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A novel σ-linkage to dianchor dyes for efficient dyes sensitized solar cells: 3-methyl-

1,1-cyclohexane

Abstract

We have synthesized two sensitizers based on the 3-methyl-1,1-cyclohexane, a novel 

σ-linkage to prepare dianchored dyes. These novel dyes are difunctionalized systems 

with aniline-donor (D), a π-conjugated spacer (π) based on thiophene or bithiophene 

and cyanoacetic acid as acceptor and anchoring group (A). The UV-vis absorption and 

the Differential Pulse Voltammetry have been used to study the effect of both σ-

linkage and -spacer. The relevant increase of the molar extinction coefficient of these 

dianchored dyes has been investigated by theoretical calculations. The dye bearing 

bithiophene results in a both broader and higher absorption as well as an adequate 

efficiency to transfer charge from D to A with respect to bithiophene dyes. The 

photovoltaic properties of these sensitizers without co-adsorbent have been studied. 

The novel difunctionalized derivatives present a relevant increase of the photocurrent 

density which results in a better performance with respect to the single dyes. The 

difunctionalized derivative based on bithiophene has given rise to an efficiency value 

of 7.8 % and is stable up to 1000 h after the device assembly.
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1. Introduction

Gratzel cells or Dye Sensitized Solar Cells (DSSCs)[1] are always able to enlarge the 

materials market with others lighter and more flexible which might be used to design 

wireless self-powering devices to be used indoor and outdoor.[2-4] These DSSCs 

include an anode made of a wide-bandgap semiconductor with anchored dye 

molecules, a counter electrode and a redox mediator[1]. The dye is likely the 

fundamental element because it is responsible of both harvesting the solar light and 

generating electrons to be injected into the photoanode.

Dye sensitizers are commonly formed by a D-π-A structure and organic synthesis 

makes them easy to prepare.[5] They are free of metals and, consequently, 

environmentally friendly. [6-7] As the development of different triarylamine sensitizers 

has given promising efficiencies, [8,9] further structural modifications of aniline moiety,

a good electron donor (D), seems a natural step forward. The -bridge structure can be

used to tune the photochemical properties of the organic dye. [10-13] In particular, it is

usually designed to broaden the absorption to make them more effective for the sun 

light spectrum[14] as well as to provide chemical stability[15] to the sensitizer. 

Recently, a novel dyes based on a ruthenium-diacetylide structure [4] and 

functionalized triphenylamine-dyes all bearing functionalized bithiophene as π-bridge 

were studied and exhibited promising power conversion efficiencies [16-17]. Lastly, 

DSSC-sensitizers mainly use the cyanoacrylic acid because the presence of the cyano 

group, an electron withdrawing group (A), close to the carboxylic acid group, which 

acts as anchoring, produce an adequate intramolecular charge transfer (ICT) as well as 

a good electron injection. 
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It is also described in the literature how dyes with various anchoring points and 

adequate arrangements of the D-π-A systems provide, in general, improved 

photovoltaic properties. Different strategies have been followed to enhance the 

optical density and binding strength of dyes onto titanium particles [18] such as 

dianchored sensitizers with both donor parts linked by a -spacer [17] and dyes with 

several acceptor units linked by a common donor part. [19] In particular, Su et al. 

introduced one, two and three thiophene segments into calix[4]arene based dyes to 

form cone-shaped structures with four chromophores, which offered decreased 

aggregation, lower charge recombination and temporal stability. [20] In general, an 

improvement of the overall efficiency can be achieved through broadening the 

absorption spectrum and increasing both the light harvesting efficiency of the dye and 

the sensitizer loading of the photoanode.[21] In our research group we have prepared 

sensitizers connected through a -linker and it has been proved that the introduction 

of several dyes in a scaffold allows increasing the distance between the chromophore 

groups avoiding their interaction[22] and, at the same time, the extinction coefficient is

increased, allowing the device to work in conditions of low luminosity. [23,24] 

The goal of this paper is to study the properties of difunctionalized dyes based on a 

novel σ-linkage, the 3-methyl-1,1-cyclohexane, with two chromophores, which are 

constituted by N, N-dialkylaniline as donor (D), thiophene or bithiophene as -spacer 

() and a cyanoacetic group as acceptor (A) and anchoring group. The effect of this -

linkage on the physical properties and photovoltaic performances of these double dyes

will be evaluated and compared with those of the corresponding single D--A 

structure. Moreover, the influence of the introduction of a second thiophene in the -

spacer will be also analyzed.
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2. Results and Discussion

2.1. Synthesis and Characterization

Chart 1 depicts the structures of compounds AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT. 

The monoanchored dye  AT-SIL [25] is used as reference and it is used to evaluate the 

properties of the dye with two thiophenes as π-spacer, ATT-SIL ,and the dianchored 

dyes, Chx-2-AT and Chx-2-ATT, with two chromophores in the same structure.

Chart 1. Dyes AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT
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Scheme 1 shows the preparation of aldehydes 3[26] and 4. The donor part was 

synthesized according to Duerto et al. [25] Particularly, it was prepared by bromination

of N-methyl-N-(2-hydroxyethyl)aniline. Tert-butyldimethylsilyl chloride was used as 

protective reagent to functionalize the alcohol group of the starting aniline. Then the 

Stille reaction was carried out. The coupling of the organostannane with the 

corresponding organic electrophiles, 5-bromothiophen-2-carbaldehyde or 5-bromo-

[2,2’-bithiophene]-5-carbaldehyde[27] was carried out via Stille palladium catalyzed 

coupling reaction[28] to give aldehydes 1[25] and 2, respectively. At last, the desired 

compounds 3 and 4 were obtained after removing the tert-butyldimethylsilyl group of 

the aldehydes 1 and 2 with tetrabutylammonium fluoride (TBAF) in anhydrous 

tetrahydrofuran (THF) at room temperature. 

Scheme 1. Preparation of compounds 3, 4 and ATT-SIL

The dye ATT-SIL was prepared in basic media by Knoevenagel reaction of the aldehyde 

2 with cyanoacetic acid (Chart 1).
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Scheme 2 shows the preparation of the dianchored dyes Chx-2-AT and Chx-2-ATT. 

Dialdehydes 5 and 6 were synthesized according to the procedure described in the 

literature[23] from 3-methyl-1,1-cyclohexanediacetic acid using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) by a Steglich reaction of compounds 3 and 4,

respectively. Finally, the formyl group of dialdehydes 5 and 6 reacted with cyanoacetic 

acid in basic media by a Knoevenagel condensation and the dianchored Chx-2-AT and 

Chx-2-ATT were obtained (Chart 1).

Scheme 2. Preparation of the dyes Chx-2-AT and Chx-2-ATT

2.2. Optical properties

The UV–vis absorption of the sensitizers AT-SIL [25], ATT-SIL, Chx-2-AT and Chx-2-ATT 

have been measured in tetrahydrofurane solution (10 −5 M, Figure 1), and on the 

corresponding sensitized TiO2 films (Figure 2). 
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Figure 1. UV–vis absorption spectra of AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT in THF 

solution.

The spectra of AT derivatives (AT-SIL and Chx-2-AT) in solution show a band (370–550 

nm) in the visible region, which, according to DFT calculations (section 2.4), can be 

attributed to the intramolecular charge transfer (ICT) between the electron-

withdrawing and the electron-donating moieties of chromophores. The spectra of ATT 

derivatives (ATT-SIL and Chx-2-ATT) show at 350 nm a band, which is assigned to a π 

→ π* electronic transition, whereas at lower energy, an ICT band (400-600 nm) is 

observed. 

Table 1 collects the optical properties of AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT. 

Table 1. Optical parameters of dyes AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT

Dye

λabs
a

(nm

)

λabs
b

(nm)

ε a

(104 M-1·cm-1)

AT-SIL 470 397 1.68±0.04

ATT-SIL 474 452 2.45±0.02

Chx-2-AT 464 424 4.35±0.06

Chx-2-ATT 487 436 6.18±0.14

aIn THF solution (10- 5 M). b Absorption on TiO2 films.
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The molar extinction coefficient (ε) of the difunctionalized dyes Chx-2-AT and Chx-2-

ATT increases (roughly x 2.5) with respect to AT-SIL and ATT-SIL, respectively 

(Supporting Information, Figures S.1-S.4). The cyclohexane derivatives exhibit higher 

molar extinction coefficient values than expected, bearing in mind the absorption of 

single dyes. This result, which will be explained in section 2.4., points to the promising 

light-absorption ability of these double anchored sensitizers.

Figure 2 (normalized spectra) and Figures S.5-S.8 (Supporting Information) show the 

UV spectra of the films of the adsorbed dyes on TiO2. When these films are sensitized, 

a hypsochromic shift is observed in the corresponding spectra with respect to those in 

THF solution. Generally, the blue shifts can be attributed to the deprotonation of the 

dyes and/or the formation of H-aggregates [29] on the TiO2 surface. An UV–vis 

absorption study of ATT-SIL, Chx-2-AT and Chx-2-ATT films have been carried out after 

different time intervals of immersion (30 min, 2h 30 min and 5h) and it can be said that

there is not aggregation confirmation because there is not an increase of the width of 

the spectrum ICT band on increasing the immersion time. Besides, the broad bands of 

ATT-derivatives on TiO2 point a promising light absorption.
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Figure 2. UV–vis spectra of films ( _____ ) sensitized by a) AT-SIL,  b) ATT-SIL, c) Chx-2-

AT, d) Chx-2-ATT after 30 min, 2h30 and 5h of immersion. The normalized spectra of 

THF solution (———) are included for comparison.

2.3. Electrochemical properties

The voltamogramms of AT-SIL[25], ATT-SIL, Chx-2-AT and Chx-2-ATT were carried out

by Differential Pulse Voltammetry (DPV) and Cyclic Voltammetry (CV). Dye solutions

used  was  5∙10−4  M  in  THF.  They  are  compiled  in  Figures  S.9-S.12 (Supporting

Information).  The  oxidation  process  is  reversible  (Supporting  Information).  Table  2

collects the oxidation potentials of both ground and excited states of these sensitizers.

Table 2. Electrochemical parameters: transition energy E0-0 and potential values Eox and Eox
*

Dye Eox
a

(V)

E0-0
b

(eV)

Eox
* c

(V)

AT-SIL +1.17 2.34 –1.17

ATT-SIL +1.06 2.13 –1.14

Chx-2-AT +1.20 2.32 –1.12

Chx-2-ATT +1.07 2.14 –1.07
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a The potential values were converted to normal hydrogen electrode (NHE) by 

addition of 0.199 V. b E0-0 was estimated from the UV-vis spectra. c E*
ox  = Eox - E0-0. 

In the area of Grätzel cells, dyes must comply with two electrochemical requirements. 

First, the Eox value of the sensitizer (oxidation potential of the ground state) must be 

higher than the redox potential of the I3
−/I− electrolyte (+0.4 V [30]) to be sure that the 

sensitizer is regenerated after being oxidized. Second, the Eox* value of the sensitizer 

(oxidation potential of the excited state) must be lower than the conduction band of 

TiO2 (–0.5 V vs NHE [31]) to favor injection of electrons from the excited dye onto the 

photoanode. [32, 33] Sensitizers AT-SIL and Chx-2-AT have analogous Eox values. This 

similarity is also observed with dyes ATT-SIL and Chx-2-ATT because they have the 

same spacer and donor moiety. The Eox and Eox* values of AT-SIL, ATT-SIL, Chx-2-AT 

and Chx-2-ATT point out that both electron injection and sensitizer regeneration are 

energetically favored. (Supporting Information, Figure S.13).

2.4. Theoretical calculations

By means of DFT (Density Functional Theory) calculations we can also characterize 

theoretically the optical and electrochemical properties of the dyes. First, we can 

consider the ground and first excited states of the dyes and their derived radical 

cations formed upon a one-electron oxidation. The optical parameters such as 

absorption wavelengths (λabs) and oscillator strengths (f) were computed on ground 

state geometries by TD-DFT (time dependent DFT). Furthermore, excitation energies 

(E0-0) were calculated as the difference in Gibbs free energy between ground and 

excited states both at their equilibrium geometries. Analogously, the differences of 

12



Gibbs free energy between neutral species and their oxidized radical cations allow us 

to estimate ground state oxidation potentials (EOX) while those of the excited state 

were obtained as E*
ox = Eox – E0-0. Results are presented on Table 3. It is noteworthy that

calculated energies agree to experimental values within 0.2 eV.

Table 3. Results of DFT calculations.

Dye λabs
a

(nm)

ƒ EHOMO

(eV)

ELUMO

(eV)

E0-0

(eV)

Eox
b

(V)

E*ox
b

(V)

AT-SIL25 434 1.11 -6.60 -2.08 2.45 1.19 -1.26

ATT-SIL 483 1.53 -6.43 -2.26 2.13 1.01 -1.11

Chx-2-AT 469

460

1.10

1.22

-6.52 -2.13 2.39 1.08 -1.30

Chx-2-ATT 502

495

1.95

1.05

-6.32 -2.30 2.17 1.10 -1.08

a) Calculated using equilibrium solvation. b) Referenced to normal hydrogen electrode (NHE).

TD-DFT calculations show that the lowest energy absorption of single-chromophore 

dyes AT-SIL and ATT-SIL is associated to a one-electron transition from the HOMO, 

located on the aryl amino donor moiety, to the LUMO located on the cyanoacetic acid 

acceptor (see Figure 3). The large HOMO-LUMO overlap over the bithiophene spacer 

accounts for the large oscillator strength associated to this transition. The presence of 

a second thiophene moiety on ATT-SIL causes a reduced HOMO-LUMO gap and 

increased oscillator strength compared to the single thiophene AT-SIL analogue.
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Figure 3. Contour plots for the HOMO (left) and LUMO (right) of ATT-SIL (0.04 

isosurface value)

The electronic structure of dichromophoric dyes Chx-2-AT and Chx-2-ATT becomes 

more complicated. The HOMO levels in both chromophores combine giving rise to one 

symmetrical and one antisymmetrical orbital (HOMO-1 and HOMO) which are close in 

energy and in a similar way individual LUMOs combine to form LUMO and LUMO+1. 

(Figure 4)
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Figure 4. Contour plots for the molecular orbitals of Chx-2-ATT (0.04 isosurface value).

With this electronic structure, TD-DFT calculations predict two electronic transitions

with very similar excitation energies. Taking Chx-2-ATT as example, the lowest energy

absorption is calculated at 502 nm and is contributed from both a HOMO-1 to LUMO

and a HOMO to LUMO+1 one electron transition and its calculated oscillator strength

is higher than that of single-chromophore dyes due to its larger orbital extension. The

next  absorption,  contributed  from  HOMO  to  LUMO  and  HOMO-1  to  LUMO+1

transition, is calculated at 495 nm and also with large oscillator strength. Having in
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mind that these absorptions are very close in energy, the experimental UV spectrum

shows  a  large  band  that  encompasses  both  absorptions  with  a  large  extinction

coefficient  (Table  1)  that  arises  from the  addition of  their  oscillator  strengths  and

predicts a large Light Harvesting Efficiency (LHE).

We have also calculated the spin density plots of the oxidized radical cations for all the 

studied dyes (See Figure 5). A comparison to previously shown molecular orbitals 

indicates that upon oxidation the electron is extracted from the HOMO which is mainly

located on the arylamine donor moiety. The low spin density on the acid group, which 

will be attached to the TiO2 electrode in the assembled DSSC, accounts for an 

improbable Back Electron Transfer (BET) that could result in a decreased efficiency. 

Figure 5. Spin density contour plots of radical cations of  ATT-SIL (left) and Chx-2-ATT 

(right). (0.004 isosurface value).

2.5. Photovoltaic properties

A photovoltaic study of the DSSCs prepared with these dyes was carried out. The 

conditions for the preparation of the devices were compiled in Supporting Information 

(Section 2). Optimized devices were prepared with electrodes of 6 μm thick sensitized 
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with AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT dyes after 5 h of immersion time. Figure 

6 and Table 4 collect the results acquired upon this photovoltaic characterization.

As concerns the comparison between thiophene (AT-SIL, Chx-2-AT) and bithiophene 

(ATT-SIL and Chx-2-ATT) based dyes, higher Jsc values have been measured for the cells

incorporating bithiophene sensitizers. This result can be related with the better light 

harvesting ability of these systems, according with optical absorption results (Figure 1 

and Figure S.5-S.8). Regarding the voltage, the Voc value is slightly higher for those 

double dyes as compared with the single dye counterparts (Figure 6 (left), Table 4). 

Figure 6. a) Current density vs voltage (left) (100 mW∙cm-2, under AM 1.5 G simulated 

solar light); b) IPCE spectra (right) for devices based on studied dyes (6 μm thick 

anodes, immersion time 5 h).

Figure 6 (right) depicts the incident photon to converted electron efficiency (IPCE) 

spectra. The comparison between thiophene and bithiophene based dyes shows a 

broader spectrum for the devices with bithiophene than those prepared with 

thiophene as it was expected taking into account the absorption of films (Figure S.5-

S.8). Besides, the introduction of the novel -linkage gives rise to a better electron 

collection as compared with the corresponding single dyes. In summary, the device 
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prepared with dye Chx-2-ATT showed the broadest and highest IPCE spectrum in 

agreement with the higher Jsc value.

Table 4. Average value of the measured photovoltaic parameters: open circuit voltage (Voc), 

short circuit current density (Jsc), fill factor (ff) and overall efficiency (η). Three cells of each 

type were prepared and characterized 

Dye Dye 

loading

(mol∙cm-2)

Jsc

(mA cm-2)

Voc

(V)

ff

(%)



(%)

AT-SIL 4.33∙10-7 11.351±0.33

1

0.589±0.005 67.48±0.1

3

4.48±0.1

7

ATT-SIL 1.37∙10-7 15.011±0.06

2

0.579±0.006 65.78±0.6

3

5.70±0.1

4

Chx-2-AT 1.06∙10-7 12.500±0.43

5

0.598±0.001 67.22±0.1

3

5.03±0.1

9

Chx-2-ATT 5.34∙10-8 16.523±0.42

3

0.621±0.002 65.63±0.4

8

6.80±0.1

2

Experimental conditions: 6 μm thick anodes of Dyesol 18NR-AO (paste). 0.1 mM THF dye 

solution, 5 h immersion.

Regarding the amount of sensitizer adsorbed on the photoanode, the highest value 

(4.33∙10-7 mol/cm2) has been obtained by AT-SIL while the lowest value has been 

reached by dianchored Chx-2-AT (1.06∙10-7 mol/cm2) and Chx-2-ATT (5.34∙10-8 

mol/cm2). In spite of the lowest amount of dibranched sensitizers, the best 

photovoltaic performance of Chx-2-ATT-chromophore-devices notes the promising 

molecular σ-linkage of this 3-methyl-1,1-cyclohexane derivative with bithiophene.
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Finally, the devices performance stability has been carried out and the photovoltaic 

parameters (Jsc, Voc, ff and have been studied over time. The results are depicted in 

Figure 7 and show that the four studied dyes (AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-

ATT) are stable up to 1040 h after the cell assembly.

Figure 7. Photovoltaic parameters of devices prepared with dyes AT-SIL, ATT-SIL, Chx-

2-AT and Chx-2-ATT with 6 μm thick anodes and after 5 h of immersion time and 

measured under the irradiance of AM 1.5 G sunlight (1 sun 1000 W/m2).

In particular, it is remarkable that Voc and  for devices based on Chx-2-ATT show an 

increase of c.a. 18 and 12 %, respectively (Table S.1). The best results obtained in this 

temporal study were reached 528 h after cell-assembly and these results are shown in 

(Table 5 and Figure S.31).
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Table 5. Average value of the measured photovoltaic parameters: open circuit voltage (Voc), 

short circuit current density (Jsc), fill factor (ff) and overall efficiency (η). 528 h after cell 

assembly. Three cells of each type were prepared and characterized. 

Dye Jsc

(mA∙cm-2)

Voc

(V)

ff

(%)



(%)

AT-SIL 12.51±0.02 0.603±0.00

4

68.93±0.3

0

5.08±0.0

6

ATT-SIL 14.73±1.82 0.658±0.04

6

65.88±0.2

1

6.47±1.2

5

Chx-2-AT 12.73±0.42 0.617±0.00

5

69.10±0.5

4

5.43±0.2

7

Chx-2-ATT 15.76±0.28 0.704±0.00

7

69.89±0.5

4

7.84±0.2

8

Experimental conditions: 6 μm thick electrodes of Dyesol 18NR-AO (paste). 

0.1 mM THF dye solution, 5 h immersion.

Electrochemical impedance spectroscopy was carried out in the dark under a bias 

corresponding to Voc with frequency range of 0.1-100 kHz. In the Nyquist plot (–Z’’ vs 

Z’) the larger semicircle (intermediate frequency range) is related to the charge 

recombination resistance (Rrec) at the TiO2/dye/electrolyte interface. In previous 

studies [34-37], when comparing the recombination resistance of different samples it 

has been found that the higher the value of Rrec, the larger the Voc. 

20



Figure 8. Nyquist plot of devices 6 μm, 5 h immersion time prepared with dyes AT-SIL, 

ATT-SIL, Chx-2-AT and Chx-2-ATT in the dark, 528 h after cell-assembly.

The Nyquist plots in Figure 8, measured 528 h after the cell-assembly, show semicircles

of similar size for the four dyes, with Rrec values around 30 . According with that, 

similar Voc values would be expected. The larger one obtained for Chx-2-ATT in J-V 

measurements could be related with the highest current value for the derivative. 

(Figure 8) The facile electron-injection is responsible for the large Jsc observed for the 

device using the Chx-2-ATT dye. 

3.- Conclusions

Two novel difunctionalized dyes were prepared using 3-methy-1,1-cyclohexane as σ-

linkage, a functionalized derivative of N, N-dialkylaniline as the donor unit, cyanoacetic

acid as an acceptor unit and thiophene derivatives as π spacers. They depicted a 

remarkable increase of the molar extinction coefficients with respect to the 

corresponding individual dyes due to the two electronic transitions with very similar 

excitation energies predicted by TD-DFT, which will allow these difunctionalized 

sensitizers to work in low light conditions.
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The Chx-2-ATT dye has a higher absorption than the Chx-2-AT dye; fact that we can 

attribute to the extended conjugation of the π spacer due to the double ring of 

thiophene which allows a better transfer of electrons between the donor and the 

acceptor than the spacer π with a single ring of thiophene. 

Novel difunctionalized dyes present higher efficiency as compared to that of single D-

-A analogues because of higher Voc and Jsc values. In particular, devices based on Chx-

2-ATT have given rise to an efficiency value of 7.8 % which means an increase of 21 % 

of the efficiency with respect to the single ATT-SIL dye.

Sensitizers AT-SIL, ATT-SIL, Chx-2-AT and Chx-2-ATT are stable up to 1040 h after the 

cell assembly.

Further development of the novel -linkage could be achieved through appropriate 

structural modifications. For instance, the incorporation of two different linked 

chromophores would lead to a broader absorption and, consequently, an improved 

efficiency would be expected.

4. Experimental Section

4.1. Materials and methods

All reagents were purchased from Merck and used without purification. Solvents were 

dried through a commercial available solvent purification system.

Compound 1 was prepared according with reported procedure. [25]

5'-(4-((2-((tert-butyldimethylsilyl)oxy)ethyl)(methyl)amino)phenyl)-[2,2'-

bithiophene]-5-carbaldehyde 2
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4-bromo-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N-methylaniline (0.50 g, 1.45 mmol)

was solved in THF (30 mL) at -78 ⁰C of temperature under argon atmosphere. A  n-

butyllithium solution (1.6 M in THF) (1.47 mL, 2.36 mmol) was slowly added and it was

stirred for 35 minutes. Next, a tributyltin chloride solution (0.5 mL, 1.74 mmol) was put

together  and stirred for  5  minutes.  After that,  it  was  stirred at  room temperature

during 150 minutes.

The crude of the reaction was quenched by the addition of 55 mL of diethyl ether and

it  was  washed with  brine and dried.  After  the  solvent  evaporation  under  reduced

pressure, the organic residue was used directly in the next step.

In a flask with the yellow residue solved in 22 mL of toluene, a solution of 5’-Bromo-

[2,2’]bithiophenyl-5-carboxaldehyde (317 mg, 1.16 mmol) was added. The mixture was

desgassed with argon during 15 minutes. Then Pd(PPh3)4   (0.087 g, 0.07 mmol) was

added  and  the  mixture  was  refluxed  for  24  hours  under  argon  atmosphere.  The

reaction was quenched by the addition of 66 mL of water. The mixture was extracted

with toluene (2 x 60 mL). The organic layer was washed with NH4Cl (1 x 60 mL) and H2O

(2 x 60 mL),  was dried over magnesium sulfate and the solvent was evaporated by

reduced pressure. The residue was purified by flash chromatography (hexane/diethyl

ether 9:1) and the aldehyde was isolated as red solid (179 mg, 34 %).

Molecular weight  (g/mol): 457.72  Melting point  (°C, at 760 mmHg): 145.  FTIR (KBr,

max/cm-1): 1658 (C=O).  1H-NMR (CD3(CO)CD3, 300 MHz, 293 K):  δ (ppm) 0.03 (s, 6H),

0.88 (s, 9H), 3.07 (s, 3H), 3.57 (t, J= 5.7 Hz, 2H), 3.86 (t, J= 5.8 Hz, 2H), 6.80 (d, J= 8.9 Hz,

2H), 7.27 (d, J= 3.9 Hz, 1H), 7.41 (d, J= 4.0 Hz, 1H), 7.46 (d, J= 3.9 Hz, 1H), 7.53 (d, J= 8.9
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Hz, 2H), 7.90 (d,  J= 4.0 Hz, 1H), 9.90 (s, 1H) 13C-NMR (CD3(CO)CD3, 100 MHz, 293K):  δ

(ppm) -5.2, 18.8, 26.2, 39.5, 55.1, 61.4, 113.0, 121.7, 122.7, 124.6, 127.5, 128.5, 139.2,

142.1, 148.3, 150.2, 183.4. HMRS (ESI+) m/z: Found: 457.1545 [M]+; molecular formula

[C24H31NO2S2Si]: 457.1560.

5-(4-((2-hydroxyethyl)(methyl)amino)phenyl)thiophene-2-carbaldehyde 3

Compound 1 (187 mg, 0.50 mmol) was solved in dry THF (20 mL) at temperature of 0°C

under argon, and a tetrabutylammonium fluoride solution (1 M THF) (1.00 mL, 1.00

mmol)  was  slowly  added  and  was  stirred  for  1  h  and  30  min.  The  solution  was

quenched by the addition of 55 mL of H2O and 100 mL of NH4Cl saturated solution (aq).

The  aqueous  phase  was  extracted  with  ethyl  acetate  solution  (3x50  mL)  and  the

organic phase was dried and the solvent was evaporated by reduced pressure. The

residue was purified by flash chromatography using hexane/ethyl acetate from (1:1) to

yield a red solid (116 mg, 89 %).

Molecular weight (g/mol): 261.34. Melting point (°C, at 760 mmHg): 134-136. 1H-NMR

(CD2Cl2, 400 MHz, 293 K): δ (ppm) 1.63 (t, 1H), 3.04 (s, 3H), 3.54 (t, J= 5.7 Hz, 2H), 3.82

(t, J= 5.7 Hz, 2H), 6.79 (d, J= 9.0 Hz, 2H), 7.27 (d, J= 4.0 Hz, 1H), 7.57 (d, J= 9.0 Hz, 2H),

7.69 (d,  J= 4.0 Hz, 1H) 9.80 (s,1H).  13C-NMR (CD2Cl2, 100 MHz,):  δ (ppm) 39.3, 55.2,

60.7, 112.8, 121.5, 122.2, 128.0, 138.6, 140.8, 151.3, 156.1, 182.9.  HMRS  (ESI+) m/z:

Found: 284.0727 [M+Na]+; calculated [C14H15NO2SNa]: 284.0716.

5'-(4-((2-hydroxyethyl)(methyl)amino)phenyl)-[2,2'-bithiophene]-5-carbaldehyde 4

Compound 2 (167 mg, 0.37 mmol) was solved in dry THF (20 mL) at temperature of 0°C

under argon, a tetrabutylammonium fluoride solution (1 M THF) (73 µL, 0.73 mmol)
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was slowly added and was stirred for 1h and 30 min. The solution was quenched by the

addition of 55 mL of H2O and 100 mL of NH4Cl saturated solution (aq). The aqueous

phase was extracted with ethyl acetate solution (3x50 mL) and the organic phase was

dried and the solvent was evaporated by reduced pressure. The residue was purified

by flash chromatography using hexane/ethyl acetate from (1:1) to yield a red solid (112

mg, 73 %).

Molecular weight  (g/mol): 343.46.  Melting point  (°C, at 760 mmHg): 187.  FTIR (KBr,

max/cm-1): 1652 (C=O), 3480 (O-H). 1H-NMR (DMSO-d6, 400 MHz, 293 K): δ (ppm) 2.98

(s, 3H), 3.44 (t, J= 5.8 Hz, 2H), 3.56 (c, J= 5.8 Hz, 2H), 4.72 (t, 1H), 6.74 (d, J= 8.9 Hz, 2H),

7.33 (d, J= 3.9 Hz, 1H), 7.48 (d, J= 4.0 Hz, 1H), 7.50 (d, J= 8.9 Hz, 2H), 7.54 (d, J= 3.9 Hz,

1H), 7.98 (d, J= 4.0 Hz, 1H), 9.86 (s, 1H). 13C-NMR (DMSO-d6, 100 MHz, 293K): δ (ppm)

38.6, 54.0, 58.1, 111.8, 120.0, 122.1, 124.3, 126.5, 128.3, 131.3, 139.4, 140.4, 146.1,

146.8,  149.3,  183.6.  HMRS  (ESI+)  m/z:  Found:  709.1289  [2M+Na]+;  calculated

[C36H34N2NaO4S4]: 709.1293.

ATT-SIL

Aldehyde  2 (100 mg, 0.22 mmol) and 2-cyanoacetic acid (28.1 mg, 0.33 mmol) were

solved in chloroform (10 mL) and piperidine (149 µL, 1.45 mmol).  The mixture was

heated to 65 ⁰C of temperature for 24 h under argon atmosphere and prevented from

light, and then it was cooled down to room temperature. The mixture was acidified

with HCl 0.1 M (18 mL) and extracted with dichloromethane (2 x 50 mL). The organic

layer was washed with water (3 x 50 mL), dried and the solvent was evaporated by

reduced pressure. The resulting solid was triturated with cold diethyl ether. The final

product was isolated as dark purple solid (16 mg, 14 %).
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Molecular weight (g/mol): 524.77.  Melting point  (°C, at 760 mmHg): 200.  FTIR (KBr,

max/cm-1): 1682 (C=O), 2220 (CΞN), 3395 (O-H). 1H-NMR (DMSO-d6,  400 MHz, 293 K) δ

(ppm): 0.02 (s, 6H), 0.83 (s, 9H), 2.98 (s, 3H), 3.50 (t, J= 5.5 Hz, 2H), 3.75 (t, J= 5.5 Hz,

2H), 6.74 (d, J= 9.0 Hz, 2H), 7.35 (d, J= 4.0 Hz, 1H), 7.49-7.55 (m, 4H), 7.90 (d, J= 4.0 Hz,

1H), 8.38 (s, 1H). 13C-NMR (DMSO-d6, 100 MHz, 293 K) δ (ppm): -5.4, 17.9, 25.8, 38.9,

53.7, 60.2, 111.9, 117.3, 120.1, 122.3, 124.0, 126.5, 128.1, 131.4, 133.6, 146.8, 149.2,

159,2  163.6. HMRS [ESI]+  m/z:  Found  524.1644  [M]+;  calculated  [C27H32N2O3S2Si]:

524.1618.

bis(2-((4-(5-formylthiophen-2-yl)phenyl)(methyl)amino)ethyl) 2,2'-(3-

methylcyclohexane-1,1-diyl)diacetate 5

3-methyl-1,1-cyclohexanediacetic acid (45 mg, 0.21 mmol) was solved in 3 mL of THF

and  4-dimethylaminopyridine  (DMAP)  (22  mg,  0.18  mmol)  and  1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide  hydrochloride  (EDC)  (242  mg,  1.26  mmol)  were

successively added. This mixture was maintained at temperature of 0 °C during 30 min.

Alcohol  3 (110 mg, 0.42 mmol) was added. The reaction mixture was then stirred at

room temperature  for  7 days.  Then it  was  washed and dried and the solvent  was

evaporated by reduced pressure. The residue was purified by flash chromatography

using hexane/ethyl acetate from (1:1) to yield a yellow solid (71 mg, 48 %).

Molecular weight (g/mol): 700.91. FTIR (NaCl, max/cm-1): 1377 (C-O), 1444 (C-O), 1605

(C=O), 1657 (C=O), 1733 (C=O). 1H-NMR (CD2Cl2, 400 MHz, 293 K):  δ (ppm) 0.65-0.75

(m, 1H), 0.79 (d, J= 6.4 Hz, 3H), 1.01-1.12 (m, 1H), 1.31-1.50 (m, 4H), 1.60-1.70 (m, 3H),

2.38 (s, 2H), 2.53 (s, 2H), 3.01 (s, 3H), 3.01 (s, 3H), 3.61 (t, J= 6.0 Hz, 2H), 3.61 (t, J= 6.0

Hz, 2H), 4.21 (t, J= 6.0 Hz, 2H), 4.21 (t, J= 6.0 Hz, 2H), 6.74 (d, J= 9.0 Hz, 4H), 7.25 (d, J=
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4.0 Hz, 2H), 7.55 (d, J= 9.0 Hz, 4H), 7.68 (d, J= 4.0 Hz, 1H), 7.68 (d, J= 4.0 Hz, 1H), 9.79

(s, 1H), 9.80 (s, 1H)  13C-NMR (CD2Cl2, 100 MHz, 293K):  δ (ppm) 22.08, 23.12, 27.92,

35.13,  35.72,  36.30,  37.76,  39.02,  39.06,  44.99,  45.89,  51.27,  61.42,  61.46,  112.57,

112.59,  121.47,  122.14,  128.02,  128.03,  138.64,  150.51,  155.77,  172.06,  172.48,

182.84.  HMRS  (ESI+)  m/z:  Found:  723.2514  [M+Na]+;  calculated  [C39H44N2NaO6S2]:

723.2533.

bis(2-((4-(5'-formyl-[2,2'-bithiophen]-5-yl)phenyl)(methyl)amino)ethyl) 2,2'-(3-

methylcyclohexane-1,1-diyl)diacetate 6

3-methyl-1,1-cyclohexanediacetic acid (35 mg, 0.16 mmol) was solved in 3 mL of DMF

and  4-dimethylaminopyridine  (DMAP)  (36  mg,  0.29  mmol)  and  1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide  hydrochloride  (EDC)  (452  mg,  2.36  mmol)  were

successively added. This mixture was maintained at temperature of 0 °C during 30 min.

Alcohol  4 (112 mg, 0.33 mmol) was added. The reaction mixture was then stirred at

room temperature for 3 days. The aqueous phase was extracted with CH2Cl2 (3x50 mL)

and washed with H2O (3x50 mL). The organic phase was dried and the solvent was

evaporated by reduced pressure. The residue was purified by flash chromatography

using /toluene/ethyl acetate/NEt3 from (8:2:0.0025) to yield a yellow solid (60 mg, 42

%).

Molecular weight (g/mol): 865.15 Melting point (°C, at 760 mmHg): 122 (D). FTIR (KBr,

max/cm-1): 1457 (C-O), 1606 (C=O), 1659 (C=O), 1735 (C=O). 1H-NMR (CD2Cl2, 400 MHz,

293 K): δ (ppm) 0.68-0.78 (m, 1H), 0.81 (d, J= 6.4 Hz, 3H), 1.05-1.12 (m, 1H), 1.25-1.55

(m, 4H),1.58-1.75 (m, 3H),2.40 (s, 2H), 2.55 (s, 2H), 2.99 (s, 3H), 3.00 (s, 3H), 3.60 (t, J=
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5.5 Hz, 2H), 3.60 (t, J= 5.5 Hz, 2H), 4.21 (t, J= 5.5 Hz, 2H), 4.21 (t, J= 5.5 Hz, 2H), 6.73 (d,

J= 9.0 Hz, 4H), 7.10 (d,  J= 3.8 Hz, 2H), 7.22 (d,  J= 4.0 Hz, 2H), 7.30 (d,  J= 3.8 Hz, 2H),

7.47 (d, J= 9.0 Hz, 4H), 7.66 (d, J=4.0 Hz, 2H), 9.82 (s, 2H). 13C-NMR (CD2Cl2, 100 MHz,

293K):  δ (ppm) 22.12, 23.15, 27.95, 35.17, 35.76, 36.33, 37.84, 39.03, 39.06, 45.04,

45.96,  51.40, 61.51, 61.55,  112.71,  112.73,  122.14,  122.32,  123.17, 124.03, 127.34,

127.35, 127.86, 133.24, 138.15, 141.58, 147.96, 149.71, 170.08, 172.50, 182.84. HMRS

(ESI+) m/z: Found: 887.2267 [M+Na]+; calculated [C47H48N2NaO6S4]: 887.2287.

Dye Chx-2-AT

Dialdehyde  5 (68 mg, 0.10 mmol) and 2-cyanoacetic acid (25 mg, 0.29 mmol) were

solved in chloroform (10 mL) and piperidine (130 µL, 1.28 mmol).  The mixture was

heated to 65⁰C of temperature for 24 hours under argon atmosphere and prevented

from light; then it was cooled down to room temperature.  The mixture was  acidified

with HCl 0.1 M (9 mL) and extracted with dichloromethane (3 x 50 mL). The organic

layer was washed with water (4 x 50 mL), dried  and the solvent was evaporated by

reduced pressure.  The  resulting  solid  was  triturated  with  cold  methanol.  The  final

product was isolated as black solid (48 mg, 59 %).

Molecular weight (g/mol): 835.00 Melting point (°C, at 760 mmHg): 167 (D). FTIR (KBr,

max/cm-1): 1195 (C-O), 1217 (C-O), 1378 (C=O), 1415 (C=O), 1568 (C=O); 1606 (C=O),

2214 (C≡N), 3408 (O-H).  1H-NMR (DMSO-d6, 400 MHz, 293 K):  δ (ppm) 0.50-0.62 (m,

1H), 0.69 (d,  J= 6.2 Hz, 3H), 0.92-1.02 (m, 1H), 1.15-1.42 (m, 4H), 1.42-1.56 (m, 3H),

2.25 (s, 2H), 2.38 (s, 2H), 2.94 (s, 3H), 2.95 (s, 3H), 3.62 (brt, 4H) 4.15 (brt, 2H), 4.16

(brt, 2H), 6.76 (d, J= 8.9 Hz, 4H), 7.49 (d, J= 3.8 Hz, 2H), 7.56 (d, J= 8.9 Hz, 4H), 7.87 (d,

J= 3.8 Hz, 2H), 8.33 (s, 2H) 13C-NMR (DMSO-d6, 100 MHz, 293K): δ (ppm): 61.0, 112.2,
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118.0,  120.1,  125.9,  127.2,  127.3,  132.6,  133.6,  142.1,  144.5,  149.8,  149.9,  164.5,

171.0,  171.4.  HMRS  (ESI-)  m/z:  Found:  833.2646  [M-H]-,  calculated  [C45H45N4O8S2]:

833.2684.

Dye Chx-2-ATT

Dialdehyde  6 (58 mg, 0.07 mmol) and 2-cyanoacetic acid (17 mg, 0.20 mmol) were

solved in  chloroform (10 mL)  and piperidine (90 µL,  0.88 mmol).  The mixture  was

heated to 65⁰C of temperature for 24 hours under argon atmosphere and prevented

from light; then it was cooled down to room temperature.  The mixture was  acidified

with HCl 0.1 M (3 mL) and extracted with dichloromethane (3 x 50 mL). The organic

layer was washed with water (4 x 50 mL), dried  and the solvent was evaporated by

reduced pressure.  The  resulting  solid  was  triturated  with  cold  methanol.  The  final

product was isolated as black solid (34 mg, 51 %).

Molecular weight  (g/mol): 999.25.  Melting point  (°C, at 760 mmHg):  194. FTIR (KBr,

max/cm-1): 1155 (C-O), 1210 (C-O), 1414 (C=O), 1440 (C=O) 1578 (C=O), 1608 (C=O),

2214(C≡N), 3439 (O-H).  1H-NMR (DMSO-d6, 400 MHz, 293 K):  δ (ppm) 0.56-0.67 (m,

1H), 0.71 (d,  J= 6.2 Hz, 3H), 0.68-0.75 (m, 1H), 0.96-1.04 (m, 1H), 1.22-1.29 (m, 1H),

1.32-1.39 (m, 2H), 1.48-1.51 (m, 1H), 1.54-1.57 (m, 2H) 2.27 (s, 2H), 2.40 (s, 2H), 2.92

(s, 3H), 2.93 (s, 3H), 3.58-3.61 (m, 4H), 4.3-4.16 (m, 4H), 6.73 (d, J= 8.5 Hz, 4H), 7.31 (d,

J= 3.7 Hz, 1H), 7.32 (d,  J= 3.7 Hz, 1H), 7.47 (d,  J= 4.1 Hz, 2H), 7.48 (d,  J= 8.5 Hz, 4H),

7.51 (d, J= 3.7 Hz, 2H), 7.90 (d, J= 4.1 Hz, 2H), 8.40 (s, 2H). 13C-NMR (DMSO-d6, 75 MHz,

293K):  δ (ppm ) 21.0, 21.7, 22.2, 22.7, 26.7, 34.2, 34.4, 35.3, 37.0, 38.1, 38.2, 43.7,

44.8, 50.0, 60.9, 61.0, 91.9, 98.2, 112.1, 116.9, 120.5, 122.4, 124.1, 126.5, 126.6, 128.3,
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131.5, 133.3, 141.2, 146.0, 146.9, 149.0, 163.7, 170.9, 171.4.  HMRS (ESI+) m/z: Found:

999.2587 [M+H]+; calculated [C53H51N4O8S4]: 999.2584.
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