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ABSTRACT: Smart or functional surfaces that exhibit
complex multimodal responsivity, e.g., to light, heat, pH, etc.,
although highly desirable, require a combination of distinct
functional units to achieve each type of response and present a
challenge in achieving combinations that can avoid cross-talk
between the units, such as excited-state quenching. Com-
pounds that exhibit multiple switching modalities help
overcome this challenge and drastically reduce the synthetic
cost and complexity. Here we show that a bis-spiropyran
photochrome, which is formed through coupling at the
indoline 5-position using redox chemistry, exhibits pH-gated
photochromism, with opening of the spiro moiety by irradiation with UV light and the expected reversion by either heating or
irradiation with visible light gated by protonation/deprotonation. Remarkably, when the photochrome is oxidized to its dicationic
form, bis-spiropyran2+, visible light can be used instead of UV light to switch between the spiro and merocyanine forms, with
locking and unlocking of each state achieved by protonation/deprotonation. The formation of the bis-spiropyran unit by
electrochemical coupling is exploited to generate “smart surfaces”, i.e., polymer-modified electrodes, avoiding the need to
introduce an ancillary functional group for polymerization and the concomitant potential for cross-talk. The approach taken
means not only that the multiresponsive properties of the bis-spiropyran are retained upon immobilization but also that the
effective switching rate can be enhanced dramatically.

■ INTRODUCTION
Surfaces that respond to external stimuli to enable changes in
surface properties,1 such as wettability,2 adhesion,3 surface
roughness,4 and biocompatibility,5 have received widespread
interest with applications in fields as diverse as sensor
technologies,6 cell culture,7 solar management systems,8

fluorescence modulation,9 and electro- and photochromic
devices.10 In particular, surfaces that allow switching of surface
properties through external stimuli have been applied
extensively in the control of cell growth through patterning
of surfaces not only prior to cell growth but also during the
process, which has enabled a deeper understanding of the
factors that control cell morphology and growth direction.11

Furthermore, photoswitchable modified electrodes have been
applied extensively, in particular with spiropyrans, to the
control of interfacial electron transfer kinetics, as demonstrated
elegantly by Katz, Willner, and others.12 Photo- and redox
switching of surface properties through self-assembled mono-
layers and polymers is of particular interest, as they offer the
possibility of rapid and complete control.13 These function-
alized surfaces are attractive because of the wide range of
approaches that can be taken toward their preparation,
including activated substrates,14 self-assembly through thiol-
or alkylsiloxy-terminated aliphatic chain ends,15 functionalized
polymers,16 and plasma-induced grafting.17 Two key challenges

faced in introducing responsiveness lie in the requirement for
chemical compatibility between the method used for surface
modification and the switching unit and, more importantly, the
retention of photochromic response after immobilization.18

Among the many approaches to surface modification, the in
situ electrochemical formation of polymers at electrode surfaces
provides a simple yet robust method for obtaining electroactive
thin films and has been applied in a number of systems
incorporating photochromes such as stilbenes,19 diaryle-
thenes,20 and spiropyrans.21 A challenge presented in using
electropolymerization is that it typically requires the addition of
a second functional (electropolymerizable) group in addition to
the photochromic unit and hence risks “cross-talk” between the
functioning of the polymerizable unit and the photoresponsive
unit (Scheme 2). The central challenge is to avoid the loss of
photochemical performance after polymerization. For example,
in the case of a dithienylperfluorocyclopentene photochromic
switch to which two bithiophene units were appended,
electropolymerization to form ethene-bridged sexithiophene
polymers proceeded smoothly when the monomers were in the
colorless open form but was prevented by photochemical ring
closing of the monomer.22 However, neither the photochemical
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switching nor the photoluminescence of the switch were
retained in the polymer films because of quenching due to H-
aggregation of the sexithiophene units.23 One approach that has
been taken to prevent the loss of photochromic function upon
electropolymerization is to introduce a spacer unit between the
photoswitchable moiety and the unit responsible for electro-
polymerization.24,25 Although this approach leads to polymer
films that show reversible photochemical switching, the
methoxystyryl units used to form the polymer through
oxidative coupling resulted in poor photostability of the film
overall, especially upon irradiation with UV light.25

In the present contribution, an alternative approach is taken
to circumvent these complications by avoiding the use of a
separate functional unit for electropolymerization. Here we take
advantage of the oxidative dimerization of spiropyran 1 (vide
infra; Scheme 1)26,27 to form the polymer film and,
simultaneously, the photochromic unit, i.e., the bis-spiropyran,
thereby avoiding the need to include a separate functional unit
for polymerization. We show that the bis-spiropyran unit
formed exhibits unprecedented redox- and H+-gated photo-
chromism (Scheme 2) and that these properties are retained
after immobilization on conducting surfaces.
The photochromic properties of spiropyrans were first

reported in 1952,29 and they have been applied widely since
in molecular-based devices.30 The photochromism of spiropyr-
ans is based on interconversion between the spiro (SP) and
merocyanine (MC) forms (Scheme 2, top left). Upon
irradiation with UV light, the spiropyran is converted to its
merocyanine form, with reversion upon irradiation with visible
light as well as thermally. Additionally, for a number of
spiropyrans the photostationary state has been reported to shift

in favor of the merocyanine form in the presence of a source of
H+.31 The absorption spectrum of the protonated merocyanine
is distinct from that of the nonprotonated merocyanine,32 but
nevertheless, irradiation with visible light regenerated the
spiropyran form with rerelease of the H+, a behavior that has
indeed proven useful in exerting subtle control over pH.33

Although the redox chemistry of spiropyrans has been noted on
several occasions, their potential use in electrochemical
applications has focused primarily on the change in polarity
induced by photochemical switching.34−36 The first report of
the redox chemistry of the spiropyran unit itself was by
Campredon et al. in 1993.37 However, the electrochemical
mechanisms observed38 were clarified only relatively recently
when it was established that dimerization through the 5-
position of the indoline unit of, e.g., 2-(3′,3′-dimethyl-6-
nitrospiro[chromene-2,2′-indolin]-1′-yl)ethyl octanoate (1)
(Scheme 3) occurs.27 Such dimerization was shown to be
blocked effectively by the incorporation of a methyl group at
that position (i.e., in 6).27 The dimerization of spiropyrans is
manifested in their cyclic voltammetry by an irreversible
oxidation at ca. 1.05 V vs SCE (Scheme 3), which results in
coupling and subsequent double deprotonation. The bis-
spiropyran formed is oxidized immediately to its dicationic
state and subsequently undergoes stepwise reduction at ca. 0.8
and 0.65 V vs SCE. Overall its voltammetry resembles that of
[3,3′,5,5′-tetramethylbenzidine]2+.39 The fact that spiropyrans
can undergo oxidative coupling in this way presents
opportunities for the utilization of both their electro- and
photochemistry29,40 and raises questions regarding the photo-
chemistry of the bis-spiropyran formed (Scheme 3).

Scheme 1. Structures of Spiropyran 1 and Double (Alkyl Ester-Bridged) Spiropyrans 2 and 3; Immobilization of 2 and 3 Is
Achieved through Sequential Oxidative Coupling of the Indoline Units28
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In this work, we took advantage of the propensity of
spiropyran 1 to undergo oxidative dimerization to form redox-
and photoresponsive films through electropolymerization. Two
spiropyrans were tethered covalently using bisester linkers of
various lengths attached at the indoline nitrogen to form 2 and
3 (Scheme 1). Electrochemical coupling of two spiropyrans
enabled the formation of polymers of alkyl diester-bridged bis-
spiropyrans, in the case of 2 and 3.
We show that although the already limited photochromic

response of the bis-spiropyran (5) in solution is reduced further
upon immobilization, the H+-gated and electrochemically gated
photochromic response is retained fully on the polymer-
modified electrodes. Furthermore, immobilization as a thin film
on an electrode allows more rapid electrochemical/H+-gated
switching, with visible rather than UV light, than can be
achieved in solution. Hence, rather than losing responsivity
upon immobilization, as is often the case, the present system
provides even more rapid access to the H+-gated and
electrochemically gated photochromism of 5.

■ EXPERIMENTAL SECTION
Materials. 2-(3′,3′-Dimethyl-6-nitrospiro[chromene-2,2′-indolin]-

1′-yl)ethanol (4) was synthesized following literature procedures.41 All
of the chemicals for electrochemical measurements and for the
synthesis of bis(2-(3′,3′-dimethyl-6-nitrospiro[chromene-2,2′-indo-
lin]-1′-yl)ethyl) succinate and bis(2-(3′,3′-dimethyl-6-nitrospiro-
[chromene-2,2′-indolin]-1′-yl)ethyl) adipate were purchased from

Aldrich or Acros and were used without further purification.
Dichloromethane (DCM) was distilled over calcium hydride before
use for chromatography, and spectroscopic-grade DCM (UVASOL)
was used without additional purification for spectroscopic and
electrochemical measurements.

Synthesis of Bis(2-(3′,3′-dimethyl-6-nitrospiro[chromene-
2,2′-indolin]-1′-yl)ethyl) Succinate (2). Compound 4 (0.58 g,
1.64 mmol), N,N-dimethylaminopyridine (DMAP) (0.20 g, 1.64
mmol), N,N-dicyclohexylcarbodiimide (DCC) (0.35 g, 1.7 mmol), and
succinic acid (0.09 g, 0.82 mmol) were dissolved in DCM (50 mL)
and stirred overnight at room temperature. The solution was washed
with water (3 × 30 mL), and the organic layer was dried over Na2SO4.
The solvent was removed in vacuo, and the residue was purified by
column chromatography over silica gel using pentane with an
increasing gradient of ethyl acetate as the eluent, providing the
product as a pink solid in 58% yield (0.75 g, 0.95 mmol). Mp: 81.0−
83.5 °C. 1H NMR (CDCl3): δ 8.03 (d, J = 2.6 Hz, 2H), 7.98 (s, 2H),
7.19 (t, J = 7.7 Hz, 2H), 7.09 (d, J = 6.5 Hz, 2H), 6.91 (d, J = 9.7 Hz,
2H), 6.89 (t, J = 8.1 Hz, 2H), 6.74 (d, J = 9.7 Hz, 2H), 6.65 (d, J = 7.7
Hz, 2H), 4.32−4.14 (m, 4H), 3.60−3.28 (m, 4H), 2.51 (s, 4H), 1.27
(s, 6H), 1.15 (s, 6H). 13C NMR (CDCl3): δ 172.1, 159.5, 146.7, 141.2,
135.8, 128.5, 128.0, 126.1, 122.9, 122.0, 121.9, 120.1, 118.6, 115.7,
106.8, 106.6, 62.9, 53.0, 42.5, 28.9, 26.0, 20.0. ESI-MS: m/z 787.2980
[M + H]+; calcd for C44H43N4O10, 787.2974. Anal. Calcd for
C44H42N4O10: C, 67.2; H, 5.38; N, 7.12. Found: C, 67.4; H, 5.48;
N, 6.98.

Synthesis of Bis(2-(3′,3′-dimethyl-6-nitrospiro[chromene-
2,2′-indolin]-1′-yl)ethyl) Adipate (3). Compound 4 (1.00 g, 2.8
mmol), DMAP (0.34 g, 2.8 mmol), DCC (0.62 g, 3.0 mmol), and
adipic acid (0.20 g, 1.4 mmol) were dissolved in DCM (50 mL) and

Scheme 2. pH- and Redox-Gated Photochemical Switching between the Bis-spiropyran (5) and Its Bis-merocyanine Form
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stirred overnight at room temperature. The solution was washed with
water (3 × 30 mL) and dried over Na2SO4. The solvent was removed
in vacuo, and the residue was purified by column chromatography over
silica gel using pentane with an increasing gradient of ethyl acetate as
the eluent, providing the product as a pink solid in 65% yield (0.73 g,
0.91 mmol). Mp:77.8−77.9 °C. 1H NMR (CDCl3): δ 8.02 (d, J = 2.6
Hz, 2H), 8.00 (s, 2H), 7.19 (t, J = 7.7 Hz, 2H), 7.08 (d, J = 7.1 Hz,
2H), 6.92 (d, J = 10.1 Hz, 2H), 6.89 (t, J = 7.7 Hz, 2H), 6.74 (d, J =
8.5 Hz, 2H), 6.67 (d, J = 7.8 Hz, 2H), 5.87 (d, J = 10.4 Hz, 2H), 4.31−
4.11 (m, 4H), 3.55−3.34 (m, J = 21.4 Hz, 15.1 Hz, 6.3 Hz, 4H), 2.22
(bs, 4H), 1.55 (m, 4H), 1.28 (s, 6H), 1.16 (s, 6H). 13C NMR
(CDCl3): δ 173.1, 159.5, 146.8, 141.2, 135.8, 128.5, 128.0, 126.1,
122.9, 122.0, 121.9, 120.1, 118.6, 115.7, 106.8, 106.6, 62.6, 53.0, 42.5,
33.8, 26.0, 24.3, 20.0. ESI-MS: m/z 815.3419 [M + H]+; calcd for
C46H47N4O10, 815.3827. Anal. Calcd for C46H46N4O10: C, 67.8; H,
5.69; N, 6.88. Found: C, 67.6; H, 5.93; N, 6.68.
Synthesis of 2-(3′,3′-Dimethyl-6-nitrospiro[chromene-2,2′-

indolin]-1′-yl)ethyl Octanoate (1). Compound 4 (1.11 g, 3.0
mmol), octanoic acid (0.47 g, 3.3 mmol), N-(3-(dimethylamino)-
propyl)-N′-ethylcarbodiimide hydrochloride (EDCI) (0.63 g, 3.3
mmol), and N-hydroxybenzotriazole (0.42 g, 3.1 mmol) were
dissolved in 40 mL of DCM, and the solution was stirred overnight
under a nitrogen atmosphere. The organic layer was washed with
aqueous NaHCO3 (2 × 20 mL) and water (3 × 20 mL) and dried over
MgSO4. DCM was removed in vacuo. Purification of the crude
product by column chromatography over silica gel using pentane with

an increasing gradient of DCM as the eluent provided the product as a
yellow solid in 23% yield (0.33 g, 0.69 mmol). 1H NMR (CDCl3): δ
0.86 (m, J = 6.8 Hz, 3H), 1.14 (s, 3H), 1.17−1.30 (br, 8H), 1.27 (s,
3H), 1.53 (m, 2H), 2.22 (t, J = 6.8 Hz, 2H), 3.38 (m, 1H), 3.45 (m,
1H), 4.16 (m, 1H), 4.22 (m, 1H), 5.87 (d, J = 10.3 Hz, 1H), 6.66 (d, J
= 8.4 Hz, 1H), 6.72 (d, J = 7.8 Hz, 1H), 6.87 (m, 2H), 7.06 (d, J = 7.3
Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H), 7.98 (s, 1H), 8.00 (d, J = 7.3 Hz,
1H).

Synthesis of 2-(3′,3′-Dimethyl-6-nitrospiro[chromene-2,2′-
indolin]-1′-yl)ethyl Octanoate Dimer (5). Compound 1 (0.20 g,
0.42 mmol) was dissolved in 20 mL of CH3CN. and 163 mg of
Cu(ClO4)2·6H2O was dissolved in 400 μL of water. The aqueous
solution containing Cu(ClO4)2·6H2O was added to the organic
solution, and the reaction mixture was stirred at room temperature for
24 h. The solvent was then evaporated under reduced pressure, and
the crude material was dissolved in 40 mL of DCM and filtered. The
filtrate was washed with a saturated solution of NaHCO3 containing
5% EDTA (3 × 20 mL). The organic phase was then dried over
Na2SO4, and the solvent was distilled in vacuo to afford a brown solid.
Purification by preparative TLC (silica, 20 cm × 20 cm, 1500 μm)
with 30% EtOAc/pentane as the eluent yielded, next to the starting
material, the product in 34% yield (34 mg, 0.036 mmol). 1H NMR
(CDCl3): δ 0.85 (t, 3H), 1.10−1.40 (br, 13H), 1.57 (m, 3H), 2.24 (m,
2H), 3.47 (m, 2H), 4.24 (m, 2H), 5.91 (d, 1H), 6.73 (d, 1H), 6.78 (d,
1H), 6.93 (d, 1H), 7.24 (s, 1H), 7.33 (d, 1H), 8.01 (s, 1H), 8.06 (m,
1H).

Scheme 3. (a) Mechanism for Oxidative Dimerization of 1 To Form Bis-spiropyran 5 and (Inset) the Corresponding Cyclic
Voltammetry; (b) Reversible One-Electron Oxidation of 6, for Which the Methyl Group at the Indoline 5-Position Prevents
Carbon−Carbon Bond Formationa

aThe inset graphs are reproduced with permission from ref 27. Copyright 2013 The Royal Society of Chemistry.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b11604
J. Am. Chem. Soc. 2016, 138, 1301−1312

1304

http://dx.doi.org/10.1021/jacs.5b11604


Physical Methods. 1H and 13C NMR spectra were obtained on a
Varian Mercury Plus 399.93 MHz spectrometer. Chemical shifts (δ)
are reported in parts per million and coupling constants in hertz.
Integrations are also reported, and multiplicities are denoted as
follows: s = singlet, d = doublet, t = triplet, br = broad singlet, m =
multiplet. Chemical shifts are reported with respect to tetramethylsi-
lane and referenced to residual solvent (CHCl3) signals. Mass spectra
were recorded on a ThermoScientific LTQ Orbitrap XL spectrometer.
UV/vis absorption spectra were obtained on an Analytik Jena
Specord600 spectrometer. Electrochemical data were obtained using
a 600C or 760B electrochemical workstation (CH Instruments). The
working electrodes used were a Teflon-shrouded glassy carbon
electrode (3 mm diameter), indium tin oxide (ITO) on glass slides
(1 cm × 3 cm), a platinum disc electrode (2 mm diameter), and gold
beads.42 A platinum wire was used as an auxiliary electrode, and a Ag/
AgCl reference electrode or a saturated calomel electrode (SCE) was
used as the reference electrode. Cyclic voltammograms were obtained
at a sweep rate of 100 mV s−1 in anhydrous DCM containing 0.1 M
tetrabutylammonium chloride with analyte concentrations of 0.5 to 2
mM, unless stated otherwise. All potential values are quoted with
respect to SCE. Redox potential (Ep,a, anodic peak potential; Ep,c,
cathodic peak potential; E1/2 = (Ep,a + Ep,c)/2) values are ±10 mV.
UV/vis absorption spectroelectrochemistry of 5 was carried out using
an optically transparent thin-layer electrochemical (OTTLE) cell (a
liquid IR cell modified with Infrasil windows, platinum mesh working
and counter electrodes, and a Ag/AgCl reference electrode; University
of Reading) mounted in a Specord600 UV/vis absorption
spectrometer with the potential controlled by a CHI760B potentiostat.
The Ag/AgCl reference electrode of the OTTLE cell was prepared by
anodization at 9 V with a platinum wire cathode in 3 M KCl(aq). In
situ UV/vis absorption spectroelectrochemistry of poly-2 and poly-3
was carried out by initial modification of an ITO electrode by cyclic
voltammetry followed by transfer to a quartz cuvette as an
electrochemical cell. Irradiation at 365 nm (4.1 mW), 490 nm (2
mW), and 660 nm (4.5 mW) was provided by laser diodes (Thorlabs).

■ RESULTS AND DISCUSSION

Syntheses. The syntheses and electrochemical and
spectroscopic characterizations of compounds 4,41 1,26 and
526 (Scheme 4) were reported earlier. Although electrochemical
dimerization of 1 was carried out previously,27 for convenience
oxidative dimerization of 1 was carried out with a Cu(II) salt
using the method described by Natali and Giordani26 to yield
spiropyran dimer 5 in 34% yield (Scheme 4). The
spectroscopic properties of the obtained product (Figures S1
and S2) were identical to those of the product previously
obtained by electrochemical oxidative coupling.26 Compounds
2 and 3 were prepared from 4 by reaction with succinic and
adipic acid, respectively (Scheme 4).

pH-Gated Photochromism of 5. Bis-spiropyran 5 shows
absorption at <400 nm, which upon irradiation at λexc = 365 nm
results in the appearance of a visible absorption band at 600 nm
assigned to the merocyanine form (Figure 1). Thermal
reversion is rapid once irradiation is ceased.26 Addition of
CF3SO3H at the photostationary state at 365 nm resulted in an
immediate blue shift of the visible absorption band to 507 nm,
with a shoulder at 441 nm. Further irradiation at 365 nm
resulted in a substantial increase in the absorbance of this new
band (Figure 1). Subsequent irradiation at 490 nm had no
effect on the absorption spectrum, confirming both the thermal
and photochemical stability of the protonated merocyanine
form of 5. Addition of Et3N, however, resulted in an immediate
red shift in the visible absorption band from 507 to 600 nm
followed by rapid thermally driven recovery of the original
absorption spectrum of the spiropyran form of 5 (Figure 2).
The thermal stability of the bis-spiropyran form of 5 in the
absence of acid was complete (i.e., the ring-opened form was
not observed), indicating that the difference in ground-state
energies of the two forms is high. Under acidic conditions,

Scheme 4. Synthesis of 5 through Chemical Oxidative Dimerization of 1 and Synthesis of 2 and 3 from 4 through DCC
Coupling
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however, ring opening to form the merocyanine was observed
over long periods (>3 h), indicating that it is more stable than
the spiropyran form, which is consistent with its more positive
oxidation potential (vide infra), and that the barrier to thermal
isomerization is controlled by the interchange between the
spiro and deprotonated merocyanine forms.
UV/Vis/NIR Absorption Spectroelectrochemistry of 5.

The cyclic voltammetry of 5 is characterized by two reversible
oxidation waves at 0.65 and 0.80 V vs SCE (Scheme 3).26

Electrochemical oxidation of 5 to its monocationic form 5+

resulted in the appearance of bands at 445 and 470 nm together
with near-IR (NIR) absorption bands at ca. 770, 870, and 995
nm, which are characteristic of a TMB+-type radical cation
(Figure 3).43 Oxidation at more positive potentials resulted in a
loss of the NIR absorption band and a red shift and increase in
visible absorption at 525 nm due to formation of dicationic 52+,
as described previously.27 The changes in the absorption

spectrum of 5 were reversed fully upon application of a
potential of <0.6 V, confirming that the spiropyran structure is
unaffected by oxidation.
Notably, however, when UV/vis absorption spectra were

acquired at short time intervals when 5 was in its oxidized state
(i.e., 52+), the initial absorption spectrum did not recover fully.
Instead, weak visible absorption bands remained after reduction
at 0.0 V, indicating that 52+ is photochemically active. Indeed,
when spectra were recorded continuously when the potential
was held more positive than that of the second redox wave, the
conversion to this second species was complete (Figure 4).

Subsequent reduction at 0 V resulted in the disappearance of
the band at 780 nm, confirming that the photochemical product
is also redox-active, with a visible absorption band remaining at
430 nm that is both thermally and photochemically stable.
Although irradiation of the neutral bis-spiropyran 5 at 365

nm results in the appearance of an absorption band at 600 nm
and, in the presence of acid, a stronger absorption band at 507
nm, irradiation of 5 with visible light (e.g., 490 nm) has no
effect on its absorption spectrum Furthermore, neither the

Figure 1. UV/vis absorption spectrum of 5 (1 mM in DCM
containing 0.1 M TBAPF6) before (black) and after (light blue)
irradiation at λexc = 365 nm. Addition of CF3SO3H results in a blue
shift in the absorption spectrum (pink), and subsequent irradiation at
365 nm yields the bis-merocyanine form of 5 (dark blue).

Figure 2. UV/vis absorption spectrum of the protonated bis-
merocyanine form of 5 (dark blue) (1 mM in DCM containing 0.1
M TBAPF6) generated by irradiation at λexc = 365 nm after addition of
CF3SO3H. Subsequent addition of Et3N (light blue) is followed by
thermal recovery (dotted lines recorded at 7.5 s intervals) of the
spectrum of bis-spiropyran 5 (black line).

Figure 3. In situ UV/vis absorption spectra of 5 obtained during thin-
layer cyclic voltammetry at 0.7 (orange) and 0.9 V (red).

Figure 4. Changes in the UV/vis absorption spectrum of 5 (1 mM)
oxidized at 1.1 V (thick black line) during sequential acquisitions
(shown at 7 s intervals in blue; the final spectrum is shown in green)
followed by reduction at 0.0 V (red).
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protonated merocyanine form (vide supra) nor the mono-
cationic form 5+, are affected by irradiation at 365 or 490 nm.
The dication 52+ is thermally stable, in contrast to related

indolinooxazolidines.44 Irradiation at 490 nm (i.e., in resonance
with the absorption band of 52+ at 525 nm) results in a rapid
decrease in absorbance at 525 nm and the appearance of broad
visible absorption bands at 420 and 750 nm (Figure 5). When

irradiation is ceased, the spectrum recovers partially, i.e., the
absorption band of 52+ at 525 nm increases and the bands at
420 and 750 nm decrease again. Subsequent reduction at 0.0 V
results in a loss of absorbance of 52+ and its primary
photoproduct, but the initial spectrum of 5 is not recovered
fully (Figure 5). Instead, a broad absorption band is observed at
470 nm that is similar to the one observed upon protonation of
the merocyanine form of 5 (Figure 2; vide infra). These data
demonstrate for the first time that instead of suppressing the
photochemistry of 5, oxidation to the dicationic form enhances
this photochemistry.
In summary, these data show that bis-spiropyran 5 is

thermally stable in the neutral state and that UV irradiation
converts it to its thermally unstable merocyanine form.
Protonation of the merocyanine form renders it thermally
and photochemically stable and allows the equilibrium position
to be shifted in favor of the merocyanine form, as is observed
frequently for monospiropyrans.31,32,34 Hence, ring opening
can be achieved by irradiation with UV light, and the ring-
opened state can then be “locked” by protonation and
“unlocked” by deprotonation. In the dicationic state, 52+, ring
opening to give the merocyanine form proceeds smoothly using
visible light, and although the oxidized merocyanine form is
thermally unstable (reverting to the dicationic spiropyran
form), it can be “locked” by protonation and subsequent
reduction either during or after oxidation (vide infra). It should
be noted that all steps (i.e., in Scheme 2) indicate that both
spiropyran units undergo switching.45 Intermediates in which
switching of only one of the units has occurred are also
possible. Indeed, this question is a central issue in the field of
multiphotochromics.46 In the present case of 5, no evidence for
such intermediate species is available; this may be due to the

increased aromatization of one indoline unit, which drives
aromatization (and ring opening) of the second unit.

Synthesis and Characterization of 2 and 3. As discussed
above, immobilization of 5 as a polymer on electrodes was
achieved by taking advantage of the propensity for spiropyrans
to undergo oxidative dimerization (Scheme 3). The alkyl group
on the indoline nitrogen is a key structural feature of the
spiropyrans, as it provides an excellent platform for other
functional units to be attached in a modular manner, allowing
more complex responsive molecular systems to be synthesized.
Two spiropyran units were tethered via a diester linker by
esterification of 4 with succinic acid or adipic acid. The
spectroscopic characterizations of compounds 2 and 3 are
provided in the Experimental Section. As stated above, a key
question raised in the preparation of modified surfaces based on
molecular switches concerns the retention of functionality of
the switchable unit after immobilization. Here, the bis-
spiropyran was immobilized through electrochemical polymer-
ization on ITO, glassy carbon, and Pt, and the effect of
immobilization on the functional properties of the bis-
spiropyran was examined using a combination of cyclic
voltammetry, UV/vis/NIR absorption spectroscopy, and
spectroelectrochemistry.
The cyclic voltammetry of 2 and 3 in the range of 0 to 1.2 V

(Figure 6) is, as expected, very similar to that of

monospiropyran 1, with an oxidation peak at ca. 1.0 V assigned
to oxidation of the indoline units, which is irreversible due to
rapid dimerization (Scheme 3). In contrast to 1, however, the
oligomers formed deposit directly on the electrode, resulting in
an increase in current for the redox waves assigned to poly-2/
poly-2+ and poly-2+/poly-22+ at 0.65 and 0.80 V, respectively,
i.e., each of the spiropyran units in 2 and 3 undergoes a one-
electron oxidation, after which coupling with another
spiropyran radical occurs in an overall four-electron ECCE
process (see Scheme 3), as observed previously for 2-(3′,3′-
dimethyl-6-nitrospiro[chromene-2,2′-indolin]-1′-yl)ethyl octa-
noate.27

The current response at >1.05 V decreased over multiple
cycles along with an increase in current response of the redox

Figure 5. UV/vis absorption spectrum of 52+ (thick black line,
generated by oxidation at 1.2 V) and spectra after 90 s at 1.2 V
(dashed black line), after irradiation at 490 nm for 60 s (solid cyan
line), and after 1 min without irradiation (dashed cyan line). The
spectrum obtained after subsequent reduction at 0.0 V is shown as a
solid gray line.

Figure 6. Cyclic voltammetry of 3 (1 mM in acetonitrile containing
0.1 M TBAPF6) at a glassy carbon electrode (d = 3 mm) with a Pt
counter electrode and an SCE working electrode at 0.1 V s−1. The
corresponding voltammetry at an ITO-on-glass electrode is shown in
Figure S3.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b11604
J. Am. Chem. Soc. 2016, 138, 1301−1312

1307

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11604/suppl_file/ja5b11604_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b11604


waves at 0.65 and 0.80 V, consistent with a buildup of poly-2/3
at the electrode (Figure 6).47 The decrease in current response
at >1.0 V is in part due to depletion of the diffusion layer, but
stirring between cycles to “refresh” the depleted diffusion layer
resulted in only a slight recovery of its current response. This
indicates that film formation results in a reduction, albeit a
modest one, in the conductivity at the onset potential for
oxidation of 2/3, although the film continues to grow in
thickness with each cycle. Polymer film formation was also
observed in acetonitrile or 1,2-dichloroethane as well as on
platinum, gold, and ITO electrodes. The formation of thicker
films was observed on ITO electrodes compared with glassy
carbon electrodes, which is ascribed to the former’s increased
roughness, and films of sufficient thickness for UV/vis/NIR
absorption spectroscopy studies were obtained readily (Figure
8; vide infra).
Cyclic Voltammetry at Poly-2- and Poly-3-Modified

Electrodes. For both polymers, two fully reversible oxidation
waves at 0.65 and 0.80 V (Figure 7) are observed in monomer-
free solution. The cyclic voltammetry at the electrodes modified
with spiropyrans poly-2 and poly-3 shows a linear dependence
on the scan rate, and for both, Ep,a = Ep,c and Ip,a = Ip,c for both
redox waves, as expected for surface-confined redox processes.
Continuous repeated cyclic voltammetry at 0.1 V s−1 results in
only a slight decrease in Ip,a due primarily to peak broadening,
indicating both good adhesion of the film to the glassy carbon
electrode and stability of the film in all three oxidation states.
The non-Faradaic current shows a linear dependence on the
scan rate (capacitance = 50 ± 1 μF cm−2) and is unaltered by
repeated cyclic voltammetry, further indicating that the film is
not altered significantly upon oxidation and reduction (Figure
7). The absence of a significant redox wave at 1.1 V on poly-2/
3-modified electrodes indicates that the degree of polymer-
ization is high, as the polymer chain ends (i.e., nondimerized
spiropyran units) would be expected to show a reversible redox
wave at a potential similar to that of 6 (Scheme 3) due to
entrapment of monospiropyran moieties within the polymer
film with no opportunity to dimerize.
A key feature of redox polymers is that charge transfer from

the electrode can be blocked except at potentials close to the
formal potentials of the redox processes. This phenomenon is

especially apparent as the polymer formed increases in
thickness, i.e., as it forms a blocking layer at the electrode.
The poly-2 and poly-3 films formed were probed for their
ability to passivate the electrode at high redox potentials using
the cationic redox probe48 [Ru(ph2phen)3]PF6 (where ph2phen
= 1,10-diphenylphenanthroline), which is oxidized at 1.3 V vs
SCE.27,49 The electrochemical response of a poly-3-modified
glassy carbon working electrode in monomer-free solution
showed the expected two reversible redox waves at 0.65 and
0.80 V (Figure S4). Addition of [Ru(ph2phen)3]PF6 had
essentially no effect on the voltammetry at the electrode
between 0.0 and 1.4 V vs SCE, confirming that redox
conductivity of the fully oxidized polymer was absent (i.e.,
that electron transfer to and from the electrode was blocked
effectively at potentials less and more positive than those of
spiropyran polymer) and that coverage of the electrode surface
by the polymer was complete. Continuous cyclic voltammetry,
however, showed a steady increase in current response from
[Ru(ph2phen)3]PF6 over time concomitant with a decrease in
the current response of poly-3 (Figure S4). This change in
response with cycling was not observed in the absence of
[Ru(ph2phen)3]PF6. Notably, the capacitance (i.e., non-
Faradaic current) of the electrode was unaffected over the
entire period, indicating that the change in redox response was
not due to desorption of the film. Furthermore, when the
electrode was subsequently washed with solvent and transferred
to a solution containing only electrolyte, the redox response of
[Ru(ph2phen)3]PF6 2 was no longer observed, confirming that
it was not absorbed into the film. The redox waves of the
spiropyran polymer did not show further changes even after
standing in solution for 24 h. Returning the electrode to a 1
mM solution of [Ru(ph2phen)3]PF6 showed an almost identical
response as obtained 24 h previously (i.e., partial blocking of its
current response), and continued cycling resulted in a further
increase in conductivity at high potentials.

Vis/NIR Absorption Spectroelectrochemistry of Poly-2
and Poly-3. Vis/NIR absorption spectroelectrochemistry of
poly-2- and poly-3-modified ITO electrodes showed the
formation of the mono- and dicationic bis-spiropyrans (Figure
8), as observed for 5 in solution (vide supra).50 Electrochemical
oxidation of poly-3 at 0.8 V to form poly-3+ resulted in the

Figure 7. Scan-rate dependence of (electrochemically) deposited (left) poly-2 and (right) poly-3 on a glassy carbon working electrode (3 mm
diameter) in monomer-free solution with the current normalized to the scan rate. The surface coverage estimated by integration was 7.3 × 10−10 mol
cm−2, which corresponds to between 1 and 2 densely packed monolayer equivalents.
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appearance of absorption bands at 440 and 1000 nm.
Subsequent oxidation at 0.9 V resulted in the disappearance
of the NIR absorption band at 1000 nm and the appearance of
a more intense visible band at 530 nm. The absorption spectra
of each state are essentially the same as observed for N,N-
dimethylaniline,51 which represents the bis-indoline unit in bis-
spiropyrans, and 5.
Photochromism of Poly-2 and Poly-3. The photo-

chromism of poly-2 and poly-3 was established by both UV/vis
absorption spectroscopy and cyclic voltammetry at ITO and
glassy carbon electrodes. Irradiation of the as-formed polymer
films did not result in a significant increase in visible absorption.
As in the case of 5, addition of acid (i.e., dilute CF3SO3H)
resulted in switching-on of the photochromism of the polymer
films upon irradiation at 365 nm, causing a rapid increase in
visible absorption (Figure 9) identical to that observed for 5 in
solution (Figure 3).
UV/Vis Absorption Spectroelectrochemistry of Photo-

switched Poly-32+. The changes to the UV/vis/NIR
absorption spectrum of a poly-3-modified electrode upon

oxidation at 0.65 and 0.80 V (Figure 8) are essentially identical
to those observed for 5 (vide supra), with the appearance of
absorption bands at 470 and ca. 1000 nm at 0.7 V, which are
replaced at 0.9 V by a strong absorption at 525 nm (Figure 10).

The band at 525 nm is stable at 0.9 V over time, but irradiation
of the electrode at 490 nm at this potential resulted in a
decrease in the absorption at 525 nm to leave a band at 500 nm.
This band was unaffected by subsequent reduction at 0.0 V, as
at 1.0 V the photoproduct is immediately reduced (vide infra).
Subsequent oxidation at 1.2 V resulted in an increase in
absorbance at 430, 630, and 770 nm, corresponding to the
oxidized protonated merocyanine form of 5.

Electrochemically Gated Switching of Poly-2 and
Poly-3. Although poly-2- and poly-3-modified electrodes are
stable over repeated cycling between 0.0 and 1.4 V vs SCE
(vide supra), irradiation with visible light (i.e., at 490 nm)
results in a decrease in the current of the two redox waves of

Figure 8. Vis/NIR absorption spectroelectrochemistry and (inset)
cyclic voltammetry of a poly-3 film on an ITO slide (in DCM
containing 0.1 M TBAPF6). Shown are the initial absorbance (black)
and absorption spectra recorded during the cyclic voltammetry at the
potentials indicated by the orange and red arrows in the inset.

Figure 9. UV/vis absorption spectroscopy of a poly-3-modified ITO electrode in DCM with CF3SO3H (1 mM) (a) after irradiation at 365 nm,
showing an increase in absorption at 525 nm, and (b) after irradiation at 365 nm (solid black line) followed by addition of Et3N (to 5 mM, red and
blue lines; the blue arrow shows the direction of change in the spectrum), showing the decrease in visible absorption observed over time (thin lines,
at 20 s intervals).

Figure 10. In situ UV/vis absorption spectroscopy of a poly-3-
modified ITO electrode upon application of a potential of 0.9 V (red
line) and after 30 s at 0.9 V (dotted red line). Irradiation at 490 nm for
15 s results in a decrease in visible absorbance (black line), which is
unaffected by reduction at 0.0 V (gray lines). The spectrum after
subsequent oxidation at 1.2 V is also shown (green line).
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the bis-spiropyran units and an increase in a redox wave at 1.2
V vs SCE (Figure 11).
Oxidation to the dicationic state poly-32+ is required in order

for photoconversion to be observed, and the rate of switching
at a glassy carbon electrode was found to be on the order of
only <15 s (Figure S6). Polarization of the electrode to 1.0 V is
sufficient to oxidize poly-3 to poly-32+, but this potential is not
sufficiently positive to oxidize the photoproduct, and hence,
immediately after photochemical switching the product is
reduced. This process is apparent from the charge passed at the
working electrode, which initially is anodic (oxidation of poly-
3) and upon commencement of irradiation becomes cathodic;
ultimately the net charge passed is zero, confirming complete
reduction of the film.

■ SUMMARY AND CONCLUSIONS
Smart surfaces, i.e., surfaces that respond to combinations of
orthogonal stimuli such as light, heat, pH, etc., are highly
desirable for a wide range of applications. Such surfaces require
the use of components, typically molecular, that can achieve
specific functions, and hence, a multimodal response requires
the combination of multiple functional units. The use of
molecular components that can carry out multiple distinct
functions are therefore invaluable in reducing the synthetic
complexity of smart surfaces. Furthermore, such units reduce
the risk of undesirable cross-talk between components, such as
quenching of photochemical activity. The preparation of
photoswitchable polymers in principle requires the use of
distinct units in their precursors, i.e., the photochromic unit
itself and a unit that enables formation of the polymer. The
properties of these units both before and after polymerization
must be orthogonal in order to preserve the dual functionality
of the system as a whole. The immobilization of polymers on
conducting surfaces through electropolymerization is a highly
attractive approach but brings with it challenges in regard to
cross-talk between the functional units.
In this contribution, we have shown that bis-spiropyran 5

exhibits pH- and redox-gated photochromism. The opening of
the spiro moieties to their merocyanine forms occurs upon
irradiation with UV light, and they revert thermally and upon
irradiation with visible light. Oxidation of 5 to 52+ results in a
shift in its absorption spectrum to 520 nm, and remarkably,

irradiation with visible light leads to conversion to the bis-
merocyanine form. The conversion can be “locked” reversibly
by protonation and reduction. These properties make 5 highly
attractive as a component in responsive surfaces. The synthetic
approach used to prepare bis-spiropyran 5 offers a distinct
opportunity for polymerization to form poly-2 and poly-3
through combining the formation of the photochrome and the
polymer in a single step. This combination is achieved by
making the oxidative coupling of the two spiropyran units the
final step in the formation of the polymer also and was achieved
by tethering two spiropyran units via an alkyl chain in a manner
that prevents intramolecular radical−radical coupling upon
oxidation. This approach is made possible by the relative
coincidence of the potential of the 5+/52+ redox couple and the
onset potential for polymerization of the monospiropyran
precursors 2 and 3. Because the use of a separate polymerizable
unit is avoided, the obtained polymer-modified electrodes
retain the properties of 5, and indeed, surface confinement on
an electrode enables enhanced switching rates compared with
those obtainable in solution.
This approach opens up new opportunities in creating

multiresponsive surfaces, particularly in the dynamic control of
electron transfer at interfaces and in the reversible switching of
surface properties with visible light alone. The ability to control
electron transfer at the electrode interface over a relatively wide
and physiologically relevant potential range opens up
possibilities in the selective control of interfacial redox
processes. Importantly, the present system allows switching
between states to be achieved without the use of UV light,
which is of particular benefit in terms of the stability of
modified electrodes in operation. In a broader sense, the
versatility of the present system in terms of switching
possibilities opens up new prospects in applications in
molecular logic,52 with a single system providing an
unprecedented degree of complexity in switching operation
possible with a direct interface to the macroscopic world and
hence high switching rates.
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Figure 11. Cyclic voltammetry of a poly-3-modified ITO slide (DCM containing 0.1 M TBAPF6, 0.1 V s−1) (left) showing the effect of continuous
irradiation at λexc = 490 nm (2 mW cm−2) during multiple cycles between 0.24 and 1.05 V vs SCE and (right) after irradiation is ceased.
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