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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 



 Chapter 5  

 

82 

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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