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Chapter 4 
 

The effect of immobilization on 

gold on the temperature 

dependence of photochromic 

switching of dithienylethenes  
 
 
In this chapter, the properties and switching characteristics of one symmetric and two 
asymmetric dithienylethene photochromic switches immobilized on gold are reported. 
Self-assembled monolayers of the three dithienylethenes were formed on roughened gold 

bead substrates and were studied by surface enhanced Raman spectroscopy. These data 
are compared to SERS spectra obtained by aggregation of colloidal gold, solid state 

Raman spectra, and Raman spectra calculated using density functional theory. 
Asymmetric dithienylethenes were earlier found to display a thermal barrier to 
photochemical ring opening in solution that is lower than that displayed by symmetric 

dithienylethenes (see chapter 3). In this chapter, it will be shown that when 
immobilized on a gold surface, the asymmetric dithienylethenes in fact display a higher 
thermal barrier than that of their symmetric counterparts. In addition, it will be shown 

that photochemical ring closing of asymmetric dithienylethenes is inhibited when 
immobilized on gold.* 

 
 
 
 

 
* This chapter has been published as: Pijper, T. C.; Kudernac, T.; Browne, W. R.; 
Feringa, B. L. J. Phys. Chem. C 2013, 117, 17623−17632. 
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4.1 Introduction 
Over the past decades, photochromic molecular switches1 have received 
considerable attention due to their potential in applications as diverse as organic 
electronic devices,2 optical data storage,3 and switchable fluorescent markers in 
biology.4 Several classes of photochromic switches have been reported, where 

each class has its own distinct properties and is appropriate to certain 
applications.1 Examples of prominent classes of photochromic switches include 
spiropyrans,5 fulgides,6 azobenzenes,7 hemithioindigos,8 overcrowded alkenes,9 

and diarylethenes.10 Studies on these switches generally focus on their behavior 
in solution, however, many of the potential applications for photochromic 
switches require that the switch is immobilized at an interface, and hence it is 

important to understand how immobilization affects their switching behavior. 
 
In this chapter, the properties and switching characteristics of self-assembled 

monolayers (SAMs) of dithienylethenes on gold, investigated by surface 
enhanced Raman spectroscopy (SERS), are reported. Dithienylethenes1,10 are a 
class of diarylethenes that consists of two thiophene units attached to a central 

olefin (Scheme 4.1a). They can undergo an electrocyclic ring closure upon 
irradiation with UV light in which the π system rearranges to form a bond 
directly between the two thiophene moieties. The product of this cyclization, 
the closed form isomer, absorbs light in the visible region. Irradiation with 

visible light causes the electrocyclic reaction to be reversed, whereby the 
molecule changes back to its initial open form isomer. The large difference in 
the UV/vis absorption spectra of the open and closed form and the differences in 

the quantum yield for each process makes it possible to address each form 
individually. In addition, both forms are thermally stable and the switching 
action can, in some instances, be triggered electrochemically also.11 

 
With respect to photochemically induced switching, it has been shown for some 
systems that the ring opening process has a thermal barrier, causing the rate of 

ring opening to be decreased significantly when operating in a temperature 
range of 100–200 K.12 This complicates switching experiments performed at low 
temperatures, such as experiments using low temperature mechanically 
controlled break junctions (MCBJs)13 and low temperature ultra-high vacuum 

scanning tunneling microscopy (UHV-STM).14 Earlier, it was found that the 
thermal barrier can be lowered by the introduction of asymmetry in the π 
system by altering the connectivity of one of the thiophene moieties.15 These 

modified dithienylethene switches were studied in solution. However, the 
introduction of anchoring units as well as immobilization on a surface could 
have a significant effect on their photochemical properties. Empirical data 
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relating switching behavior in solution to that in the solid state as SAMs on 
surfaces would provide more insight into the effect of immobilization on 
diarylethene switching.10 

 

 

Scheme 4.1 a) Photochemical switching of a simplified dithienylethene. b) Structures 

of the three dithienylethenes that were investigated. The ‘o’ subscript denotes an open 
form structure. 

Herein, we report the study of three dithienylethenes (Scheme 4.1b), each 

carrying a thioacetate functionality16,17 that allows for spontaneous absorption 
upon contact with a gold surface without need for prior deprotection by an 

exogenous base.16 Dithienylethene 4.1 is ‘symmetric’18 (the two thiophene units 
are oriented in the same way) and has been investigated previously on gold 

nanoparticles by UV/vis spectroscopy,19 on smooth gold bead electrodes by 
electrochemistry,20 and on atomically flat gold by STM at room temperature.21,22 

In addition, 4.1 has been studied in the solution phase by UV/vis spectroscopy 
where the rate of photochemical ring opening was found to be temperature-

dependent.12 Dithienylethenes 4.2 and 4.3 have an ‘asymmetric’ design where 
the two thiophene units are connected at different positions with respect to each 

other. This change in design compared to 4.1 has been shown to be effective in 
lowering the thermal barrier to the ring opening process in solution for a non-
functionalized system.15 Herein, we demonstrate that the switching properties of 

4.2 and 4.3 when immobilized on gold are different from those observed in 

solution. Specifically, immobilization of 4.2 and 4.3 on gold results in 
quenching of the excited state of the closed form isomer and inhibits 

photochemical ring opening, an effect that was not observed for 4.1 on gold. In 

addition, we show that, for 4.2 and 4.3, immobilization on gold influences the 
thermal barrier to photochemical ring opening. 
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4.2 Results and discussion 
4.2.1 Synthesis of dithienylethenes 4.2 and 4.3 
The synthesis of the perfluorodithienylethene 4.2 is described in Scheme 4.2. 

Thioether 4.4 was synthesized by reaction of 3-bromoiodobenzene with 2-
methyl-2-propanethiol in the presence of sodium tert-butoxide and 

tetrakis(triphenylphosphine)palladium(0). Subsequent lithiation and boration of 

thioether 4.4, followed by coupling to thiophene 3.4 (see chapter 3), provided 

thiophene 4.5 in 69 % yield. The coupling of thiophenes 3.3 (see chapter 3) and 

4.5 to octafluorocyclopentene was achieved in moderate to good yields: the 

addition of 3.3 provided compound 4.6 in 71 % yield whereas the subsequent 

coupling of 4.5 provided dithienylethene 4.7 in a somewhat lower yield (49 %). 

Finally, the thioether group of 4.7 was converted into a thioacetate group by 
treatment with BBr3 and acetyl chloride, providing the target dithienylethene 

4.2 in 71 % yield. 
 

 

Scheme 4.2 Synthesis of dithienylethene 4.2. 

The synthesis of dithienylethene 4.3 is described in Scheme 4.3. Coupling of 

thiophene 4.5 and olefin 3.7 (see chapter 3) provided dithienylethene 4.8, 

although it was found that, after column chromatography, 4.8 still contained a 
small amount of unidentified impurities that could not be removed by repeating 
column chromatography or by recrystallization. It was therefore decided to 

convert the slightly impure dithienylethene 4.8 into the acetate protected 

dithienylethene 4.3, which was obtained and purified without further 
complications. 
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Scheme 4.3 Synthesis of dithienylethene 4.3. 

4.2.2 Photochemical switching of 4.2 and 4.3 in solution 
The switching behavior of dithienylethenes 4.2 and 4.3 in solution was studied 
by UV/vis absorption (Figure 4.1) and 1H NMR spectroscopy (Figure 4.2) and 

their photochemical and spectroscopic properties are detailed in Table 4.1. 

Irradiation of the open form of 4.2 (4.2o) at 365 nm caused the appearance of a 
broad absorption with a maximum at 503 nm, which is characteristic of the 

formation of the closed form (4.2c). Irradiation with visible light (> 420 nm) 

reversed these changes (Figure 4.1a). Similarly, irradiation of 4.2o at 365 nm in 
CD2Cl2 resulted in a large change to the 1H NMR spectrum that was reversed by 

irradiation with visible light (Figure 4.2a). The most apparent shifts where those 
of the signals of the hydrogens of the two thiophene moieties (from 7.31 and 
7.15 ppm to 6.73 and 6.15 ppm, respectively) and of the two central methyl 

groups attached to the thiophene moieties (from 2.03 and 1.80 ppm to 1.87 and 
1.81 ppm, respectively). The ratio of open/closed form at the photostationary 
state at 365 nm (PSS365nm) was determined by HPLC and found to be 9:91. The 

quantum yields for the ring closing and ring opening processes (Фc and Фo) were 
determined to be 0.65 (measured at 365 nm) and 0.07 (436 nm), respectively. 

These values were expected since the equilibrium at PSS365nm favors the closed 

form. Interestingly, for the analogue of 4.2 which did not bear the thioacetate 

substituent, the difference between Фc and Фo was earlier found to be smaller (Фc 

= 0.37 (366 nm) and Фo = 0.23 (440 nm)),15 which suggests that the 

photochemistry is influenced significantly by the thioacetate substituent. The 
nature of this influence is currently not understood. 
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Table 4.1 Photochemical and spectroscopic properties of dithienylethenes 4.2 and 4.3. 

DTE abs. λmax [nm]  

(ε [103 L mol–1 cm–1]) 

open/closed 
ratio at PSS 

Фc Фo 

4.2 open: 342 (13.2)
  298 (17.5) 
  267 (19.0) 

closeda:  503 (8.47) 
  293 (10.1) 

9:91 
(365 nm) 

0.65
(365 nm) 

0.07 
(436 nm) 

4.3 open: 312 (23.7)

closeda:  459 (11.0) 
  245 (31.2) 

59:41 

(365 nm) 
39:61  

(312 nm) 

0.16

(365 nm) 

0.43 

(436 nm) 

a Obtained by a scaled subtraction of the absorption spectrum of the open form from the
absorption spectrum of the PSS mixture. 

 

 

Figure 4.1 UV/vis absorption spectra of a) 4.2o (solid) and 4.2PSS365 (dashed) in n-

hexane; b) 4.3o (solid), 4.3PSS365 (dashed), and 4.3PSS312 (dotted), in n-hexane. 
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Figure 4.2 1H NMR spectra of a) 4.2o and 4.2PSS365 and b) 4.3o and 4.3PSS312, recorded 

at 400 MHz in CD2Cl2. 

UV/vis absorption and 1H NMR spectroscopy of 4.3 showed changes similar to 

those of 4.2 upon irradiation. The UV/vis absorption spectrum of 4.3o showed 
the appearance of a broad absorption at 459 nm upon irradiation at 365 nm; a 
change reversed upon irradiation with visible light (Figure 4.1b). 1H NMR 

spectroscopy showed that the signals mentioned above shift from 7.09 and 7.02 
ppm to 6.47 and 6.10 ppm (thiophene moieties) and from 2.06 and 1.81 ppm to 
1.72 and 1.67 ppm (central methyl groups), respectively (Figure 4.2b). The ratio 

of open/closed for 4.3 at PSS365nm was, however, determined to be only 59:41, 

which is lower than that of 4.2. Irradiation at 312 nm caused the ratio at PSS to 

shift to 39:61.a The quantum yields Фc and Фo were found to be 0.16 and 0.43, 

respectively, which is in good agreement with the open/closed ratio obtained at 
PSS. 
 

Finally, the presence of a thermal barrier for the ring opening of 

dithienylethenes 4.2 and 4.3 in solution was investigated. A ~10–5 M solution of 

                                                         
 
a The observed difference between the open/closed ratios at PSS365nm and PSS312nm is due to 

differences in the absorption of 3.3o and 3.3c at each wavelength. 
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the dithienylethene in iso-pentane (irradiated to PSS at 365 nm) was cooled to 

120 K and irradiated using a Xe arc lamp (Newport) equipped with a 480 nm 
longpass filter. UV/vis absorption spectroscopy was used to follow the ring 

opening process. It was found that the solutions of 4.2 and 4.3 underwent ring 
opening fully within 4 s of irradiation and hence these systems show essentially 
no thermal barrier to ring opening. In contrast, the UV/vis absorption spectrum 

of a sample of dithienylethene 4.1PSS365, under these conditions, did not show 
any noticeable changes even after 60 s of irradiation. This indicates that the 

thermal barrier for the ring opening of 4.2 and 4.3 is significantly lower than 

that for the ring opening of 4.1. 
 

4.2.3 Raman spectroscopy of samples in the solid state. 
For the three dithienylethenes investigated, Raman spectra were recorded (Figure 

4.3, red spectra) for neat solid samples of both the open form and the mixture at 
PSS365nm (generated in solution). Spectra of the closed form isomers were then 
obtained by a scaled subtraction of the open form spectra from the spectra 
obtained at the PSS. The differences between the closed form spectra and PSS 

spectra were found to be minor, even for dithienylethene 4.3 which, at the PSS, 
contains a large fraction of the open form isomer. This is due to the Raman 
scattering cross section of the closed form isomer being much greater than that 
of the open form isomer,23 and hence the spectral features of the open form 

isomer are difficult to discern. Furthermore, it was found that under continuous 
exposure to a focused laser (at 785 nm) of the samples containing the closed 
forms, ring opening occurred.24,25 Comparing the Raman spectra of the open and 

closed forms, several important spectral changes are noted. Raman spectra of the 
open form isomers of the three dithienylethenes studied were characterized by 
several strong signals in the region 1400–1600 cm–1, though with a narrow 

region devoid of strong signals around 1500 cm–1 (Figure 4.3). Spectra of the 
closed form isomers on the other hand show characteristics opposite to this: 
only one or two strong signals around 1500 cm–1. The region 1400–1000 cm–1 

also show many differences between the open and closed form isomers, such as 
a strong signal around 1000 cm–1 that was more pronounced in spectra of the 
open form than in spectra of the closed form. These characteristics were also 

observed by us and others in the Raman scattering of neat samples of various 
dithienylethenes.24,25 
 



The effect of immobilization on gold on the temperature dependence of photochromic 
switching of dithienylethenes 

103 

 

Figure 4.3 Experimentally obtained Raman spectra (red) and calculated spectra (blue) 

for dithienylethenes a) 4.1, b) 4.2, and c) 4.3. The top graphs show the open form 

spectra, the bottom graphs show the closed form spectra. Experimental closed form 
spectra were obtained by a scaled subtraction of the open form spectra from the PSS 

spectra. 

4.2.4 Simulation of Raman spectra with DFT 
In order to confirm that the obtained Raman and SERS spectra originate from 
the open and closed ring isomers, as well as to assign the observed spectral 

features to specific vibrational modes, Raman spectra of the three 
dithienylethenes were calculated using density functional theory (DFT). It was 
found that spectra calculated with the B3LYP functional26 (using VWN formula 1 

RPA correlation26c) and the cc-pVTZ basis set27 resembled the experimentally 
obtained spectra well (Figure 4.3, blue spectra). In order to correct for the general 
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overestimation of the calculated wavenumbers28 a scaling factor of 0.975 was 
used, which was found to give a better match between the calculated and 
experimental spectra than with the factor of 0.965 that is suggested by the 

Computational Chemistry Comparison and Benchmark Database.29 It was found 
that augmentation of the basis set with diffuse functions (which are often 
important for the accurate calculation of polarizabilities30,31) did not result in 

significant changes in the calculated spectra. 
 
Comparison of the calculated spectra (Figure 4.3, blue spectra) with the acquired 
Raman spectra (Figure 4.3, red spectra) shows that the bands in the region 1400–

1600 cm–1 in the spectrum of dithienylethenes 4.1o, 4.2o, and 4.3o originate from 
aromatic C=C stretching vibrations confined to only one half of the molecule as 
well as from a C=C stretching vibration of the central cyclopentene moiety 
(Figure 4.4b−d). For the closed form isomers, the strong signal observed around 

1500 cm–1 originates from an aromatic C=C stretching vibration of the 
molecule’s conjugated polyene system (Figure 4.4a). This observation is in 
agreement with data reported earlier for related systems.24 The calculations 

support the observation that the closed form isomers show increased Raman 
scattering cross sections compared to the open form isomers. 
 

 

Figure 4.4 a) Strongly Raman active mode (1504 cm–1) in the calculated Raman 

spectrum of 4.1c. b−d) Three examples of strongly Raman active modes in the region 

1400–1600 cm–1 in the calculated Raman spectrum of 4.1o. Vectors (orange) indicate 

the displacement of atoms participating in a vibration. 
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4.2.5 SERS spectroscopy in solution 
SERS spectra of each thioacetate substituted dithienylethene switch were 
obtained by mixing a solution of the switch in CH3CN with an aqueous 
suspension of colloidal gold, followed by aggregation by adding aqueous NaCl 

and measuring the resulting sample by Raman spectroscopy at 785 nm (Figure 
4.5a−c). It was found that the SERS spectra obtained matched the non-resonant 
Raman spectra of the solid samples to a large extent – in fact, most spectral 

features were of the same relative intensity. Features in the SERS spectra were, 
however, broadened compared to those present in the non-resonant Raman 
spectra, which suggests a greater variation in the chemical environment in 

which the dithienylethene molecules reside. 
 

 

Figure 4.5 Raman and SERS spectra of a) dithienylethene 4.1, b) dithienylethene 4.2, 

and c) dithienylethene 4.3 (c). From top to bottom: Raman spectrum of the open form, 

SERS spectrum of the open form (colloidal gold), Raman spectrum of the closed form, 
SERS spectrum of the closed form (colloidal gold). Closed form spectra were obtained by 
a scaled subtraction of the open form spectra from the PSS spectra. 
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4.2.6 SERS spectroscopy on roughened gold beads 
The photochemical switching of monolayers of dithienylethenes 4.1, 4.2, and 

4.3 on gold was studied by their deposition on roughened gold beads, followed 
by monitoring by SERS spectroscopy (Figure 4.6a−c, respectively). It was found 
that SERS spectra of the open isomer matched the SERS spectra obtained using 
colloidal gold. The SERS spectra of the dithienylethenes at the PSS365nm with gold 

beads, however, did not match the SERS spectra obtained in solution, but, 
instead, resembled the spectra of the open form isomers. This was found to be 
due to the Raman excitation laser (785 nm) inducing rapid ring opening of the 

closed form. By reducing the laser power as well as decreasing the acquisition 
time, the spectra of the ring closed isomer could be obtained, though these 
spectra still showed a large contribution from the ring open isomer. Laser 

induced ring opening was also observed during acquisition of Raman spectra of 
neat samples of the dithienylethenes. One rationale for this observation is that 
the broadness of the lowest absorption band of the closed form, combined with 

the high power densities used during the experiments (which were determined 
to be 2.9 × 103 W cm–2 and higher), would result in significantly absorption in 
the NIR region. Furthermore, it has been shown that the lowest absorption band 

of the closed form of dithienylethenes shifted bathochromically19 when 
immobilized on gold through a thiol linker. An additional consideration with 
regard to ring opening is two-photon excitation, which was observed for SAMs 
of spiropyrans under the same conditions, recently.32 Thermally induced ring 

opening can however be excluded both due to the thermal stability of the 
dithienylethenes10a and the absence of thermal reversion in spiropyrans under 
the same conditions.32  
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Figure 4.6 Experimentally obtained SERS spectra of dithienylethenes on roughened gold 

beads. a) 4.1o (top), 4.1o after irradiation at 365 nm (middle), and 4.1o after 

irradiation at 365 nm, then with visible light (bottom). b) 4.2o (top), 4.2PSS365 (middle), 

4.2PSS365 after irradiation with visible light. c) 4.3o (top), 4.3PSS365 (middle), 4.3PSS365 

after irradiation with visible light. 

In agreement with data for the symmetric dithienylethene 4.1 (as observed by 

UV/vis absorption spectroscopy for 4.1 on gold nanoparticles,19 by cyclic 

voltammetry for 4.1 on gold bead electrodes,20 and by STM for 4.1 on 

Au(111)21,22), it was found that the photochemically induced switching of 4.1 on 

gold was possible in both directions. 4.1o deposited on gold beads could be ring 
closed by irradiation at 365 nm and the resulting ring closed species was 
observed by SERS. Subsequent ring opening was achieved by irradiation with 

visible light, or by prolonged exposure to the 785 nm laser used to acquire the 

Raman spectra. However, for the two asymmetric dithienylethenes, 4.2 and 4.3, 
it was found that photochemical cyclization was inhibited as irradiation at 365 
nm, 312 nm, or 254 nm did not result in the desired ring closing. Ring opening 

on the other hand was not inhibited – when 4.2o or 4.3o was first irradiated (365 
nm) and then deposited on gold, irradiation of the beads with visible light 
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resulted in ring opening. The origin of the inhibition of ring closing is not fully 
understood. One rationalization is that the photochemistry of the open form 
isomers is quenched by interaction with the gold surface, a phenomenon that 

has been observed for a related dithienylethene19 as well as for other types of 
photochromic switches attached to gold.33 We could speculate, however, that 
the inhibited ring closing is not related to the packing of the SAM, as ring 

closing was also not observed when 4.2 was embedded in a dodecanethiol-
dithienylethene mixed monolayer on gold.21,22 
 

4.2.7 SERS spectroelectrochemistry with 4.1 on roughened gold beads 
For several systems, including dithienylethene 4.1, it has been shown that ring 
closing and opening can be induced electrochemically in solution11 as well as 

when adsorbed on smooth gold beads.20 This electrochemical switching takes 
place via a dicationic intermediate.34 Electrochemistry combined with SERS 

spectroscopy was used to obtain more information about the cationic species 

involved, the results of which are summarized in Figure 4.7. Figure 4.7a shows 

the cyclic voltammogram of a ring closed SAM of 4.1 on a roughened gold bead, 
with the two reversible redox waves at 0.38 V and 0.68 V.20 Oxidation of the 
bead at 0.95 V gave rise to two major signals at 1527 cm‒1 and 1206 cm‒1 as well 

as several less intense signals (Figure 4.7b). Reduction by applying a potential of 
0.0 V reverted the spectrum to that of the closed form. These spectral changes 
observed upon oxidation are similar to those that were observed for a 

hexaphenylbenzene structure bearing six dithienylethene units.35 In addition, it 
was also attempted to obtain spectra of the monocationic species by applying a 
potential that lies in between the two redox waves. However, reproducible 

spectra could not be obtained in this way. Similar studies could not be 

performed with 4.2 and 4.3 as their oxidation potentials were found to lie more 
positive than that of the gold substrate. 
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Figure 4.7 SERS spectroelectrochemistry of dithienylethene 4.1c. a) Cyclic 

voltammogram (0.00–0.95 V) of 1c on a roughened gold bead. b) SERS spectra of 4.1 

at an applied potential of 0.95 V (top), and 4.1 at an applied potential of 0.00 V 

(middle), and a scaled subtraction of the two spectra (bottom). 

4.2.8 Low temperature switching on roughened gold beads 
In order to investigate the photochemical ring opening of dithienylethenes 4.1, 

4.2, and 4.3 at low temperatures, roughened gold beads carrying SAMs were 
cooled and characterized by SERS spectroscopy. Ring opening was achieved by 
repeated spectral acquisition, thus exposing the sample to the Raman laser (785 

nm), thereby allowing the ring opening to be followed over time. During these 
experiments, the laser intensity was set to ≤ 9 mW and only short acquisition 
times (up to 1 s) were used in order to prevent local heating of the bead. Ring 
opening over time was observed at 300 K for all three dithienylethenes 

investigated. The experiments were repeated at 100 K and 200 K to investigate 
the temperature dependence of ring opening. 
 

For dithienylethene 4.1c, repeated spectral acquisition at 100 K did not show 
ring opening, which is in agreement with earlier studies12 that demonstrated 
that the ring opening process at this temperature is inhibited. At 200 K, ring 
opening was observed, albeit at a very slow rate. Finally, at 300 K, ring opening 

was observed at a rate much faster than was observed for 200 K. These data 

indicate a thermal barrier in the ring opening process is present when 4.1 is 
tethered to a gold surface, which is in agreement with data obtained for 

dithienylethene 4.1c in solution.12 
 

For dithienylethenes 4.2c and 4.3c, it was expected that the thermal barrier to 

ring opening would be lower than that of 4.1c, based on findings for the 

unsubstituted analogue of dithienylethene 4.2c in solution.15 However, at 100 K 
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and 200 K, neither 4.2c nor 4.3c showed evidence for ring opening. This suggests 
that the thermal barrier for these molecules is actually higher than for 

dithienylethene 4.1c. This data contrasts markedly to that obtained in solution 
studies. There is currently no explanation for these differences between the 
solution experiments and experiments on gold substrates. At 300 K, ring 

opening of 4.2c and 4.3c on gold beads was observed. 
 

4.3 Conclusions 
The photochemical behavior of SAMs of three dithienylethene photochromic 
switches on gold has been investigated using SERS. SERS spectra obtained with 

colloidal gold and roughened gold beads were found to be similar to the Raman 
spectra of the pure compounds, and their spectral features could be correlated to 
specific vibrational modes through DFT calculations. In addition, the dicationic 

species of one dithienylethene was successfully detected using SERS 
spectroelectrochemistry. It was found that, adsorbed onto gold, the symmetric 
dithienylethene could be switched reversibly while the two asymmetric 
dithienylethenes could only be switched from the closed to the open form. Low 

temperature SERS experiments show that for all three dithienylethenes the ring-
opening mechanism has a thermal barrier. In contrast to data obtained in 
solution, the asymmetric dithienylethenes adsorbed on gold display a barrier to 

photochemical ring opening that is higher than that of the symmetric 
dithienylethene adsorbed on gold. These findings provide insight into the 
photochemically and electrochemically driven isomerization of dithienylethenes 

and provide an example of how these molecules can behave differently in the 
solution phase from when adsorbed onto a metal surface. The results indicate 
that, in future studies, extrapolation of solution data for a series of analogous 

switches to their corresponding SAMs is not trivial. 
 

4.4 Experimental section 
General experimental 
General experimental details can be found in chapter 3. 
 

Determination of the ratio of open to closed forms at PSS 
A 2 × 10–5 M solution of dithienylethene in ethanol in a quartz cuvette was 
irradiated at 312 nm. When the PSS was reached (as confirmed by UV/vis 
absorption spectroscopy), the sample was concentrated in vacuo, redissolved in a 

99:1 mixture of heptane and isopropanol, and submitted for HPLC analysis. 

Separation of 4.2o and 4.2c was achieved with a Chiralpak OJ column (flow rate: 
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1.0 mL min–1) using a 99:1 mixture of heptane/isopropanol as the mobile phase. 
Retention times: tR = 5.3 min (4.2o), tR = 6.5 min (4.2c, both enantiomers). 

Separation of 4.3o and 4.3c was achieved with a Chiralcel OD-H column (flow 
rate: 0.5 mL min–1) using a 95:5 mixture of heptane/isopropanol as the mobile 
phase. Retention times: tR = 10.3 min (4.3c, enantiomer 1), tR = 10.9 min (4.3c, 

enantiomer 1), tR = 12.3 min (4.3o). 

  

Determination of photochemical switching quantum yields 
Experimental details for the determination of photochemical switching 
quantum yields can be found in chapter 3. 
 

Quantum chemical calculation of Raman spectra 
Quantum chemical calculations were performed with the Firefly 7.1.G and 8.0.0 
beta QC programs,36 which are based partially on GAMESS (US) source code.37 
Basis sets were obtained from the EMSL basis set exchange 

(https://bse.pnl.gov/bse/portal). Calculated Raman activities were converted to 
Raman intensities using the following formula:38 

 

I
f ν ν S

ν 1 e

 

 

where Ii is the Raman intensity, Si is the Raman activity (Å4 amu–1), vi is the 

wavenumber (cm–1) of the ith vibration, v0 is the wavenumber (cm–1) of the 

excitation laser, h is the Planck constant (J s), c is the speed of light (m s–1), k is 

the Boltzmann constant (J K–1), T is the temperature (K), and f is an optional 

normalization factor that is applied to all peaks.38 Calculated Raman spectra 
were plotted with GaussSum 2.2.5 using Lorentzian curves with the full width at 

half maximum (FWMH) set to 10 cm–1.39 
 

SERS experiments using colloidal gold 
Colloidal gold in water was prepared from HAuCl4 by reduction with trisodium 

citrate using the procedure of Frens,40 resulting in the formation of gold particles 
with an average diameter of 18 nm as determined by transmission electron 
microscopy (TEM). 1 mL of the aqueous gold colloid was added to a quartz 

cuvet, and 5–10 μL of an approx. 10–4 M solution of a dithienylethene in 
acetonitrile was added and mixed by shaking. 5–10 μL of 0.2 M NaCl (aq) was 
added, aggregating the gold colloid as manifested in the appearance of a dark 

blue color, and the enhanced Raman spectrum was recorded. 
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Preparation of SAMs on roughened gold beads 
Electrochemical cleaning and roughening of gold beads was performed using a 
CHI760 bipotentiostat (CH Instruments). Gold beads were prepared by melting 
the end of a 0.5 mm diameter gold wire (99.995 %) with a butane torch until a 

1–2 mm diameter bead formed. The bead was cleaned electrochemically by 
cycling between –0.6 V and 1.2 V in 0.5 M H2SO4 with a platinum wire counter 
electrode and a Hg/HgSO4 reference electrode, until a stable cyclic 

voltammogram was obtained. Roughening of the bead was performed 
subsequently using a sweep step function: in 0.1 M aqueous KCl, with a 
platinum wire counter electrode and a SCE reference electrode, the potential was 

increased from –0.3 V to 1.2 V at 1 V/s, held at 1.2V for 30 s, and then cycled 
from 1.2 V back to –0.3 V at 0.5 V/s. This cycle was repeated at least 24 times 
and caused the bead to become greyish in color. After rinsing with ethanol, the 
bead was transferred directly into a 0.5 mM solution of the dithienylethene of 

interest in ethanol and left for 16 h. The bead was then rinsed thoroughly with 
ethanol and dried under a flow of dry nitrogen gas. 
 

SERS spectroelectrochemistry 
Spectroelectrochemistry was performed with a CHI1210B potentiostat (CH 
Instruments), using a roughened gold bead carrying a SAM of dithienylethene 

4.1 (prepared as described above) as working electrode, a platinum wire as 
counter electrode, and a silver/silver(I) chloride wire as pseudoreference 

electrode. The electrodes were placed in a quartz cuvet containing 2 mL of 0.1 M 
tetrabutylammonium hexafluorophosphate in dichloromethane. The cuvet was 
placed in the Raman spectrometer, after which SERS spectra were recorded with 

a laser power to sample of 10 mW. 
 

Low temperature SERS experiments 
Experiments were performed using a MicrostatN2 nitrogen cooled cryostat, a 

VC41 gas flow controller, and a ITC503 temperature controller (Oxford 
Instruments). Measurements were performed with an Olympus BX51M 
microscope attached to the Raman spectrometer, using 5× and 20× 

magnifications. The laser power at sample was set to 9.0 mW (5×) or 7.0 mW 
(20×) depending on the magnification used. Acquisition times used were less 
than 1 s. The laser power was determined using a handheld LaserCheck 

calibrated power meter (Coherent Inc., model No. 54-018). 
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3-Bromophenyl tert-butyl sulfide (4.4). A mixture of 3-bromoiodobenzene 

(9.07 g, 32.1 mmol), 2-methyl-2-propanethiol (2.89 g, 32.1 mmol), sodium tert-

butoxide (6.00 g, 62.4 mmol), tetrakis(triphenylphosphine)palladium(0) (1.12 g, 
0.970 mmol), and tert-butanol (400 mL) was stirred at 65 °C for 4 h. The mixture 

was concentrated in vacuo and pentane (200 mL) was added. The resulting 

mixture was washed with water (2 × 100 mL), dried over Na2SO4, and 
concentrated in vacuo. Column chromatography (SiO2, heptane + 0.2 % ethyl 

acetate, Rf = 0.55) yielded thioether 4.4 as a colorless liquid (3.54 g, 45 %); 1H 

NMR (400 MHz, CDCl3) δ 7.70 (t, J = 1.8 Hz, 1H), 7.51−7.45 (m, 2H), 7.20 (t, J = 

7.9 Hz, 1H), 1.29 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 139.8 (d), 136.0 (d), 

135.1 (s), 131.8 (d), 129.9 (d), 122.1 (s), 46.5 (s), 31.1 (q); IR (neat) νmax 2961, 

2922, 2897, 2862, 1557, 1457, 1392, 1364, 1287, 1155, 1106, 1063, 995, 886, 

780, 757, 685, 654 cm–1; Raman (neat) νmax 3061, 2962, 2921, 2896, 1574, 1445, 

1165, 1106, 1064, 996, 809, 758, 655, 584, 542, 369, 314, 293, 264, 230, 182, 
154, 94 cm–1; m/z (EI, %): 246 (M+, 10), 244 (M+, 11), 190 (100), 188 (96). 

 

 
 

5-(3-(tert-Butylthio)phenyl)-2-chloro-3-methylthiophene (4.5). A stirred 

solution of 3-bromophenyl tert-butyl sulfide (4.4, 1.20 g, 4.89 mmol) in THF (50 

mL) was cooled to –80 °C. n-BuLi (1.6 M solution in hexane, 5.38 mmol, 3.4 mL) 

was added dropwise, after which stirring was continued for 30 min. Tributyl 
borate (1.24 g, 5.38 mmol, 1.5 mL) was added dropwise and stirring was 
continued for 30 min, after which the reaction mixture was allowed to slowly 

warm up to rt. At rt, the mixture was stirred for 1 h. Meanwhile, in a separate 

flask, a stirred mixture of 2-chloro-5-iodo-3-methylthiophene (3.4, 1.39 g, 5.38 
mmol), tetrakis(triphenylphosphine)palladium(0) (170 mg, 0.147 mmol), 
ethylene glycol (0.35 mL), aqueous Na2CO3 (2 M, 12 mL), and THF (15 mL) was 

heated to 70 °C. The crude boronic ester was added and the resulting mixture 
was heated at 80 °C for 16 h. The mixture was diluted with diethylether (100 
mL) and washed with water (2 × 75 mL). The combined aqueous layers were 

extracted with diethylether (100 mL), after which the combined organic layers 
were dried over Na2SO4 and concentrated in vacuo. Column chromatography 

(SiO2, heptane + 0.4 % ethyl acetate, Rf = 0.3) provided thiophene 4.5 as a white 

solid (1.01 g, 69 %); mp 52.5–52.8 °C; 1H NMR (400 MHz, CDCl3) δ 7.67 (t, J = 



Chapter 4 
 

114 

1.8 Hz, 1H), 7.49–7.42 (m, 2H), 7.32 (t, J = 7.7 Hz, 1H), 7.00 (s, 1H), 2.21 (s, 3H), 

1.31 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 139.5 (s), 136.5 (d), 135.5 (s), 134.1 

(s), 134.0 (d), 133.7 (s), 129.0 (d), 125.6 (d), 125.0 (d), 124.6 (s), 46.2 (s), 31.1 (q), 

13.8 (q); IR (neat) νmax 2968, 1586, 1562, 1470, 1454, 1361, 1163, 1047, 978, 885, 

825, 793, 767, 691, 607 cm–1; Raman (neat) νmax 3053, 2920, 1587, 1478, 1453, 
1397, 1234, 1202, 996, 575, 95 cm–1; m/z (EI, %): 298 (M+, 8), 296 (M+, 18), 242 

(42), 240 (100); HRMS (APPI): calcd for C15H18ClS2 ([M + H]+): 297.0533, found: 
297.0529. Anal. Calcd for C15H17ClS2: C, 60.68; H, 5.77. Found: C, 60.72; H, 5.79. 
 

 
 

2-Methyl-3-(perfluorocyclopent-1-enyl)-5-phenylthiophene (4.6). A solution 

of 3-bromo-2-methyl-5-phenylthiophene (3.3, 322 mg, 1.27 mmol) in a mixture 
of diethylether (15 mL) and THF (12 mL) was cooled to –80 °C. n-BuLi (1.6 M 

solution in hexane, 1.34 mmol, 0.83 mL) was slowly added and stirring was 
continued for 30 min. Octafluorocyclopentene (1.08 g, 5.09 mmol, 0.68 mL) was 

added and stirring was continued for 1.5 h, after which the mixture was allowed 
to slowly warm up to rt and stirred for 16 h. The reaction mixture was diluted 
with diethylether (100 mL), and washed with water (2 × 100 mL). The combined 

aqueous layers were extracted with diethylether (2 × 100 mL) after which the 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. 

Column chromatography (SiO2, heptane, Rf = 0.6) yielded thiophene 4.6 as a 

slightly yellow solid (331 mg, 71 %); mp 40.7–41.1 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.57–7.52 (m, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.35–7.29 (m, 1H), 7.25 (s, 

1H), 2.48 (d, J = 3.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 143.2 (s), 142.7 (s), 

133.3 (s), 129.2 (d), 128.2 (d), 125.9 (d), 122.4 (d), 120.6 (s), 14.8 (dq, J = 5.3 Hz), 

the carbon atoms of the perfluorocyclopentene moiety were not clearly 

observed; 19F NMR (376 MHz, CDCl3) δ 108.4–108.5 (m, 2F), 118.0–118.1 (m, 

2F), 127.4–127.6 (m, 1F), 130.0–130.1 (m, 2F); IR (neat) νmax 3068, 2930, 1698, 
1472, 1447, 1387, 1361, 1331, 1278, 1201, 1151, 1121, 1029, 972, 895, 835, 757, 

689 cm–1; Raman (neat) νmax 3068, 2930, 1697, 1602, 1553, 1503, 1472, 1446, 
1387, 1277, 1233, 1159, 1036, 1002, 745, 729, 648, 348 cm–1; HRMS (APPI): 

calcd for C16H10F7S ([M + H]+): 367.0386, found: 367.0380. 
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5-(3-(tert-Butylthio)phenyl)-2-(3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-
phenylthiophen-3-yl)cyclopent-1-enyl)-3-methylthiophene (4.7). n-BuLi (1.6 

M solution in hexane, 0.741 mmol, 0.46 mL) was slowly added to a stirred 

solution of 5-(3-(tert-butylthio)phenyl)-2-chloro-3-methylthiophene (4.5, 200 

mg, 0.674 mmol) in diethylether (10 mL), after which stirring was continued for 
1 h. The resulting mixture was cooled to –80 °C and 2-methyl-3-

(perfluorocyclopent-1-enyl)-5-phenylthiophene (4.6, 247 mg, 0.674 mmol) was 
added. Stirring was continued for 2 h at this temperature, after which the 

mixture was allowed to slowly warm up to rt and stirred for an additional 16 h. 
Water (50 mL) was added and the mixture was extracted with diethylether (3 × 
50 mL). The combined organic layer were washed with water (75 mL), dried over 

Na2SO4, and concentrated in vacuo. Column chromatography (SiO2, heptane + 3 

% ethyl acetate, Rf = 0.35) provided dithienylethene 4.7 as an orange sticky oil 

(200 mg, 49 %); 1H NMR (400 MHz, CDCl3) δ 7.75 (t, J = 1.8 Hz, 1H), 7.58–7.53 

(m, 3H), 7.49 (dt, J = 7.8, 1.4 Hz, 1H), 7.41–7.34 (m, 3H), 7.34–7.27 (m, 2H), 7.08 

(s, 1H), 2.03 (s, 3H), 1.80 (s, 3H), 1.32 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 

146.9 (s), 142.5 (s), 142.3 (s), 141.7 (s), 137.3 (d), 134.5 (d), 134.0 (s), 133.5 (s), 
133.4 (s), 129.2 (d), 129.1 (d), 128.0 (d), 127.1 (d), 126.2 (d), 126.1 (s), 125.7 (d), 
122.7 (d), 46.3 (s), 31.1 (q), 15.7 (q), 14.7 (q), the carbon atoms of the 

perfluorocyclopentene moiety and one additional quaternary carbon atom were 

not clearly observed; 19F NMR (376 MHz, CDCl3) δ 109.4 (s, 2F), 109.6 (s, 2F), 

131.5–131.6 (m, 2F); IR (neat) νmax 2962, 1586, 1445, 1364, 1339, 1271, 1192, 

1163, 1124, 1059, 985, 893, 845, 790, 756, 731, 689 cm–1; Raman (neat) νmax 

3056, 2922, 1618, 1601, 1586, 1544, 1501, 1480, 1457, 1445, 1404, 1273, 1200, 
1167, 1059, 998, 942, 840, 744, 638, 350, 177 cm–1; HRMS (APPI): calcd for 

C31H27F6S3 ([M + H]+): 609.1174, found: 609.1152. 
 

 
 

S-3-(5-(3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-

1-enyl)-4-methylthiophen-2-yl)phenyl ethanethioate (4.2). To a solution of 
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dithienylethene 4.7 (145 mg, 0.238 mmol) in dichloromethane (7.5 mL), acyl 
chloride (187 mg, 2.38 mmol, 0.17 mL) and BBr3 (1.0 M solution in 
dichloromethane, 0.262 mmol, 0.26 mL) were added dropwise successively. The 
resulting mixture was stirred at rt for 16 h, after which water (50 mL) was added. 

The mixture was extracted with ethyl acetate (3 × 50 mL), and the combined 
organic layers washed with water (75 mL), dried over Na2SO4, and concentrated 
in vacuo. Purification by column chromatography (SiO2, heptane/ethyl acetate 

10:1, Rf = 0.3) provided dithienylethene 4.2 as a brown sticky oil (100 mg, 71 %); 
1H NMR (400 MHz, CDCl3) δ 7.63 (t, J = 1.7 Hz, 1H), 7.60 (dt, J = 7.8, 1.3 Hz, 

1H), 7.55 (d, J = 7.1 Hz, 2H), 7.47–7.34 (m, 4H), 7.31 (dt, J = 4.2, 1.7 Hz, 1H), 

7.28 (s, 1H), 7.09 (s, 1H), 2.45 (s, 3H), 2.02 (s, 3H), 1.79 (s, 3H); 1H NMR (400 

MHz, CD2Cl2) δ 7.66–7.64 (m, 1H), 7.63 (dd, J = 1.9, 1.2 Hz, 1H), 7.58–7.55 (m, 

2H), 7.46 (dt, J = 7.5, 0.9 Hz, 1H), 7.42–7.36 (m, 3H), 7.33–7.28 (m, 2H), 7.15 (s, 

1H), 2.43 (s, 3H), 2.03 (s, 3H), 1.80 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 193.6 

(s), 146.3 (s), 142.5 (s), 142.2 (s), 141.7 (s), 134.31 (d), 134.30 (s), 133.4 (s), 131.7 
(d), 129.9 (d), 129.1 (d), 128.0 (d), 127.3 (d), 126.9 (d), 126.1 (s), 125.70 (d), 
122.9 (s), 122.6 (d), 30.4 (q), 15.7 (q), 14.7 (q), the carbon atoms of the 

perfluorocyclopentene moiety and one additional quaternary carbon atom were 

not clearly observed; 19F NMR (376 MHz, CDCl3) δ 109.41 (s, 2F), 109.62 (s, 2F), 

131.5–131.6 (m, 2F); IR (neat) νmax 1706, 1591, 1438, 1339, 1268, 1191, 1121, 

1058, 984, 949, 893, 845, 788, 757, 731, 687 cm–1; Raman (neat) νmax 3064, 2920, 

1602, 1591, 1547, 1502, 1484, 1471, 1457, 1411, 1382, 1269, 1234, 1203, 1060, 
998, 942, 732, 713, 638, 619, 349 cm–1; HRMS (ESI): calcd for C29H19F5OS3 (M – 

HF)+: 575.0591, found: 575.0609. 
 

 
 

5-(3-(tert-Butylthio)phenyl)-3-methyl-2-(2-(2-methyl-5-phenylthiophen-3-
yl)cyclopent-1-en-1-yl)thiophene (4.8). A stirred solution of 5-(3-(tert-

butylthio)phenyl)-2-chloro-3-methylthiophene (4.5, 1.21 g, 4.08 mmol) in THF 

(50 mL) was cooled to –80 °C. n-BuLi (1.6 M solution in hexane, 4.48 mmol, 2.8 

mL) was added dropwise, after which stirring was continued for 1 h. Tributyl 
borate (1.03 g, 4.48 mmol, 1.2 mL) was added dropwise and stirring was 

continued for 1 h, after which the reaction mixture was allowed to slowly warm 
up to rt. At rt, stirring was continued for 1 h. Meanwhile, in a separate flask, a 
stirred mixture of 3-(2-bromocyclopent-1-enyl)-2-methyl-5-phenylthiophene 

(3.7, 1.30 g, 4.08 mmol), tetrakis(triphenylphosphine)palladium(0) (141 mg, 
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0.122 mmol), ethylene glycol (0.5 mL), aqueous Na2CO3 (2 M, 20 mL), and THF 
(30 mL) was heated to 70 °C. The crude boronic ester was added and the 
resulting mixture was heated at 80 °C for 16 h. The mixture was diluted with 

ethyl acetate (100 mL) and washed with water (2 × 50 mL). The combined 
aqueous layers were extracted with ethyl acetate (50 mL), after which the 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. 

Column chromatography (SiO2, heptane + 1.5 % ethyl acetate, Rf = 0.4) provided 

dithienylethene 4.8 as a solid (870 mg) in which a small amount of unidentified 
impurities were still present. Further purification by column chromatography 
was unsuccessful due to streaking of the product on the SiO2 stationary phase. 

Therefore, the product was directly used in the next reaction (estimated yield: 43 

%); 1H NMR (400 MHz, CDCl3) δ 7.71 (t, J = 1.8 Hz, 1H), 7.50 (d, J = 7.7 Hz, 2H), 

7.40–7.28 (m, 5H), 7.22 (t, J = 7.1 Hz, 1H), 7.06 (s, 1H), 6.97 (s, 1H), 2.93–2.84 

(m, 4H), 2.14–2.07 (m, 2H), 2.07 (s, 3H), 1.78 (s, 3H), 1.31 (s, 9H). 
 

 
 

S-(3-(4-methyl-5-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-

yl)thiophen-2-yl)phenyl) ethanethioate (4.3). To a solution of dithienylethene 

4.8 (391 mg, 0.781 mmol) in dichloromethane (20 mL), acyl chloride (612 mg, 
7.81 mmol, 0.56 mL) and BBr3 (1.0 M solution in CH2Cl2, 0.859 mmol, 0.86 mL) 
were added dropwise successively. The resulting mixture was stirred for 16 h, 

after which water (50 mL) was added. The mixture was extracted with ethyl 
acetate (3 × 50 mL), and the combined organic layers washed with water (75 
mL), dried over Na2SO4, and concentrated in vacuo. Purification by column 

chromatography (SiO2, heptane/ethyl acetate 16:1, Rf = 0.4) provided 

dithienylethene 4.3 as a brown sticky oil (253 mg, 67 %); 1H NMR (400 MHz, 

CDCl3) δ 7.58–7.49 (m, 4H), 7.39–7.31 (m, 3H), 7.28–7.20 (m, 2H), 7.06 (s, 1H), 

6.97 (s, 1H), 2.93–2.84 (m, 4H), 2.43 (s, 3H), 2.14–2.05 (m, 2H), 2.05 (s, 3H), 1.77 

(s, 3H); 1H NMR (400 MHz, CD2Cl2) δ 7.58–7.55 (m, 2H), 7.53–7.49 (m, 2H), 

7.41–7.31 (m, 3H), 7.28–7.20 (m, 2H), 7.09 (s, 1H), 7.02 (s, 1H), 2.93–2.85 (m, 
4H), 2.41 (s, 3H), 2.14–2.07 (m, 2H), 2.07 (s, 3H), 1.81 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 193.9 (s), 140.2 (s), 139.9 (s), 136.6 (s), 136.15 (s), 136.09 (s), 

135.7 (s), 135.4 (s), 135.1 (s), 134.5 (s), 132.9 (d), 132.1 (s), 131.1 (d), 129.6 (d), 
128.9 (d), 128.6 (s), 127.11 (d), 127.06 (d), 126.4 (d), 125.4 (d), 124.0 (d), 39.8 

(t), 39.1 (t), 30.3 (q), 23.0 (t), 15.3 (q), 14.5 (q); IR (neat) νmax 2917, 2842, 1705, 
1589, 1499, 1436, 1351, 1314, 1201, 1116, 1030, 995, 946, 836, 784, 755, 688 
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cm–1; Raman (neat) νmax 3053, 2917, 1622, 1590, 1549, 1500, 1484, 1459, 1443, 
1409, 1236, 1032, 997, 709, 619 cm–1; HRMS (APPI): calcd for C29H27OS3 ([M + 

H]+): 487.1219, found: 487.1205. 
 

 
 

Dithienylethene 4.2c. 1H NMR (400 MHz, CD2Cl2) δ 7.62 (d, J = 2.1 Hz, 1H), 

7.62–7.60 (m, 1H), 7.57–7.55 (m, 1H), 7.53 (t, J = 1.6 Hz, 1H), 7.48 (dt, J = 7.8, 

0.7 Hz, 1H), 7.46–7.42 (m, 4H), 6.73 (t, J = 1.5 Hz, 1H), 6.15 (s, 1H), 2.44 (s, 3H), 

1.87 (s, 3H), 1.81 (s, 3H); IR (neat) νmax 1708, 1639, 1523, 1488, 1447, 1339, 

1167, 1125, 1057, 950, 761, 685 cm–1; Raman (neat) νmax 1574, 1524, 1488, 1326, 
1246, 1167, 1090, 1000 cm–1. 

 

 
 

Dithienylethene 4.3c. 1H NMR (400 MHz, CD2Cl2) δ 7.56–7.51 (m, 4H), 7.44 (t, J 

= 7.4 Hz, 1H), 7.39–7.29 (m, 4H), 6.47 (s, 1H), 6.10 (s, 1H), 2.57–2.44 (m, 2H), 
2.43 (s, 3H), 2.36–2.22 (m, 2H), 1.97–1.83 (m, 2H), 1.72 (s, 3H), 1.67 (s, 3H); 

Raman (neat) νmax 1573, 1535 cm–1. 
 

4.5 Full IR and Raman spectra 
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(obtained by scaled 

subtraction)
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