electrochromic applications. The first reports on multistimuli 

control of switching of spiropyrans emerged in 1996. Zhi et al. suggested the formation of 
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the radical anion upon reduction of the spiropyran at ca. -1 V vs. Ag/AgCl, which results in 

ring-opening to the MC form [16]. A similar hypothesis was proposed for the oxidation to 

the SP radical cation, which was reported to undergo ring-opening to the MC form and, in 

the presence of water, irreversible dimerization at the chromene moiety via formation of a 

C-O-C linkage [17]. The second hypothesis rationalized the irreversible electrochemistry, 

where oxidation at ca. 1 V vs. SCE leads to a chemical reaction comprising ring-opening 

and possible formation of π-radical cation dimers of the MC form [18].  

Our own spectroscopic and electrochemical study reported in chapter 6 has shown that 

oxidation of spiropyran in solution results in formation of a symmetric spiropyran dimer via 

aryl C-C coupling, but does not lead to ring opening to a merocyanine monomer or dimer, 

in contrast to earlier hypotheses. In brief, it has been shown that oxidation of spiropyrans in 

solution proceeds via a sequence of electrochemical (E) and chemical reaction steps (C) 

resulting in a four step ECCE mechanism. An example is the oxidation of 1 illustrated in 

Figure 7.1. The initial oxidation of the indoline nitrogen at ca. 1 V (electrochemical step) is 

irreversible due to the subsequent fast chemical reactions, in which the oxidized 

nitrospiropyran radical cation 1
+·

 dimerizes by aryl C-C coupling (1
st
 chemical step) to form 

H22
2+

 and spontaneously deprotonates twice to form 2 (2
nd

 chemical step). The dimer (2) 

obtained is symmetrical and exhibits two reversible one-electron oxidation waves at 

potential lower than for 1. The first one-electron oxidation of 2 at 0.7 V generates the 

radical cation (2
+·

). The second one-electron oxidation at 0.88 V yields a symmetric 

dication 2
++

 and the two indoline moieties adopt a quinoidal structure. 
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Figure 7.1 Cyclic voltammogram of spiropyran 1 in solution (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). (b) The oxidation observed at 
1.0 V in the CV of 1 (Figure 7.1(a)) can be assigned as an overall 4 e- ECCE process (E: one e- oxidation of two 

molecules of 1, C: dimerization of 1 to form H22, C: double deprotonation to form 2, E: two e- oxidation of 2 to 

form 22+), see (c). At point (ii) and (iii) in the CV (a), 22+ undergoes one e- reduction to 2+· and 2, respectively. (c) 

Reversible oxidation of obtained dimers 2 to dication with formation of intermediate radical cation 2+·. 

Monolayers of photoactive and redox-active compounds are often studied to 

understand the molecular behaviour in a confined microenvironment that resembled 

environment found in applications but can also serve as model for behaviour of polymeric 

systems or other environments. Depending on the functional/terminal groups attached to the 

redox centre, self-assembly can results in inhibition of proton or electron transfer [19], thus 

completely blocking the redox activity; or tight surface packing can result in hindered 

molecular motion and increased stability of intermediate high energy conformational states 

[3]. 
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Figure 7.2 (a) Structure of spiropyrans 1 and 3 and (b) electrochemically induced dimerization in a SAM of 3-Au 

to form 4-Au. 

Solution studies provided a reference point for what can be expected after the 

immobilization of the spiropyran on a surface. The dimerization of 1 in solution raises 

important questions with regards to the utilization of this compound in many surface 

studies: Can dimerization proceed in self-assembled monolayers, where the mobility of the 

monomers is hampered by surface attachment and steric interactions? Can it be blocked by 

tuning the surface density of 1 by mixing with alkane thiols? And finally, considering 

possible applications, how stable are the (di-)cationic species obtained in the monolayer. To 

answer these questions we prepared spiropyran 3 [20], which bears a disulfide linker for 

self-assembly on Au surfaces – Au/mica, semi-transparent Au/glass, and roughened Au 

bead electrodes (Figure 7.2) and analysed the SAMs formed spectroscopically and 

electrochemically. 

 

Cyclic voltammograms of spiropyran SAMs on Au 

The cyclic voltammogram (CV) of 3-Au (Figure 7.3a) is consistent with the cyclic 

voltammogram obtained for 1 in solution (Figure 7.1) – irreversible oxidation at 1.05 V vs. 

SCE is followed be a chemical reaction to yield a product with two reversible 

electrochemical redox processes at Epa 0.8 V and 0.92 V. The irreversibility of the initial 

oxidation is apparent in the absence of an oxidation wave at 1.05 V on the second cycle 

even at increased scan rates 1-15 V s
-1

 (Figure 7.3b). A minor (+0.08 V) shift in the Epa 

related to the spiropyran oxidation at higher scan rates was observed, while product redox 

waves (below 1 V) remain unaffected, pointing to limited electron transfer at higher SR. 

Similar effects were observed in solution. As reported in the literature for the indoline 

analogue N,N’-dimethylaniline, which undergoes oxidative C-C coupling to produce the 

symmetric dimer tetramethylbenzidine, electrochemistry is irreversible up to scan rates of 

500 V s
-1 

[21,22,23]. The similarity of the cyclic voltammetry of 1 in solution, where an 
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ECCE process is observed, and that of 3 in the SAM suggest that a similar oxidative 

dimerization process occurs in the SAMs (Figure 7.2b). The charge transferred during the 

oxidation at 1.05 V is twice more than the charge transferred in the two reduction steps, 

which is consistent with an initial one electron oxidation of two spiropyrans (-2e
-
), 

dimerization and deprotonation to yield a neutral dimer and immediate reoxidation of the 

dimer at the same potential (-2e
-
) and final two step reduction (+e

-
 and +e

-
), thus -4e

-
/+2e

-
. 

The surface coverage of 3 on Au calculated from the spiropyran oxidation at 1.05 V, 

considering that each molecule oxidizes twice in this step, is (6 ± 1)*10
-11

 mol cm
-2

, and for 

4 – (3 ± 0.5)*10
-11

 mol cm
-2

. The area occupied by each monomer of 3 is 3.3 nm
2
. The 

absence of the oxidation wave at 1.05 V on the second oxidation cycle gives evidence that 

no monomeric spiropyran remains in the SAM. The latter observation suggests that a high 

degree of flexibility and mobility of 3-Au, which upon oxidation undergoes fast coupling 

(>140 s
-1

).  

 

Figure 7.3 Cyclic voltammogram of SAM 3-Au/mica measured in acetonitrile (0.1 M TBAPF6) at a scan rate of 

1.0 V/s (a) and at a scan rate of 0.1, 0.2, 1.0, and 4.0 V/s (b). 

SERS spectroelectrochemistry of SAMs on roughened Au bead electrodes 

The redox chemistry of a SAM of 3 on a roughened Au bead was studied by surface 

enhanced Raman scattering (SERS) spectroscopy. Initially the SERS spectrum consists of 

features of the ring-closed spiropyran with characteristic asymmetric and symmetric nitro 

bands at 1578 cm
-1

 and 1335 cm
-1

, and a few other bands typical of SP at 1227 cm
-1

 and 

1650 cm
-1

 (Figure 7.4a (i)).  

Two cycles of the cyclic voltammetry were performed in dichloromethane (0.1 M 

TBAPF6) (Figure 7.4b). In the first sweep, a maximum positive potential was set at 1.1 V 

(1) and in the second it was at 1.3 V (2). The first cycle shows only partial oxidation of the 

SAM while the second cycle shows complete oxidation of the SAM, as can be seen from 

the residual spiropyran oxidation wave at 1.05 V, which follows the two oxidation waves at 
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0.75 and 0.92 V of the dimer. This allowed the progressive formation of the dimer product 

to be monitored by SERS spectroscopy (Figure 7.4a).  

  

Figure 7.4 (a) Cyclic voltammograms of a SAM of 3 on a roughened Au bead acquired over a narrow (1) and 

wider potential window (2) measured in dichloromethane (0.1 M TBAPF6). (b) SERS spectra of a SAM of 3 on a 

roughened Au bead measured initially (i), after conversion to dimer (iv) and (v), and after reduction at 0.8 V (iii) 
Spectrum (iii) was scaled 1/300 times for comparison. 

The SERS spectrum of the SAM after cyclic voltammetry (cycle 1) is presented in 

Figure 7.4a (iv). After the redox cycle the spectrum of the SAM is similar to that of the 

initial spectrum, but with one new band at 1608 cm
-1

.  

A second cycle to a higher overpotential resulted in an increase in the band at 1608 

cm
-1

 only, while other bands of the original SP remained unaffected (Figure 7.4b (v)). In 

addition, bands, which can be attributed to formation of the merocyanine form after 

oxidation, such as a strong C-O stretching band at 1197 cm
-1

, were not observed [see 

Chapter 5].  The increase in the aromatic ring stretching band at 1608 cm
-1

 is consistent 

with the ATR FTIR spectrum of the neutral spiropyran dimers formed in solution after bulk 

electrolysis of 1 and was assigned to a C=C vibration of the coupled aromatic rings of the 

indoline moieties of the dimer 2. 

The cyclic voltammogram was paused after the first reduction wave, at 0.8 V (Figure 

7.4a (iii)) to form the intermediate oxidation state of the SAM and the SERS spectrum was 

compared with the solution Raman spectrum of the radical cation dimer (2
+·

). The ring 

vibration at 1608 cm
-1

 and a broad band at ca. 1340 cm
-1 

are similar to the Raman spectrum 

of radical cation dimers of TMB observed in solution [24,25] (Figure 7.4a (iii)). Notably 

the absolute intensity of the spectrum was much higher than the intensity of (iv) or (v), due 

to the excitation at 785 nm being resonant with an intense absorption of 2
+·

 in the NIR 

region (see UV/Vis absorption spectrum in Figure 6.2, Chapter 6). A spectrum of the SAM 

measured after partial oxidation at 0.8 V was identical to the spectrum (iii), supporting that 

reformation of the radical cation intermediate on the 2
nd

 oxidation sweep in positive 

direction occurs. 
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The reproducibility in obtaining the neutral dimer and monocationic states was verified 

by generating each of these states in the SAM through five consecutive voltammetric cycles 

with no evidence of degradation. 

UV/Vis absorption spectroelectrochemistry of a SAM on semitransparent 

Au/glass 

UV/Vis absorption spectroscopy was carried out in situ to observe changes in the 

absorption spectrum of the SAM 3-Au (18 nm Au/glass) upon oxidation. Initially the 

monolayer was formed in the neutral spiropyran form and did not absorb in the visible 

region (Figure 7.5a). As was shown for the oxidation of dimer 2 in solution (Figure 7.5a 

upper panel), the monocation and dication have distinct absorption bands in the visible 

range between 400-600 nm, namely a band at 516 nm for 2
2+

 and a band centred at 478 nm 

for 2
+·

. Oxidation of the SAM of 3-Au was achieved electrochemically by sweeping the 

potential until complete oxidation and holding at 1.0 and 0.85 V for acquisition of the 

spectra of the dication and monocation, respectively (Figure 7.5b). The spectrum obtained 

upon holding the potential at 1.0 V shows a band at 516 nm, while at 0.85 V it shows a 

band at 478 nm and shoulders at longer and shorter wavelength. These results are in a good 

agreement with spectra obtained for 2
2+

 and 2
+· 

in solution. Sweeping towards negative 

potentials shows the expected reduction waves and restores the SAM to the neutral dimer 

form as evidenced by the absence of absorption in the visible range. Remarkably, holding 

the potential at 1.0 V for spectral acquisition for at least 10 min does not result in 

degradation, desorption or a decrease in the SAM’s electrochemical response and the cycle 

can be repeated several times.   

  

Figure 7.5 (a) Comparison of UV/Vis absorption spectroelectrochemistry of the monocation dimer 2+·, the 

dication dimer 2++ and the neutral dimer of 2 obtained in acetonitrile with 0.1 M NaClO4 (upper panel) and of 

spiropyran 3-Au, the monocation dimer 4+·-Au, the dication dimer 4++-Au and the neutral dimer of 4-Au obtained 

in dichloromethane with 0.1 M TBAPF6 (lower panel). (b) Corresponding cyclic voltammograms of 4-Au, which 

were held at 1.0 and 0.85 V to obtain the dication and monocation dimer states in the SAMs, respectively. 
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X-ray photoelectron spectra of SAM on Au/mica 

X-ray photoelectron spectroscopy on SAMs of 3 on Au/mica provided information on 

the composition of the SAMs, and the changes observed in the oxidation state of the 

indoline nitrogen of 3 through the redox cycle. XPS data obtained for the SAM of 3 after 

cyclic voltammetry in acetonitrile or dichloromethane with TBAPF6 features contributions 

of solvent or tetrabutylammonium
+
 in the N 1s XPS spectrum, therefore a nitrogen free 

solvent and supporting electrolyte – EtOH with 0.1 M NaClO4 were used. The CV obtained 

in EtOH/NaClO4 (Figure 7.6) is similar to that measured in CH3CN/TBAPF6. 

 

Figure 7.6 Cyclic voltammogram of SAM 3-Au/mica measured in ethanol (0.1 M NaClO4) at a scan rate 0.2 Vs-1. 

A second cycle was used to form monocation state 4·+-Au/mica and was stopped at 0.8 V. 

In the S 2p region only one doublet was observed at a binding energy (BE) of 161.9 eV 

(4.7 at %) and assigned to the chemisorbed disulfide-Au bonding (see Figure 5.6 in Chapter 

5]. In the N 1s core level region peaks corresponding to indolinic nitrogen and the nitrogen 

of nitrobenzopyran were observed at 399.4 eV and 405.9 eV BE, respectively (Figure 7.7a). 

The amount of nitrogen in the SAM was 5.5 at%, in agreement with the theoretical value of 

5.4 at% expected based on the stoichiometry of spiropyran 3. There was no evidence for a 

N
+
 peak at 400.5-401 eV, which excludes the presence of the ring-open merocyanine form.  

From UV/Vis absorption and SERS spectra of SAMs 3 on Au, one can conclude that 

upon oxidation a symmetrical dimer 4-Au forms irreversibly, which shows reversible 

oxidation to the monocationic and dicationic states (Figure 7.4, Figure 7.5). To confirm the 

formation of the charged species and to observe where the charges are localized, 4
+·

-Au and 

4
++

-Au were studied by XPS. 

In Figure 7.7, middle panel, a N 1s core level spectrum of a SAM 4-Au, which was 

oxidized at 0.8 V shows that partial oxidation results in a broadening of the indoline peak at 

399.4 eV. The broader peak can be fitted with two equal components at 399.0 and 

399.8 eV, and assigned to the electron-rich indoline nitrogen and electron-poor indoline 

nitrogen respectively of the two halves of spiropyran dimer. From the binding energy of the 

electron-rich nitrogen (399 eV), it can be deduced that in the radical half of the dimer the 
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electron density is located in proximity to the nitrogen, while in the cationic half of the 

dimer the nitrogen has a partial positive charge. The formation of the two tautomers in the 

radical cation 2
+·

 is therefore occuring upon partial oxidation to the monocationic state. The 

first option is 2
+·

A (Scheme 7.2), in which the unpaired electron is delocalized between the 

two indoline moieties of the dimer due to extended conjugation. In the second, 2
+·

B, the 

electron is localized in one moiety of the dimer with respectful positive charge on it. The 

observation of two separated contributions in the indoline nitrogen peak, representing the 

electron rich and the electron deficient indoline nitrogen atoms, favours the tautomer 2
+·

B, 

in which the two nitrogens can be distinguished. This suggests that NIR absorption band of 

the radical cation (Figure 6.2, Chapter 6) may be due to optical electron transfer transitions 

[26]. This hypothesis seems more likely to be probable for the SAM, where dynamics of 

intra- and intermolecular interactions is slower than in solution. 

 

Scheme 7.2 Two representative of the radical cation of 2: 2+·A with a delocalized charge distribution and 2+·B, in 

which positive charge is localized on one indoline moiety.  

 The presence of Na
+
 and ClO4

-
 counterions in the SAM is evident from the Na 1s core 

level line at 1072 eV and the Cl 2p doublet at 208 eV in the XPS spectra shown in Figure 

7.7b. The quantitative analysis of the photoemission intensities indicates that the quantities 

of counterions correspond stoichiometrically to Na
+
/SP = 1/(2.6±0.6) and ClO4

-
/SP = 

1/(1.8±0.1). To compensate the positive charge at the cationic moiety with ClO4
-
 and a 

negative charge at the other part of the dimer with Na
+
,  a ratio of NaClO4/SP=1/2 is 

theoretically expected. The mismatch between the expected and observed values and some 

fluctuation of the counterions distributions in the monolayer is attributed to the nature of 

the radical cation state as intermediate between neutral and dication and to the small 

potential window where it exists as dominant species (0.8 ±0.05 V).  
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Figure 7.7 (a) XPS spectra of the N 1s core level region of SAM 3-Au/mica (top panel), SAM 4+·-Au/mica 

(middle panel) and SAM 4++ (bottom panel), obtained after electrochemical oxidation by pausing the potential at 

0.85 V (Figure 7.6) and 1 V as in Figure 7.5b. (b) XPS spectra of N 1s and Cl 2p core level regions of SAM 3-
Au/mica (top panel), SAM 4+·-Au/mica (middle pannel) and SAM 4++ (bottom panel). 

After complete oxidation of the SAM at 1.0 V a symmetric dicationic dimer is formed. 

As a consequence of the absence of the neutral indoline contribution to the N 1s XPS 

spectrum (Figure 7.7a, bottom panel) the indoline nitrogen peak narrowed, and could be fit 

with a single component at 399.8 eV BE, which is in agreement with a partially charged N. 

In addition a new component at 402.3 eV is observed, indicating that 24% of the indoline 

nitrogen species have larger positive partial charge. The observation of a positively charged 

indoline nitrogen is confirmed by the presence of counterions. Complete oxidation to the 

dication 4
2+

 state results in a substantial increase of the Cl 2p and concomitant decrease of 

the Na
 
1s

 
photoemission intensities, as shown in Figure 7.7b. These changes translate into 

the SAM with stoichiometric ratios of SP/Cl = 1.0±0.05 and SP/Na=5.3±0.5. Notably, 

sweeping to higher potentials (>1 V) to obtain the dicationic dimer 4
++

 results in the 

appearance of an additional component to the Cl 2p XPS core level region at 198 eV, 

corresponding to Cl in a lower oxidation state, attributed tentatively to AuCl2. Therefore, 

the observation of positive charge on the N atoms and of a stoichiometric amount of 

counterions confirms the formation of the dicationic state in the SAM of the spiropyran on 

gold. 

Reduction of the SAM to its neutral state results in a N 1s spectrum identical to the 

initial spectrum (Figure 7.7 and Figure 7.8a, top panels), as expected, because of the 

equivalent chemical environment of the nitrogen in the spiropyran dimer and monomer.  

Photochromism of dimers in SAMs  

The photochromism expected for spiropyrans was observed in solution for both 

monomer of spiropyran 1 and the corresponding dimer 2, as well as for SAMs of 3 on gold 

by UV/Vis absorption, Raman and XPS spectroscopy [See chapters 5,6]. A SAM of 3-Au 
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was oxidized electrochemically to obtain a SAM of dimer 4 and subsequently irradiated 

with UV light to assess whether or not if the photochromism of 3 is retained after its 

electrochemical dimerization in the SAM.  

As shown in Figure 7.8, irradiation of a SAM 4(SP)-Au with UV light resulted in 

changes in the N 1s region of the XPS spectrum, namely the contribution of neutral 

indoline nitrogen at 399.4 eV BE decreased and a new component appeared at 401.0 eV 

BE. Quantitative analysis indicates that the latter is present in ca. 31% of the molecules 

constituting the SAM. The new peak is in agreement with literature data for the N
+
 nitrogen 

of the ring-open merocyanine form [see Chapter 5]. This conversion yield for the 

photochromic reaction in the SAM of 4 is consistent with previous results obtained with a 

SAM of 3 [see Chapter 5]. Irradiation with UV light results in changes to the vibrational 

spectrum of the SAM of spiropyran monomer 3-Au on a roughened bead [see Figure 5.13 

in Chapter 5]. The SERS spectrum recorded after electrochemical oxidation and hence 

dimerization to 4-Au consists of characteristic bands of the SP dimer – a symmetric nitro 

stretch at 1336 cm
-1

 and a C=C-C=C indoline vibration at 1608 cm
-1

 (Figure 7.8b).  

Exposure to UV light results in the appearance of features typical of the MC form, namely 

the C-O stretching band at 1198 cm
-1

 and the aromatic modes at ca. 1400-1600 cm
-1

, and in 

the absence of characteristic spiropyran bands at 1336 cm
-1

, 1227 cm
-1

 and 1650 cm
-1

, while 

the persistence of the dimer aromatic band at 1608 cm
-1

 confirms the stability of the dimer 

under exposure to UV light.  

  

Figure 7.8 Photochromic response of dimers observed in a SAM 4-Au/mica (a) and a SAM 4-Au roughened bead 
(b). Irradiation of a SAM 4-Au/mica at 365 nm results in the XPS spectra of the N 1s core level region (a) in a 

decrease of the indoline nitrogen component at 399.4 eV binding energy, corresponding to the SP form and a 

concomitant increase in the indoline nitrogen component at 401 eV, assigned to the MC form. Irradiation of a 
SAM of 4 on a roughened Au bead with UV light results in the SERS spectra (b) with decreased characteristic SP 

dimer bands and concomitant appearance of MC dimer bands. 

                                                           
 Note that some MC features are also observed due to unavoidable photochromic switching induced by two 

photon absorption of NIR light by SP analogous to that described in Chapter 5.  
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The observation of SP→MC photochromism in the electrochemically formed dimers in 

the SAM on gold holds important consequence for the applicability of spiropyrans, as the 

MC form can be equally effectively obtained for both the monomer or dimer form.  

Electrochemistry of the MC form in a SAM on Au 

Although the focus of this study has been on the electrochemistry of the spiropyran 

SAMs, the electrochemical behaviour of monomeric merocyanine in the SAM on Au 

(3(MC)-Au) was studied to explore whether the open MC structure can undergo 

dimerization and to identify possible products of the oxidation of a SAM after irradiation 

with UV light (Scheme 7.3).  

 

Scheme 7.3 Photochemical ring-opening of the SP form 3(SP)-Au to the MC form 3(MC)-Au induced by UV light 
and electrochemical oxidation of the obtained MC monomer. 

The current density for the initial oxidation of 3(SP)-Au was 20 ± 0.5 A/cm
2
 and the 

charge density related to oxidation – 8 ± 0.2 C/cm
2
. The first cycle of the cyclic 

voltammogram of the SAM after irradiation at 365 nm (3(MC)-Au in Scheme 7.3), shown 

in Figure 7.9, points to two differences with respect to the pristine SAM: a substantial, but 

incomplete (due to incomplete photochromic conversion SP→MC) decrease in the current 

density of the oxidation at 1.0 V and the appearance of a shoulder at 0.95 V, tentatively 

attributed to the oxidation of the MC form. Quantitatively, the current density decreased to 

5 ± 0.2 A/cm
2
 (4 times less) with an associated charge density of 3.5 ± 0.2

 
C/cm

2
. 

Similarly the current density of the dimer redox waves at 0.75 and 0.87 V decreased. The 

decrease in the current density of the redox waves overall is attributed to the lower yield of 

dimerization in the ring-open planar MC structure. After the redox cycle it is likely that the 

spiropyran molecules, which were previously not subject to photochromic conversion have 

dimerized, as seen before, to give 4(SP)-Au, however the product of oxidation of MC 

remains unclear. The proximity of the oxidation potentials of the SP and MC forms was 

reported previously by Zhi et al. [16], who did not observe differences in the 

electrochemistry in solution of spiropyran before and after UV irradiation.  
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Figure 7.9 (a) Cyclic voltammogram of SAM 3-Au/mica in spiropyran form (red line) and another pristine SAM 

after irradiation with UV light (black line) in dichloromethane (0.1 M TBAPF6). A decrease in the spiropyran 

oxidation wave and increase in pre-peak at 0.95 V are indicated with arrows. (b) SERS spectrum of 3(SP) 
spiropyran SAM on a roughened Au bead initially, after irradiation at 365 nm to form 3(MC) and after oxidation 

cycle (4(MC)).  

A self-assembled monolayer of spiropyran 3 on a roughened Au bead was irradiated at 

365 nm to obtain the merocyanine form 3(MC) and studied by SERS after electrochemical 

oxidation. As shown in Figure 7.9b, substantial changes in the vibrational spectra are 

observed after oxidation and reduction. Initially the monolayer is composed of the SP form, 

manifested in the SERS spectrum in a strong nitro stretch at 1337 cm
-1

 (top spectrum), 

which decreases substantially after irradiation with UV light (middle spectrum). An intense 

C-O stretching band at 1197 cm
-1

 and aromatic bands at 1400-1600 cm
-1

 confirm the 

formation of the MC form. The spectrum measured after oxidation (bottom spectrum) 

shows remarkably similar features to that of the MC form, but the band at 1593 cm
-1

 

appears to shift to 1597 cm
-1

. The observation that the indoline aromatic ring band shifts to 

higher wavenumbers in the MC form after oxidation is similar to the situation observed for 

the SP form, where the aromatic indoline SP band appears at higher wavenumber (1613 cm
-

1
) (see ATR FTIR spectra presented in Figure 6.4 in Chapter 6).  

The cyclic voltammogram and the SERS spectrum of SAM 3(MC) after oxidation 

suggest that oxidation of the MC form may result in a similar dimerization, as for the SP 

form.  However, we can exclude that the same 4(SP)-Au or 4(MC)-Au conformers are 

formed (see Scheme 7.3) because the electrochemistry of the obtained product is not 

consistent with 4(SP)-Au and thermal recovery or irradiation with visible light of the MC 

SAM after oxidation does not restore the redox behaviour of the spiropyran, pointing at an 

irreversible change in the MC form to another species upon oxidation. 

Electrochemistry of MC dimers SAMs on Au 

As was shown in Figure 7.3, the CV of 4-Au features two reversible one-electron 

oxidations to form a dication 4
++ 

with a radical cation intermediate 4
+·

. Irradiation of the 
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neutral dimer results in ring-opening either only in one half of the dimer, giving rise to a 

species 4(SP-MC)-Au or in both halves resulting in 4(MC-MC)-Au) as sketched in Scheme 

7.4.  

The CV of a SAM 3(SP)-Au/mica was carried out to form a SAM of 4(SP)-Au, which 

was then irradiated with UV light (365 nm) to obtain dimers with the MC structure, i.e. 

4(SP-MC)-Au and 4(MC-MC)-Au. The CV was then performed on the SAM obtained to 

observe whether it undergoes similar irreversible oxidation as the monomer SAM 3(MC)-

Au. 

The cyclic voltammogram obtained after irradiation with UV light (Figure 7.10) shows 

substantially weaker reversible redox waves with an overall charge density of 3 ± 0.1 

C/cm
2
 for the dimer peaks, which is less than half of the initial value of 7.3 ± 0.1 C/cm

2
, 

measured before irradiation. In comparison, the CV of the SAM of monomer 3-Au after 

irradiation with UV light and oxidation shows an even lower current density of the dimer 

oxidation waves – 0.5 ± 0.1 C/cm
2
. This demonstrates that both sequences of the stimuli 

a) first irradiation and then oxidation or b) first oxidation and then irradiation give 

electrochemically similar results – a decrease in the oxidative response of the dimers.  

 

Scheme 7.4 Possible photochromic products - 4(SP-MC)-Au and 4(MC-MC)-Au obtained upon exposure of a 

dimer SAM 4(SP)-Au to UV light.  
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Figure 7.10 Cyclic voltammogram of dimer SAM 4-Au/mica, formed after initial oxidation cycle on SAM 3-

Au/mica (Figure 7.9a), before (black line) and after irradiation at 365 nm (red line). A cyclic voltammogram of a 
SAM 3-Au after irradiation with UV light and a subsequent oxidation cycle is shown for comparison. 

 

The most interesting result regarding the oxidation of spiropyrans in solution, namely 

the aryl C-C coupling to form a symmetric dimer in the ring-closed SP form and its 

photochromic conversion to the ring-open MC form was reproduced in the self-assembled 

monolayers on gold. Therefore, considering exclusively a combination of photo- and 

electrochemical stimuli, the following switching can be realized in the SAM 3-Au (Scheme 

7.5): (a) photochromism of monomeric SP 3(SP)-Au↔3(MC)-Au [discussed in Chapter 5]; 

(b) irreversible oxidation of spiropyran to form double protonated symmetric dimer 

H24(SP)-Au, which spontaneously releases two protons resulting in 4(SP)-Au; (c) 

reversible electrochemical oxidation of the dimer 4(SP)-Au to the dicationic state 4
++

(SP)-

Au via a monocationic intermediate 4
+·

(SP)-Au; (d) reversible photochromism of dimer 

4(SP-SP)-Au↔4(SP-MC)-Au↔4(MC-MC)-Au; (e) irreversible oxidation of the ring-open 

monomeric MC form 3(MC)-Au and (f) oxidation of the corresponding dimers of the MC 

form 4(SP-MC)-Au and 4(MC-MC)-Au.  

This opens possibilities for potential applications of spiropyrans in dual responsive 

(monolayer) materials, molecular logic or memory. Reversible photochromism allows for 

temporal storage of the information, when the spiropyran is either in the monomeric or the 

dimeric form; irreversible oxidation leads to a new, permanent dimer state with reversible 

electrochemistry and photochemistry.  

To complete the exploration of the full functionality of spiropyran monolayers, 

additional studies are on-going concerning the reduction of a SAM, the influence of the pH 

on the formation of the dimer and the complementary spectroscopic identification of the 

oxidation product of the MC form. 
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Scheme 7.5 Summary of the photoelectrochemical switching in a spiropyran SAM on gold. (a) Photochromism of 

monomer 3(SP)-Au↔3(MC)-Au; (b) irreversible oxidation of spiropyran to form a doubly protonated symmetric 
dimer, H24(SP)-Au, which spontaneously releases two protons resulting in 4(SP)-Au (see also Figure 7.1b for 

dimerization in solution); (c) reversible electrochemical oxidation of the dimer 4(SP)-Au to form the dicationic 

state 4++(SP)-Au with a monocationic intermediate 4+·(SP)-Au; (d) reversible photochromism of the dimer 4(SP-
SP)-Au↔4(SP-MC)-Au↔4(MC-MC)-Au; (e) Irreversible oxidation of the ring open monomeric MC form 

3(MC)-Au and (f) oxidation of the corresponding dimers of the MC form 4(SP-MC)-Au and 4(MC-MC)-Au. 

 

Self-assembled monolayers of spiropyran were prepared on polycrystalline Au surfaces 

and studied spectroelectrochemically. The main question was whether oxidative 

dimerization of the spiropyran occurs in a SAM in the same way as in solution, or whether 

steric interactions and lack of surface mobility allow for the observation of a reversible 

electrochemistry.  

The cyclic voltammetry and surface enhanced Raman scattering spectra provided direct 

evidence of the similarity of the oxidative dimerization in a solution and in SAMs, where 

irreversible oxidation of spiropyran results in a C-C coupling to form a symmetric dimer, 

which itself shows reversible electrochemistry. The surface coverage of (6 ± 1)*10
-11

 

mol/cm
2
 and an area per molecule in the SAM of 3.3 nm

2 
point to a certain degree of 

freedom and flexibility in the SAM. At the same time, the distance between the spiropyrans 

allows for efficient chemical reaction between neighbouring molecules such that monomers 
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no longer remain on the surface after the first oxidation cycle. It may be possible to tune the 

reactivity of the monomer in the SAM by selecting different linkers, with which a higher 

surface coverage can be obtained. 

In the XPS spectra a reversible change in the oxidation state of the nitrogen as well as 

uptake and release of counterions upon oxidation to the monocationic and dicationic states 

was observed. The stability of the higher oxidation states in a SAM in ultrahigh vacuum for 

several hours emphasizes the robustness of the SAM towards redox switching. 

The direct observation of spiropyran bands in the SERS spectra of the neutral or the 

monocationic dimer provides support that the product of the oxidation is spiropyran in the 

ring-closed form and eliminates ambiguities present in the earlier literature.  

Another important functionality of the spiropyran observed in solution – the 

photochromism of the spiropyran dimers was also reproduced in the SAM, giving rise to 

reversible formation of the merocyanine features in a dimer form, as manifested in both 

XPS and SERS spectra. This dual responsive behaviour provides an important potential for 

application in molecular electronics and in “smart” monolayer surfaces. 

 

 

For comparison of the electrochemical data – current and charge densities of a pristine 

and irradiated SAM of 3-Au a functionalized Au slide after monolayer formation was 

divided into two halves. One half was studied electrochemically as prepared, while the 

other was exposed to UV light prior to cyclic voltammetry. This ensured equal surface 

coverage for the proper comparison of CVs of pristine and irradiated SAMs.  

 

The synthesis and NMR characterization of the monomer compounds 1 and 3 were 

performed by J. T. van Herpt. Details for synthetic procedures can be found in his PhD 

thesis or in the literature [20]. 
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Functional surfaces are surfaces that can change their properties in response to specific 

external stimuli such as light, electrical/redox potential and heat, etc. The response of the 

surface is obtained by using the monolayers of sensitive molecules (molecular switches) 

immobilized on the substrates. External stimuli trigger reactions in these compounds 

manifested in a rotation, isomerization and/or bond breaking-formation, depending on the 

type of compound. This can be seen macroscopically in changes to surface properties such 

as light absorption, fluorescence, conductivity, wetting and adhesion. In this dissertation 

attention is focused on molecular materials that can be addressed with two distinct types of 

stimuli – light and electrochemical potential.  

Molecular behaviour is normally studied in solution initially to identify functionality, 

where the environmental effects such as intermolecular and molecule-substrate interactions 

play a minor role. Once the molecular switching in solution is understood, the next step is 

to immobilize the switch on a metallic substrate as a single molecular layer and to verify 

that such a monolayer is formed.  

Understanding molecular function in monolayers on surfaces is essential for applying 

molecular switches in molecular electronic devices. Therefore, one of the main goals is to 

study the functionality of a molecular monolayer on a surface, where the molecules are in a 

densely packed environment and in proximity to the metallic substrate. Comparison of the 

molecular behaviour in solution and in a monolayer allows us to understand whether or not 

the switching function is affected by immobilization on a surface and by interactions with 

neighbouring molecules.  

The state of the art of functional dual responsive (light and redox switchable) 

compounds is presented in chapter 1. The electrochemical data on photochromic switches 

in solution and in monolayers shows how several classes of compounds – stilbenes, 

azobenzenes, dithienylethenes, rotaxanes, spiropyrans and bis-thiaxanthylidenes – can be 

used to develop smart advanced functional surfaces. The overview presented summarizes 

what has been achieved to date, and what questions remain to be answered; it therefore 

presents a motivation for several projects that form the basis of this dissertation. Most 

notably for several types of molecular switches – stilbenes, azobenzenes, dithienylethenes, 

bis-thiaxanthylidenes and spiropyrans - a redox cycle starting from form A can result in 

switching to form B, as is achieved by excitation with light. The subsequent chapters of this 

dissertation show how dual photo- and redox- active bis-thiaxanthylidene and spiropyran 

can be used to develop functional smart surfaces.  

 In particular – a bis-thiaxanthylidene, presented in chapter 3, was characterized in 

solution and has been used in several monolayer applications, however the electrochemistry 

of the switch in monolayers was not studied in detail before. In brief, four conformational 

and redox states are accessible in the bis-thiaxanthylidene with light and redox stimuli. One 

of the conformational states – a twisted state (C) is thermally unstable in solution due to 
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rapid thermal isomerization to the syn-folded (B) and subsequently to the ground anti-

folded state (A). Immobilization as monolayers on gold and indium tin oxide (ITO) allowed 

this twisted state to be observed by cyclic voltammetry. On the other hand, the utilization of 

a redox potential to switch a surface between the neutral (A) and the dicationic (2+) state 

allowed the hydrophobicity of the surface to be changed reversibly (more than 30° change 

in water contact angle). The reversible oxidation to the dicationic state was also confirmed 

with several spectroelectrochemical techniques that provide means of readout of the 

monolayer’s state for molecular memory applications. 

A wide range of techniques are available to study molecular materials. One of them, X-

ray photoelectron spectroscopy (XPS) provides information about the oxidation states of 

the atoms in switchable molecules and affords an estimate of the stoichiometry and 

thickness of a layer on a substrate. However, how can one be sure that the measured state of 

the molecular film is not affected by the experimental techniques used to obtain the 

information? The phenomenon of degradation of monolayers under exposure to X-rays has 

been demonstrated already several decades ago and is mainly related to the oxidation of the 

thiolate linker, cleavage of carbon-carbon bonds or desorption from the surface. In chapter 

4 the rapid reduction of nitroaromatic groups on bulk roughened gold substrates is 

described. The reduction process NO2→NO→NOH→NH2 was studied spectroscopically. 

The reduction can be understood considering the origin of the X-ray damage in alkane 

thiols – photoelectrons, secondary and inelastically scattered electrons from the metallic 

(Au, Ag, etc.) substrate travel through the molecular film and interact with S and C atoms 

leading to oxidation, bond breaking and desorption. Similar processes occur in the case of 

nitroaromatic monolayers – electrons interact with NO2 groups and in the presence of 

protons in the ultra-high vacuum chamber reduce nitrogen to lower oxidation states. 

Polymerization was reported to accompany this process; however the precise assignment 

based on spectroscopic data of the polymer obtained was not possible. The utilization of 

substrates such as roughened thin films of gold for monolayer formation allowed for the 

study of nitroaromatic monolayers and related compounds such as spiropyrans non-

destructively.  

The photochromism of spiropyran-based molecular switches has been known for more 

than 60 years. Irradiation of spiropyrans with ultraviolet light in solution induces breaking 

of the central C-O bond of the ring closed spiropyran (SP) and isomerization to the ring-

open merocyanine form (MC). It is used in numerous applications ranging from polymeric 

membranes, drugs and sensors to carbon nanotubes and graphene with photo-controlled 

properties. To verify whether or not the photochemical switching of spiropyran can occur in 

a monolayer on gold, the photochromism of self-assembled monolayers (SAM) of 

spiropyran with a disulfide linker on gold was studied and is reported in chapter 5. The 

application of multiple spectroscopic techniques to the monolayer formed on gold leads to 

the conclusion that the initial state of the monolayer is in a spiropyran ring-closed form. 

The switching to the merocyanine form on the surface with UV light was manifested in 
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changes in vibrational and electronic properties. Additionally it was possible to drive ring-

opening to the MC form with near infrared light in the monolayer. The latter observation 

has been reported previously for polymers and in solution and is attributed to two-photon 

absorption by the spiropyrans. Indeed a combination of high cross-section towards the two-

photon absorption and a sufficiently intense light source result in near-IR driven switching 

spiropyran SAMs on gold.  

The processes that occur in spiropyrans upon electrochemical oxidation were addressed 

significantly later in the literature and have received less attention than their 

photochemistry. It was suggested that the ring-open MC form can be obtained from the 

ring-closed spiropyran form either photochemically or as a result of electrochemical 

reduction and oxidation. Irreversible oxidation was thus rationalized by ring-opening and 

possible dimerization (MC-MC). To establish if the ring opening and dimerization occur 

upon oxidation of spiropyrans in solution, the oxidation product X was prepared 

electrochemically on a larger scale and studied spectroscopically. NMR spectroscopy and 

mass spectrometry of the electrochemically generated X pointed to dimerization of the ring-

closed spiropyran form (SP-SP) at the para- position in the indoline moiety, which is in 

striking contrast to the MC-MC formation proposed in the literature. Additionally, the 

dimer obtained showed reversible ring-opening to the MC form upon irradiation with UV 

light to give MC-MC (and possibly SP-MC), as for the monomer. The established 

mechanism of dimerization was supported by showing that if the active para- position in 

the indoline aromatic ring is blocked by a methyl group, electrochemical oxidation of the 

spiropyran becomes reversible. 

Monolayers of spiropyran on gold were studied spectroelectrochemically to verify if 

the dimerization observed in solution occurs also in the SAMs formed on gold. The 

comparison of electrochemical data in solution and in SAMs showed that oxidation of the 

spiropyran is fully irreversible with complete formation of the product on the first oxidation 

cycle. Based on data obtained for the oxidation of SP in solution, spectroscopic data 

confirmed the formation of dimers. Given that reversible two-electron oxidation of a dimer 

in a monolayer occurred at lower potentials than those observed for a monomer, the 

electrochemical sweep to a lower potentials (0.8 V) can be used to read out the state of the 

spiropyran (monomer/dimer) and an electrochemical sweep to higher potentials (>1V) can 

be used as 2SP→SP-SP writing functionality. Monocationic and dicationic states can be 

probed spectroscopically since both have different vibrational and electronic properties. 

Remarkably, the dimerization on the surface does not block the photochromic functionality 

of spiropyrans, as was observed in solution and in monolayers of the monomer by XPS and 

Raman spectroscopies. Therefore, a device with a photo- and redox-active “write” and 

electrochemical and spectroscopic “read” functions can be developed. 
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Functionele oppervlakken zijn oppervlakken waarvan de eigenschappen kunnen 

veranderen door specifieke externe stimuli zoals licht, elektrische redoxpotentiaal, warmte, 

etc. De respons van het oppervlak op deze stimuli wordt verkregen door het aanbrengen van 

monolagen van gevoelige moleculen (moleculaire schakelaars) op substraten, zodat ze 

geïmmobiliseerd zijn. Reacties van deze moleculen worden door externe stimuli 

aangedreven en resulteren in een rotatie, isomerisatie en/of het breken en formeren van een 

chemische binding, afhankelijk van het type molecuul. Macroscopisch wordt dit 

waargenomen door veranderingen in eigenschappen van het oppervlak zoals lichtabsorptie, 

fluorescentie, geleiding, bevochtiging en adhesie. In dit proefschrift ligt de nadruk op 

moleculaire materialen die reageren op twee specifieke soorten stimuli: licht en 

elektrochemische potentiaal. 

Moleculair gedrag wordt in het algemeen eerst bestudeerd in oplossing om de 

functionaliteit van het molecuul te bevestigen waarbij omgevingseffecten zoals 

intermoleculaire interacties en interacties tussen het molecuul en het substraat een rol 

spelen. Zodra het moleculair schakelen in oplossing is begrepen, is de volgende stap het 

immobiliseren van de schakelaar op een metallisch substraat in de vorm van een één 

molecuul dikke laag en vast te stellen dat er ook daadwerkelijk zo`n monolaag is gevormd. 

Begrip van de moleculaire functies in monolagen op oppervlakken is essentieel om 

moleculaire schakelaars te gebruiken voor moleculaire elektronische toepassingen. Daarom 

is een van de centrale doelen het bestuderen van de functionaliteit van een moleculaire 

monolaag op een oppervlak, waar de moleculen in een dicht gepakte omgeving zijn en in de 

nabijheid van een metallisch substraat. Vergelijking van het moleculair gedrag in oplossing 

en in een monolaag maakt dat we kunnen begrijpen of de schakelfunctie van het molecuul 

verandert door immobilisatie op een oppervlak en door de interactie met de naastgelegen 

moleculen. 

In het eerste hoofdstuk van dit proefschrift worden de historie en laatste onwikkelingen 

beschreven van moleculen die functioneel reageren op zowel licht als een redox-potentiaal. 

Elektrochemische metingen aan fotochrome schakelaars in oplossing en in monolagen laten 

zien hoe verschillende klassen moleculen – stilbenes, azobenzenes, dithienylethenes, 

rotaxanes, spiropyrans en bis-thiaxanthylidenes – kunnen worden gebruikt om 

geavanceerde functionele oppervlakken te maken. Het overzicht in dit hoofdstuk vat samen 

wat er tot nu toe bereikt is en welke vragen nog open liggen; daarmee geeft het een 

motivatie voor de verschillende projecten die de basis vormen van dit proefschrift. Het 

meest opvallende aan verschillende typen moleculaire schakelaars – stilbenes, azobenzenes, 

dithienylethenes, bis-thiaxanthylidenes en spiropyrans – is een redox-kringloop die begint 

bij vorm A en kan resulteren in het schakelen naar vorm B, hetgeen wordt bereikt door 
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excitatie met licht. De volgende hoofdstukken van dit proefschrift laten zien hoe duale 

licht- en redox-actieve bis-thiaxanthylidene en spiropyran kunnen worden gebruikt om 

functionele oppervlakken te ontwikkelen. 

In hoofdstuk 3 wordt een bis-thiaxanthylidene besproken dat reeds is gekarakteriseerd 

in oplossing en waarvan de monolaag al wordt gebruikt in verschillende toepassingen, maar 

waarvan de elektrochemie van de schakelaar in monolagen hiervoor nog niet in detail was 

bestudeerd. In het kort zijn er vier conformationele en redox-toestanden van dit bis-

thiaxanthylidene bereikbaar met licht en redox-stimuli. Een van de conformationele 

toestanden – een gedraaide toestand (C) is in oplossing thermisch instabiel door de snelle 

thermische isomerisatie naar de syn-gevouwen toestand (B) en dan naar de anti-gevouwen 

grondtoestand (A). Immobilisatie in een monolaag op goud en indiumtinoxide (ITO) 

maakte het mogelijk deze gedraaide toestand te bestuderen met cyclische voltammetrie. 

Verder werd het door het gebruik van een redoxpotentiaal om een oppervlak te schakelen 

tussen de neutrale (A) toestand en de di-kationische toestand (2+) mogelijk de hydrofilie 

van het oppervlak reversibel te veranderen (meer dan 30° verschil in de contacthoek van 

water). De reversibele oxidatie naar de di-kationische toestand is ook bevestigd met 

verschillende spectro-elektrochemische technieken waarmee het mogelijk is om de toestand 

van de monolaag uit te lezen voor toepassingen met moleculaire geheugens. 

Er zijn allerlei technieken beschikbaar om moleculaire materialen te bestuderen. Een 

ervan, röntgen foto-elektronen spectroscopie (X-ray photoelectron spectroscopy, XPS) 

geeft informatie over de oxidatietoestanden van de verschillende atomen in schakelbare 

moleculen en maakt het mogelijk om de stoichiometrie en dikte van een laag op een 

oppervlak te bepalen. Maar hoe kan men er zeker van zijn dat de gemeten toestand van een 

moleculaire laag niet wordt beïnvloed door de experimentele techniek waarmee deze 

informatie is verkregen? Het fenomeen van degradatie van monolagen door blootstelling 

aan röntgenstraling is al een aantal decennia geleden aangetoond en heeft vooral te maken 

met de oxidatie van de thiolaatbinding tussen de moleculen van de monolaag en het 

substraat, alsmede met het breken van koolstof-koolstofbindingen of desorptie vanaf het 

oppervlak. In hoofdstuk 4 wordt de snelle reductie van nitroaromatische groepen op ruwe 

substraten van goud beschreven. Het reductieproces NO2→NO→NOH→NH2 is 

spectroscopisch bestudeerd. De reductie kan worden begrepen door te kijken naar de 

oorsprong van de schade door röntgenstraling aan alkaanthiolen: foto-elektronen, 

secundaire elektronen en inelastisch verstrooide elektronen uit het metallische substraat 

(zilver, goud etc.) reizen door de moleculaire laag en hebben interactie met zwavel- en 

koolstofatomen waardoor oxidatie, het breken van bindingen en desorptie optreden. 

Vergelijkbare processen vinden plaats in het geval van nitroaromatische monolagen: 

elektronen hebben interactie met NO2-groepen en in de aanwezigheid van protonen in het 

ultra-hoge vacuüm reduceren ze stikstof naar lagere oxidatietoestanden. Polymerisatie zou 

bij dit proces betrokken zijn, maar een precieze toewijzing gebaseerd op spectroscopische 

gegevens over het polymeer was niet mogelijk. Het gebruik van substraten als ruw 
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gemaakte dunne goudlagen voor het formeren van monolagen maakte het mogelijk 

nitroaromatische monolagen  en vergelijkbare moleculen te bestuderen zonder ze kapot te 

maken. 

Het fotochromisme van op spiropyran gebaseerde moleculaire schakelaars is al meer 

dan zestig jaar bekend. Instraling van spiropyrans met ultraviolet (UV) licht in oplossing 

zorgt voor het breken van de centrale koolstof-zuurstofbinding en isomeratie naar de 

merocyanine (MC) vorm met de open ring. Het wordt in veel toepassingen gebruikt, van 

polymere membranen, geneesmiddelen en sensoren, tot door licht bestuurde veranderingen 

van de eigenschappen van koolstofnanobuisjes en grafeen. Om vast te stellen of het 

fotochemisch schakelen van spiropyran in een monolaag op goud kan gebeuren, is het 

fotochromisme van zelf-geassembleerde monolagen (self-assembled monolayers, SAM) 

van spiropyran met een disulfidebinding op goud bestudeerd. De resultaten hiervan worden 

gepresenteerd in hoofdstuk 5. Toepassing van verschillende spectroscopische technieken op 

de monolaag op goud leidt tot de conclusie dat de initiële toestand van de monolaag de 

spiropyran vorm met de gesloten ring is. Het schakelen naar de MC-vorm op het oppervlak 

met UV-licht is waargenomen via veranderingen in de vibrationele en elektronische 

eigenschappen. Daarnaast was het in de monolaag mogelijk om de opening van de ring naar 

de MC-vorm te stimuleren met nabij infrarood licht. Dit was al eerder geobserveerd voor 

polymeren en in oplossing en wordt uitgelegd met twee-foton-absorptie door de 

spiropyrans. Een grote effectieve doorsnede voor twee-foton-absorptie en een voldoende 

intense lichtbron zorgen inderdaad voor het door nabij IR-licht gedreven schakelen van 

spiropyran SAMs op goud. 

De processen die onder elektrochemische oxidatie gebeuren in spiropyrans zijn pas 

veel later beschreven in de literatuur en hebben ook minder aandacht gekregen dan de 

bijbehorende fotochemische processen. Er is gesuggereerd dat de MC-vorm met de open 

ring zowel fotochemisch als via elektrochemische reductie en oxidatie verkregen kan 

worden vanuit de spiropyran met de gesloten ring. Irreversibele oxidatie werd aldus 

uitgelegd met behulp van ringopeningsprocessen en eventuele dimerisatie (MC-MC). Om 

vast te stellen of de ringopening en dimerisatie optreden ten gevolge van oxidatie van 

spiropyrans in oplossing, is het oxidatieproduct X elektrochemisch op een grotere schaal 

gemaakt en via spectroscopie bestudeerd. NMR-spectroscopie en massaspectrometrie van 

het elektrochemisch gemaakte X wezen in de richting van dimerisatie van de 

spiropyranvorm met de gesloten ring (SP-SP) op de para-positie in de indoline-eenheid, 

hetgeen indruist tegen de literatuur waarin de MC-MC-formatie werd voorgesteld. 

Bovendien werd er bij het verkregen dimeer onder UV-licht een reversibele opening van de 

ring waargenomen naar de MC-vorm, waardoor er MC-MC ontstond (en eventueel ook SP-

MC); net als bij het monomeer. Het voorgestelde mechanisme van dimerisatie werd 

ondersteund door te laten zien dat bij blokkade van de actieve para-positie in de 

aromatische ring van de indoline door een methylgroep, de elektrochemische oxidatie van 

het spiropyran reversibel werd. 
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Monolayers van spiropyran op goud zijn spectro-elektrochemisch bestudeerd om na te 

gaan of de dimerisatie zoals die gezien was in oplossing ook optreedt in de SAMs op goud. 

Vergelijking van de elektrochemische metingen in oplossing en in SAMs laat zien dat de 

oxidatie van spiropyran volledig irreversibel is met complete formatie van het product 

tijdens de eerste oxidatiecyclus. Op basis van gegevens over oxidatie van SP in oplossing 

bevestigen spectroscopische metingen dimeerformatie. Gegeven het feit dat twee-

elektronoxidatie voor een dimeer in een monolaag plaatsvind bij lagere potentialen dan 

voor een monomeer, kunnen we concluderen dat de elektrochemische verandering naar 

hogere potentialen dan 1 V gebruikt kan worden als een 2SP→SP-SP schrijf-functionaliteit. 

Mono-kationische en di-kationische toestanden kunnen spectroscopisch onderscheiden 

worden omdat beide verschillende vibrationele en elektronische eigenschappen hebben. Het 

is opmerkelijk dat de dimerisatie op een oppervlak de fotochrome functionaliteit van 

spiropyrans niet onderdrukt, zoals met XPS en Raman spectroscopie is waargenomen in 

oplossing en in monolagen van het monomeer. Het ontwikkelen van een geheugen met een 

foto- en redox-actieve schrijffunctie en een elektrochemische en spectroscopische 

uitleesfunctie moet dus tot de mogelijkheden behoren. 



124 

 

 

 

Date of birth  6 October 1986 

Nationality Ukrainian 

Address Mauritsdwarsstraat 22, 9724BP Groningen, The Netherlands 

Phone 0031 65 369 8442 

E-mail oleksii.atg@gmail.com 

 

 

 

 

2009-2013 – PhD at the Zernike Institute for Advanced Materials, University of 

Groningen, the Netherlands. 

PhD dissertation title – “Dual photo- and redox- active molecular switches for smart 

surfaces”.  

Supervisors – Prof. Dr. Petra Rudolf, Dr. Wesley R. Browne and Prof. Dr. Ben L. Feringa. 

 

2007-2009 – Master in Applied Physics. Department of Semiconductor electronics, 

Radiophysical Faculty, National Taras Shevchenko University of Kyiv, Ukraine. 

Thesis tittle – Characterization of the calixarene- based Langmuir-Blodgett films on silicon 

for gas sensing applications.  

Supervisor – Dr. Zoya I. Kazantseva. V.E. Lashkaryov Institute of Semiconductor Physics. 

National Academy of Science, Kyiv, Ukraine. 

 

2003-2007 – Bachelor in Applied Physics. Department of Quantum Radyophysics, 

Radiophysical Faculty, National Taras Shevchenko University of Kyiv, Ukraine. 

 

2000-2003 – High school: Physics/Mathematics focus-class at Natural-Scientific Lyceum 

#145, Kyiv, Ukraine. 

  

mailto:oleksii.atg@gmail.com


125 

L
1. One-Pot Functionalization of Graphene with Porphyrin through Cycloaddition Reactions.  

X. Zhang, L. Hou, A. Cnossen, A.C. Coleman, O. Ivashenko, P. Rudolf, B.J. van Wees, 

W.R. Browne, and B.L. Feringa.  

Chem. Eur. J. 2011, 17 (32), 8957-8964. 
 

2. Remarkable Stability of High Energy Conformers in Self-Assembled Monolayers of a 

Bistable Electro- and Photoswitchable Overcrowded Alkene. 

O. Ivashenko, H. Logtenberg, J. Areephong, A.C. Coleman, P.V. Wesenhagen, E.M. 

Geertsema, N. Heureux, B.L. Feringa, P. Rudolf, and W.R. Browne.  

J. Phys. Chem. C, 2011, 115 (46), 22965–22975. 
 

3. Rapid reduction of Self-Assembled Monolayers of a Disulfide Terminated Para-

Nitrophenyl Alkyl Ester on Roughened Au Surfaces during XPS Measurements. 

O. Ivashenko, J.T. van Herpt, B.L. Feringa, W.R. Browne, P. Rudolf.  

Chem. Phys. Lett. 2013, 559, 76–81. 
 

4. UV/Vis and NIR Light-Responsive Spiropyran Self-Assembled Monolayers. 

O. Ivashenko, J.T. van Herpt, B.L. Feringa, P. Rudolf, W.R. Browne.  

Langmuir 2013, 29, 4290–4297. 
 

5. Microscopic Characterization of CVD-Suspended Graphene on TEM Grids. 

L. Bignardi, W.F. van Dorp, S. Gottardi, O. Ivashenko, P. Dudin, A. Barinov, M.A. Stohr, 

P. Rudolf. 

Manuscript submitted. 
 

6. L. A.T.W. Asri, M. Crismaru, Y. Chen, O. Ivashenko, P. Rudolf, J.C. Tiller, H.C. van 

der Mei, T. J.A. Loontjens, H.J. Busscher.  

Manuscript submitted. 
 

7. Oxidative electrochemical aryl C-C coupling of spiropyrans. 

O. Ivashenko,† J.T. van Herpt,† P. Rudolf, B.L. Feringa, W.R. Browne.  

Manuscript submitted. 
 

8. Electrochemical write and read functionality in spiropyran SAMs on gold. 

O. Ivashenko, J.T. van Herpt, B.L. Feringa, P. Rudolf, W.R. Browne.  

Manuscript in preparation. 

 

9. Molecular Motor Functionalized Photo-Responsive Gold Surface. 

K.Y. Chen, O. Ivashenko, J. Robertus, J.C.M. Kistemaker, P. Rudolf, B.L. Feringa 

Manuscript in preparation. 
 

10. Electrochemically driven photoresponsive “smart” monolayer surfaces. A review.  

O. Ivashenko, B.L. Feringa, P. Rudolf, W.R. Browne. 

Manuscript in preparation.  

http://pubs.acs.org/action/doSearch?action=search&author=Ivashenko%2C+Oleksii&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Logtenberg%2C+Hella&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Areephong%2C+Jetsuda&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Coleman%2C+Anthony+C.&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Wesenhagen%2C+Philana+V.&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Geertsema%2C+Edzard+M.&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Geertsema%2C+Edzard+M.&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Heureux%2C+Nicolas&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Feringa%2C+Ben+L.&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Rudolf%2C+Petra&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Browne%2C+Wesley+R.&qsSearchArea=author


126 

A
It is a great pleasure to express my deepest appreciation to people who contributed to 

both – the content of this thesis and to atmosphere around the work on projects. 

I am infinitely thankful to prof. dr. Petra Rudolf for offering me a position in her group 

to do a project on molecular switches on surfaces. Dear Petra, thank you for your 

hospitality during these four years and for your individual approach to supervision. I 

appreciate the degree of creative freedom in the group, where I was able to develop my 

projects in the direction that was interesting for me. Thank you for trusting me with XPS 

responsibilities, this gave me a huge amount of experience on characterization of various 

materials. I am glad that in our discussions we could disagree on certain things (for 

example, I remember 1h of arguing about quantification of carbon contaminations on Cu 

surface), but agree on so many other things. It was great to start my career under your 

supervision. 

I am lucky that the chemical side of the project was supervised by prof. dr. Ben L. 

Feringa. Ben, our interactions were very condensed and focused, but I appreciated the 

outcome of each discussion. You showed me how to think “big”, outside the box and on a 

large scale. I still have my notes from our first meeting when you drew schemes of 

overcrowded alkene switch and spiropyran on the board. 

I express a tremendous amount of respect and appreciation to dr. Wesley R. Browne. 

Wesley, I was not officially part of your group, but I received just as much attention (sorry, 

Brownians). You definitely showed me the best example of tireless devotion to science. I 

appreciate the times that we spend together doing measurements in the lab on overcrowded 

alkene and spiropyran projects, sometimes finishing around midnight. I am very thankful 

for all our weekend discussions and numerous rounds of corrections of papers. I am very 

glad that you co-supervised my projects; it constantly pushed me to new limits. Besides 

countless lessons on Raman spectroscopy and electrochemistry, I learned valuable life 

lessons from you, sometimes expressed in a special metaphorical way! Yet despite all the 

long days in the electrochemistry lab, for you perhaps, I will always be “just a physicist”. 

I am very thankful to members of the thesis reading committee - prof. dr. Rasmita 

Raval, prof. dr. René Janssen and prof. dr. Klaus Müllen for approving the manuscript and 

for your comments on the contents of the chapters. 

Hella, dr. Logtenberg, it was a great pleasure to start my PhD work with you. You 

introduced me to the most challenging spectroelectrochemical techniques which I kept 

using in different projects utill the end of my PhD. I enjoyed doing the experiments 

together and chatting about various topics in between the measurements. I wish that 

everyone could start a new position with a competent researcher like you.  

Jochem, our fruitful work started at the moment you brought me a tube with spiropyran 

powder in January 2010. Thank you for all compounds that you synthesized for me to 

immobilize on a surface and study their behaviour. Remarkably, your efforts on purification 



127 

and NMR spectroscopy of the spiropyran dimer helped to conclude the oxidation story that 

actually lasted longer than my PhD! 

Kyang-Yen, it was a pleasure to work with you on your project towards controlling 

surface properties with molecular motors. I enjoyed our scientific discussions, as well as 

elaborations on the development of modern metal music genres. I wish I could stay longer 

so we could develop a few more functional surfaces! 

Jort, it was very interesting and exciting to work with you on the HTI switch project. 

You have a lot of bright ideas and I hope you implement them in life. Lia, it was a great 

experience to participate in your anti-bacterial coatings project. Xiaoyan, I enjoyed working 

with you on a functionalized graphene project. You are very determined researcher; I wish 

you all success in your future projects. Jintao, I enjoyed participating in your challenging 

project. I know, it is painful to measure 3D structures in XPS, but I am sure it will make 

sense in the end.  

Appu, it was great experience to work in the same lab with you and to visit India for 

the Raman conference. We started almost the same time and I noticed how we developed in 

our respective fields. I thank you for helping me from time to time with my chemical 

questions and I wish you good luck finding a materials science postdoc position! Luuk, you 

are very talented student, I enjoyed our discussions and measurements on the spiropyran 

dimerization project.  

Dear Renuka and prof. dr. Francoise Remacle, thank you for your hospitality during 

my visit to Liege to discuss the spiropyran project. Despite our different approaches (theory 

vs. experiment), I felt that we spoke the same language. Thank you Renuka for your interest 

to do the calculations!  

Dr. Tati! Learning few things from you – Au deposition system (the toolbox still bears 

your name!) and XPS was great to start my PhD by. You have a talent to explain things in a 

very simple and visual way...and fast. It is a pleasure to celebrate doctoral defence together 

with you on the same day. 

Regis, it was great fun to work with you in one group. You inspired me to come to the 

lab at the weekends. I enjoyed our lunch discussions, speed skating weekends and also 

cycling in Groningen’s neighbourhood. Kostas, thank you for the all fun that we had in the 

lab! You have very bright ideas; I wish you good luck in future positions.  

I thank all the people who stand behind all the construction and maintenance of the 

machines. Luc, Hans, Hilke, Wigger, Jean, Johan without you work on XPS, FTIR and 

many others would be impossible. Thank you very much for fast and professional help on 

experimental parts. Yvonne, thank you for taking care of the some translations, seminar 

reminders and all office documentation. Your help let me focus on the research.  

I thank all people in the office 0052 – Peter, Luca and Stefano for all unforgettable 

moments that we had in the office. I appreciate your patience and the positive attitude that 

we kept up over these years. I enjoyed our Italian-Dutch-Ukrainian mixture of languages, 

our office dinners and going out. 



128 

Brownians – Hella, Pat, Davide, Appu, Francesco, Nikki, Shaghayegh, Jia Jia, 

Sandeep, Tony – you were my dark-chemical-side group. I had great time not only working 

with you in the lab but also running together for the Rondje lab and going out. Exclusive 

thanks go to Hella and Hans - thank you for “Oleksii, please wear glasses”!   

Molecular materials group – Jort, Jochem, Thom, Xiaoyan, Peter, Piotr, Nataly, Tibor, 

Mark, Paula, Derkjan, Hella, Lili, Wesley and Ben thank you for all the fruitful discussions 

and suggestions during our meetings. Additionally I appreciate increasing my knowledge 

about synthetic couplings (Suzuki, Sonogashira), quantum yields, etc.  – no one will scare 

me with those words anymore.  

Magda, Willem, Davide Fracasso, Tony, Matteo, Juliane, Marianna, Laura, Hennie, 

Artje, Moritz, Andrea, Fouli, Leticia, Liliane, Sylvia, Milica, Aisha; Ukrainian and Russian 

people – Alexander Turkin, Oleksandr Mikhnenko, Sergii, Alexander Shvets, Pavlo, Igor, 

Seva, Vladimir, Oleksiy, Alina and all people in Zernike with whom I had nice scientific 

discussions and much more. Thank you for creating such multidisciplinary and 

multicultural research environment! 

It was an honour to meet and talk with numerous distinguished scientists from the 

Zernike Institute – prof. dr. Maria Loi, dr. Ryan Chiechi, prof. dr. Kees Hummelen, prof. 

dr. Ria Broer, dr. Edwin Otten, dr. Tamalika Banerjee, prof. dr. Katja Loos, prof. dr. Ton 

Loontjens, prof. dr. Beatriz Noheda and many others. 

Special acknowledgements to dr. Meike Stohr and her group – Stefano, dr. Juan Carlos, 

dr. Fei, Ahn, dr. Kathrin, Florian and Mihaela. Thank you for our nice time in the lab, 

during group meetings and group trips. Stefano, I greatly appreciate your help in several of 

my projects! 

More recent people in Petra’s group – Jiquan, Tashfeen, Mary, Ali, Andre and Sadaf, I 

enjoyed participating in XPS and Raman measurements with you, thank you for involving 

me in discussions. I wish all of you good progress with your PhD and Masters degrees. 

Peterino, thank you for translating the summary of this thesis into Dutch, and for 

bringing positive drama into the office! I wish you many nicely diffracted electrons and 

success in other projects. 

Naureen, dr. Akhtar you are very professional surface scientist. I enjoyed our 

discussions on XPS, your serious jokes and going to conferences with you. We started 

together four years ago, I felt like we developed also together.  

Martina, thank you for your sweet chaotic order. It nicely complemented our often too 

serious office. It was a pleasure to work with you in the lab! I enjoyed a lot parties together 

with other Italians and also DJ Kapsalon!  

Luca, I am very thankful that I shared these four years with you, including office coffee 

time, lab duties, canteen coffee time, conferences, sampling beers, discussions of XPS and 

much-much more. You are a very responsible and thoughtful scientist. I am sure any lab 

would be lucky to have you as a postdoc! Thank you for agreeing to be my paranymph. 



129 

Tere, one wise man said: “the real happiness is when in the morning you want to go to 

work, and in the evening you want to come back home”. Thankfully to you, I am 

completely happy person and my science makes more sense. I appreciate your belief, 

support and understanding during these years. Together we have had many discoveries, and 

I believe it is just a beginning.  

Огромное спасибо научной руководительнице моей магистрской работы – Зое 

Ивановне Казанцевой за поддержку и наставления на работу в Гронингене. После 

этих лет я с удовольствием вспоминаю мою дипломную работу у Вас в лаборатории! 

Также большое спасибо Александру Анатольевичу Марченко за содействие в 

поступлении, за рекомендации Петре и за наши дискусси в Киеве.  

Самые главные брагодарности хочу выразить моим бабушкам и дедушкам, кому 

эта работа и посвящается. Спасибо д. Леше, который всегда наставлял карабкаться по 

каменистым тропам. Спасибо бабушке за веру в мои силы и знания. Спасибо д. 

Мише за прививание гордости за нашу фамилию.  

Д. Валера, огромное спасибо за Вашу постоянную поддержку и мудрый совет. 

Огромнейшее спасибо маме за правильное воспитание приоритетов и ценностей. 

Спасибо папе за генетически наследственное стремление к науке. Брагодарность д. 

Толе, т. Лене, Андрею за поддержку во время семейных ужинов.  

Спасибо моим киевским друзьям – Юре, Роме, Андрею, Насте, Леше и другим за 

веселье во время наших посиделок в Киеве. 

 

Oleksii 

April 2013, Groningen 

 

 


