
 

 

 University of Groningen

Redox and pH-Induced Switching in Solution and on Surfaces
Steen, Jorn D.

DOI:
10.33612/diss.213335170

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Steen, J. D. (2022). Redox and pH-Induced Switching in Solution and on Surfaces: from spiropyrans to
manganese oxidation catalysts. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen. https://doi.org/10.33612/diss.213335170

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.213335170
https://research.rug.nl/en/publications/c7cf49ff-da1b-4f2d-a40a-7449ffbb115e
https://doi.org/10.33612/diss.213335170


3
Protonation of Self-Assembled
Monolayers of Spiropyrans on a

Gold Surface upon Oxidation



Chapter 3. Protonation of Spiropyran SAMs on Gold upon Oxidation

Abstract

The redox chemistry of monolayers of a methyl-substituted nitrospiropyran self-as-
sembled on gold involves an electrochemically and chemically reversible one-electron
oxidation, as well as an irreversible process that involves protonation and ring-opening
of the spiropyran to yield a mixture of merocyanine isomers after a voltammetric
cycle. Vibrational characterisation by a combination of diffuse reflectance IR and non-
enhanced, resonance-enhanced, and surface-enhanced Raman scattering spectroscopy
in solid state, solution, and on roughened gold surfaces (of various species, proto-
nated and deprotonated, spiropyran and merocyanine, neutral and oxidised), enables
identification of the spiropyran radical cation and the protonated and deprotonated
merocyanine forms on gold. In addition to the previously reported photochemical Z-E
isomerisation of the protonated merocyanine in solution, we show that this occurs both
in thin films and in self-assembled monolayers on roughened gold surfaces as well.
Finally, the generation of the E-protonated species after electrochemical oxidation, in
addition to the expected Z-isomer, that forms upon direct protonation of spiropyrans,
points towards an alternative pathway from spiropyran to E-protonated merocyanine
available at positive electrode potentials, due to the decrease in pH brought about by
oxidation of water.

3.1. Introduction

Spiropyrans are a remarkable class of chromic compounds that can be switched, re-
versibly, between the closed spiropyran isomer and the ring-opened merocyanine isomer
through thermal, mechanical, photo, acido and electrochemical stimuli.1,2 Their syn-
thetic versatility, and the ease with which their properties can be varied, has made this
class a mainstay of molecular-based functional materials and surfaces. Of particular
interest is the large change in polarity observed upon switching between spiropyran
(SP) and merocyanine (MC) isomers, which has been used to control surface properties
and reactivity at electrode interfaces.3 In addition to photo- and thermally-stimulated
switching, spiropyrans undergo acidochromism driven by the stability that the Z-
merocyanine isomer gains upon protonation of the phenolate unit. The greater acidity
of the phenol unit of the Z- vs the E-merocyanine form is related to the additional
driving force for deprotonation upon formation of the spiro center. The difference is
sufficiently large that, in aprotic solvents, strong acids (e.g., CF3SO3H) are needed to
stabilize the ring-opened Z-merocyanine form of spiropyrans, and matching of pKa
values allows for photochemical switching between the spiropyran and protonated
E-merocyanine form with negligible formation of the intermediate Z-merocyanine.4

The acid-base chemistry of spiropyrans enables sensing of pH in quite a wide range
of environments, as well as their use as photo-acids, provided that the state of the
spiropyran can be read out non-destructively.5

Vibrational spectroscopy, including FTIR absorption and especially Raman scat-
tering spectroscopy, provides a ‘fingerprint’ of molecular structure that allows for

3

90



3.1. Introduction

definitive assignment to particular species and is therefore a suitable means to de-
termine the state of a molecular switch. Although Raman spectroscopy is generally
considered a weak technique - in the sense that the probability that a photon will be
scattered as a Raman photon is low - the high sensitivity and resolution of current
optical systems and detectors means that relatively low-power lasers can now be used
to study the Raman spectra of thin films and, with the benefit of surface-enhancement
of Raman scattering (SERS), self-assembled monolayers (SAMs) on roughened gold
electrodes. Spectroelectrochemistry, and in particular surface-enhanced spectroelec-
trochemistry, have attracted considerable attention as a tool to study processes at the
electrode.6–8 Indeed, our group has used SERS spectroscopy in the study of photochem-
ical and electrochemical reactions of spiropyrans on roughened gold electrodes.9–11

In the present chapter, a combination of diffuse reflectance, FTIR, non-enhanced and
resonance-enhanced Raman spectroscopy, UV-Vis absorption spectroscopy and SERS
spectroscopy at roughened gold beads is used to study the effect of pH changes at work-
ing electrodes during oxidative switching of self-assembled spiropyran monolayers.
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Scheme 3.1: Redox chemistry and photo- and acidochromism of nitrospiropyrans.

In previous studies of nitrospiropyrans (NSP), the oxidative coupling via the in-
dolino unit to form double spiropyrans in situ results in a large increase in the com-
plexity of the SAMs, both in regard to the pH due to the liberation of two protons
per coupling event, and in the number of isomers and protonation states possible
(Scheme 3.1a).10 Keeping electrode potentials less positive than the onset for oxidation
can allow for the effect of electrode potential on, for example, optical properties to be
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Chapter 3. Protonation of Spiropyran SAMs on Gold upon Oxidation

studied, as shown by Garling et al. using vibrational sum frequency spectroscopy.12

However, at more positive potentials at which, for example, the oxidised spiropyran
species can be studied, an alternative strategy is required. By introducing a methyl
group at the para position of the indoline unit (MeNSP), oxidative coupling is blocked
and the system is simplified,10 in principle to just three or four species, namely the
spiropyran and merocyanine isomers and their radical cations formed upon oxidation.
Here, we use the methyl-substituted spiropyran 1 and its lipoic acid modified analogue
2, which can form SAMs on gold surfaces, to characterise the processes that occur at
a working electrode during oxidative cyclic voltammetry as the compounds undergo
reversible one-electron oxidation (Scheme 3.1a).13,14

Through a combination of diffuse reflectance FTIR and non-enhanced, resonant-
enhanced, and surface-enhanced Raman spectroscopy, we show that the oxidation of
adventitious water at the electrodes generates protons locally to a sufficient extent as
to cause protonation and ring-opening of the spiropyrans present in the SAMs. The
strength of acid required typically to protonate spiropyrans is equivalent to excess
amounts of triflic acid,4 and hence the observation of protonation of the spiropyran
during cyclic voltammetry reports the large local changes in pH that can occur, which
is of relevance to the electrochemical study of pH-sensitive compounds in general
(Scheme 3.1b).

3.2. Results & Discussion
3.2.1. Synthesis and Characterisation

Compounds 113 and 29 were prepared using methods reported earlier. The synthesis
and characterisation are provided in the experimental section. The introduction of a
methyl group at the para position of the indolino unit, to block potential oxidative
dimerisation, does not significantly change the UV-Vis absorption spectra compared to
the well studied NSP (Figures 3.1 and S3.1),4 but the change in symmetry does impact
the vibrational spectra of the compounds and therefore FTIR and non-resonant Raman
spectra of both 1 and 2 were recorded in the solid state (vide infra).

3.2.2. Thermal and Photochemical Switching of Protonated Forms

3.2.2.1. Acidochromism in Solution
The acid-base chemistry as well as the photochemical and thermally-induced Z-E
isomerisation of 1 (Figure S3.2) and 2 (Figure 3.1) in solution are identical. Protonation
of 1 or 2 in acetonitrile with triflic acid results in a red shift in the UV absorption band
and a minor increase in molar absorptivity. Thermally induced Z-E isomerisation of
the Z-protonated merocyanine isomer (Z-1-MCH+) is negligible at room temperature,
although it should be noted that the light from a spectrometer is sufficiently intense
to induce isomerisation (Figure 3.2). Indeed, under continuous irradiation with the
light from the UV-Vis absorption spectrometer, conversion to the E-isomer is observed
relatively quickly.4

3

92



3.2.2. Thermal and Photochemical Switching of Protonated Forms

300 400 500 600 700
Wavelength (nm)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ab
so

rb
an

ce

2
2 after add. TfOH
2+TfOH after 365 nm irr.
2+TfOH+365 nm irr. after subseq. 455 nm irr.
2+TfOH+365 nm irr. after subseq. add. NaOAc

Figure 3.1: UV-Vis absorption spectra of 2 (60 µM) in CH3CN at 20 °C (black) after addition of
TfOH (2 eq., red), subsequent irradiation at 365 nm (blue), followed by irradiation at 455 nm
(cyan), or addition of NaOAc (20 eq.) (purple) instead.

Irradiation at 365 nm results in rapid conversion to the photo-stationary state with
the appearance of the expected absorption of the E-isomer at 410 nm. Subsequent
irradiation at 455 nm results in a near-complete reversion to the Z-isomer. Addition of
base to a solution of the protonated E-isomer (generated by irradiation at 365 nm from
the Z-MCH+ form) results in an immediate change in the UV-Vis absorption spectrum
to that of the neutral E-MC form, followed by thermal relaxation to the SP form within
minutes.
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Figure 3.2: (left) UV-Vis absorption spectra of 1 (60 µM) in CH3CN at 20 °C after addition
of TfOH (1.5 eq.) showing negligible increase in the absorption band of E -1-MCH+ between
measurements and, instead, only an increase after each spectral acquisition. (right) UV-Vis
absorption spectra of 1 after addition of TfOH (1.5 eq.) while keeping the spectrometer shutter
open between spectral acquisitions (red to blue).
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Figure 3.3: Solid-state Raman spectra (λexc 785 nm, 2 mW) (a) and diffuse reflectance FTIR
spectra (b) of a thin film of 1 (black) drop-cast from a concentrated DCM solution (1.2 mM) onto
a Au/glass slide or onto KBr, respectively, after irradiation at 365 nm (purple), and subsequently
at 565 nm (pink, only IR), and of 1 with TfOH (1.5 eq., red) after irradiation at 365 nm (blue) and
subsequently at 455 nm (cyan). The same colours are used for both (a) and (b). Note that the
Raman spectra of 1+TfOH contain contributions from SP and MC.

3.2.2.2. Solid State IR and Raman Spectroscopy of Protonated Merocyanines
The thermal stabilities of both Z- and E-protonated merocyanine isomers allows for
solutions at high concentrations to be prepared which contain predominantly either
the Z- or E-isomer. These solutions were used to drop-cast optically thin films onto
substrates suitable for characterisation by Raman microspectroscopy (i.e. a gold-coated
glass slide) and diffuse reflectance FTIR spectroscopy (i.e. KBr). The solid-state diffuse
reflectance and non-resonant Raman spectra of 1-SP and its Z- and E-protonated
merocyanine isomers show differences expected for the large changes in structure
(Figure 3.3a). The spectra provide useful reference with which to assign resonance-
and surface-enhanced Raman spectra (vide infra), in particular the changes observed
during cyclic voltammetry. The photochemical ring-opening and -closing between SP
and MC isomers in the solid state was essentially complete upon irradiation at 365 and
565 nm, respectively (Figures 3.3a and 3.3b), in contrast to that observed in solution
where conversion to the MC form is limited by primary inner filter effects. In solution,
protonation of spiropyran yields primarily the Z-MCH+ isomer, and irradiation at
365 nm results in near-complete conversion to E-isomer (vide supra).4 Likewise, in situ
irradiation at 365 nm of a thin film of Z-1-MCH+ results in rapid changes in both FTIR
and Raman spectra, with essentially complete conversion to E-1-MCH+. The original
spectra were largely recovered upon subsequent irradiation at 455 nm.

Notably, during the acquisition of Raman spectra at 785 nm, the initial spectrum of
the Z-protonated isomer, produced by addition of TfOH to 1 (and also after subsequent
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3.2.2. Thermal and Photochemical Switching of Protonated Forms

sequential irradiation by 355 and 455 nm light), gradually changes to resemble that of
the E-isomer (Figure S3.3), i.e. the same spectrum of 1 with TfOH after irradiation at
365 nm. It is apparent that heating from the laser is responsible for Z-E isomerisation.
Finally, the significant spectral changes observed with IR and Raman spectroscopy,
both upon irradiation at 365 nm and upon addition of acid to 1, are expected for such
a large change in molecular structure between the closed spiropyran and the open
merocyanine isomers. Moreover, only small changes in spectra occur upon irradiation
of the protonated merocyanines, which is consistent with the likewise small change in
conformation of the central double bond.

3.2.2.3. Calculated Raman Spectra of Relevant Isomers
Calculated Raman spectra reported before by Kortekaas et al. of unsubstituted spiropy-
ran SP and nitro-substituted spiropyran NSP show a good correlation with experi-
mentally obtained Raman spectra.4 The methyl-substituent present on 1 and 2 will
have an effect on the vibrational spectra, therefore we decided to calculate the Ra-
man spectra of MeNSP, a computational model for 1 and 2 without the alkyl and
dithiolane ester, respectively (Scheme 3.1b), and its protonated merocyanine isomers
(Figures 3.4 and S3.7). The calculated spectra of MeNSP, CCC-MeNMCH+, and TTT-
MeNMCH+ are in qualitative agreement with the experimental Raman spectra of 1-SP,
Z-1-MCH+, and E-1-MCH+, respectively.
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Figure 3.4: Calculated Raman spectra of MeNSP (black), MeNSP+• (cyan), CCC -MeNMCH+ (red),
and TTT -MeNMCH+ (blue). The Raman intensities were calculated from the obtained Raman
activities, and a Gaussian broadening at full width at half maximum of 8 cm−1 and scaling factor
of 0.933 were applied to the Raman frequencies. The spectra were scaled and offset in the Y-axis
for clarity. See Figure S3.7 for an overlay of the spectra that shows more clearly the relative
intensities.
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Chapter 3. Protonation of Spiropyran SAMs on Gold upon Oxidation

3.2.2.4. Resonance Raman Spectroscopy of Protonated Merocyanines in Solution
Characterisation of the protonated merocyanine isomers in solution by Raman spec-
troscopy at resonant excitation wavelengths shows a dependence on spectral intensity
with wavelength consistent with the different photo-stationary ratios of Z- and E-
isomers at 355 nm, 405 nm, and 457 nm (Figure 3.5). The high quantum yield for
photochemical Z-E isomerisation, 0.82 for Z-NMCH+,4 and the intensity of light in
the confocal volume of the Raman spectrometer means that the solution probed by the
laser is at the PSS for the particular wavelength used, even though there was only a
gradual change in the UV-Vis absorption spectrum during Raman measurements at
355 nm (Figure S3.4). In the case of λexc 405 nm, the UV-Vis absorbance at 470 nm
was 0.025, where there is negligible contribution from the Z-isomer, which shows that
there is a small percentage of E-isomer present. Apart from a better signal-to-noise
ratio, though, the Raman spectrum at 405 nm is essentially identical to that at 355 nm
and hence represents mainly the spectrum of E-1-MCH+.
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Figure 3.5: (top) UV-Vis absorption spectra of 1 (60 µM) in CH3CN at 20 °C (with irradiation
by laser) (black), after addition of TfOH (1.5 eq., red), and after subsequent addition of NaOAc
(10 eq., purple). (bottom) Corresponding (resonance) Raman spectra at 355 nm, 405 nm, and
457 nm, including of only CH3CN (gray). A baseline was applied to the spectra to correct for
background fluorescence.

3.2.2.5. SERS Spectroscopy with Aggregated Au Colloid
The SERS spectra of 2 on Au colloid are useful references9 for comparison with SERS
spectra of self-assembled monolayers of 2 on roughened gold beads (vide infra). Raman
spectra (λexc 785 nm) were obtained of solutions of 2 in acetonitrile added to gold
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colloid, followed by acidification with H2SO4, subsequent irradiation at 365 nm, and
then addition of aqueous KOH (Figure 3.6). The initial spectrum shows relatively weak
enhancement of the Raman scattering of 2. Addition of H2SO4 resulted in an immediate
change in the spectrum to one similar to the Z-protonated merocyanine form in the
solid state, followed by a further gradual change over several minutes. Irradiation at
365 nm accelerated this change to yield a spectrum similar to that of the non-resonant
Raman spectrum of a thin film of E-1-MCH+, and subsequent addition of base resulted
in a change in the SERS spectrum to that close to deprotonated E-1-MC (Figure 3.3a).

4006008001000120014001600

Raman shift (cm 1)

*
* *

*

* * *
2 with Au colloid

With conc. H2SO4 (aq.)

10 min after addition H2SO4

After 365 nm irr.

After addition of conc. KOH (aq.)

Figure 3.6: SERS spectra (λexc 785 nm) of 2 on Au colloid in H2O (black) after addition of conc.
H2SO4 (aq.) (red) and 10 min later (light red), after subsequent irradiation with 365 nm light
(blue), and after subsequent addition of conc. KOH (aq.) (purple). The spectra were normalised
for clarity. *bands from the plastic cuvette.

3.2.3. Spectroelectrochemistry in Solution
The electrochemical oxidation of 1 is electrochemically and chemically reversible
under typical conditions of cyclic voltammetry,13 and the spiropyran radical cation
(MeNSP+•), formed during UV-Vis absorption spectroelectrochemistry in an optically
transparent thin-layer electrode (OTTLE) cell, is characterised by its broad absorption
band with maxima at 444 nm and 466 nm (Figure 3.7). However, the platinum working
electrode and the relatively longer timescales (slower scan rates) employed during the
thin-layer cyclic voltammetry results in clear chemical irreversibility, apparent from
the residual absorption band at 420 nm following reduction. The irreversibility was
noted earlier by Ivashenko et al.13 and Mendive-Tapia et al.14 to be dependent on the
duration of the experiment but was not specifically ascribed to a particular chemical
process.

By comparison with UV-Vis absorption spectra of 1 and 2 in strongly acidic con-
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ditions and after subsequent irradiation (Figures S3.2 and 3.1),4 i.e. spectra of the
protonated merocyanines, we assign the aforementioned residual absorption band at
420 nm to E-1-MCH+. The generation of protons (decrease in pH) occurs due to the
oxidation of adventitious water during cyclic voltammetry at positive potentials. How-
ever, as discussed above, protonation alone will lead to the formation of the Z-isomer
but, in this case, it is the E-isomer that is observed. Thermal Z-E isomerisation can
be excluded (vide supra, Figure 3.2) and hence the Z-E isomerisation observed during
cyclic voltammetry in the OTTLE cell is either due to facile Z-E isomerisation in the
oxidised state or photochemical isomerisation of Z-1-MCH+ due to the UV-Vis spec-
trometer used to monitor the cyclic voltammetry (Figure 3.2). The latter hypothesis was
investigated by performing bulk electrolysis of 1 in the dark, i.e. without irradiation by
the spectrometer, and recording UV-Vis absorption spectra afterwards (Figure S3.5).
The appearance of an absorption band at 420 nm immediately after bulk oxidation
indicates the plausibility of direct electrochemical generation of E-1-MCH+ from 1-SP.

With this information, we propose a proton-coupled electron transfer (PCET) mech-
anism for the formation of the E-protonated merocyanine isomer, relying on facile Z-E
isomerisation in the oxidised state. The merocyanine radical cation (E-MeNMC+•) is
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3.2.4. Self-Assembled Monolayers on Gold

in equilibrium with its closed form MeNSP+•, and is protonated followed by rapid
reduction to E-MeNMCH+ (Scheme 3.2).

3.2.4. Self-Assembled Monolayers on Gold
The influence of protons generated upon oxidation during electrochemistry of 1 in
solution under thin-layer conditions is potentially manifest in the spectroscopy of pH-
sensitive compounds such as 1 and 2. Compound 2 bears a lipoic acid group (a disulfide
connected to the spiropyran via an ester linkage) and can form self-assembled monolay-
ers (SAMs) on gold, i.e. 2-Au, both on relatively atomically flat and electrochemically
roughened gold surfaces.

The cyclic voltammetry of a self-assembled monolayer of 2-Au on a smooth gold
working electrode (electrochemically cleaned but not roughened) shows a reversible
redox process at 1.05 V vs Ag/AgCl (Figure 3.8). The absence of noticeable irreversibility
due to protonation of 2-Au can be attributed to the high scan rates applied and the use
of DCM passed over K2CO3 as solvent instead of CH3CN. At low scan rates (1 V s−1),
the maximum currents in both scan directions are at the same potential as expected for
a surface-confined electrochemical process. At higher scan rates, a shift in potential
(Ep,a and Ep,c) is observed, which is indicative of faradaic resistance.15,16

Electrochemical roughening of gold bead electrodes was carried out using liter-
ature procedures,17 and were used for surface-enhanced Raman scattering (SERS)
spectroscopy of the adsorbed molecules of 2. The SERS spectrum of 2-Au is relatively
weak but shows sensitivity to protonation (addition of triflic acid) and irradiation (vide
infra).
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Figure 3.8: Cyclic voltammetry at room temperature of 2-Au on a smooth Au working electrode
with Pt wire counter electrode and Hg/HgSO4 reference electrode in DCM (0.1 M TBAPF6) at
scan rates of 1.0 (blue), 5.0 (red), and 10 V s−1 (black). Potential vs Hg/HgSO4 was converted to
vs Ag/AgCl for clarity.
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Chapter 3. Protonation of Spiropyran SAMs on Gold upon Oxidation

3.2.4.1. SERS Spectroelectrochemistry
The SERS spectra of 2-Au on a roughened gold bead recorded during a single cyclic
voltammetric cycle show a dramatic increase in intensity relative to solvent bands upon
reaching its oxidation potential near 1.0 V vs Ag/AgCl, followed by a equally large
decrease upon returning to lower potential (Figure 3.9). Notably, the original spectrum
was not recovered upon reduction (Figure 3.10). The spectrum of 2-Au at 1.1 V vs
Ag/AgCl has several Raman bands that do not appear in the spectra either before or
after cyclic voltammetry, namely at 1545, 1490, and 355 cm−1, which are therefore
tentatively assigned to the MeNSP+• species. At the same time, many bands that were
present already before, or that remained after the oxidative cycle, increased in intensity
and, most notably, the disappearance of the characteristic band of the spiropyran
at 1340 cm−1 indicates that the oxidation of 2-Au was chemically irreversible. The
assignment of the bands observed before, during, and after cyclic voltammetry is made
in the following sections.
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Figure 3.9: SERS spectra (λexc 633 nm) of
2-Au during cyclic voltammetry from 0.0
V (black) up to 1.15 V (cyan) (one cycle)
showing a dramatic increase in intensity
upon reaching the oxidation potential of 2
at 1.1 V vs Ag/AgCl.
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Figure 3.10: Solid-state Raman spectra
(λexc 785 nm) of a thin film of 1 drop-cast
from a concentrated DCM solution (1.2 mM)
onto a Au/glass slide before (gray) and af-
ter 365 nm irradiation to 1-MC (purple),
and SERS spectra (λexc 633 nm) of 2-Au
on a roughened gold bead in CH3CN be-
fore (black), at 1.1 V vs Ag/AgCl (cyan), and
after cyclic voltammetry (blue). *CH3CN
bands.

3.2.4.2. Characterisation of Oxidised State
Although the radical cation of a nitrospiropyran dimer has been characterised by
resonance-enhanced Raman spectroscopy,10,13 the Raman spectrum of the spiropyran
radical cation has not been reported. Excitation resonant with the visible absorption
band of MeNSP+• (457 nm) was employed with generation of the radical cation by
chemical oxidation with the oxidant magic blue (MB). Resonance enhancement is
typically more selective in the number of bands that are enhanced, with a limitation to
those of the chromophoric unit of the compound under study. Nevertheless, a good
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correspondence between the resonance Raman spectrum at 457 nm of the radical cation
and the SERS spectrum of 2-Au at 1.1 V indicates that at least part of the latter spectrum
can be assigned to this species (Figures 3.11 and S3.6). Several Raman bands observed
in the SERS spectra at 1.1 V also appear in the Raman spectrum at 457 nm in solution,
albeit with different relative intensities: 1605, 1585, 1538, 1195, and 1105 cm−1. In the
SERS spectrum, the band at 1605 cm−1 is not as intense as other bands compared to the
resonance Raman spectrum, and vice versa for the band at 1585 cm−1, and it seems that
the SERS band at 1545 cm−1 appears at 1538 cm−1 in the Raman spectrum.

The additional bands observed in the SERS spectrum may not be due to the radical
cation, however, but to the neutral merocyanine species. The solid-state spectrum
of 1-MC shows a striking resemblance to the SERS spectrum of 2-Au at 1.1 V, with
bands at 1520 and 950 cm−1 appearing in both of the aforementioned spectra but
not in the resonance-enhanced spectrum of 1 in solution after addition of MB. The
large decrease in signal intensity of all SERS bands upon returning to lower potential
(Figure 3.9) does not agree with the generation of neutral merocyanine isomer, though,
since thermal ring-closing takes over 12 h at room temperature (and 20 min at 60
°C).9 Perhaps, instead, it is the oxidised merocyanine species of which we observe
Raman bands, which may be present in small amounts but is expected to have a higher
polarisability compared to the closed form radical cation (as is the case in the neutral
state). Calculations of the Raman spectrum of MeNMC+•, as well as the barrier towards
ring-opening of MeNSP+•, are expected to give insight into the hypothesised presence
of neutral and oxidised merocyanine species upon oxidation of 2-Au.
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Figure 3.11: (left) UV-Vis absorption spectra during irradiation of 1 (60 µM) at 457 nm in CH3CN
at -30 °C before (black) and after addition of Magic Blue (0.5 eq., cyan). (right) Corresponding
resonance-enhanced Raman spectrum at λexc 457 nm of MeNSP+• generated from the addition
of MB to 1 (cyan), SERS spectrum (λexc 633 nm) of 2-Au on a roughened gold bead at 1.1 V
vs Ag/AgCl (blue), and solid-state Raman spectrum (λexc 785 nm) of a thin film of 1 drop-cast
from a concentrated DCM solution (1.2 mM) onto a Au/glass slide after 365 nm irradiation
to 1-MC (purple). *CH3CN, #artefact, MBabsorption by Magic Blue. The Raman spectra were
baseline-corrected, normalised and offset for clarity. See Figure S3.6 for spectra of only MB.
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3.2.4.3. Protonated Merocyanines on a Gold Surface
It is clear that the SERS spectrum of 2-Au obtained after cyclic voltammetry is not the
same as the initial spectrum (Figure 3.10). The possibility of protonation of the im-
mobilised spiropyran on gold during cyclic voltammetry was investigated by studying
the effect of strong acid (triflic) on the SERS spectrum of 2-Au (Figure 3.12). The SERS
spectrum of 2-Au contains bands that are characteristic of the ring-opened merocyanine
form, for example at 1190 cm−1; indeed, it is challenging to obtain a SERS spectrum of
purely the closed form.9 This is due to the significantly higher Raman cross-section of
the more polarisable merocyanine, which means that any merocyanine form present
on the gold surface will dominate the SERS spectrum. After addition of triflic acid
(TfOH) to the DCM in which the roughened gold bead of 2-Au was immersed, the
overall Raman intensity increased significantly, and new Raman bands appeared at
1570, 1535, 1315, 1270, and 920 cm−1. Irradiation at 365 nm resulted in a decrease
or complete disappearance of the bands at 1570, 1450, 1270, 1050, 940, 920, and 570
cm−1, while a band at 1257 cm−1 appeared. Comparison of the SERS spectra of 2-Au
at low pH with the solid-state Raman spectra of 1 after treatment with acid discussed
before shows many similarities. Most strikingly, in both cases the band at 1570 cm−1

decreases upon irradiation at 365 nm (Figure 3.12).
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Figure 3.12: Solid-state Raman spectra (λexc 785 nm) of a thin film of 1 drop-cast from a
concentrated DCM solution (1.2 mM) onto a Au/glass slide after 365 nm irradiation to 1-MC
(purple), and with TfOH (1.5 eq.) before (light red) and after irradiation with 365 nm light (light
blue), and SERS spectra (λexc 785 nm) of 2-Au in DCM before (black), after the addition of TfOH
(red), and after subsequent irradiation with 365 nm (blue). A baseline correction was applied to
the spectra. *DCM.
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3.2.4.4. SERS Spectroelectrochemistry: Protonation on the Surface
The SERS spectrum of 2-Au after cyclic voltammetry was compared to those after
addition of acid and subsequent irradiation (Figure 3.13). The disappearance of the
characteristic spiropyran band at 1340 cm−1 confirms that the initial spectrum is not
recovered and that the spiropyran originally present on the gold surface has been
converted to another isomer. The spectrum after cyclic voltammetry resembles quite
closely that of 2-Au with TfOH, but noticeable differences confirm that there is a
mixture of species contributing to the spectrum. Most likely both protonated isomers
(Z- and E-2-MCH+) are present, as well as deprotonated merocyanine (E-2-MC) which
has formed from its protonated isomer due to equilibration with the bulk solution. The
resolution of the SERS spectrum after CV prevents definite assignment and further
experimental work is needed to shed light on which species are present.
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Figure 3.13: Solid-state Raman spectra (λexc 785 nm) of a thin film of 1 drop-cast from a
concentrated DCM solution (1.2 mM) onto a Au/glass slide (gray) after 365 nm irradiation to 1-MC
(purple), and SERS spectra (λexc 633 nm) of 2-Au before (black) and after cyclic voltammetry up
to 1.1 V vs Ag/AgCl (blue), and SERS spectra (λexc 785 nm) of 2-Au after the addition of TfOH
(red) and subsequent irradiation with 365 nm (cyan). *CH3CN, #DCM.

In principle, addition of excess base to the electrolyte solution, i.e. performing the
experiment at high pH, should counteract the observed pH drop at the surface, however,
the high concentration of base interferes with the cyclic voltammetry and stability of
the spiropyran monolayers.

3.3. Conclusions

Surface enhanced Raman spectroscopy together with the acidochromism of spiropyrans
allow for the changes to SAMs during cyclic voltammetry to be assigned to a decrease
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in pH at the working electrode. The decrease in pH is substantial bearing in mind that
the same changes in a bulk solution require addition of an excess of a strong acid such
as triflic acid. These data have implications for our understanding of the switching
behaviour of spiropyran-based electrochemical systems, in which perceived optical
control over the molecular state of the spiropyran during voltammetric studies may be
confounded by the changing pH at the electrode due to oxidation of water present in
the solvent.

The SERS spectra obtained during cyclic voltammetry of 2-Au are complex su-
perpositions of the spectra of several species. The generation of the E-isomer of the
protonated merocyanine, as opposed to the Z-isomer formed upon direct addition of
strong acid, both in solution and on a gold surface, indicates that protonation in the
oxidised state may occur, where the barriers to Z-E isomerisation are lower. There is
reason to believe that also the deprotonated E-merocyanine isomer is present after
cyclic voltammetry on gold, due to equilibration of protonated E-merocyanine with the
bulk solution, i.e. the pH at the electrode increases over time as the electrode returns to
the original open circuit potential.

The insufficient resolution of the spectral data makes a definitive assignment of
species on the surface challenging. In addition, the presence of merocyanine on gold al-
ready before the start of electrochemical measurements, due to two-photon absorption
of the laser source by spiropyran resulting in its ring-opening, further complicates the
question as to which protonated merocyanine isomer is formed during cyclic voltamme-
try, and through which mechanism this occurs. Regardless of whether the open form is
generated from initial two-photon photochemical ring-opening to merocyanine, or from
direct proton-induced ring-opening to the Z-MCH+ isomer, the fact that protonated
merocyanine is observed after electrochemical measurements indicates that the pH at
the electrode is sufficiently low to result in protonation.

As a final note, we make use of SAMs for practical reasons related to SERS measure-
ments, but the same issue is of relevance to solution systems as well (e.g., thin-layer
voltammetry and spectroelectrochemistry).
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Experimental Details

Synthesis of 2

1,2-dithiolane-substituted methylnitrospiropyran 2 was synthesised according to a
literature procedure.9

ON NO2

O

O
S S

ON NO2

OH

+ OH

O
S S
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DCM, 0 °C to rt
Ar, overnight
77%

N
C

N

DCC
N

NDMAP

thioctic acid

MeNSP-EtOH

Synthesis of 2 from hydroxyethyl-substituted methyl-nitrospiropyran (MeNSP-EtOH) and thioctic
acid.

2-(3’,3’,5’-trimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’-yl)ethan-1-ol (MeNSP-
EtOH, 110 mg, 0.30 mmol), 5-(1,2-dithiolan-3-yl)pentanoic acid (DL-thioctic acid,
72 mg, 0.35 mmol), and 4-dimethylaminopyridine (DMAP, 7 mg, 0.06 mmol) were
dissolved in 30 mL of dichloromethane at 0 °C under argon. A solution of N,N’-
dicyclohexylcarbodiimide (DCC, 83 mg, 0.66 mmol) in 10 ml of dichloromethane was
added over 1 h while stirring, after which the reaction mixture was allowed to reach
room temperature overnight. The solvent was removed in vacuo. Purification of the
crude product by column chromatography over silica gel, using dichloromethane/-
pentane 4:1 as eluent, yielded the product (2-(3’,3’,5’-trimethyl-6-nitrospiro[chromene-
2,2’-indolin]-1’-yl)ethyl 5-(1,2-dithiolan-3-yl)pentanoate) (2) as a yellow solid (129 mg,
0.23 mmol, 77%). 2 was characterised by 1H NMR.
1H NMR (400 MHz, CD3CN) δ 8.08 (d, J = 2.8 Hz, 1H), 8.00 (dd, J = 9.0, 2.8 Hz, 1H),
7.03 (d, J = 10.4 Hz, 1H), 6.97 (d, J = 9.7 Hz, 2H), 6.71 (d, J = 9.0 Hz, 1H), 6.58 (d, J =
7.7 Hz, 1H), 5.96 (d, J = 10.4 Hz, 1H), 4.23 – 4.11 (m, 2H), 3.57 – 3.39 (m, 2H), 3.34 (dt,
J = 15.4, 5.6 Hz, 1H), 3.20 – 3.04 (m, 2H), 2.40 (dq, J = 12.5, 6.1 Hz, 1H), 2.28 (s, 3H),
2.22 (td, J = 7.3, 1.8 Hz, 2H), 1.90 – 1.72 (m, 1H), 1.69 – 1.46 (m, 5H), 1.35 (q, J = 8.5
Hz, 2H), 1.23 (s, 4H), 1.12 (s, 4H).

3

107



Chapter 3. Protonation of Spiropyran SAMs on Gold upon Oxidation

0123456789
Chemical shift (ppm)

1H NMR spectrum of 2 in CD3CN.

Physical Methods

Reagents and solvents were obtained from Sigma-Aldrich or Tokyo Chemical Industry
(TCI) Europe and used as received unless stated otherwise. NMR spectra were obtained
on a Bruker 400 spectrometer. Chemical shifts δ are reported in parts per million (ppm)
with respect to tetramethylsilane and referenced to the residual solvent (CHD2CN),
and coupling constants are reported in hertz. Multiplicities are denoted as s = singlet,
d = doublet, and m = multiplet.

UV-Vis absorption spectra at room temperature were recorded on an Analytik
Jena Specord 600 spectrometer, and spectra at lower temperatures were recorded in a
QuantumNorthwest temperature-controlled cuvette holder or in a Unisoku CoolSpek
USP-203-B cryostat. Irradiation at 365, 455, and 565 nm was provided by Thorlabs LEDs
M365LP1-C5 (435 mW), M455L3-C5 (400 mW), and M565F1 (2.0 mW), respectively.

Gold beads were prepared by melting gold wire in a butane flame. The beads were
roughened electrochemically using a literature procedure17 with a CH Instruments
(CHI) 760C bipotentiostat. Self-assembled monolayers (SAMs) formed upon immersion
in acetonitrile or dichloromethane containing 2 (1 mM). The gold colloid suspension
in water was prepared according to the citrate method.18 Raman spectra at 785 nm of
samples in H2O with Au colloid were recorded using an integrated laser probe (500
mW, Cobolt Lasers) fiber-coupled to an Andor Shamrock SR-163 spectrograph and
Andor iVac DR-324B-FI-560 camera and 200 line/mm grating with 730 nm blaze.

Electrode potential was controlled with either a CHI760c or CHI604E potentiostat,
with a platinum wire counter electrode (CE) and a saturated calomel electrode (SCE,
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CHI150), Hg/HgSO4 (CHI151) or Ag/AgCl wire reference electrode (RE). For cyclic
voltammetry on non-roughened gold, a teflon-shrouded gold working electrode (Au
WE, CHI101) was electrochemically cleaned by 20 cyclic voltammetric cycles in 0.5
M H2SO4 between -0.6 V and 1.2 V vs Hg/HgSO4, after which it was immersed into
a solution of 2 (2 mM) in dichloromethane. Cyclic voltammetry of 2-Au on the non-
roughened Au WE was performed in dichloromethane (0.1 M TBAPF6) with a Pt wire
(CE) and Hg/HgSO4 (RE). The potential of Hg/HgSO4 vs SCE was measured at 0.4 V
in acetonitrile (0.1 M TBAPF6), and the potential of Ag/AgCl was defined as 0.04 V vs
SCE.

Raman spectra of solid-state samples (thin films drop-cast onto Au/glass substrates)
were recorded with excitation at 785 nm using an Olympus BX51 microscope equipped
with a fibre coupled laser (BT785, ONDAX) and a fibre-coupled Shamrock163i spectro-
graph and iVac-DLL CCD camera and 235 line/mm grating with 750 nm blaze. The
power at the sample was varied from 1 to 300 mW and was typically 2-5 mW. Fourier
transform infrared (FTIR) diffuse reflectance spectra of solid-state samples (thin films
drop-cast onto a KBr disk) were recorded using a JASCO 4700 FTIR spectrometer with
a diffuse reflectance attachment.

Raman spectra in solution at 355 nm (25 mW at source, Cobolt Lasers Zouk10), 405
nm (40 mW at source, ONDAX LM-405-PLR-40-1) and 457 nm (400 mW at source,
Cobolt Lasers Twist 25) excitation wavelengths were recorded in a 180° backscattering
arrangement with the Raman scattering collected by a plano-convex lens (2.5 cm
diameter, f = 7.5 cm). The collimated light was then passed through the appropriate
long-pass edge filter (Semrock) after which it was focused by a second plano-convex
lens (λexc 355/405 nm: 2.5 cm diameter, f = 15 cm; λexc 457 nm: 2.5 cm diameter, f =
7.5 cm) into an Andor Shamrock 500i-D7 spectrograph with a 2400 line/mm grating
blazed at 300 nm (λexc 355/405 nm) or 303i-B spectrograph with a 1200 line/mm
grating blazed at 500 nm (λexc 457 nm). Acquisition was performed with an Andor
iDus DV420A-BU2 CCD (λexc 355/405 nm) or iDus DV420A-BV CCD (λexc 457 nm)
camera.

Raman spectra of self-assembled monolayers on roughened gold beads were recorded
at 785 nm using an Olympus BX51 microscope equipped with a fibre-coupled laser
(BT785, ONDAX) and a fibre-coupled Shamrock163i spectrograph and iVac-DLL CCD
camera and 235 line/mm grating with 750 nm blaze. The power at the sample was
varied from 1 to 300 mW and was typically 2-5 mW.

Density functional theory (DFT) geometry optimisations and frequency calculations
of the various spiropyran isomers were performed with ORCA5,19,20 using the default
optimisation algorithm. The structures were optimised using the functional ωB97X-
D3,21,22 and the basis set def2-TZVP,23,24 and a conductor-like polarisable continuum
model (CPCM)25 of acetonitrile.
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Appendix
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Figure S3.1: UV-Vis absorption spectra of 2
(60 µM) in CH3CN at 20 °C (black) just after
irradiation at 365 nm (15 s, purple) and after
prolonged irradiation resulting in photodegra-
dation (7 min, cyan).
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Figure S3.2: UV-Vis absorption spectra of 1
(2 mM) in CH3CN in a thin-layer (OTTLE) cell
(black) after irradiation at 365 nm (purple), af-
ter addition of TfOH (4 eq.), and after subse-
quent sequential irradiation at 365 nm (blue)
and 455 nm (cyan).

120014001600

1+TfOH (initial)
1+TfOH (after 4 min of acq.)

120014001600

1+TfOH after 365-455 nm irr. (initial)
1+TfOH after 365-455 nm irr.
(after 14 min of acq.)

Raman shift (cm 1)

Figure S3.3: Solid-state Raman spectra (λexc 785 nm) of a thin film of 1 with TfOH (1.5 eq.)
drop-cast from a concentrated DCM solution (1.2 mM) onto a Au/glass slide (red) and after 4
min of acquisition (light red), after irradiation with 365 nm and subsequently with 455 nm light
(cyan), and after 14 min of acquisition (light blue). A baseline was applied to the spectra to
correct for background fluorescence.
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Figure S3.4: UV-Vis absorption spectra during acquisition of Raman spectra at (left) 355 nm,
(middle) 405 nm, and (right) 457 nm, after (top) addition of 1 (60 µM) to CH3CN at 20 °C (gray to
black), and (bottom) subsequent addition of TfOH (1.5 eq., red to blue).
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Figure S3.5: UV-Vis absorption spectra of 1 (2 mM) in CH3CN (0.1 M TBAPF6) in a 2 mm path-
length quartz cuvette before (black), after bulk electrolysis at 1.0 V in the dark for 60 s (light
blue), and after subsequent bulk electrolysis at 1.1 for 60 s (dark blue). Working electrode: Pt
mesh; counter electrode: Pt wire; reference electrode: Ag/AgCl wire.
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Figure S3.6: (left) UV-Vis absorption spectra of Magic Blue (0.5 mM) in CH3CN before (blue) and
after addition of ascorbic acid (4 eq., gray). (right) Raman spectra at λexc 457 nm in CH3CN of
MeNSP+• generated from the addition of MB (0.5 eq.) to 1 (60 µM) (cyan), and of only MB (blue),
1 (black), and CH3CN (gray). The Raman spectra were baseline-corrected, normalised and offset
for clarity.
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Figure S3.7: Calculated Raman spectra of MeNSP (black), MeNSP+• (cyan), CCC -MeNMCH+

(red), and TTT -MeNMCH+ (blue). The Raman intensities were calculated from the obtained
Raman activities, and a Gaussian broadening at full width at half maximum of 8 cm−1 and scaling
factor of 0.933 were applied to the Raman frequencies. The spectra are overlaid to show the
relative intensities. See Figure 3.4 for the stacked spectra.
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