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Chapter 6 
Towards a photo-switchable 
molecular rectifier 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, attempts towards fabrication of a photo-switchable molecular rectifier based on 
tunnelling junctions comprising of photoswitches adsorbed on metallic surfaces (Ag, Au) are 
described. The proposed design of the compound was based on a dithienylethene photochromic unit 
connected to a ferrocene moiety with a short alkyl chain linker. The photochemical isomerization of 
the synthesized compounds was studied in solution, showing that the ferrocenyl moiety does not 
influence the photochromism of the photoswitch. Unfortunately, all attempts to form high-quality 
monolayers from the synthesized dithienylethenes on the metallic substrate failed and the obtained 
surfaces were not suitable for fabricating tunnelling junctions.  
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Chapter 6  

6.1 Introduction 
The field of molecular electronics has recently emerged as a response to the 
increasing demand for the miniaturization of electronic devices.1 Shrinking the 
electronic components to the size of a molecule offers new prospects for further 
downscaling the electric circuit components beyond the limitations of the current 
semiconductors-based technology. This idea is yet far from being realized, 
nevertheless molecular counterparts of a vast selection of electronic components, 
such as wires,2 transistors3 and rectifiers,4 have been developed and studied so far. 
The molecular rectification - a diode-like behaviour of a single molecule (that is, 
the rectification of an electric current in one direction of applied bias), was first 
theoretically predicted by Aviram and Ranter,5 and since then this idea was 
successfully realized in various experimental systems including single molecule 
junctions6 and large area junctions featuring soft4,7–9 (eutectic Indium-Galium alloy 
(EGaIn) and Hg drop) and hard10 top-contact electrodes. Despite the recent 
progress in the field, the fabrication of molecular rectifiers with high rectification 
ratios (>10) remains a challenge and only a few reported examples show 
substantial values for the rectification ratio (102~103).4,6,11,12 Among these, rectifiers 
based on alkanethiols bearing a ferrocene head group organized in self-assembled 
monolayers (SAMs), pioneered by Whitesides, has been most extensively studied 
and proved to reproducibly show high rectification ratios in the tunnelling 
junctions.13,14 More recently, Nijhuis et al. reported ferrocene dyads organized in 
SAMs showing unprecedently high rectification ratios of >105, comparable to the 
commercially available p-n junction based devices.15 

Apart from miniaturization, molecular electronics offers opportunities for 
integrating responsive molecules, that is molecular switches, in the electronic 
circuit, thus providing a possibility to tailor the electronic properties of the junction 
components with high spatial-temporal resolution.16–19 Among different types of 
molecular switches, most of the attention was dedicated to rotaxanes,20 
spiropyrans,19 azobenzenes,21 and dithienylethenes (DTE)16–18,22–24. As opposed to 
azobenzenes or spiropyrans, photoisomerization of dithienylethenes is associated 
with only marginal geometrical and dipole moment changes.25 Hence, for both 
ring-opening and ring-closing isomerization excessive free volume is not required 
and these photochromic compounds can undergo efficient photochemical 
cyclization in densely packed molecular crystals, thin layers or SAMs.26–32 This 
unique feature of DTE photoswitches, in addition to the high thermal stability of 
the ring-closed form and the large spectral separation between closed and open-
form, makes them ideal candidates for the fabrication of functional materials with 
tuneable properties.25 In particular, the DTE photoswitches found their most 
prominent application in the field of molecular optoelectronics. While the cross-
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conjugated ring-opened isomer is effectively an insulator, the planar and 
conjugated ring-closed isomer shows high level of conductance.16,17,22–24,31 The 
conductivity of SAMs composed of DTE photoswitches immobilized between two 
electrodes can be reversibly modulated with an external light source.17 This idea 
was also realized in other surface-confined systems, including single molecule 
junctions,18,22–24 conducting polymers coatings33 and composite materials.16 

In this chapter the attempts towards the fabrication of a DTE - ferrocene hybrid that 
could potentially work as a photoswitchable molecular rectifier are described. 
Although few humidity-responsive molecular rectifiers have been already 
described, light as a stimulus offers opportunities for fine-tuning of the rectification 
ratio with much higher spatial-temporal precision.34,35 The switchable DTE 2 (see 
Figure 6.1 for molecular structure) was designed based on an alkyl ferrocene and 
dithienylethene photoswitch hybrid connected to the surface anchoring group – 
thiol moiety - via an insulating linker. The photochemical isomerization of the 
synthesized target and control compounds was studied in solution with 1H NMR 
and UV/Vis absorption spectroscopies. The attachment of both photoswitches to 
a silver surface is also described.  

6.2 Design of the rectifier 

 

Figure 6.1 Structure of the archetypical ferrocenealkanethiol (FcC11) molecular 
rectifier (left panel). The proposed design of the photoswitchable molecular 
rectifier, both ring-opened (2o) and ring-closed (2c) isomers are shown (right 
panel). 
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Chapter 6  

The design of photoswitchable DTE 2o (Figure 6.1, right panel) that could 
potentially serve as a molecular rectifier was based on a well-established 
ferrocenealkylthiol rectifier FcC11 (Figure 6.1, left panel).4,9,13 The proposed design 
features the ferrocene moiety (Fc), dithienylethene photoswitch and thiol moiety 
linked by aliphatic chains (Figure 6.1). The DTE moiety was connected to the 
surface anchoring group via a hexyl linker, which should be sufficiently long to 
electrically decouple the DTE moiety from the bottom electrode. On the other side 
the DTE switch was connected to the ferrocene head group via a shorter propyl 
linker to isolate both chromophores and facilitate the vertical alignment of the 
molecules in the SAM. 

The preliminary computational study was undertaken to verify the design of the 
potential photoswitchable molecular rectifier. To this end, the gas phase geometries 
of both ring-opened and ring-closed isomers were optimized using density 
functional theory (DFT; B3LYP/6-31G(d,p)) and their electronic structures were 
analysed. The theoretical study revealed that the HOMO orbital of 2o is located on 
the Fc moiety at an energy -5.21 eV (Figure 6.2), in close agreement with the 
experimentally determined values of the HOMO levels of surface confined 
ferrocenylalkylthiols.36 On the other hand, the HOMO orbital of 2c is located on 
the DTE moiety at -5.03 eV, while HOMO-1 is located on the Fc group at slightly 
lower energy -5.25 eV (Figure 6.2). Additionally, the visual inspection of the MO 
diagrams suggested that the propyl linker is sufficiently long to electrically 
decouple both ferrocene and DTE chromophores. The calculated molecular energy 
levels were used to construct the energy diagram depicted on Figure 6.5. 

 

Figure 6.2 Gas phase optimized structures and contours of relevant MO’s of 2o 
and 2c photoswitchable DTEs. The geometries were optimized using DFT 
B3LYP/6-31G(d,p). 
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There is broad consensus that the SAMs of FcC11 rectifiers (Figure 6.1, left panel) 
operates in EGaIn tunnelling junctions according to the mechanism proposed by 
Whitesides and co-workers depicted in Figure 6.3.13 Due to the strong van der 
Waals contact between Fc moiety and top electrode (EGaIn) the HOMO of FcC11 
(localized at the ferrocene moiety) is electrically coupled to the top electrode and 
its energy follows the Fermi level of the EGaIn electrode. At 0 V bias, in the closed 
circuit, Fermi levels of both electrodes are equal and the HOMO level of the 
rectifier (-5.0 eV) is located slightly below the Fermi level of EGaIn (-4.5 eV) 
(Figure 6.3, middle panel). Similarly, at negative bias (1 V), the HOMO level is 
located below the Fermi level of both electrodes. As a result, the mechanism of 
electron transport in the negatively biased junction is dominated by electron 
tunnelling (temperature independent) leading to low values of the tunnelling 
current (Figure 6.3, left panel). At positive bias (+1 V) of the top electrode, the 
HOMO level is elevated above the Fermi level of the bottom electrode. 
Consequently, in positively biased junctions, the HOMO of FcC11 can participate 
in charge transport via a hopping (temperature dependent) mechanism, which 
results in much higher tunnelling current values (Figure 6.3, right panel).  

 

Figure 6.3 Schematic representation of the energy level diagram of the FcC11 
SAMs based tunnelling junction at the negative (left panel), 0 (middle panel) and 
positive bias (right panel) 

Taking into the consideration the results of the computational studies as well as the 
rectification mechanism of FcC11 SAMs tunnelling junctions, we envisioned that 
SAMs of DTE 2 could potentially work as a photoswitchable molecular rectifier 
according to the similar principle schematically depicted in Figure 6.4. For 2o, only 
the HOMO orbital, of the ferrocene moiety (Figure 6.2), would be energetically 
accessible, and could enter the conduction window and participate in electron 
tunnelling only at positive bias (Figure 6.4, top panel, denoted as blue orbital). 
Hence, SAMs of 2o (Figure 6.4, top panel) should work as a rectifier, according to 



 

 
156 
 
 
 
 

Chapter 6  

essentially the same mechanism as SAMs of FcC11 (Figure 6.3). In stark contrast, 
2c has an additional energetically accessible orbital located at the DTE 
chromophore (Figure 6.4, bottom panel, red). This orbital can enter the conductive 
window in the negatively biased junction (Figure 6.4, bottom panel, -1 V) and thus 
can participate in charge transport.36 Hence, the tunnelling current in the SAMs of 
2c should be similar in both negatively and positively biased junctions, due to the 
additional density of states facilitating tunnelling of electrons in both polarities of 
the junction. Ultimately, the DTE 2o SAMs should operate as a rectifier, that is, 
show non-symmetrical I(V) response (p-n junction type material). Upon 
illumination with light, and photoisomerization of 2o to 2c the SAM should display 
a symmetrical I(V) response (semiconductor type material). It should be noted here 
however, that the considerations outlined above are purely theoretical and there are 
additional factors having profound impact on the performance of the 
ferrocenealkanethiols SAMs based electrical devices. In particular, the 
supramolecular structure of the molecules in SAMs is of critical importance, as it 
was shown that poorly ordered or impure FcC11 based SAMs show small or no 
rectification values.37 Nevertheless, encouraged by the positive results of DFT 
calculations we proceeded to synthesize the target DTEs, and test them 
experimentally. 

 

Figure 6.4 Schematic picture of the energy level diagram (with respect to vacuum) 
for the molecular junctions based on 2o (top) and 2c (bottom) and Ag bottom and 
EGaIn top electrodes based on the data obtained from preliminary DFT 
calculations at -1 V (left), 0 V (middle), and +1 V (right).  
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6.3 Synthesis 
The design of the compounds was based on a dithienylethene bearing 
perfluorinated cyclopentene ring, as these DTEs derivatives in comparison to their 
nonperfluorinated counterparts show much higher photostability and quantum yield 
of photoisomerization.25 Furthermore, the nonperfluorinated analogues of the 
photoswitches discussed below were synthesized during the course of this study 
and showed very low photoconversions to the ring-closed isomers and fast 
decomposition upon exposure to 312 nm UV light. For these reasons, in this 
chapter, only synthesis and photoisomerization studies of the perfluorinated 
photoswitches will be discussed. The key step in the synthesis of the asymmetric 
DTE photoswitch 1 was the Suzuki reaction between DTE 6, and aryl boronate 4. 
The DTE 6 was synthesized from parent DTE 5 via lithium-halogen exchange with 
n-BuLi, followed by quenching with elemental iodine. The cross-coupling partner 
4 was synthesized from aryl bromide 3 via lithium-halogen exchange, followed by 
quenching with trimethyl borate. The Suzuki reaction between 4 and 6 proceeded 
smoothly with Pd(dppf)Cl2 as catalyst to give the intermediate 7. 

S S ClCl

F
F F

F
F F

1) n-BuLi, 0 °C, Et2O,
30 min.,
2) I2, RT, 2h

S S ICl

F
F F

F
F F

81 %

S SCl

F
F F

F

F F

Br

OTHP

1) n-BuLi, -78 °C, 
THF, 1 h
2) B(OMe)3, -78 °C to RT, 
30 min.

(MeO)2B

OTHP

OTHP

4
S SCl

F
F F

F

F F

OH

4

Pd(dppf)Cl2, Na2CO3aq
THF, reflux, 16 h

93 %

3 4

5 6

8 7

PPTS, MeOH, DCM,
reflux, 3 h

89 %

S SCl

F
F F

F

F F

SAc
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PPh3, DMEAD, AcSH,
THF, RT, 16h

71 %

Scheme 6.1 Synthesis of asymmetric DTE Switch 1 
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Noteworthy, the cross-coupling reaction with cheaper Pd(PPh3)4 as catalyst led to 
decomposition of the starting materials. Moreover, the inverted strategy, namely 
Suzuki cross-coupling with boronate derived from DTE 5 and aryl bromide 3 gave 
an inseparable mixture of product and starting materials. Next, the tetrahydropyran 
(THP) protecting group was removed with pyridinium p-toluenesulfonate (PPTS) 
in a refluxing MeOH/DCM mixture to give 8. Finally, alcohol 8 was converted into 
thioacetate 1 via a Mitsunobu reaction. 

The preparation of the ferrocene part of DTE 2 started with alkylation of 
acetylferrocene 9 with 1-bromo-4-(iodomethyl)benzene. The resulting, inseparable 
mixture of O- and C- alkylation products was used in the subsequent reduction 
step. The reduction of carbonyl to methylene group was carried out with a mixture 
of NaBH4 and AlCl3,4 upon which the reduced product 11 could be readily isolated 
by column chromatography. Next, aryl bromide 11 was used in the Suzuki cross-
coupling in the synthesis of photoswitch 2o.  

Fe

O

1) LDA, THF, -78 °C, 1 h
2) 1-bromo-4-(iodomethyl)benzene, 
THF, -78 °C to RT, 16 h

Fe

O

Br

9 10

AlCl3, NaBH4, 
THF, 0 °C to RT, 3h

53 % over two steps

Fe

Br

11  

Scheme 6.2 Synthesis of functionalized ferrocene 11 

In the synthesis of photoswitch 2, the previously synthesized intermediate 7 was 
used. First, DTE 7 was converted into a boronic ester via lithium-halogen 
exchange, followed by quenching with B(OMe)3. The resulting boronate was 
directly used in the Suzuki cross-coupling reaction with aryl bromide 11 using 
Pd(dppf)Cl2 as a catalyst to give 12 in a 71% yield. The deprotection of THP ether 
12 with PPTS in refluxing MeOH/DCM furnished alcohol 13 in almost quantitative 
yield. Alcohol 13 was subsequently converted into thioacetate derivative via 
Mitsunobu reaction to give the photoswitch 2 in an 86% yield and its structure was 
confirmed with 1H, 13C, 19F NMR and MS spectroscopies.  
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PPTS, MeOH, DCM,
reflux, 3 h

93 %

PPh3, DMEAD, AcSH,
THF, RT, 16h

86 %
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1) n-BuLi, 0 °C, Et2O, 30 min.,
2) B(OMe)3, 0 °C, RT, 2h,
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S S

F
F F

F

F F

OTHP

412

Fe

S S

F
F F
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F F

OH

413

Fe

S S

F
F F

F

F F

SAc
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Fe

 

Scheme 6.3 Synthesis of switchable DTE 2 

6.4 UV/Vis and 1H NMR analysis 
The photochemical isomerization of DTE 1 in CD2Cl2 was studied with UV/Vis 
absorption and 1H NMR spectroscopies (Figure 6.5). In the UV/Vis absorption 
spectrum, 1o shows an absorption maximum at 290 nm (Figure 6.5b, black line). 
Irradiation at 312 nm resulted in the appearance of a new broad absorption band 
centred at 560 nm, characteristic of the extended aromatic system of the ring-
closed isomer 1c (Figure 6.5b, red line).38 During the photochemical isomerization, 
an isosbestic point was observed at 309 nm, indicating a unimolecular process 
(Figure 6.5b). The complementary (1c→1o) photoisomerization was achieved by 
irradiation of 1c at 530 nm, which afforded the initial UV/Vis absorption spectrum 
(Figure 6.5b, blue line). lines), characteristic of the open form of the DTE switch 
(Figure 6.5c, black spectrum).38  
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Figure 6.5 (a) Structure of DTEs 1o and 1c. (b) Changes in UV/Vis spectrum of 1o  
(1 μM solution in heptane, black line) upon irradiation at 312 nm (PSS312, red line) 
and subsequent irradiation at 530 nm (PSS530, blue line), inset shows changes in 
absorbance at 530 nm upon multiple UV/Vis irradiation cycles. (c) Changes in 1H 
NMR (400 MHz, CD2Cl2) spectrum of 1o (black, bottom spectrum) upon 
irradiation at 312 nm (PSS312, middle, red spectrum) and subsequent irradiation at 
530 nm (PSS530, blue, top spectrum).  

The 1H NMR spectrum of 1o shows the resonances of the methyl groups attached 
to the thiophene moieties at 1.95 and 2.05 ppm (red dashed upon irradiation of 1o 
at 312 nm, a new set of resonances appeared, indicating the formation of 1c (Figure 
6.5c, red spectrum). The 1c isomer was identified based on a characteristic upfield 
shift of the resonances ascribed to the aromatic thiophene protons (Figure 6.5c, 
blue and violet dashed lines), as well as downfield shift of the resonances 
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associated with the methyl groups connected to thiophene moieties (Figure 6.5c, 
red dashed line).38 Further irradiation of the sample gave rise to the photostationary 
state PSS312 consisting of 84% ring-closed isomer 1c and 16% remaining 1o. 
Accordingly, irradiation of 1c at 530 nm led to the complementary 1c→1o 
photoisomerization and 1o (PSS530 >95% of 1o) was generated almost 
quantitatively (Figure 6.5c, blue spectrum). Moreover, 1 shows only minor signs of 
fatigue over multiple opening/closing cycles Figure 6.5b inset). 

Due to the presence of the ferrocene moiety, 2 undergoes rapid decomposition 
upon exposure to UV-light in chlorinated solvents (DCM, CHCl3) and alcohols 
(MeOH, EtOH), while it shows no signs of decomposition in ethereal solvents. 
Hence, the photochemical isomerization of DTE 2 was studied with UV/Vis 
absorption and 1H NMR spectroscopies (Figure 6.6) in THF solution. In the 
UV/Vis absorption spectrum, 1o shows an absorption maximum at 290 nm (Figure 
6.6b, black line). Irradiation at 312 nm resulted in the appearance of a new broad 
absorption band centred at 590 nm, characteristic of ring-closed isomer 2c.38 
Noteworthy, this band is batochromically shifted in comparison to 1c as a result of 
more extended aromatic system (Figure 6.6b, red line). During the photochemical 
isomerization, an isosbestic point was maintained at 310 nm, indicating  
a unimolecular process (Figure 6.6b). The complementary (2c→2o) 
photoisomerization was achieved by irradiation of 2c at 530 nm, which afforded 
the initial UV/Vis absorption spectrum (Figure 6.6b, blue line). The 1H NMR 
spectrum of 2o shows the resonance of the methyl groups attached to the thiophene 
moieties at 2.05 ppm, characteristic of the open form of the DTE switch (Figure 
6.6c, black spectrum).38 Upon irradiation of 2o at 312 nm, a new set of resonances 
appeared, indicating the formation of 2c (Figure 6.6c, red spectrum). The 2c isomer 
was identified based on a characteristic upfield shift of the resonances ascribed to 
the aromatic thiophene protons (Figure 6.6c, blue and violet dashed lines) as well 
as downfield shift of the resonances associated with the methyl groups connected 
to the thiophene moieties (Figure 6.6c, red dashed line). Further irradiation of the 
sample gave rise to the photostationary state PSS312 consisting of 95% closed-
isomer 2c and 5% remaining 2o. Accordingly, irradiation of 2c at 530 nm led to the 
complementary 2c→2o photoisomerization and 2o (PSS530 > 95% of 2o) was 
regenerated almost quantitatively (Figure 6.6b, blue spectrum). Moreover, 2 
showed no signs of fatigue over multiple alternating UV/Vis light exposure cycles 
(Figure 6.6b inset). 
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Figure 6.6 (a) Structure of DTEs 2o and 2c. (b) Changes in UV/Vis spectrum of 2o 
(1 μM solution in THF, black line) upon irradiation at 312 nm (PSS312, red line) 
and subsequent irradiation at 530 nm (PSS530, blue line), inset shows changes in 
absorbance at 590 nm upon multiple UV/Vis irradiation cycles. (c) Changes in 1H 
NMR spectrum of 1o (black, bottom spectrum, d8-THF) upon irradiation at 312 nm 
(PSS312, middle, red spectrum) and subsequent irradiation at 530 nm (PSS530, blue, 
top spectrum).  
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6.5 Studies on Surface 
After establishing that the synthesized DTEs 1 and 2 show the anticipated 
photochemical behaviour in solution attempts to graft these molecules on the 
metallic substrates were undertaken. Interestingly, it was found that both 1 and 2 
undergo decomposition on gold substrate as no peaks characteristic of F1s 
photoelectrons could be found in the X-ray photoemission spectroscopy (XPS) 
spectra. Conversely, 1 and 2 could be grafted on silver substrate.  

Figure 6.7 (a) Schematic representation of DTE 1o chemisorbed on the AgTS 
substrate. (b) Broad range XPS spectrum of the AgTS substrate functionalized with 
1o. (c) Schematic representation of DTE 2o chemisorbed on the AgTS substrate. (d) 
Broad range XPS spectrum of the AgTS substrate functionalized with 2o. 
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Functionalization of the Ag surface with DTEs 1o and 2o was achieved be 
immersing a template-stripped39 silver (AgTS) substrate in ethanolic solution of 
either 1o or 2o with DBU as deprotecting agent. The successful functionalization 
of the AgTS substrate was proven with XPS spectroscopy. In the XPS spectra of the 
substrate functionalized with 1o peaks characteristic of Cl2p, F1s, S2s, 2p and C1s 
as well as C1s of perfluorinated carbons photoelectrons were observed indicating 
the integrity of the 1o chemisorbed on the surface (Figure 6.7a,b). Similarly, in the 
XPS spectra of 2o peaks characteristic of F1s and S2p and Fe2p photoemission 
could be observed, corroborating stability of the molecule on the Ag substrate 
(Figure 6.7c,d). Unfortunately, it was found that both DTE photoswitches most 
probably form a low density lying-down phase on surface, as the stable tunnelling 
junctions with both SAMs could not be formed, which precluded further studies on 
the electron tunnelling properties of the synthesized DTEs.  

6.6 Conclusions 
In summary, two dithienylethenes 1 and 2 were synthesized and studied in solution. 
It was found that DTE 1 readily undergoes reversible photoisomerization in 
a number of solvents with very high photostationary states for both ring-closing 
and opening isomerizations. Moreover, it was shown that 1 shows only minor 
fatigue over several alternating ring-opening and ring-closing isomerizations. 
Conversely, DTE 2 was proven to show superior photostability and to undergo 
both ring-closing and ring-opening photoisomerizations almost quantitatively only 
in THF. In chlorinated (DCM, CHCl3) or alcoholic (EtOH, MeOH) solvents rapid 
degradation was observed, instead. Although the chemical integrity of both 
photoswitches grafted on the AgTS substrate was proven with XPS spectroscopy, no 
stable tunnelling junction could be formed with the prepared substrates. Most 
probably the adsorbate formed poorly ordered layers, with molecules forming 
lying-down phases. In future, DTEs with longer alkyl chain linkers should be 
synthesized and studied. Such structural modification should increase the van der 
Waals interactions between adjacent molecules, thus facilitating the formation of 
densely packed adsorbate layer and formation of the standing-up phase on the 
surface.  
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6.8 Experimental Section 
General Considerations For general comments see Chapter 2. Compounds 340, 
and 538 were synthesized according to literature procedures.  

5-chloro-3-(3,3,4,4,5,5-hexafluoro-2-(5-iodo-2-methylthiophen-3-yl)cyclopent-
1-en-1-yl)-2-methylthiophene (6)  

Under N2 atmosphere, dithienylethene 5 (1.0 equiv., 1.00 g, 
2.29 mmol) was dissolved in dry Et2O (20 mL) and the 
mixture was cooled to 0 °C. Next, n-butyl lithium (1.05 
equiv.,1.6 M in hexane, 1.5 mL, 2.40 mmol) was slowly 
added and the mixture was stirred for 30 min at this 
temperature. Then, iodine (1.5 equiv., 0.87 g, 3.43 mmol) was added and the 
mixture was allowed to warm to room temperature and stirred for 2 h. The mixture 
was diluted with CH2Cl2 and the organic layer was washed with water, saturated 
aqueous Na2S2O3 and brine. The organic phase was dried with MgSO4 and 
concentrated in vacuo. The crude product was purified using column 
chromatography (SiO2, pentane) to afford 6 as white solid (0.98 g, 1.85 mmol, 
81%, m.p. 91-98 °C). 1H NMR (400 MHz, CDCl3) δ 7.19 (s, 1H), 6.88 (s, 1H), 
1.93 (s, 3H), 1.86 (s, 3H). 13CNMR (101 MHz, CDCl3) δ 147.5, 140.3, 135.8, 
127.8, 126.4, 125.3, 123.9, 70.6, 14.2, 14.2. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.32 (q, 
J = 8.7, 7.2 Hz), -131.94 (h, J = 5.1 Hz). Compound did not ionize with any 
common ionization method. 

2-((6-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent
1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexyl)oxy)tetrahydro-2H-pyran (7)  

Under a N2 atmosphere, aryl bromide 4 
(1.0 equiv., 0.45 g, 1.32 mmol) was 
dissolved in anhydrous THF and the 
mixture was cooled to -78 °C. Next,  
n-butyl lithium (1.2 equiv., 1.6 M in 
hexane, 0.99 mL, 1.58 mmol) was slowly 
added and the mixture was stirred at  
-78 °C for 1 h. Next, trimethyl borate (3.0 equiv., 0.41 g, 0.44 mL, 3.96 mmol) was 
added in one portion, and the mixture was allowed to warm to room temperature 
and stirred at this temperature for 30 min. The resulting solution of boronic ester 
was used in the next step without further manipulations. A separate, two-neck 
round-bottom flask equipped with a reflux condenser was charged with 
dithienylethene 6 (0.7 equiv., 0.50 g, 0.94 mmol) and Pd(dppf)Cl2•CH2Cl2 (0.035 
equiv., 38 mg, 0.046 mmol). Next, the previously prepared solution of boronic acid 
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ester and a degassed aqueous solution of K2CO3 (7.1 equiv., 1 M, 9.4 mL, 9.40 
mmol) were added. The reaction mixture was diluted with THF (10 mL) and stirred 
at reflux for 16 h. Subsequently, the reaction mixture was cooled to room 
temperature, diluted with EtOAc and the phases were separated. The aqueous 
phase was extracted twice with EtOAc and the combined organic layers were 
washed with brine, dried over MgSO4 and concentrated in vacuo. Purification by 
column chromatography (SiO2, pentane/EtOAc) afforded 7 as an off-blue oil (0.58 
g, 0.87 mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.0 Hz, 2H), 7.21 – 
7.16 (m, 3H), 6.92 (s, 1H), 4.57 (dd, J = 4.5, 2.8 Hz, 1H), 3.86 (ddd, J = 11.0, 7.5, 
3.2 Hz, 1H), 3.73 (dt, J = 9.7, 6.9 Hz, 1H), 3.49 (dt, J = 10.7, 5.0 Hz, 1H), 3.38 (dt, 
J = 9.6, 6.6 Hz, 1H), 2.62 (t, J = 7.7 Hz, 2H), 1.96 (s, 3H), 1.87 (s, 3H), 1.86 – 1.78 
(m, 1H), 1.72 (ddd, J = 12.4, 7.8, 4.4 Hz, 1H), 1.68 – 1.46 (m, 8H), 1.46 – 1.33 (m, 
4H). 13C NMR (101 MHz, CDCl3) δ 145.6, 145.3, 143.4, 143.1, 133.3, 131.7, 
130.3, 128.3, 128.2, 128.1, 127.0, 124.3, 101.5, 70.2, 65.0, 38.2, 33.9, 33.4, 32.3, 
31.7, 28.8, 28.2, 22.4, 17.2, 17.0. Not all carbon resonances were observed due to 
coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.20 (q, J = 5.3 Hz), -
131.14 – -133.09 (m). HRMS (ESI) calcd C32H33ClF6O2S2NH4 [M+NH4]+ 
680.1853, found 680.1865 

6-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-
en-1-yl)-5-methylthiophen-2-yl)phenyl)hexan-1-ol (8)  

A round-bottom flask equipped with 
a reflux condenser was charged with 7 (1.0 
equiv., 0.50 g, 0.75 mmol), pyridinium p-
toluenesulfonate (PPTS) (5.0 equiv., 0.95 g, 
3.75 mmol) and MeOH (20 mL) and DCM 
(10 mL) were added. The resulting reaction 
mixture was heated at reflux for 3 h. Subsequently, the reaction mixture was cooled 
to room temperature, diluted with EtOAc and the phases were separated. The 
organic phase was washed with HClaq (1 M), twice with water, brine, dried over 
MgSO4 and concentrated in vacuo. Purification by column chromatography (SiO2, 
pentane/EtOAc) afforded 8 as an off-blue oil (0.39 g, 0.67 mmol, 89%). 1H NMR 
(400 MHz, CDCl3) δ 7.50 – 7.40 (m, 2H), 7.22 – 7.15 (m, 3H), 3.64 (t, J = 6.6 Hz, 
2H), 2.63 (t, J = 7.7 Hz, 2H), 1.97 (s, 3H), 1.88 (s, 3H), 1.61 (dt, J = 25.9, 7.2 Hz, 
4H), 1.45 – 1.30 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 142.69, 142.43, 140.59, 
140.30, 130.53, 128.86, 127.53, 125.49, 125.37, 125.26, 124.21, 121.49, 62.79, 
35.36, 32.51, 31.14, 28.82, 25.43, 14.34, 14.18. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.19 (q, 
J = 5.3 Hz), -131.91 (p, J = 5.3 Hz). HRMS (ESI) calcd C27H26ClF6OS2 [M+H]+ 
579.1012, found 579.1004 
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S-(6-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent
-1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexyl) ethanethioate (1)  

Under N2 atmosphere, a solution of di-2-
methoxyethyl azodicarboxylate (DMEAD) 
(3.0 equiv., 0.45 g, 1.92 mmol) in THF (5.0 
ml) was cooled to 0 °C. Next, to this 
solution a solution of PPh3 (3.0 equiv., 0.50 
g, 1.92 mmol) in THF (5 mL) was added 
dropwise and stirred at 0 °C for 10 min. 
The resulting mixture was added dropwise to a flask containing a solution of 8 (1.0 
equiv., 0.37 g, 0.64 mmol) in THF (5 mL) cooled to 0 °C. Subsequently, thioacetic 
acid (3.0 equiv., 146 mg, 137 μL, 1.92 mmol) was added in one portion and the 
reaction mixture was allowed to warm up to room temperature and stirred at this 
temperature for 16 h. Next, the reaction mixture was diluted with DCM, washed 
twice with water, saturated aqueous solution of sodium bicarbonate, brine, dried 
with MgSO4 and concentrated in vacuo. Purification by column chromatography 
(SiO2, pentane/EtOAc) afforded 1 as an off-blue oil (0.29 g, 0.45 mmol, 71%) 1H 
NMR (400 MHz, CDCl3) δ 7.49 – 7.41 (m, 2H), 7.18 (m, J = 6.4 Hz, 3H), 6.92 (s, J 
= 1.3 Hz, 1H), 2.86 (t, J = 7.3 Hz, 2H), 2.61 (t, J = 7.7 Hz, 2H), 2.32 (s, 3H), 1.97 
(s, 3H), 1.88 (s, 3H), 1.68 – 1.51 (m, 4H), 1.46 – 1.29 (m, 4H). 13C NMR (101 
MHz, CDCl3) δ 195.8, 142.6, 142.4, 140.6, 140.3, 130.5, 128.9, 127.5, 125.5, 
125.4, 125.3, 124.2, 121.5, 35.3, 31.0, 30.5, 29.3, 28.9, 28.5, 28.5, 14.3, 14.2. Not 
all carbon resonances were observed due to coupling with fluorine. 19F NMR (376 
MHz, CDCl3) δ -110.19 (q, J = 5.2 Hz), -131.91 (p, J = 5.4 Hz). HRMS (ESI) calcd 
C29H28ClF6OS3 [M+H]+ 637.0889, found 637.0883 

1-bromo-4-(3-Ferrocenylpropyl)benzene (11)  

Under N2 atmosphere, a solution of acetylferrocene 9 (1.0 
equiv., 2.00 g, 8.77 mmol) in THF (15.0 mL) was added to 
a freshly prepared solution of LDA (1.2 equiv., 10.6 mmol) in 
THF (15 mL) at -78 °C and stirred at this temperature for 30 
min. Next, a solution of 1-bromo-4-(iodomethyl)benzene (1.3 
equiv., 3.40 g, 11.5 mmol) was added in one portion. The 
reaction mixture was allowed to warm to room temperature and stirred for 16 h. 
Next, the reaction mixture was diluted with EtOAc, the organic layer was washed 
twice with water, brine and dried over MgSO4. The solvents were evaporated in 
vacuo and the solid residue, composed of an inseparable mixture of C- and O- 
alkylation products was used in the next step without any further purification. Next, 
to a mixture of NaBH4 (1.40 g, 37.0 mmol) and AlCl3 (2.40 g, 18.0 mmol) in THF 
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(40 mL) was added a solution of residue from the previous step (2.93 g) in THF 
(10 mL) dropwise at 0 °C. Next, the reaction mixture was allowed to warm to room 
temperature and stirred for 3 h. Subsequently, the reaction was quenched by 
dropwise addition of ice-cold water (20 mL), diluted with EtOAc, washed twice 
with water, saturated aqueous NaHCO3, brine and dried over MgSO4 and 
concentrated in vacuo. Purification by column chromatography (SiO2, 
pentane/DCM) afforded 11 as an orange solid (1.78 g, 4.65 mmol, 53%, over two 
steps). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.38 (m, 2H), 7.07 (d, J = 8.1 Hz, 2H), 
4.09 (d, J = 10.8 Hz, 9H), 2.60 (t, J = 7.7 Hz, 2H), 2.40 – 2.31 (m, 2H), 1.81 (q, J = 
7.6 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 141.1, 131.2, 130.0, 119.2, 88.6, 68.4, 
67.9, 67.0, 34.9, 32.3, 28.8. HRMS (ESI) calcd C19H19BrFe [M]+ 382.0020 found 
382.0825 

2-((6-(4-(4-(2-(5-(4-(3-Ferrocenylpropyl)phenyl)-2-methylthiophen-3-yl)-3,3,4,
4,5,5-hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexyl)oxy)
tetrah-ydro-2H-pyran (12) 
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Under a N2 atmosphere, DTE 7 (1.0 equiv., 1.00 g, 1.61 mmol) was dissolved in 
anhydrous Et2O (10 ml) and the mixture was cooled to -78 °C. Next, n-butyl 
lithium (1.2 equiv., 1.6 M in hexane, 1.2 mL, 1.93 mmol) was slowly added and 
the mixture was stirred at -78 °C for 20 min. Trimethyl borate (3.0 equiv., 0.50 g, 
0.54 mL, 4.83 mmol) was added in one portion, and the mixture was allowed to 
warm to room temperature and stirred at this temperature for 30 min. The resulting 
solution of boronic acid ester was used in the next step without further 
manipulations. A separate, two-neck round-bottom flask equipped with a reflux 
condenser was charged with 11 (1.5 equiv., 0.93 g, 2.41 mmol) and 
Pd(dppf)Cl2•CH2Cl2 (0.05 equiv., 61 mg, 0.081 mmol). Next, the previously 
prepared solution of boronic ester and a degassed aqueous solution of K2CO3 (15.0 
equiv., 1 M, 24.1 mmol) were added. The reaction mixture was diluted with THF 
(40 mL) and stirred at reflux for 16 h. Subsequently, the reaction mixture was 
cooled to room temperature, diluted with EtOAc and the phases were separated. 
The aqueous phase was extracted twice with EtOAc and the combined organic 
layers were washed with brine, dried over MgSO4 and concentrated in vacuo. 
Purification by column chromatography (SiO2, pentane/EtOAc) afforded 12 as an 
orange oil (1.06 g, 1.14 mmol, 71%). 1H NMR (400 MHz, CDCl3) δ 7.46 (m, 4H), 



 

 
169 

 
 
 
 

Towards a photo-switchable molecular rectifier 

7.24 (s, 2H), 7.20 (m, 4H), 4.57 (m, 1H), 4.10 (m, 9H), 3.87 (td, J = 8.2, 7.7, 4.1 
Hz, 1H), 3.74 (dt, J = 9.9, 6.9 Hz, 1H), 3.50 (dt, J = 10.9, 4.7 Hz, 1H), 3.39 (dt, J = 
9.7, 6.6 Hz, 1H), 2.64 (dt, J = 15.0, 7.6 Hz, 4H), 2.37 (t, J = 7.7 Hz, 2H), 1.95 (s, 
6H), 1.90 – 1.79 (m, 3H), 1.74 – 1.28 (m, 13H). 13C NMR (101 MHz, CDCl3) δ 
142.6, 142.2, 142.2, 142.1, 140.6, 140.6, 130.8, 130.6, 128.9, 128.8, 125.6, 125.6, 
125.3, 121.7, 121.7, 98.7, 88.9, 68.6, 68.1, 67.4, 67.2, 62.2, 35.4, 35.2, 32.3, 31.1, 
30.6, 29.5, 28.9, 28.9, 26.0, 25.3, 19.6, 14.4. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.04 
(br), -131.85 (m). HRMS (ESI) calcd C51H52F6FeO2S2 [M]+ 930.2657, found 
930.2666 

6-(4-(4-(2-(5-(4-(3-Ferrocenylpropyl)phenyl)-2-methylthiophen-3-yl)-3,3,4,4,5,
5-hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexan-1-ol 
(13) 

S S

F
F F

F

F F

OH

4

Fe

 

A round-bottom flask equipped with a reflux condenser was charged with 12 (1.0 
equiv., 1.00 g, 1.07 mmol), pyridinium p-toluenesulfonate (PPTS) (5.0 equiv., 1.35 
g, 5.37 mmol) and MeOH (20 mL) and DCM (15 mL) were added. The resulting 
reaction mixture was heated at reflux for 3 h. Subsequently, the reaction mixture 
was cooled to room temperature, diluted with EtOAc and the phases were 
separated. The organic phase was washed with HClaq (1 M), twice with water, 
brine, dried over MgSO4 and concentrated in vacuo. Purification by column 
chromatography (SiO2, pentane/EtOAc) afforded 8 as an orange oil (0.84 g, 0.99 
mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 7.47 (m, 4H), 7.25 (s, 2H), 7.20 (m, 
4H), 4.13 (m, 9H), 3.65 (t, J = 6.6 Hz, 2H), 2.64 (dt, J = 12.5, 7.6 Hz, 4H), 2.35 (t, 
J = 7.6 Hz, 2H), 1.96 (s, 6H), 1.85 (t, J = 7.6 Hz, 2H), 1.61 (dq, J = 32.5, 7.2, 6.8 
Hz, 4H), 1.41 (d, J = 4.5 Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 142.5, 142.2, 
142.1, 142.1, 140.6, 140.6, 130.8, 130.7, 125.6, 125.4, 125.4, 121.7, 121.7, 89.2, 
68.8, 68.3, 67.4, 62.8, 35.4, 35.2, 32.5, 32.3, 31.1, 28.9, 28.8, 25.4, 14.4. Not all 
carbon resonances were observed due to coupling with fluorine. 19F NMR (376 
MHz, CDCl3) δ -110.01 (t, J = 5.4 Hz), -131.87 (p, J = 5.5 Hz). HRMS (ESI) calcd 
C46H44F6FeOS2 [M]+ 846.2082, found 579.2088 
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S-(6-(4-(4-(2-(5-(4-(3-Ferrocenylpropyl)phenyl)-2-methylthiophen-3-yl)-3,3,4,4
,5,5-hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-
yl)phenyl)hexyl)ethanethioate (2) 
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Under N2, a solution of di-2-methoxyethyl azodicarboxylate (DMEAD) (3.0 equiv., 
0.62 g, 2.65 mmol) in THF (10.0 mL) was cooled to 0 °C. Next, to this solution 
a solution of PPh3 (3.0 equiv., 0.69 g, 2.65 mmol) in THF (10.0 mL) was added 
dropwise and stirred at 0 °C for 10 min. The resulting mixture was added dropwise 
to a flask containing a solution of 8 (1.0 equiv., 0.8 g, 0.84 mmol) in THF (5 mL) 
cooled to 0 °C. Next, thioacetic acid (3.0 equiv., 0.20 mg, 189 μL, 1.92 mmol) was 
added in one portion and the reaction mixture was allowed to warm up to room 
temperature and stirred for 16 h. The reaction mixture was diluted with DCM, 
washed twice with water, saturated aqueous solution of sodium bicarbonate, brine, 
dried over MgSO4 and concentrated in vacuo. Purification by column 
chromatography (SiO2, pentane/EtOAc) afforded 2 as an orange oil (0.29 g, 0.45 
mmol, 86%) 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 8.1, 6.8 Hz, 4H), 7.25 (s, 
2H), 7.20 (t, J = 8.6 Hz, 4H), 4.11 (m, 9H), 2.87 (t, J = 7.3 Hz, 2H), 2.64 (dt, J = 
17.8, 7.6 Hz, 4H), 2.37 (t, J = 7.6 Hz, 2H), 2.33 (s, 3H), 1.96 (s, 6H), 1.86 (p, J = 
7.7 Hz, 2H), 1.60 (dq, J = 22.3, 7.3 Hz, 4H), 1.38 (tq, J = 9.1, 5.5, 2.9 Hz, 4H). 13C 
NMR (101 MHz, CDCl3) δ 195.8, 142.5, 142.2, 142.1, 142.1, 140.6, 140.6, 130.7, 
130.7, 128.9, 128.8, 125.6, 125.4, 125.4, 121.7, 121.7, 88.9, 68.6, 68.1, 67.2, 35.3, 
35.2, 32.3, 31.0, 30.5, 29.2, 28.9, 28.5, 28.4, 14.3. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -109.99 (t, J 
= 5.5 Hz), -131.85 (p, J = 5.7 Hz). HRMS (ESI) calcd C48H46F6FeOS3 [M+H]+ 
904.1959, found 904.1972 

Surface Functionalization. Functionalization of the Ag surface with DTE 
photoswitches was achieved be incubating the freshly prepared template-stripped 
silver39 (AgTS) substrate in solution of DTE 1 or 2 in EtOH/THF (99/1 v/v) with 
triethyl amine for 12 h. The substrates were rinsed with ethanol and dried in 
a stream of argon. 
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