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ABSTRACT

Unsymmetrical and symmetrical azomethines were obtained using the con-

densation reaction of diamino-thiophene-3,4 dicarboxylic acid diethyl ester with

4-(1-pyrrolidino)benzaldehyde, fluorene-2-carboxaldehyde, 1-methylindole-3-

carboxaldehyde, and benzothiazole-2-carboxaldehyde. Their thermal, optical,

and electrochemical properties were investigated, and the results were sup-

ported by calculations using the density functional theory. The studied com-

pounds melted in the range of 170–260 �C and can be converted into amorphous

materials with high glass transition temperatures between 76 and 135 �C. They

were thermally stable up to 220–300 �C. All imines were electrochemically active

and exhibited low energy band gaps below 2 eV (except for one imine with

Eg = 2.39 eV) determined on the basis of cyclic voltammetry. Most of the

azomethines were emissive in solution and in the solid state. Some of them

showed both S1 (first excited state) emission and S2 (second excited state)

emission or only fluorescence from higher excited state, which is first time

observed for azomethines. The imine with the most promising properties was

tested in a light-emitting diode, and its ability for emission of light under

external voltage was demonstrated.
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Introduction

Nowadays, much attention is devoted to organic

semiconductor materials for organic electronic

applications, such as organic light-emitting diodes

(OLEDs), organic photovoltaics (OPVs), flexible light

displays, flat panel displays, sensors, nonlinear

materials, or field effect transistors (FETs) [1, 2].

Organic compounds are characterized by many use-

ful features, with the first perhaps being practically

unlimited possibilities of chemical structure modifi-

cations for tuning their properties for particular

applications and also the low cost of device produc-

tion [1]. Among various small molecules synthesized

for organic electronics, conjugated compounds con-

taining imine bonds (–N=CH–) are known as Schiff

bases or azomethines or imines. Imines are widely

investigated not only for optoelectronics but also for

medicine, pharmacy, synthesis, analysis, or catalysis

[3]. Azomethines are an interesting alternative for

typical conjugated materials because of their electron-

withdrawing properties, high thermal and chemical

stability, and synthesis advantages, such as mild

reaction conditions, not requiring any expensive

catalyst and with water being the only by-product;

the purification process is also rather straightforward

[2, 4–7]. Furthermore, the properties of this group of

compounds can be rather easily modified by chemi-

cal doping of the imine bond [2]. Azomethines have

been tested as components in photovoltaic cells

[6, 8–10] and light-emitting diodes [5, 11–15]. Con-

sidering the influence of imines chemical structure on

potential applications in organic electronics, it has

been found that the most promising are heterocyclic

azomethines and especially interesting seem to be

imines with thiophene structure [16]. Compounds

bearing thiophene units exhibit many features, like

low band gap energy and low oxidation potentials,

together with strong luminescence, thermal and

chemical stability, as well as good electrical conduc-

tivity [17]. Azomethines with thiophene structure can

be prepared from diamino-thiophene-3,4-dicar-

boxylic acid diethyl ester (DAT) and various alde-

hydes [16]. Encouraged by the results presented in

Skene et al. [18] and in our work [19], we synthesized

a series of symmetrical azomethines as well as com-

parable unsymmetrical ones, end-capped with the

amine group. It is expected that the presence of the

amine group in unsymmetrical imines can allow

hydrogen bond formation for enhancing fluorescence

[18]. In this paper, the relationship between chemical

structures of the substituent attached to imine bonds

and potential application properties are presented.

The thermal (TGA, DSC), optical (UV–Vis, PL), and

electrochemical (CV) properties, together with the

possibility of production of light under applied

external voltage, were evaluated. Moreover, using

density functional theory (DFT) electronic structure,

photophysical properties and possibility of hydrogen

bond formation were calculated.

Experimental section

Materials

Aldehydes (4-(1-pyrrolidino)benzaldehyde, fluorene-

2-carboxaldehyde, 1-methylindole-3-carboxaldehyde,

benzothiazole-2-carboxaldehyde), hexane, N,N-

dimethylacetamide (DMA), dimethylformamide

(DMF), N-methyl-pyrrolidone (NMP), sulfur, ethyl

cyanoacetate, and triethylamine were purchased

from Sigma-Aldrich. 2,5-Diamino-thiophene-3,4-di-

carboxylic acid diethyl ester (DAT) was synthesized

according to publication [20].

Azomethines synthesis

The azomethines were synthesized using melt con-

densation. An aldehyde (0.5 mmol) (4-(1-pyrro-

lidino)benzaldehyde at 85 �C, fluorene-2-

carboxaldehyde at 84 �C, 1-methylindole-3-carbox-

aldehyde at 68�C and benzothiazole-2-carboxalde-

hyde at 77 �C under argon atmosphere was melted,

then DAT (0.25 mmol) and DMA (200 lL) was

added. The reaction mixture was stirred for 24 h

(unsymmetrical azomethines—AzTh-1a, AzTh-2a,

AzTh-3a, AzTh-4a) or 35 h (symmetrical azomethi-

nes—AzTh-1b, AzTh-2b, AzTh-3b, AzTh-4b). The

product was dissolved in chloroform and precipi-

tated in hexane. Then the product was washed sev-

eral times with hexane and dried at 40 �C in a

vacuum oven for 24 h.

AzTh-1a: Dark brown solid. Yield = 79%, 1H NMR

(400 MHz, DMSO-d6, d, ppm): 7.90 (s, 1H,

HC=N),7.72 (s, 2H, NH2), 7.58 (d, J = 8.8 Hz, 2H,

CH), 6.59 (d, J = 8.8 Hz, 2H, CH), 4.25 (q, J = 7.4 Hz,

2H, O–CH2–), 4.13 (q, J = 7.2 Hz, 2H, O–CH2–), 1.97

(s, 4H, CH2), 1.30 (t, J = 7.0 Hz, 3H, CH3), 1.20 (t,
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J = 7.1 Hz, 3H, CH3). 13C NMR (101 MHz, DMSO-d6,

d, ppm): 165.60, 163.91, 160.24, 153.40, 149.98, 134.25,

130.33, 126.81, 123.19, 112.06, 100.22, 60.99, 59.79,

47.79, 25.41, 14.65, 14, 59. 1H NMR (400 MHz, CDCl3,

d, ppm): 7.90 (s, 1H, HC=N), 7.64 (d, J = 8.6 Hz, 2H,

CH), 7.28 (s, 1H, CH), 6.57 (d, J = 8.6 Hz, 2H, CH),

6.21 (s, 2H, NH2), 4.42 (q, J = 7.1 Hz, 2H, O–CH2–),

4.26 (q, J = 7.1 Hz, 2H, O–CH2–), 3.38 (s, 4H, CH2),

2.05 (s, 4H,CH2), 1.45 (t, J = 7.1 Hz, 3H), 1.33 (t,

J = 7.1 Hz, 3H). 13C NMR (400 MHz, CDCl3, d, ppm):

The product was insufficiently soluble for analysis.

FTIR (KBr, v, cm-1): 3388, 3305 (NH2 stretch), 3071

(C–H aromatic), 2980, 2856 (C–H aliphatic), 1727

(C=O), 1674 (CH=N stretch), 1251 (C–N stretch).

Anal. Calcd for C21H25N3O4S (415.51 g mol-1): C,

60.70; H, 6.06; N, 10.11; Found: C, 60.52; H, 6.19; N,

10.08.

AzTh-1b: Dark brown solid. Yield = 55%, 1H

NMR (400 MHz, DMSO-d6, d, ppm): 8.32 (s, 2H,

HC=N), 7.73 (d, J = 8.8 Hz, 4H, CH), 6.66 (d,

J = 8.8 Hz, 4H, CH),4.25 (q, J = 7.1 Hz, 4H, O–CH2–),

3.37 (m, 4H, CH2), 1.98 (m, 4H, CH2), 1.29 (t,

J = 7.0 Hz, 6H, CH3). 13C NMR (101 MHz, DMSO-d6,

d, ppm): 163.49, 159.52, 151.03, 131.74, 130.32, 124.56,

122.62, 112.22, 60.97, 47.86, 31.08, 25.38, 14.54. FTIR

(KBr, v, cm-1): 3076 (C–H aromatic), 2965, 2837 (C–H

aliphatic), 1733 (C=O), 1686 (CH=N stretch), 1245 (C–

N stretch). Anal. Calcd for C32H36N4O4S

(572.72 g mol-1): C, 67.11; H, 6.34; N, 9.78; Found: C,

67.27; H, 6,22; N, 9.64.

AzTh-2a: Dark yellow solid. Yield = 35%, 1H

NMR (400 MHz, DMSO-d6, d, ppm): 8.17 (s, 1H, –

HC=N–), 7.98 (t, J = 8,5 Hz, 2H, –CH), 7.95 (s, 1H, –

CH), 7.92 (s, 2H, –NH2), 7.81 (d, J = 7,9 Hz, 1H, –CH),

7.62 (d, J = 7,0 Hz, 1H, –CH), 7.46-7.33 (m, 2H, –CH),

4.31 (q, J = 6,9 Hz, 2H, –O–CH2–), 4.16 (q, J = 7,2 Hz,

2H, –O–CH2–), 4.00 (s, 2H, –CH2), 1.35 (t, J = 7,0 Hz,

3H, –CH3), 1.21 (t, J = 7,0 Hz, 3H, –CH3). 13C NMR

(101 MHz, DMSO-d6, d, ppm): The product was

insufficiently soluble for analysis. 1H NMR

(400 MHz, CDCl3, d, ppm): 8.05 (s, 1H, HC=N), 7.97

(s, 1H, CH), 7.81 (dd, J = 7.2, 6.2 Hz, 2H, CH), 7.75 (d,

J = 7.9 Hz, 1H, CH), 7.58 (d, J = 7.3 Hz, 1H, CH),

7.44–7.33 (m, 2H), 6.36 (s, 2H, NH2), 4.48 (q,

J = 7.1 Hz, 2H, O–CH2–), 4.28 (q, J = 7.2 Hz, 2H, O–

CH2–), 3.94 (s, 2H, CH2), 1.48 (t, J = 7.2 Hz, 3H, CH3),

1.35 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (101 MHz,

CDCl3, d, ppm): 165.63, 164.48, 159.52, 153.31, 144.66,

144.15, 143.57, 140.99, 134.82, 134.45, 129.20, 128.16,

127.52, 126.97, 125.17, 124.64, 120.50, 119.95, 103.16,

61.51, 60.27, 36.79, 14.38, 14.23. FTIR (KBr, v, cm-1):

3443, 3335 (NH2 stretch), 3052 (C–H aromatic), 2982,

2907 (C–H aliphatic), 1729 (C=O), 1674 (CH=N

stretch), 1254 (C–N stretch). Anal. Calcd for C24H22-

N2O4S (434.51 g mol-1): C, 66.34; H, 5.10; N, 6.45;

Found: C, 65.94; H, 5.01; N, 6.13.

AzTh-2b: Dark red solid. Yield = 22%, 1H NMR

(400 MHz, DMSO-d6, d, ppm): 8.70 (s, 2H, HC=N),

8.17 (s, 2H, CH), 8.07 (d, J = 7.8 Hz, 2H, CH), 8.00 (t,

J = 7.0 Hz, 4H, CH), 7.66 (d, J = 7.0 Hz, 2H, CH),

7.52–7.33 (m, 4H, CH), 4.33 (q, J = 7.1 Hz, 4H, O–

CH2–), 4.05 (s, 4H, CH2), 1.34 (t, J = 7.0 Hz, 6H, CH3).

Lit. [2]. 13C NMR (101 MHz, DMSO-d6, d, ppm):

163.01, 161.33, 149.94, 145.94, 144.78, 144.16, 140.66,

134.20, 129.45, 128.47, 127.52, 126.62, 125.97, 125.79,

121.43, 120.91, 61.38, 36.85, 14.53. FTIR (KBr, v, cm-1):

3050 (C–H aromatic), 2976, 2899 (C–H aliphatic), 1732

(C=O), 1687 (CH=N stretch), 1249 (C–N stretch).

Anal. Calcd for C38H30N2O4S (610.72 g mol-1): C,

74.73; H, 4.95; N, 4.59; Found: C, 73.87; H, 4.52; N,

4.57.

AzTh-3a: Dark red solid. Yield = 32%, 1H NMR

(400 MHz, DMSO-d6, d, ppm): 8.23 (d, J = 6.4 Hz, 2H,

HC=N,CH), 7.92 (s, 1H, CH), 7.69 (s, 2H, NH2), 7.52

(d, J = 8.2 Hz, 1H, CH), 7.31–7.25 (m, 1H, CH),

7.20–7.14 (m, 1H, CH), 4.31 (q, J = 7.1 Hz, 2H, O–

CH2–), 4.14 (q, J = 7.1 Hz, 2H, O–CH2–), 3.86 (s, 3H,

N–CH3), 1.35 (t, J = 7.1 Hz, 3H, CH3), 1.22 (t,

J = 7.1 Hz, 3H, CH3). 13C NMR (101 MHz, DMSO-d6,

d, ppm): 165.00, 163.88, 159.67, 148.66, 138.05, 136.61,

134.83, 126.14, 125.44, 123.53, 122,40, 121.56, 114.01,

110.94, 100.16, 61.19, 59.80, 34.95, 33.50, 14.61, 14.58.

FTIR (KBr, v, cm-1): 3428, 3316 (NH2 stretch), 3052

(C–H aromatic), 2974, 2836 (C–H aliphatic), 1713

(C=O), 1675 (CH=N stretch), 1257 (C–N stretch).

Anal. Calcd for C20H21N3O4S (399.46 g mol-1): C,

60.13; H, 5.30; N, 10.52; Found: C, 60.52; H, 5.41; N,

10.32.

AzTh-3b: Dark red solid. Yield = 39%, 1H NMR

(400 MHz, DMSO-d6, d, ppm): 8.67 (s, 2H, HC=N),

8.43 (d, J = 7.7 Hz, 2H, CH), 8.13 (s, 2H, CH), 7.59 (d,

J = 8.2 Hz, 2H, CH), 7.38–7.31 (m, 2H, CH), 7.30–7.23

(m, 2H, CH), 4.33 (q, J = 7.1 Hz, 4H, O–CH2–), 3.91 (s,

6H, N–CH3), 1.35 (t, J = 7.1 Hz, 6H, CH3). 13C NMR

(101 MHz, DMSO-d6, d, ppm): 163.81, 154.20, 150.09,

139.45, 138.49, 125.57, 124.55, 123.98, 122.76, 122.29,

114.12, 111.24, 61.22, 33.75, 31.16, 14.54. FTIR (KBr, v,

cm-1): 3053 (C–H aromatic), 2978, 2837 (C–H ali-

phatic), 1716 (C=O), 1645 (CH=N stretch), 1256 (C–N

stretch). Anal. Calcd for C30H28N4O4S
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(540.63 g mol-1): C, 66.65; H, 5.22; N, 10.36; Found: C,

66.19; H, 5.11; N, 10.38.

AzTh-4a: Dark orange solid. Yield = 29%,1H NMR

(400 MHz, DMSO-d6, d, ppm): 8.26 (s, 1H, HC=N),

8.24 (s, 2H, NH2), 8.14 (d, J = 7,3 Hz, 1H, CH), 8.05 (d,

J = 7,7 Hz, 1H, CH), 7.60-7.46 (m, 2H, CH), 4.33 (q,

J = 7,1 Hz, 2H, O–CH2–), 4.17 (q, J = 7,1 Hz, 2H, O–

CH2–), 1.37 (t, J = 7,1 Hz, 3H, CH3), 1.23 (t,

J = 7,1 Hz, 3H, CH3).13C NMR (101 MHz, DMSO-d6,

d, ppm): The product was insufficiently soluble for

analysis. 1H NMR (400 MHz, CDCl3, d, ppm): 8.72 (s,

H, HC=N), 8.11 (d, J = 7.9 Hz, 1H, CH), 8.04 (d,

J = 8.1 Hz, 1H, CH), 7.56–7.45 (m, 2H, CH), 6.65 (s,

2H, NH2), 4.54 (q, J = 7.1 Hz, 2H, O–CH2–), 4.28 (q,

J = 7.0 Hz, 2H, O–CH2–), 1.54 (t, J = 7.1 Hz, 3H,

CH3), 1.34 (t, J = 7.1 Hz, 3 H, CH3). 13C NMR

(101 MHz, CDCl3, d, ppm): The product was insuffi-

ciently soluble for analysis. FTIR (KBr, v, cm-1): 3394,

3238(NH2 stretch), 3059 (C–H aromatic), 2978, 2932

(C–H aliphatic), 1735 (C=O), 1676 (CH=N stretch),

1243 (C–N stretch). Anal. Calcd for C18H17N3O4S2

(403.47 g mol-1): C, 53.58; H, 4.25; N, 10.41; Found: C,

53.22; H, 4.17; N, 10.01.

AzTh-4b: Red solid. Yield = 50%,1H NMR

(400 MHz, CDCl3, d, ppm): d 8.76 (s, 2H, HC=N), 8.26

(d, J = 8.0 Hz, 2H, CH), 8.14 (d, J = 8.0 Hz, 2H, CH),

7.61–7.45 (m, 4H, CH), 4.54 (t, J = 7.1 Hz, 4H, O–

CH2–), 1.50 (t, J = 7.1 Hz, 6H,CH3). 13C NMR

(101 MHz, CDCl3, d, ppm): 167.86, 166.43, 164.76,

163.71, 154.15, 153.26, 150.18, 146.33, 139.50, 138.68,

135.80, 130.99, 129.92, 127.32, 126.67, 125.67, 124.45,

122.67, 121.96, 114.78, 62.09, 14.56, 14.12. FTIR (KBr,

v, cm-1): 3060 (C–H aromatic), 2985, 2898 (C–H ali-

phatic), 1748 (C=O), 1686 (CH=N stretch), 1233 (C–N

stretch). Anal. Calcd for C26H20N4O4S3

(548.66 g mol-1): C, 56.92; H, 3.67; N, 10.21; Found: C,

56.91; H, 4.07; N, 10.45.

Results and discussion

A series of imines was prepared by condensing dia-

mino-thiophene-3,4-dicarboxylic acid diethyl ester

(DAT) with (4-(1-pyrrolidino)benzaldehyde, fluo-

rene-2-carboxaldehyde, 1-methylindole-3-carbox-

aldehyde, and benzothiazole-2-carboxaldehyde.

Utilization of different reaction times, 24 or 35 h,

allowed to obtain unsymmetrical and symmetrical

azomethines, respectively. All synthesized com-

pounds, except for the one obtained by using

fluorene-2-carboxaldehyde, are new. The mentioned

symmetrical azomethine with fluorene substituents

has been presented by Skene et al. [21]. However, this

imine has been prepared in different reaction condi-

tions and its thermal and photophysical properties in

the solid state together with the ability to show

electroluminescence have not been yet reported.

Structural characterization of targeted
imines

Chemical structures of the synthesized symmetrical

and unsymmetrical azomethines are depicted in

Fig. 1. Additionally, the photographs of prepared

compounds in the solid state under daylight and UV

irradiation are presented in the Supplementary

Material in Table S1.

The chemical structure of obtained azomethines

was confirmed by instrumental techniques, such as

NMR, FTIR, and elemental analysis. In the 1H NMR

spectra of investigated imines, the signal of the imine

proton (–HC=N–) was observed in the range of

7.90–8.76 ppm. In the case of symmetrical com-

pounds, it was seen above 8.30 ppm and was shifted

toward the lower field in comparison with unsym-

metrical molecules. The signal of the proton in the

aldehyde group (–COH) was not observed, which

confirms the condensation reaction. Considering

unsymmetrical azomethines, the characteristic sig-

nals for the protons in amine group were recorded

from 6.21 ppm (AzTh-1a in CDCl3) to 8.24 ppm

(AzTh-4a in DMSO-d6), which are absent in spectra

measured for symmetrical compounds. The signal of

protons coming from aliphatic methylene (–CH2)

group was found at 1.97 ppm for unsymmetrical

AzTh-1a in DMSO-d6, and however, separate two

signals were found in the CDCl3 at 3.38 and

2.05 ppm. For symmetrical AzTh-1b, such signals

were found at 3.37 and 1.98 ppm in DMSO-d6. The

signals of –CH2 group at about 4.00 ppm for

unsymmetrical and symmetrical AzTh-2a were also

seen. The signals of a methyl group (–N–CH3)

belonging to AzTh-3a and AzTh-3b were seen as a

singlet at 3.86 ppm and at 3.91 ppm, respectively.

Moreover, in 13C NMR spectra, the signals in the

range of 163.01–167.86 ppm confirmed the presence

of carbon atoms belonging to the –HC=N– bonds. In

FTIR spectra, a characteristic absorption band of

azomethine linkages from 1645 cm-1 (AzTh-3b) to

1687 cm-1 (AzTh-2b) was detected. The absorption

13494 J Mater Sci (2019) 54:13491–13508



bands due to aromatic and aliphatic groups were

seen in the typical ranges, that is, 3076–3050 cm-1

and 2985–2836 cm-1, respectively. Additionally, for

unsymmetrical azomethines, two absorption bands at

3385–3443 cm-1 and 3238–3335 cm-1 characteristic

for –NH2 were detected. The carbonyl absorption

bands in the ester group (–C=O) in the range of

1713–1748 cm-1 were recorded. The elemental anal-

ysis results confirmed the chemical structure of the

obtained compounds. The studied imines are soluble

in typical organic solvents except for AzTh-4b, which

was insoluble in DMSO. Synthesized compounds

were received as powders with different colors

depending on substituent structure (cf. Table S1).

Hydrogen bond formation: theoretical
and experimental approaches

It was found that primary end-amine groups in imi-

nes can form hydrogen bonds, which may enhance

fluorescence [18]. The hydrogen bonds may occur

between the hydrogen atom and more electroactive

atoms, and thus, in the case of synthesized unsym-

metrical azomethines, they can appear between the

ester and the amine groups. In the beginning, the

possibility of H-bonds formation was evaluated

using the density functional theory calculations

(DFT). Based on the optimized geometries, the pres-

ence of the intramolecular hydrogen bonds between –

NH2 proton and an oxygen atom from ester group in

the unsymmetrical azomethines was analyzed (cf.

Fig. S1 in Supplementary Material). In the hydrogen

bond are involved carbonyl C=O, in the case of

AzTh-1a and AzTh-4a, and ester C–O–C2H5, in

AzTh-2a, AzTh-3a, oxygen atoms. The calculated

C=O…H–N distances in the case of the studied

unsymmetrical azomethines in the range from 1.96 to

2.04 Å are in line with the experimental value equal

to 2.04 Å determined for ethyl 2-amino-4-phenylth-

iophene-3-carboxylate [22]. The carbonyl oxygen in

AzTh-1a and AzTh-4a is more electronegative com-

pared to the ester one, while in the AzTh-2a and

AzTh-3a molecules the calculated natural charges on

both oxygen atoms are almost same (cf. Fig. S3 and

Table S2). The energy of hydrogen bond between

amine proton and carbonyl oxygen is higher com-

pared to the one, in which the oxygen from ester

bond takes part, as can be seen from the potential

energy curves shown in Fig. 2 and Fig. S4 in Sup-

plementary material.

The existence of hydrogen bonds was experimen-

tally confirmed using 1H NMR spectroscopy. The 1H

NMR spectra of unsymmetrical azomethines at dif-

ferent temperatures are presented in Fig. 3.

The protons of the amine group of AzTh-1a–AzTh-

4a at room temperature (25 �C) were seen at

7.72 ppm, 7.92 ppm, 7.69 ppm, and 8.24 ppm,

whereas at 60 �C the chemical shift to lower

N

N

S

N

CH3

=

S
N NH2C

H

H

EtOOC COOEt(a)

AzTh-1a

AzTh-2a

AzTh-3a

AzTh-4a

N

N

S

N

CH3

=

S
N NC

H

H

EtOOC COOEt

C

H

H

(b)

AzTh-1b

AzTh-2b

AzTh-3b

AzTh-4b

Figure 1 The chemical structure of the synthesized a unsymmetrical and b symmetrical thiophene azomethines.
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Figure 2 Potential energy profiles along the rotation of –NH2 group in AzTh-2a and AzTh-4a molecules.

Figure 3 The 1H NMR spectra registered in DMSO-d6 of unsymmetrical azomethines AzTh-1a–AzTh-4a at a 60 �C and b 25 �C.
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frequencies due to the decrease in the hydrogen bond

strength with increasing temperature was observed

(cf. Fig. 3). Next, the effect of concentration of imine

AzTh-1a in solution on hydrogen bonds formation

was investigated. The downfield shift of the amine

protons signal with increasing concentration is

expected. The chemical shift with an increasing con-

centration of AzTh-1a (from 0.8 to 10 mM) to higher

frequencies in two solvents is presented in Fig. 4.

Increasing the concentrations of a sample in solu-

tion causes involvement of more protons in hydrogen

bond formation, which reduces shielding and hence

shifts the proton signals toward higher values of d,

because the protons involved in the hydrogen bond

have a much lower electron density [23]. A linear

correlation between the chemical shift to higher fre-

quencies together with increasing concentrations was

Figure 4 Chemical shifts of

the amine protons signal in 1H

NMR spectra of AzTh-1a at

different concentrations: 0.8,

1, 5 and 10 mM in a DMSO-

d6 and b CDCl3 solutions.

Insets: NMR spectra of NH2

signal of AzTh-1a with

raising concentration.
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noticed. This behavior confirms the presence of con-

centration-induced hydrogen bonding [18].

Thermal properties

Differential scanning calorimetry (DSC) and ther-

mogravimetric analysis (TGA) were applied to define

the thermal behavior of the synthesized thiophene

azomethines. TGA/DTG and DSC thermograms are

presented in Fig. 5, and thermal data are given in

Table 1.

Temperatures of 5% (T5) and 10% (T10) weight loss

of azomethines in the range of 221–303 �C and

231–333 �C were recorded, respectively. It was found

that symmetrical imines showed better thermal sta-

bility considering T5 than their unsymmetrical ana-

logs (except for AzTh-2a).

In DSC thermograms of all imines, registered

during the first heating scan, the endotherms due to

melting (Tm) in the temperature range of 170–260 �C
were observed (cf. Table 1).

The introduction of the fluorene structure (AzTh-

2a and AzTh-2b) lowered Tm. Similarly to the trend

of thermal decomposition, the symmetrical imines

melted at higher temperatures compared to the

unsymmetrical, with the exception of AzTh-2a. Tak-

ing into account the DSC thermograms recorded

during the second heating run after rapid cooling, it

was found that all imines obtained after the reaction

as crystalline solids can be converted into amorphous

materials with a glass transition temperature (Tg)

ranging from 79 to 135 �C. The highest Tg exhibited

unsymmetrical imines with pyrrolidone (AzTh-1a)

and methylindole (AzTh-3a) derivatives. The glass

transition temperatures for symmetrical AzTh-1b

and AzTh-3b were detected at lower temperatures

compared with unsymmetrical counterparts, and the

opposite behavior was noticed for AzTh-2b and

AzTh-4b (cf. Table 1). Three symmetrical imines, that

Figure 5 The TGA/DTG thermograms of a unsymmetrical AzTh-2a and b symmetrical AzTh-2b azomethine and DSC thermograms of

c AzTh-1a and d AzTh-4b.
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is, bearing pyrrolidine (AzTh-1b), methylindole

(AzTh-3) and benzothiazole (AzTh-4b) units,

showed a tendency for crystallization. In DSC ther-

mograms of the mentioned molecules, after Tg an

exothermic peak due to cold crystallization and next

melting endotherm were revealed. The synthesized

thiophene azomethines are molecular glasses. The

high Tg gives the possibility for preparation of mor-

phologically stable amorphous films.

Redox properties

Redox properties were examined by means of cyclic

voltammetry (CV) and differential pulse voltamme-

try (DPV) as useful methods to determine ionization

potentials (IP) and electron affinities (EA). The esti-

mated IP and EA values can be related to the position

of the HOMO and LUMO levels, which are important

in the design of optoelectronic devices for evaluation

of the energy barrier for the injection of holes and

electrons. The electrochemical measurements were

taken in dichloromethane solution using a platinum

coil as a working electrode with 0.1 M Bu4NPF6 as an

electrolyte. The IP of Fc/Fc? was calculated to be

equal to - 5.1 eV, as shown in literature data [24].

The energy band gap (Eg) based on IP and EA was

calculated. Electrochemical data of investigated

azomethines are given in Table 2, and the represen-

tative voltammograms are depicted in Fig. 6.

Both unsymmetrical and symmetrical azomethines

were electrochemically active. The reversible oxida-

tion process was noticed for the azomethines that

contained methylindole (AzTh-3a DE = 50 mV), two

N-phenylpyrrolidine substituents (AzTh-1b DE = 40

mV) and quasi-reversible for AzTh-1a (DE = 90 mV).

Other compounds undergo irreversible oxidation.

The irreversible oxidation of AzTh-2b was noticed

also by the Skene group [21]. In the case of the

reduction process, the Ered(onset) in the range of - 1.44

to - 0.96 V was found, and the lowest potential was

found for azomethine AzTh-4a with one benzothia-

zole substituent (cf. Table 2). The imine bond reduc-

tion potentials Ered –CH=N– measured using the DPV

method were in the range of - 2.06 to - 1.71 V (cf.

Table 2) [19, 25]. The lack of the imine bond reduction

only for AzTh-1a was observed, and it may be related

to the fact that this process can occur at higher

potentials [16, 21]. In the case of AzTh-2b, the Skene

group has not observed the reduction of –CH=N–;

however, the DPV method is more sensitive than the

CV method, which could have allowed to detect the

reduction process.

Depending on the nature of the substituent

attached to the imine bond, either decrease or

increase in the cathodic and anodic processes was

seen, which resulted in differences in the ionization

potentials (IP) and electron affinities (EA) (cf.

Table 2). The first reduction and oxidation processes

Table 1 Thermal properties

of investigated azomethines Code TGA DSC

(I run) (II run)

T5
a (�C) T10

a (�C) Tmax
b (�C) Tm

c (�C) Tg
d (�C) Tc

e (�C) Tm (�C)

AzTh-1a 221 231 233;316;357 216 135 nd nd

AzTh-2a 251 273 273;385 184 76 nd nd

AzTh-3a 221 237 224;337;693 211 122 nd nd

AzTh-4a 237 268 279;390 216 84 nd nd

AzTh-1b 265 270 272;409;573 226 79 167 209

AzTh-2b 230 272 330;654 170 90 nd nd

AzTh-3b 303 333 353;676 260 90 210 253

AzTh-4b 281 310 323 229 99 159 236

nd not detected
aT5, T10—temp. based on 5%, 10% weight loss from TGA curves
bTemp. of the maximum decomposition rate from DTG curves
cMelting temp
dGlass transition temp
eCrystallization temp
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were probably caused by the reduction of thiophene

ring and radicals formation, as was reported previ-

ously [21, 24]. The reduction process for symmetrical

azomethines occurred at lower potentials, except for

AzTh-4b, were Ered(onset) = - 1.54 V, and for the

unsymmetrical counterpart AzTh-4a at Ered(onset)-

= - 1.06 V. The presence of two benzothiazole sub-

stituents (AzTh-4b) leads to an increase in the

potential, which indicates that the reduction process

is more difficult for this azomethine. The oxidation

process for azomethine with one fluorene (AzTh-2a)

and benzothiazole (AzTh-4a) substituents at lower

potentials than symmetrical counterparts was

observed. This behavior can be caused by the pres-

ence of the electron donor group –NH2; otherwise,

similar oxidation potentials for AzTh-1a and AzTh-

Table 2 Redox data (vs Fc/Fc?), ionization potentials (IP), electron affinities (EA) and the energy band gap (Eg) of presented azomethines

Code Eoxonset
CV

(V)

IPCV

(eV)

Eredonset
CV

(V)

Ered –CH=N–
DPV

(V)

EACV

(eV)

Eg
CV

(eV)

HOMODFT

(eV)

LUMODFT

(eV)

Eg
DFT

(eV)

AzTh-1a 0.09 - 5.19 - 1.32 nd - 3.78 1.41 - 4.95 - 1.56 3.39

0.05a - 5.15a - 1.22a - 3.88a 1.27a

AzTh-2a 0.27 - 5.37 - 1.44 - 1.71 - 3.66 1.71 - 5.29 - 2.04 3.25

0.33a - 5.53a - 1.34a - 3.76a 1.77a

AzTh-3a 0.31 - 5.41 - 1.20 - 2.06 - 3.90 1.51 - 5.20 - 1.82 3.38

0.23a - 5.33a - 1.16a - 3.94a 1.39a

AzTh-4a 0.49 - 5.59 - 1.06 - 1.73 - 4.04 1.55 - 5.67 - 2.63 3.04

0.42a - 5.52a - 0.96a - 4.14a 1.38a

AzTh-1b 0.10 - 5.20 - 1.26 - 2.04 - 3.84 1.36 - 4.89 - 2.08 2.82

0.06a - 5.16a - 1.30a - 3.80a 1.36a

AzTh-2b 0.36 - 5.46 - 1.38 - 1.72 - 3.72 1.74 - 5.46 - 2.43 3.03

0.32a - 5.42a - 1.44a - 3.66a 1.76a

AzTh-3b 0.13 - 5.23 - 1.16 - 2.00 - 3.94 1.29 - 5.88 - 2.20 2.85

0.04a - 5.14a - 1.24a - 3.86a 1.28a

AzTh-4b 0.85 - 5.95 - 1.54 - 1.74 - 3.56 2.39 - 6.24 - 3.17 3.06

0.91a - 6.01a - 1.54a - 3.56a 2.45a

IP = - 5.1 - Eox onset, EA = - 5.1 - Ered onset, Eg
CV,DPV = Eox onset - Ered onset. Eg

DFT = HOMO–LUMO

nd not detected
aEstimated by DPV

Figure 6 Representative CV voltammograms of AzTh-3a and Azth-3b: a reduction and b oxidation process (Pt as working electrode,

v = 0.100 V s-1, electrolyte 0.1 M Bu4NPF6 in dichloromethane).
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1b were seen (cf. Table 2). In this case, a central part

of thiophene probably plays an important role [19].

However, the presence of two N-phenylpyrrolidine

substituents (AzTh-1b) allowed for stabilization of

the radical formation and the reversibility of the

oxidation process.

The ionization potentials (IP) were obtained in the

range from - 6.01 to - 5.14 eV with the highest

value measured for AzTh-4b (benzothiazole sub-

stituents). The electron affinities (EA) were calculated

in the range of - 4.14 to - 3.56 eV, also with the

highest value for AzTh-4b (cf. Table 2). The energy

band gap (Eg) based on CV results was found to be

between 2.39 and 1.29 eV. Nonetheless, except for

AzTh-4b, the Eg was lower than 2.0 eV (cf. Table 2).

Low energy band gaps are beneficial for applications

in organic electronics.

Geometric structure and frontier molecular
orbitals

The theoretical calculations were performed with the

use of the density functional theory (DFT) and were

carried out using the Gaussian 09 program. Molecu-

lar geometry of the singlet ground state of the com-

pounds was optimized in the gas phase, and its

electronic structures, electronic transitions, and first

singlet excited states were calculated with the polar-

izable continuum model (PCM) in chloroform as a

solvent. Such calculations were carried out for anal-

ysis of the HOMO, LUMO energy levels and UV–Vis

and emission data. The optimized structures of the

azomethines are depicted in Fig. S1 in Supplementary

material (Fig. S2 presents calculated IR spectra). The

central thiophene and the substituent rings in

unsymmetrical azomethines, except for AzTh-1a, are

almost planar and the deviation from planarity

decreases in series AzTh-2a[AzTh-3a[AzTh-4a.

In the case of AzTh-1a, the mean plane angle between

thiophene and N-phenylpyrrolidine is equal to 35.8�.
The molecules of the symmetrical azomethines show

larger deviation from planarity (cf. Table S3). Based

on the optimized geometries, the frontier molecular

orbitals of the compounds were analyzed. The con-

tours of HOMO and LUMO are presented in Fig. S5.

Comparing the energies of HOMOs and LUMOs

determined on the basis of electrochemical data with

theoretically obtained (cf. Table 2), it can be seen that

calculated HOMO energies are similar to the experi-

mental values of ionization potentials determined

from CV measurements. The large difference of

0.65 eV was observed for AzTh-3a compound. On the

other hand, calculated LUMO energies are much

higher than those determined experimentally. The

virtual orbitals are generally harder to be described

theoretically than the occupied ones [26]; however,

the calculated values of the HOMO and LUMO

energies were used only for consistency with geom-

etry optimization. For a more detailed description of

the molecular orbitals, the contribution of parts, i.e.,

thiophene core, imine group, and aromatic sub-

stituents fragments to a molecular orbital, were cal-

culated. The obtained DOS diagrams are depicted in

Fig. S6, and composition of selected molecular orbi-

tals is given in Table S4 in Supplementary material.

For each of these compounds, HOMO and LUMO

comprise the whole molecule, although in the

asymmetrical azomethines, except the AzTh-1a, the

thiophene core plays a dominant role in HOMO.

LUMO of symmetrical compounds is dominated by

p* orbitals of –N=CH-R fragment. The lower-energy

occupied orbitals (H-1, H-2) in both symmetrical and

unsymmetrical azomethines are localized on the

substituents attached to thiophene via the imine

linker.

The compounds are polar in the ground state and

in the excited S1, S2 states have dipole moment

greater than in the ground state, although in the case

of AzTh-1b and AzTh-3b the change of the dipole

moment is small (cf. Table S3).

Spectroscopic properties

The photophysical properties (absorption and emis-

sion) of the obtained azomethines were studied in

solution and in the solid state. Two solvents, CHCl3
and NMP, with different dielectric constants (e),
showing distinct polarity were applied for UV–Vis

measurements. UV–Vis and fluorescence (PL) spectra

of the azomethines in the solid state as thin films and

blends with non-emissive poly(methyl methacrylate)

(PMMA) (1 wt% of imine content) were prepared.

The experimental and calculated UV–Vis spectra of

the studied imines are given in Fig. 7 and Fig. S7,

whereas the spectroscopic parameters are summa-

rized in Table 3.

Generally, the absorption spectra of the studied

azomethines consist of two or three absorption

bands, in some cases of a pronounced vibrational

character. Additionally, the UV–Vis spectra of the
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compounds were calculated with the use of the TD-

DFT method (cf. Fig. S7 in Supplementary material).

The strong absorption band in the visible region

corresponds to the S0 ? S1 transition, while the

lower intensity band in the near UV region is con-

nected with S0 ? S2 transition. The well-resolved

Table 3 UV–Vis electronic data of the imines in solution and in the solid state

Code Solution Film Blend PMMAd

CHCl3
a NMPa

(e = 4.81)b (e = 33.00)b

kmax (nm) (e�104)c

AzTh-1a 330, 416, 433sh 319, 420, 440sh 332, 371sh, 457sh 337, 417, 435sh

(2.0, 5.4, 4.7) (2.9,4.3,3.7)

AzTh-2a 309, 383sh, 403, 423 309, 412, 434 300, 394sh, 412, 440* 382sh, 407, 429*

(0.8, 1.4, 1.8, 1.5) (1.8,2.3,2.1)

AzTh-3a 304, 392, 412, 462 277, 357,4 67 425, 482sh, 522sh 394, 415, 466, 498sh

(1.1,1.9,1.8,1.1) (2.0,1.7, 3.0)

AzTh-4a 305, 442 309, 453 310*, 437, 462sh 429*, 448

(2.4,7.2) (1.4,4.4)

AzTh-1b 250, 311, 397, 498 313, 407, 506 318, 420, 523 396, 446*, 500

(2.2, 2.1, 3.6, 5.5) (1.8, 3.3, 5.4)

AzTh-2b 293, 303, 320, 409,433 312, 411, 434 305, 390sh, 412, 443*, 515sh 381sh, 407, 430

(1.7,1.8, 1.7, 2.3,2.9) (3.3, 4.0, 3.7)

AzTh-3b 268*, 355, 462 269, 357, 468 363*, 430sh, 461, 486, 525 349, 463

(2.1, 1.7, 2.7) (1.4, 1.8, 3.3)

AzTh-4b 298sh, 353, 453 372, 548 301, 370, 468 346, 459

(1.7, 3.0, 2.8) (1.3, 2.0)

ac = 10-5 mol L-1

bDielectric constants
ce absorption coefficient, [dm3 mol-1 cm-1]
d1 wt% concentration of the compound in PMMA

*The second derivatives method was used. shshoulder
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Figure 7 UV–Vis absorption spectra of a imine AzTh-4b in solutions (c = 10-5 mol L-1), film and blends and b symmetrical and

unsymmetrical AzTh-2 in chloroform solution (c = 10-5 mol L-1) and film.
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absorption bands may be due to the large energy gap

between the S2 and S1 states [27]. According to the

TD-DFT calculations, the S1 state corresponds to the

HOMO ? LUMO, while S2 to HOMO-1 ? LUMO

transition. Based on the data given in Table S4 and

density-of-state (DOS) diagrams shown in Fig. S6, it

is visible that main contributions to the HOMO-1 and

HOMO come from thiophene and aromatic sub-

stituent(s) connected with central core via –HC=N–.

However, the imine linker plays a significant role in

LUMO level. Thus, the transitions from HOMO-1/

HOMO to LUMO can be followed by charge decrease

on the thiophene and substituents and charge

increase on the imine part, and thus, the mixed

intramolecular charge transfer/locally excited (ICT/

LE) nature of S1 and S2 states is evident. Considering

the fact that in the first excited state, molecules are

less planar than in ground state (cf. Table S4), it can

be concluded that ICT takes place in this state. On the

other hand, the molecular backbone in S2 state is

more planar than in S1 and thus in the second excited

state prevails LE character. All imines exhibited a

solvatochromic effect except for AzTh-2b and AzTh-

3a. The largest bathochromic shift together with the

increase in solvent polarity was found for com-

pounds bearing two benzothiazole units (AzTh-4b).

Symmetrical azomethines with pyrrolidine (AzTh-

1b) and benzothiazole (AzTh-4b) structures showed

an absorption band significantly bathochromically

shifted compared to their unsymmetrical analogs.

The second, weaker intensity, absorption band has

smaller solvatochromic shift than the peak in visible

region which suggests that S1 state is more polar than

S2 one. The calculations results presented in Table S3

confirm this conclusion. The electronic spectra of

AzThs in the film were typically shifted to lower
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Figure 8 a UV–Vis and PL experimental and calculated spectra of AzTh-2a and AzTh-2b in chloroform solution, b PL spectra of

AzTh-1b in the solid state and c PL spectra of AzTh-3a and AzTh-3b in film and blend.
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energy with respect to those recorded in solution.

Azomethines molecularly dispersed in PMMA

(1 wt% content) exhibited similar electronic spectra

to the chloroform solution.

The fluorescence spectra of two selected com-

pounds, unsymmetrical AzTh-1a and symmetrical

AzTh-1b, were measured in CHCl3 and NMP. PL

band of imines in NMP solution was significantly

shifted from UV to the visible range and quenched

compared to the emission observed in chloroform (cf.

Fig. S20). Hence, the PL spectra of other imines were

registered in CHCl3 solution. The excitation and

emission spectra of all compounds in the chloroform

are given in Fig. S21. The representative emission

spectra are presented in Fig. 8, and the PL data are

given in Table 4.

The imines in chloroform solution emitted when

excited in the 279–345 nm region. The solution of

azomethines excited with lower energy was non-

emissive. It means that the PL spectra correspond to

the S2/S0 electronic transitions. In the PL spectra of

imines with fluorene units (AzTh-2a and AzTh-2b),

two emission bands were seen. The first intense PL

band with a maximum emission (kem) at about

380 nm and the second one, significantly weaker, in a

visible range around 480 nm were observed. Thus,

they exhibited dual fluorescence at room tempera-

ture. Considering the PL intensity, compounds with

methylindole (AzTh-3a and AzTh-3b) were practi-

cally non-emissive and weak emission was found

also for molecules with benzothiazole structure

(AzTh-4a and AzTh-4b) (cf. Fig. S21). The highest

fluorescence quantum yield (UPL) of about 2.6 and

8.4% was measured for symmetrical imines bearing

pyrrolidone (AzTh-1b) and fluorene (AzTh-2b),

respectively.

To deepen the insight into the excitation states and

explanation of PL in chloroform solution and cover-

ing the absorption with emission, the DFT calcula-

tions were carried out. The fluorescence spectrum of

AzTh-2a (cf. Fig. 8a and S10) shows two emission

bands and more specifically one broad, very weak

band with maximum at 464 nm and the second

intense band in UV region. The first one originated

from S1 / S0 transition, and the second band arises

from the S2 / S0 transition. The S2 / S0 fluorescence

may appear if the S2 / S1 radiation-less internal

conversion process is sufficiently slow. This situation

can happen when the energy gap between S2 and S1

levels is large enough. It is assumed that the energy

gap greater than DE[ 3000 cm-1 reduces the vibro-

nic coupling between these states and slows the rate

of S2 / S1 internal conversion processes [28]. Calcu-

lated values of the energy gap between the S1 and S2

states given in Table S5 are sufficiently large for the

observation of the S2 emission. In the case of AzTh-

2b, the energy gap between second and first excited

states of 2888 cm-1 indicates the possibility of the

conversion process, and the emission bands from S1

and S2 states are not separated although the intensity

of the long-wave band is definitely lower (cf.

Fig. S16). Similar situation occurs for AzTh-3b com-

pound. In the case of AzTh-1b, the conversion pro-

cess seems to be definitely easy because the energy

difference between the second and first excited states

is small (587 cm-1), and therefore, only one emission

band that originated from S1 / S0 transition is

observed (cf. Fig. S14).

Table 4 Fluorescence data of investigated thiophene azomethines

Code

AzTh

Medium kex (nm) kem (nm)

CHCl3
a 341 380

1a Film 320 396

Blend PMMAb 253, 339 372, 390sh, 460sh, 488

CHCl3
a 283 338, 464

2a Film 320 376, 512

Blend PMMAb – –

CHCl3
a 303 379sh, 403, 428sh

3a Film 325 370

Blend PMMAb 264, 365 404sh, 433

CHCl3
a 279 361sh, 381

4a Film 320 370, 500

Blend PMMAb 340 370, 491

CHCl3
a 345 380

1b Film 375 412, 436, 430

Blend PMMAb 468, 493 582

CHCl3
a 284 336, 481

2b Film – –

Blend PMMAb 270 314, 368sh, 485

CHCl3
a 262 287, 379

3b Film 370 413, 436, 599

Blend PMMAb 249, 326 370sh, 400, 572

CHCl3
a 297 344, 363, 380sh

4b Film – –

Blend PMMAb 347 373, 405

– non-emissive
ac = 10-5 mol L-1

b1 wt% concentration of the compound in PMMA
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In the solid state as thin-film imines exhibited weak

emission (cf. Fig. 8) except for AzTh-2b, and AzTh-

4b, which were non-emissive due to quenching effect

typically observed in solid state [11]. As it was

shown, amine groups in unsymmetrical imines can

create hydrogen bonds, which should improve the

luminescence [18]. It was found that all unsymmet-

rical imines in film exhibited luminescence, probably

due to H-bonds formation.

In order to prevent imine from self-quenching

when it is cast as thin film in solid state, the inert

polymer PMMA was used as matrix for dispersing

the fluorophore. Thus, compounds were molecularly

dispersed (1 wt%) in the polymer matrix. All blends

were emissive; however, the most intense emission in

the case of AzTh-1b and AzTh-2b, similar as in

chloroform solution, was observed.

Considering the obtained results, for further

investigations focused on electroluminescence (EL)

ability, one symmetrical imine (AzTh-1b), which

showed the highest emission in all studied media

(solution, film, and blend), was selected. Two kinds

of light-emitting diodes with ITO/PEDOT:PSS/

AzTh-1b/Al and ITO/PEDOT:PSS/PVK:PBD:AzTh-

(b)

(a)
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Figure 9 a Electroluminescence spectra of diodes based on AzTh-1b and b the relationship between applied voltage and EL intensity.
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1b/Al structures were constructed. Poly(9-vinylcar-

bazole) (PVK) and (2-(4-tert-butylphenyl)-5-(4-

biphenylyl)-1,3,4-oxadiazole) (PBD) were applied as

hole- and electron- transporting materials, respec-

tively (PVK:PBD 50:50 in weight %). Diodes with 2

and 15 wt% of imine in a binary matrix were pre-

pared, and their EL spectra were registered (cf.

Fig. 9).

All fabricated diodes emitted light in the red range,

however with different intensity and position of the

maximum emission band (kEL). In the case of the

diode with an active layer consisting of a neat imine,

emission of light with kEL = 640 and 680 nm was

observed. Devices containing imine dispersed

molecularly in a PVK:PBD matrix with 2 and 15 wt%

content showed kEL at 609 and 631 nm. The optimal

imine content, which gave the most intense EL in the

matrix, was 2 wt%. Together with the increase in the

external voltage, the increase in emission intensity

was found. However, the devices required a rather

high value of voltage for the induction of light

emission. High turn-on voltages (above 18 V) also

showed OLEDs based on imine with thiophene

structure reported in our previous work [18]. In turn,

lower value of voltage (13 and 14 V) for the light

emission exhibited devices bearing in active layer

compounds with imine linkages and naphthalimide

units [29, 30]. Probably, the presence of a large

number of carrier traps makes transport difficult and

thus increases the voltage for visible EL. The occur-

rence of too many carrier traps could cause quench-

ing of the excited state and the reduction in

electroluminescence intensity [31]. The utilization of

imine with thiophene and phenanthrene moieties in

diode with structure ITO/PEDOT:PSS ? AgNWs/

imine/Al, azomethine with benzofuran unit in device

ITO/PEDOT:PSS/10 wt% imine:CBP/TPBI/CsCO3/

Al and imine containing also acetylene linkage in

OLED ITO/imine/Au, lowered turn-on voltage to 10,

8 and 5 V, respectively [15, 32, 33].

Conclusions

Summarizing, a series of symmetrical and unsym-

metrical thiophene imines were prepared. They were

designed and synthesized to investigate the effect of

the chemical structure of the substituent conjugated

with thiophene ring via azomethine linkages and the

presence of terminal amine group on the thermal,

electrochemical, and spectroscopic properties. From

the presented results, the following conclusions can

be drawn:

• due to the presence of the terminal amine group

in unsymmetrical imines, intramolecular hydro-

gen bonds between –NH2 proton and an oxygen

atom from ester group are formed, which was

confirmed experimentally and theoretically,

• all azomethines can be converted in amorphous

material with high Tg. The symmetrical imines

melted at slightly higher temperature about 10�C
(except for AzTh-3) compared with those of

asymmetrical once also without thermal decom-

position. The similar relationship concerns Tg.

High Tm and Tg of unsymmetrical imines resulted

from H-bonds formation,

• the imines showed very low electrochemically

estimated Eg value (below 1.74 eV) being in the

most cases lower for the symmetrical compounds,

• it was found that the imine linkage plays a role in

the excited state and in the emission processes,

• the emission in CHCl3 of asymmetrical azomethi-

nes has S2 / S0 character while in the case of

symmetrical compounds the energy difference

between second and first excited states allows the

internal conversion to the S1 state,

• the more intense PL with UPL 2.6 and 8.4% in

solution showed symmetrical imines with pyrroli-

done and fluorene derivatives, respectively. How-

ever, the imine with fluorene structure was non-

emissive in film,

• diodes based on imine containing the fluorene

substituents emitted red light.
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