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Abstract 

Fifteen dyes based on Michler’s aldehyde used as the electron donating group and differing by 

the electron accepting groups have been designed and synthesized. Interestingly, all dyes 

showed a broad absorption extending over the visible range. Examination of the 

solvatochromism in twenty-three solvents of different polarities revealed these dyes to give 

remarkable linear correlations using the Kamlet-Taft solvent polarity scale or the SPP Catalan 

empirical scales. The different dyes were also characterized by photoluminescence 

spectroscopy as well as cyclic voltammetry. To get a deeper insight into the optical properties 

of the different dyes, theoretical calculations were also carried out. 
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Introduction 

Push-pull dyes that comprise an electron donor connected to an electron acceptor by mean of a 

spacer are the focus of intense research efforts due to the facile tunability of their optical 

properties. [1,2] By acting on the electron donating and the electron accepting abilities of the 

two partners, position of the intramolecular charge transfer band can be easily modified and 

dyes absorbing from the near-UV-visible range to the infrared region can be easily prepared. 

Jointly, broadness of the ICT band can also be enlarged by extending the π-conjugated spacer 

so that dyes with panchromatic absorptions are now accessible.[3–5] Benefiting from their 

intense absorption bands in the visible range, push-pull dyes thus constitute candidates of choice 

for applications such as dyes for non-linear optics,[6–8] active layers for solar cells,[9–15] 

biological labelling[16,17] organic field effect transistors[18–24] photochroms[25–29] or as 
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visible light photoinitiators of polymerization.[30–39] With aim at optimizing the synthetic 

routes of numerous organic compounds, recently, photoredox catalysis making used of push-

pull dyes as photosensitizers has emerged as a promising approach which was applied to various 

chemical transformations.[40–43] Considering that the intramolecular charge transfer (ICT) 

band constitutes the key element of push-pull dyes focusing the interest of numerous 

researchers, intensity and position of this absorption band can be easily modified by applying 

the following principles. Notably, at constant electron acceptor, a red-shift of the ICT band can 

be obtained by elongating the spacer between the donor and the acceptor, but also by improving 

the electron-releasing ability of the donor.[44–52] Parallel to the red-shift, elongation of the 

spacer also mechanically induces an enhancement of the molar extinction coefficient by 

improving the oscillator strength.[53,54] Among electron donors that inherently comprise an 

elongated spacer, cinnamaldehydes are appealing candidates.[55] With aim at developing 

donors with electron donating abilities improved compared to that of 4-

dimethylaminobenzaldehyde, Michler’s aldehyde i.e. 3,3-bis(4-(dimethylamino) 

phenyl)acrylaldehyde is a cinnamaldehyde derivative exhibiting a strong electron donating 

ability. This aldehyde was notably at the basis of numerous dyes used for the design of 

chromophores for solar cells or photoinitiators of polymerization.[56–61] 

In this work, a series of 15 dyes based on Michler’s aldehyde have been prepared and 

examined for their photophysical properties (See Figure 1). Notably, a positive 

solvatochromism could be evidenced with several semi-empirical scales such as the Kamlet-

Taft or the Catalan empirical scales. The different dyes were also examined for their 

electrochemical properties and theoretical calculations were carried out to support the 

experimental data.  Besides, these dyes have been examined in five separated studies so that 

their optical properties were tested in different conditions. It has to be noticed that in this work, 

allylrhodamine (EA14) has been studied with ethylrhodanine (EA13) as electron acceptor 

precursors. Even if the replacement of an ethyl group by an allyl group is out of interest from 

the photophysical properties viewpoint, it can provide a unique opportunity to design dyes that 

can be used in the Future by photopolymerists. Indeed, Type II photoinitiators are extremely 

popular in photopolymerization and we wanted to anticipate future works of photopolymerists 

aiming at addressing the extractability issue.[32,62–72] EA1-EA15 have been selected as 

electron acceptors as these structures strongly differ by their electron-withdrawing ability. 

Malononitrile (EA1) is a weak acceptor [73–76] whereas EA8 is the strongest one of the series. 

The others offer a gradient of electron-withdrawing ability. To end, methyl pyridinium (EA15) 



is commonly used as electron acceptor.[77–79] Therefore, considering the wide range of 

electron acceptor used, it was logical to include it in this study. Besides, we do agree that due 

to its betaine structure, its solvatochromism could be anticipated to be different from that of the 

other dyes. 

 

 

Figure 1. Chemical structures of push-pull dyes PP1-PP15 examined in this work. 

2. Results and Discussion 

2.1. Synthesis of the dyes 

The fifteen dyes reported in this work have been prepared by a Knoevenagel reaction 

between Michler’s aldehyde and the different acceptor precursors. However, depending on the 

electron acceptors used, different synthetic conditions had to be used. Typically, Knoevenagel 

reactions are carried out in basic conditions, using piperidine[80,81] or diisopropylamine[82] 

as the bases. Thus, in the case of EA1, EA3-EA6, EA9, EA10, EA12-EA15, piperidine was 



used as organocatalyst. Conversely, in the case of EA2, no base was used, the Knoevenagel 

reaction occurred spontaneously with the condensation of EA2 in ethanol. PP2 could be 

obtained in 85% yield. Similarly, by using a highly polar solvent such as DMF, EA11 could 

spontaneously condensate, enabling to get PP11 in 78% yield after 10 min. of reaction. Finally, 

in the case of EA7 and EA8, due to the remarkable stability of EA7 and EA8 anions in basic 

conditions, these anions are totally unreactive for Knoevenagel reactions so that acidic coupling 

conditions had to be used. The two dyes were prepared by refluxing Michler’s aldehyde and 

EA7 or EA8 in acetic anhydride overnight, enabling to get PP7 and PP8 in 89 and 84% yields. 

Overall, as shown in Scheme 1, PP1-PP15 could be obtained with acceptable reaction yields 

ranging from 75% for PP13 to 89% for PP7. It has to be noticed that among the fifteen dyes 

reported in this work, seven of them i.e. PP4, PP6, PP8-PP10, PP13, and PP14 have never 

been previously reported in the literature. Concerning the other dyes, PP1 and PP2 have only 

been examined as visible light photoinitiators of polymerization and not for their optical and 

photophysical properties.[61] PP3[83], PP5,[56] PP7,[56] PP11,[84] PP12,[85] and PP15[86] 

have previously been synthesized and investigated for their optical properties. Michler’s 

aldehyde has been prepared according the procedure developed by our group in 2008.[86] 



 

Scheme 1. Synthetic routes to PP1-PP15. 



Noticeably, among the fifteen electron-acceptors used in this study, only six electron 

acceptors i.e. EA1, EA2, EA9, EA10, EA13 and EA14 are commercially available. All the 

other electron acceptors were prepared according to procedures previously reported in the 

literature (See SI). An original electron acceptor had notably to be prepared, namely 2,2'-(1H-

cyclopenta[b]naphthalene-1,3(2H)-diylidene)dimalononitrile EA8. This electron acceptor 

could only be obtained from EA3[87] at elevated temperature, by using butan-1-ol as the 

solvent for the Knoevenagel reaction. Indeed, all attempts to prepare this electron acceptor in 

similar conditions to that used for EA7, namely by using sodium acetate as the base and ethanol 

as the solvent failed, only producing EA6 as the unique reaction product. By using new reaction 

conditions, namely ammonium acetate[88–90] (that is sometimes used as the base for the 

synthesis of EA7) and butan-1-ol as the solvent, EA8 could be obtained in 38% yield (See 

Scheme 2). 

 

Scheme 2. Synthetic route to EA4, EA6 and EA8. 

Finally, an original synthetic route was also developed for the synthesis of 5-bromo-1H-

indene-1,3(2H)-dione EA4 even if the synthesis of this electron acceptor was previously 

reported in the literature.[91,92] Notably, 4-bromophthalic anhydride first reacted with ethanol 

in acidic conditions, enabling to produce diethyl 4-bromophthalate in almost quantitative yield. 

Then, in a second step, by mean of a Claisen condensation of the diester with ethyl acetate using 

NaH as the base, the intermediate sodium 5-bromo-2-(ethoxycarbonyl)-1,3-dioxo-2,3-dihydro-

1H-inden-2-ide could be formed. Upon treatment under acidic conditions, the targeted 5-

bromo-1H-indene-1,3(2H)-dione EA4 could be obtained in 80% for the two steps (See Scheme 

2). 

2.2. Optical properties 

Due to the good solubility of all dyes in chloroform, comparison of their optical 

properties was carried out in this solvent. It has to be noticed that the photoluminescence of the 

different dyes has not reported in this work, the dyes being not emissive at all. As shown in 



Figure 2, all dyes showed a broad absorption band in the visible range corresponding to the 

intramolecular charge transfer (ICT) band. As anticipated, the most blue-shifted absorption 

(λmax = 500 nm) was detected for PP1 exhibiting malononitrile as the electron acceptor. The 

most red-shifted absorption was found for PP8 exhibiting the strongest electron acceptor i.e. 

EA8. A maximum absorption located at 727 nm was found for this dye. Following this dye, the 

second most red-shifted absorption was logically found for PP7 (λmax = 698 nm), also bearing 

a tetracyano-substituted electron acceptor (EA7) but differing from EA8 by its polyaromaticity. 

Interestingly, PP11 showed two ICT bands located in the visible range at 557 and 696 nm 

respectively and presence of these two ICT bands are consistent with previous results reported 

in the literature for dyes comprising 2,4,5,7-tetranitro-9H-fluorene EA11 as the 

acceptor.[84,93] Noticeably, all dyes exhibited a second intense absorption band close to the 

ICT band appearing as a second absorption band such as in the case of PP7 and PP8, or a 

shoulder such as in PP3 and PP4. Based on theoretical calculations later detailed in the 

manuscript but also in SI, this second absorption band detected at higher energy than the ICT 

band can be assigned to HOMO-1 => LUMO or HOMO => LUMO+1 transitions, depending 

on the dye. Especially, two absorption bands with high oscillator strength could be determined 

for all dyes. PP1-PP15 are also characterized by remarkable molar extinction coefficients and 

the results are summarized in Table 1. As shown in Figure 3, all dyes exhibited high molar 

extinction coefficients. The smallest molar extinction coefficient was found for PP11 

comprising the TNF acceptor. A molar extinction coefficient of 28150 M-1.cm-1 was found for 

this dye at 557 nm. The highest molar extinction coefficients were determined for PP7 and PP8 

comprising respectively 2,2'-(1H-indene-1,3(2H)-diylidene)dimalononitrile EA7 and 2,2'-(1H-

cyclo-penta[b]naphthalene-1,3(2H)-diylidene)dimalononitrile EA8 as the acceptor, the molar 

extinction coefficients peaking respectively at 97950 and 89200 M-1.cm-1 for PP7 and PP8. 
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Figure 2. Normalized UV-visible absorption spectra of PP1-PP15 in chloroform. 

 

This is directly related to the strong electronic delocalization involved by these two 

electron acceptors. Comparison of the absorption maxima also revealed EA2 to exhibit similar 

electron-withdrawing ability as EA15, positions of the ICT bands for PP2 and PP15 being 

respectively detected at 571 and 572 nm. Similarly, comparable positions of the ICT bands were 

found for PP6, PP7 and PP11, the absorption maxima being found at 697, 698 and 693 nm 

respectively. Besides, from a chemical architecture viewpoint, the three electron-acceptors 

EA6, EA7 and EA11 drastically differs. Indeed, if EA6 is a dicyano-substituted polyaromatic 

structure, EA7 is a tetracyano-substituted electron acceptor and EA11 a tetranitro-substituted 

one. Similarly, PP3 and PP10 exhibited absorption maxima at 606 and 598 nm respectively. 

Overall, considering that the same electron donor has been used for the design of the different 

dyes, a classification of the electron acceptors can be done, based on the positions of the ICT 

bands (See Figure 4). As shown in Figure 4, if malononitrile constitutes the weakest electron 

acceptor of the series, undoubtedly, 2,2'-(1H-cyclo-penta[b]naphthalene-1,3(2H)-

diylidene)dimalononitrile EA8 is the strongest electron acceptor even outperforming 2,4,5,7-

tetranitro-9H-fluorene (TNF, EA11). However, it has to be noticed that all electron acceptors 

don’t exhibit the same polyaromaticity. Consequently, position of the ICT band is also 

dependent of the degree of conjugation of the whole compounds and the number of π-electrons 

involved in the different systems. Therefore, the classification of electron acceptors presented 

in the Figure 4 is only based on the positions of the ICT bands determined for a series of dyes 

based on the same electron donor. Even if not fully correct, it nevertheless gives interesting 

trends helping to design push-pull dyes, especially for chemists who want to design dyes 

absorbing at 400 or 800 nm, while using the same electron donor. 



400 500 600 700 800

0

15000

30000

45000

60000

75000

 PP1

 PP2

 PP3

 PP4

M
o

la
r 

E
x

ti
n

c
ti

o
n

 c
o

e
ff

ic
ie

n
t 

(L
-1

.M
-1

)

Wavelength (nm)

400 500 600 700 800

0

20000

40000

60000

80000

100000

 PP9

 PP10

 PP11

 PP12

M
o

la
r 

E
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
t 

(L
-1

.M
-1

)

Wavelength (nm)

400 500 600 700 800

0

15000

30000

45000

60000

75000

90000

 PP13

 PP14

 PP15

 PP5

 PP6

 PP7

 PP8

 

M
o

la
r 

E
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
t 

(L
-1

.M
-1

)

Wavelength (nm)

400 500 600 700 800

0

10000

20000

30000

40000

50000

60000

M
o

la
r 

E
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
t 

(L
-1

.M
-1

)

Wavelength (nm)
 

Figure 3. UV-visible absorption spectra of PP1-PP15 in chloroform. 

 

Figure 4. Classification of electron acceptors established on the basis of the experimental 

position of the absorption maxima. 

Theoretical studies were also carried out to investigate the energy levels as well as the 

molecular orbitals (M.O.) compositions of the different dyes. DFT calculations were performed 

for all dyes at the B3LYP/6-311G(d,p) level of the theory using Gaussian 09 programs except 

for PP15 for which the LAND2Z basis set was used to determine the transitions involved in the 

different absorption peaks. Chloroform was used as the solvent model with a polarizable 

continuum model (PCM).[94–100] As shown in Table 1 and Figure 5, a blue-shift of the 

theoretical absorption spectra was found for all dyes compared to the experimental ones. 



300 400 500 600 700 800

0

20000

40000

60000

80000

100000

120000

140000
 PP1

 PP2

 PP3

 PP4
M

o
la

r 
E

x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
ts

 (
L

-1
.M

-1
)

Wavelength (nm)

300 400 500 600 700 800
0

20000

40000

60000

80000

100000

120000  PP5

 PP6

 PP7

 PP8

M
o

la
r 

E
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
ts

 (
L

-1
.M

-1
)

Wavelength (nm)

300 400 500 600 700 800

0

20000

40000

60000

80000

100000

120000

140000

160000  PP13

 PP14

 PP15

 PP9

 PP10

 PP11

 PP12

M
o

la
r 

E
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
ts

 (
L

-1
.M

-1
)

Wavelength (nm)

300 400 500 600 700 800

0

20000

40000

60000

80000

100000

120000

M
o

la
r 

E
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
ts

 (
L

-1
.M

-1
)

Wavelength (nm)
 

Figure 5. Theoretical UV-visible absorption spectra of PP1-PP15 in chloroform. 

 Typically, a difference of about 30 nm was found between the experimental and the 

theoretical absorption maxima. This difference increased up to 105 nm, 110 nm and 160 nm for 

PP7, PP8 and PP11 respectively. Concerning PP11, mismatch between the experimental and 

theoretical values was already reported for TNF-based push-pull dyes and assigned to the 

difficulty to model the UV-visible absorption spectra of these dyes exhibiting two ICT 

bands.[84] Concerning PP7 and PP8, the mismatch between the experimental and theoretical 

absorption spectra can originate from the torsion induced by the presence of the two 

dicyanomethylene groups on EA7 and EA8, resulting from the steric hindrance generated by 

these groups with the electron donor. 

 

Table 1. Optical characteristics of the different compounds in chloroform and the 

values theoretically determined. 

chloroform         

compounds PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 

λ (nm) 503 571 606 587 543, 670 568, 697 572, 698 587, 727 

ϵ (M-1.cm-1) 36400 58800 75900 66600 
28900, 

77950 

18350, 

74700 

40900, 

97950 
28900, 89200 

Δ E(eV) 2.46 2.17 2.05 2.11 1.85 1.78 1.78 1.70 

compounds PP9 PP10 PP11 PP12 PP13 PP14 PP15  

λ (nm) 560 598 
557, 

693 
674 523 527 572  

ϵ (M-1.cm-1) 55900 86900 28150,  58120 44400 53900 34200  



25150 

Δ E(eV) 2.21 2.07 1.79 1.84 2.37 2.35 2.17  

 

 

 

 

  

      

Theoretical values 

in chloroform 
       

 

compounds PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 

λ (nm) 487 529 558 536 589 606 593 619 

ϵ (M-1.cm-1) 115000 116000 126500 122500 87600 110000 98200 99000 

Δ E(eV) 2.54 2.34 2.22 2.31 2.10 2.04 2.09 2.00 

compounds PP9 PP10 PP11 PP12 PP13 PP14 PP15  

λ (nm) 506 531 530 606 545 545 565  

ϵ (M-1.cm-1) 118000 128000 93000 145000 106000 106000 105000  

Δ E(eV) 2.45 2.33 2.33 2.05 2.45 2.45 2.19  

 

While examining the composition of the ICT band detected in the visible, as shown in 

Table 2, this absorption band is mainly associated to HOMO->LUMO, HOMO-1->LUMO and 

HOMO-> LUMO+1 transitions, depending on the dye. Even if a mismatch is observed between 

the experimental and theoretical positions of the ICT bands, a clear trend can be observed. Thus, 

by improving the electron deficiency of the electron acceptor, a red-shift of the absorption 

maxima can be observed, the most red-shifted absorption being observed for the strongest 

electron acceptor of the series, namely EA8. Second, within this series of dyes, if the HOMO 

level remains relatively constant, the electron donor being the same for all dyes, as anticipated, 

improvement of the electron withdrawing ability of the acceptors resulted in a stabilization of 

the LUMO energy level, decreasing from -2.61 eV for PP1 to -3.24 eV for PP8. Besides, 

another explanation can also be given. Indeed, the maximum absorbance wavelength depends 

on the degree of conjugation, especially when HOMO -> LUMO dominates the ICT. The 

HOMO-LUMO gap energy will decrease with the increase of the strength of the electron-

withdrawing group, but also with increasing the number of electrons in the ICT molecular 

pathway. Both structural features increase the conjugation, reducing the HOMO-LUMO gap, 

and ultimately shifting the absorption band bathochromically. Therefore, the relative position 

of the maximum absorbance wavelength cannot be attached solely to the electron-withdrawing 

strength of the acceptor moiety, neglecting the fact that the number of electrons participating in 

the solvatochromic core of the dyes is not constant or nearly constant. Therefore, the results can 

be explained in terms of conjugation, and not only in terms of electron-withdrawing ability. For 

instance, as shown in Figure 6, the naphthalene subunit of PP8 has an essential participation in 

the ICT. While examining the electronic distribution of the HOMO and LUMO energy levels, 

a localization of the HOMO energy level mostly located onto the electron donor and a LUMO 



energy level mostly centered onto the electron acceptor was logically observed, as shown in 

Figure 6. 

 

Figure 6. Contour plots of the HOMO and LUMO energy levels for PP8 and PP11. 

Table 2. Summary of the simulated absorption characteristics in dilute chloroform of 

synthetized compounds. Data were obtained in chloroform solution. Position of the 

HOMO and LUMO energy levels determined by electrochemistry in acetonitrile are 

also given. Optical, electrochemical and theoretical bandgaps are given in eV. 

Compounds 

EHOMO (th)  

(eV) 

ELUMO (th)  

(eV) 

max  

(nm) 

Transitions EHOMO (el)  

(eV) 

ELUMO (el)  

(eV) 

ΔETH
a

 

(eV) 

ΔEET

b
 

(eV) 

ΔEopt

c 

(eV) 

ΔEopt

d 

(eV) 

PP1 -5.53 -2.74 501 HOMO-1=>LUMO (53%) -5.18 -3.50 2.79 1.68 2.46 2.51 
PP2 -5.39 -2.77 540 HOMO=>LUMO (89%) −5.16 −3.55 2.62 1.70 2.17 2.23 
PP3 -5.41 -2.90 569 HOMO=>LUMO (93%) −5.17 −3.55 2.51 1.62 2.05 2.08 
PP4 -5.44 -2.85 550 HOMO=>LUMO (88%) -5.16 -3.53 2.59 1.63 2.11 2.14 
PP5 -5.49 -3.12 613 HOMO=>LUMO (91%) -5.09 -3.60 2.37 1.49 1.85 1.87 
PP6 -5.50 -3.18 624 HOMO=>LUMO (93%) - 5.17 -3.70 2.32 1.47 1.78 1.86 
PP7 -5.60 -3.26 652 HOMO=>LUMO (91%) -5.17 -3.90 2.34 1.39 1.77 1.78 
PP8 -5.60 -3.30 644 HOMO=>LUMO (95%) -5.10 -3.65 2.30 1.45 1.70 1.70 
PP9 -5.46 -2.74 520 HOMO=>LUMO (75%) -5.12 -3.59 2.72 1.53 2.21 2.27 

PP10 -5.50 -2.89 546 HOMO=>LUMO (85%) -5.18 -3.67 2.61 1.51 2.07 2.10 
PP11 -5.54 -3.79 914 HOMO=>LUMO (98%) -5.14 -4.02 1.75 1.35 1.79 1.82 
PP12 -5.42 -3.17 616 HOMO=>LUMO (94%) -5.09 -3.88 2.25 1.21 1.84 1.92 
PP13 -5.24 -2.69 548 HOMO=>LUMO (98%) -5.02 -3.67 2.55 1.35 2.37 2.42 
PP14 -5.25 -2.71 549 HOMO=>LUMO (98%) -5.00 -3.73 2.54 1.27 2.35 2.41 
PP15 -5.16 -2.84 649 HOMO=>LUMO (84%) -5.10 -3.63 2.32 1.47 2.17 2.22 

HOMO LUMO

Homo LumoHOMO LUMO



a ΔETH  in chloroform b ΔEET  in acetonitrile c ΔEopt  in chloroform. d ΔEopt  in acetonitrile. 

 

2.3. Solvatochromism 

Push-pull dyes typically exhibit a strong sensitivity to the solvent polarity so that 

influence of this parameter on the optical properties was examined in twenty-three solvents of 

different polarities. Intramolecular character of the charge transfer process was confirmed by 

examining the variation of the optical density with the concentration. All dyes showed linear 

correlations upon dilution of the different solutions, excluding the presence of intermolecular 

interactions between dyes.[101] To get a deeper insight into the solvatochromism, several 

empirical polarity scales have been developed and the Kamlet-Taft’s,[102] Catalan’s,[103] 

Kawski-Chamma Viallet’s,[104] Lippert-Mataga’s,[105] McRae Suppan’s,[106] Dimroth-

Reichardt’s,[107] and Bakhshiev’s[108] scales are well adapted for push-pull dyes exhibiting 

D-π-A structures.[109,110] A summary of the optical properties is provided in Tables 3 and 4.  

 

Table 3. Summary of the optical properties of PP1-PP8 in solvents of different polarities. 

compounds π*1 PP12 PP22 PP32 PP42 PP52 PP62 PP72 PP82 

heptane -0.08 461 n.s.3 551 537 625 625 n.s.3 689 

cyclohexane 0.00 465 525 555 543 630 633 666 766 

triethylamine 0.14 469 n.s.3 561 546 638 n.s.3 n.s.3 n.s.3 

diethyl ether 0.27 475 533 569 555 645 645 n.s.3 734 

p-xylene 0.43 483 550 579 564 649 649 688 715 

diethyl carbonate 0.45 479 533 576 558 648 644 684 714 

AcOEt 0.54 483 550 581 567 656 653 687 721 

butanol 0.47 492 578 614 590 668 667 n.s.3 727 

ethanol 0.54 497 578 616 590 667 668 n.s.3 726 

toluene 0.54 487 550 584 567 653 652 682 716 

1,4-dioxane 0.55 481 544 578 560 648 647 n.s.3 716 

THF 0.58 490 553 588 567 665 659 692 725 

diglyme 0.64 496 556 594 579 672 669 698 732 

acetone 0.71 492 562 594 576 666 667 697 727 

anisole 0.73 500 564 598 581 667 664 699 730 

acetonitrile 0.75 493 555 595 578 663 665 696 727 

chloroform 0.78 500 566 602 584 659 668 699 729 

1,2-dichloroethane 0.81 500 557 575 569 651 667 699 729 

dichloromethane 0.82 500 573 605 584 668 668 699 728 

dimethylacetamide 0.88 504 575 607 591 682 682 709 740 

DMF 0.87 505 569 610 591 680 679 706 740 

DMSO 1.00 514 583 620 600 687 686 713 743 

nitrobenzene 1.01 520 582 617 599 685 687 712 743 
1 Kamlet and Taft parameters 2 Position of the ICT bands are given in nm. n.s.3 : not soluble. 



 

 

 

 

Table 4. Summary of the optical properties of PP9-PP15 in solvents of different polarities. 

compounds π*1 PP92 PP102 PP112 PP122 PP132 PP142 PP152 

heptane -0.08 511 549 n.s.3 n.s.3 481 483 n.s.3 

cyclohexane 0.00 513 551 n.s.3 583 485 487 n.s.3 

triethylamine 0.14 520 562 650 587 490 492 n.s.3 

diethyl ether 0.27 518 569 n.s.3 602 495 502 497 

p-xylene 0.43 530 577 662 605 506 507 n.s.3 

diethyl carbonate 0.45 527 573 648 605 500 504 506 

butanol 0.47 562 598 676 690 515 512 533 

AcOEt 0.54 534 580 665 614 503 507 504 

ethanol 0.54 562 598 676 697 514 517 529 

toluene 0.54 533 578 667 609 508 509 526 

1,4-dioxane 0.55 533 576 n.s.3 605 504 506 510 

THF 0.58 537 583 676 627 512 512 516 

diglyme 0.64 541 591 682 652 515 520 518 

acetone 0.71 541 588 679 642 509 515 517 

anisole 0.73 546 590 696 653 519 522 535 

acetonitrile 0.75 546 591 681 644 512 515 515 

chloroform 0.78 562 597 697 673 522 526 558 

1,2-dichloroethane 0.81 553 593 694 684 521 523 586 

dichloromethane 0.82 557 595 697 679 520 524 576 

dimethylacetamide 0.88 555 504 696 687 532 532 514 

dimethylformamide 0.87 555 602 696 689 526 528 515 

DMSO 1.00 563 609 692 707 534 536 512 

nitrobenzene 1.01 567 606 722 706 538 541 565 
1 Kamlet and Taft parameters 2 Position of the ICT bands are given in nm. n.s.3 : not soluble. 

Interestingly, among the different polarity scales examined, good correlations could be 

obtained with the Kamlet-Taft and the Catalan polarity scales. As shown in Figure 7, 

remarkable linear correlations could be determined for PP7. The same holds true for all dyes 

except PP11 and PP12 for which lower squares for the correlation coefficients (R²) could be 

determined. In the case of PP15, no linear correlations could be obtained, irrespective of the 

solvent polarity scales (See Figure 8). This unusual behaviour for pyridinium-based dyes has 

previously been reported in the literature for betaine dyes and assigned to a modification of the 

relative electrophilicities of both the electron-pair donor and acceptor moieties with the solvent, 

so that irregular behaviours can be found for this family of dyes.[111–113] Besides, by using a 

multiparametric approach, better correlations could be obtained for PP15, since a correlation 

coefficient of 0.61 could be determined using the Catalan scale. The Catalan solvent polarity 

scale is also capable to discriminate between the solvent polarity/polarizability effect i.e. with 

the solvent polarity/polarizability (SPP) parameter and the solvent dipolarity effect, which is 



examined with the solvent dipolarity (SdP) parameter. Based on the squares of the correlation 

coefficients, better linear regressions were obtained with the SPP parameter than the SdP one, 

evidencing that the solvatochromism was mainly governed the polarity/polarizability of the 

solvents. 
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Figure 7. Linear correlations obtained while using different polarity scales for PP7 

Kamlet-Taft (a) and Catalan (b) and (c) empirical scales. 
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Figure 8. Linear correlations obtained while using different polarity scales for PP15 

Kamlet-Taft a) and Catalan b) and c) empirical scales. 

 

Finally, sensitivity of the dyes to the solvent polarity was examined by plotting the 

variation of the HOMO-LUMO gaps vs. Taft parameters. As shown in Figure 9, similar slopes 

were found for all dyes, except PP12 comprising a TCF electron acceptor. In this case, a greater 

slope was found, evidencing a higher charge redistribution upon photoexcitation. 
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Figure 9. Variation of the HOMO-LUMO gaps of PP1-PP15 with the solvent polarity using 

Taft parameters (π*). 

 

2.4. Electrochemical properties 

Electrochemical properties of PP1-PP15 were measured in acetonitrile by cyclic 

voltammetry, at a scan rate of 100 mV.s-1, using tetrabutylammonium hexafluorophosphate 

(0.1M) as the supporting electrolyte. The working, pseudo-reference and counter electrodes 

were platinum disk (Ø = 1 mm), Ag wire, and Au wire gauze, respectively. Ferrocene was used 

as an internal standard. Redox potentials of all dyes against the half-wave oxidation potential 

of the ferrocene/ferrocenium cation pair are given in Table 5. Along with the redox values, 

energy levels of the HOMO and LUMO orbitals are given, the values being determined by 

using the two equations established by Pommerehne et al.[114] Two cyclic voltammograms are 

also presented in Figure 10, the cyclic voltammogram of PP4 containing ferrocene used as 

reference for calibration. In this work, all dyes possess the same electron donating group but 

differ by the electron accepting moieties. As shown in Table 5, all dyes exhibited a one-electron 

oxidation process around 0.40 V/Fc range except for PP13 and PP14 that comprise a rhodanine 

electron accepting moiety. In this case, an oxidation potential lowered by ca 200 mV was 

detected. As shown by DFT calculations, a high electronic density is located on the sulfur atoms 

of the rhodanine moiety so that the first oxidation process occurs on the sulfur atoms of the 

acceptor and not on the electron donating moiety. This behavior has previously been reported 

in the literature for rhodanine-based dyes comprising an electron donor of similar structure.[83] 



Conversely, this behavior is not observed for PP10, also comprising an electron accepting 

group bearing a sulfur atom. 
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Figure 10. Comparisons between the cyclic voltammograms of PP1 and PP4 measured in 

acetonitrile at a scan rate of 100 mV·s-1, with tetrabutylammonium hexafluorophosphate 

(TBAPF6) (0.1 M) as the supporting electrolyte (In the CV curve of PP4, redox system detected 

at 0V correspond to ferrocene used as a reference). 

For all the other dyes, the similarity of the oxidation processes is consistent with an 

oxidation process centered on the dimethylamino group of the Michler’s donor. Concerning the 

reduction process, logically, a decrease of the reduction potential with the electron accepting 

strength was observed. Thus, in the case of PP1 comprising a weak electron acceptor, the 

reduction was determined at -1.48 V/Fc. Conversely, 2,4,5,7-tetranitrofluorene (TNF) used in 

PP11 is among the strongest electron acceptor ever reported in the literature.[93] Due to its 

remarkable electron accepting ability, the dye could reduce at -0.89V/Fc. Similarly, 2-(3-cyano-

4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile (TCF) is a strong electron acceptor so that 

the reduction process of PP12 could be detected at -1.13 V/Fc.[85] Interestingly, upon 

introduction of cyano groups on the indanedione derivatives (PP5, PP7 and PP6 and PP8) a 

significant decrease of the reduction potentials was observed, consistent with an improvement 

of the electron-withdrawing ability of the corresponding electron acceptors. 

 



Table 5. Electrochemical characteristics of studied compounds PP1-PP15. 

 Ered1
a 

Ered1 

onset 
EOx1

a 
Eox1 

onset 
EHOMO ELUMO ΔEET ΔEopt

b ΔEopt
c 

 

V/Fc V/Fc V/Fc V/Fc eV eV eV eV eV 

PP1 -1.48 -1.30 0.40 0.38 -5.18 -3.50 1.68 2.46 2.51 

PP2 -1.30 -1.25 0.40 0.36 -5.20d -3.50 d 1.70 2.17 2.23 

PP3 -1.30 -1.25 0.41 0.37 -5.17 -3.55 1.62 2.05 2.08 

PP4 -1.32 -1.27 0.39 0.36 -5.16 -3.53 1.63 2.11 2.14 

PP5 -1.35 -1.20 0.38 0.29 -5.09 -3.60 1.49 1.85 1.87 

PP6 -1.25 -1.10 0.44 0.37 - 5.17 -3.70 1.47 1.78 1.86 

PP7 -1.02 -0.92 0.37 - -5.17d -3.78d 1.39 1.77 1.78 

PP8 -1.24 -1.15 0.40 0.30 -5.10 -3.65 1.45 1.70 1.70 

PP9 -1.30 -1.21 0.43 0.32 -5.12 -3.59 1.53 2.21 2.27 

PP10 -1.25 -1.13 0.46 0.38 -5.18 -3.67 1.51 2.07 2.10 

PP11 -0.89 -0.78 0.46 0.34 -5.26d -3.91d 1.35 1.79 1.82 

PP12 -0.92 -1.05 0.37 0.29 -5.09 -3.88 1.21 1.84 1.92 

PP13 -1.39 -1.13 0.31 0.22 -5.02 -3.67 1.35 2.37 2.42 

PP14 -1.40 -1.24 0.30 0.20 -5.00 -3.73 1.27 2.35 2.41 

PP15 -1.32 -1.17 0.43 0.30 -5.10 -3.63 1.47 2.17 2.22 

a All potentials recorded in 0.1M TBAP/acetonitrile. EHOMO (eV) = - 4.8 – Eox onset and ELUMO 

(eV) = -4.8 – Ered onset. b ΔEopt  in chloroform. c ΔEopt  in acetonitrile. d determined for the 

oxidation or the reduction peak due to the weak intensity of the peak not enabling to determine 

the position of the onset with accuracy. 

From the cyclic voltammograms, energy levels of the HOMO and LUMO orbitals could 

be estimated, and a comparison with the values determined experimentally and by theoretical 

calculations could be established.[115] As shown in Figure 11, a good adequation between the 

experimental and the theoretical values of the HOMO energy levels of all dyes could be found, 

even if the values are slightly underestimated by cyclic voltammetry. A higher mismatch could 

be found between the experimental and the theoretical values of the LUMO energy levels. In 

all cases, position of the LUMO levels was overestimated by theoretical calculations compared 



to the experimental ones. This mismatch can be assigned to the electronic distribution of their 

LUMO orbitals. Indeed, for most of the dyes, a strong contribution of the electron donating 

moiety to the LUMO orbitals can be found. In the case of PP15, as shown in SI, a strong 

contribution of the pyridinium moiety is only found in LUMO+1, the LUMO orbital extending 

all over the molecule. 
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Figure 11. Comparisons between the frontier orbitals' energy levels estimated in chloroform 

by DFT calculations and those obtained by cyclic voltammetry in acetonitrile. 

Finally, a comparison between the optical, electrochemical and theoretical bandgaps 

could be established. As shown in Figure 12, a relatively good adequation between the optical 

and the theoretical bandgaps could be determined for all dyes. Conversely, the electrochemical 

bandgap is greatly underestimated. This underestimation can notably be assigned to the 

difficulty to clearly determine the onsets of the oxidation and the reduction peaks on the 

different voltammograms. 
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Figure 12. Comparisons of the bandgaps determined by UV-visible absorption spectroscopy 

in chloroform, cyclic voltammetry in acetonitrile and by theoretical calculations in 

chloroform. 

Conclusion 

In this work, a series of push-pull dyes based on Michler’s donor have been studied 

using different techniques. Interestingly, by modifying the electron-withdrawing ability, dyes 

with absorption maxima located from 503 nm for PP1 to 727 nm for PP8 could be determined 

in chloroform. In this work, a new electron acceptor outperforming the reported structures has 

also been synthesized, namely EA8. Especially, EA8 showed higher electron-withdrawing 

ability than the well-established 2,4,7,8-tetranitrofluorene EA11. Considering that the same 

electron donor has been used for elaborating the different dyes, a scale of electron-withdrawing 

ability could be established between electron acceptors of different structures. Interestingly, all 

dyes exhibited a positive solvatochromism, what is classically observed for dyes possessing a 

strong electron donor such as Michler’s aldehyde. Analysis of the energy bandgaps by 

electrochemistry, UV-visible absorption spectroscopy and theoretical calculations revealed a 

good adequation between the theoretical and optical bandgaps. Future works will consist in 

developing dyes of extended π-conjugation between the donor and the acceptor in order to get 

dyes strongly absorbing in the near-infrared range. EA8 being a new electron acceptor of 

unprecedented electron-withdrawing ability, future works will also consist in designing new 

dyes with this electron acceptor. 
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