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Push-pull (D-π-A) dyes were explored for organic light-emitting electrochemical cells 

(LECs) taking advantages of their tunability in the intramolecular charge transfer (CT) 

through a π-bridge between donor and acceptor. These dyes presented high thermal stability 

beyond 290 °C and fluorescence quantum yields (Φf), and simple thin film processibility. The 

fluorene-based dyes with diphenylamine donor (DPF) showed high tunability in 

electroluminescence wavelength up to 825 nm, which correspond to the most red-shifted 

metal-free LECs up to date. The DPFs showed high irradiance under a low working voltage in 

the presence of poly(9-vinylcarbazole) (PVK) and 2,5-bis(5-tert-butyl-benzoxazol-2-

yl)thiophene (BBOT) hosts. As the CT distance of dyes was increased, Von of the LECs was 

decreased, as Φf and lifetime of dyes were higher. Furthermore, the smaller angle between the 
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π-bridge and acceptor (AA of dye was critical to increase irradiance, for a closer dye-host 

proximity. Thus a DPF dye with the lowest AA (dye I) afforded the highest irradiance of 425 

µW/cm
2
 (>220 Cd/m

2
) among the dyes in this study. Therefore push-pull dyes could provide 

a  rational material design principle towards NIR emitting LECs. 

  

1. Introduction 

Light-emitting cells (LECs) are electrochemical devices composed of a mixture of an 

emitting dye and an electrolyte sandwiched between two electrodes. Application of a voltage 

results in redistribution of the ions, followed by electrochemical doping of the active layer by 

injected charges and thus the in situ generation of a p-n junction within the emitting layer.
[1,2]

 

Ultimately, recombination of the injected holes and electrons in excitons enables 

electroluminescence (EL) from the emissive material. Compared to well-known organic light-

emitting diodes (OLEDs), these LECs have unique advantages, such as simple device 

structures and a low driving voltage, and the possibility of using air-stable electrodes as a 

result of this electrochemical doping process.
[3,4]

 However, this doping also leads to several 

drawbacks, such as a longer turn-on time and lower efficiency, that will need to be addressed 

before practical application.
[5]

 

  Most LEC devices are based on a fluorescent conjugated polymer (CP) or an ionic 

transition metal complex (iTMC) as the emitting material.
[6–9]

 Over the last decade, these two 

types of materials have yielded LEC devices with exceptional brightness.
[10–12]

 However, CPs 

suffer from low purity levels that can generate unwanted side reactions, and iTMCs suffer 

from the scarcity and high cost of iridium and ruthenium complexes. Recently, Edman et al. 

demonstrated that small molecules could undergo the same peculiar LEC mechanism and 

could be used as alternative light-emitting materials for LECs.
[13]

 Since then, many families of 

classical organic dyes, such as perylenes,
[14]

 cyanines,
[15]

 porphyrins 
[16,17]

 and thermally 



  
 

3 

 

 

activated delayed fluorescence (TADF) dyes, 
[18,19]

 have been incorporated into the emissive 

layer.
[20]

 Similar to CP- and iTMC-based LECs, the performance of LECs using small 

molecules is highly dependent on interchromophore interactions in thin films. As in organic 

light-emitting diodes, the use of solid-state emitters or the design of multicomponent 

host/guest systems are possible ways to minimize exciton quenching in the active zone of 

LECs with small molecules.
[10,13,21]

 

 Nonetheless, the LEC performance of typical organic chromophores is still quite low 

compared to that of CP and iTMC counterparts. In this context, the design of small, metal-free 

dyes for LEC devices is a challenging task, especially in the near-infrared (NIR) region, 

where the low bandgap usually leads to low luminescence and EL efficiencies.
[22–28]

 Among 

the organic chromophores, push–pull (D-π-A) dyes present unique intramolecular charge 

transfer (ICT) properties, which can be fine-tuned by changing the donor (D), acceptor (A), 

and π‐ bridge. During the ICT process, significant polarization changes in the whole 

π‐ system of the dye control not only the optical properties but also intermolecular 

interactions, which are critical for the modulation of EL properties.
[29]

 In this context, 

D‐ π‐ A molecules could become an important class of light-emitting materials due to their 

dipolar charge transfer nature, capability of band-gap and luminescence optimization through 

molecular engineering  and spectral tunability in far-red to NIR emission.
[30,31]

 

Herein, we present push-pull dyes with a diphenylamine (DP) or carbazole (Cz) as 

donor, and indandione and 2,5-dihydrofuran as acceptor groups. Fluorenyl (F) or an 

unsubstituted ethene derivative (E) was introduced between the donor and acceptor as a π-

bridge. These dyes feature high thermal stabilities and solution processibility for film 

formation with the distinct CT nature of the push-pull dyes. Host materials for these dyes 

were explored by tuning their energy levels and spectral overlaps. A low-voltage working 

organic LEC could be obtained for dye I with a peak irradiance of 425 µW/cm
2
. In addition, 
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NIR LECs emitting at 825 nm and 800 nm were obtained with peak irradiances of 19 µW/cm
2
 

and 123 µW/cm
2
 from dye III in the 1,3-bis[2-(4-tert-butylphenyl)−1,3,4-oxadiazo-5-

yl]benzene (OXD-7) and 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT) hosts, 

respectively. These low-cost NIR LECs would be particularly interesting for lightweight 

military, medical or security authentication technologies.
[32]

 

 

2. Results and Discussion 

 

2.1. Optical and electrochemical properties of push-pull dyes 

The five push-pull dyes (Figure 1a) show yellow to NIR emission and diverse optical 

and electrochemical properties. DPF dyes (I-III) undergo ICT though a fluorene π-bridge 

between diphenylamine and an acceptor group: 1,3-indandione (I), 2-(dicyanomethylene)-3-

phenylthio-4,5,5-trimethyl-2,5-dihydro-furan (II) and 2-(dicyanomethylene)-3-

phenylsulfonyl-4,5,5-trimethyl-2,5-dihydro-furan (III).
[30,31]

 Dye IV contains N-(2-

methoxyphenyl)carbazole as the donor and the same acceptor as II. Finally, dye V contains 

N-ethylcarbazole as a donor and 4,5,5’-trimethyl-3-(phenylsulfonyl)furan-2(5H)-one as an 

acceptor.
[33]

 Dye IV was synthesized by Knoevenagel condensation between 4-(9H-carbazol-

9-yl)-3-methoxybenzaldehyde and 2-(dicyanomethylene)-3-phenylthio-4,5,5-trimethyl-2,5-

dihydro-furan under microwave irradiation (Scheme S1). The synthesis of the other dyes, also 

by Knoevenagel condensations, was previously described.
[30,31,33]

. 

The thermal properties of the dyes showed high melting points (> 225 °C) as well as 

excellent thermal stability (> 290 °C), as determined by differential scanning calorimetry 

(DSC) and thermal gravimetric analysis (TGA) (Figure S2 and Table S1). In particular, dyes 

I and II showed the best thermal stability and the highest thermal degradation temperature for 

5 % weight loss (T95%, ~ 340 °C). Dye III showed the lowest T95%, but this value was still 
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high (290 °C). Thus, dyes I-V feature high thermal stabilities, well above the typical 

annealing temperatures used during the film forming process or the operation temperatures. 

Finally, glass transitions (Tg) were observed for dyes I (80 °C), II (100 °C), III (125 °C) and 

V (95 °C). Emitters with a high Tg are of particular interest for light-emitting devices because 

they are able to form stable amorphous films. 

The optical properties of the dyes in chloroform and crystalline powder are 

represented in Figure 1b and Figure S3. The DPF dyes (I-III) are strongly fluorescent in the 

far-red to NIR region in dilute apolar solutions (674-788 nm in chloroform), with high 

photoluminescence quantum yields (PLQYs) of 51-30 %, arising from the rigid fluorene 

bridge. The lifetimes of the dyes in chlorobenzene are in the nanosecond range (Figure S3b). 

Dye I showed the longest lifetime, while III showed the fastest decay among the DFP dyes, 

as listed in Table 1. Importantly, those dyes are emissive in the solid-state, notably in 

crystalline powder, due to the nonplanar DP units. In particular, dyes I and II produce strong 

solid-state fluorescence with PLQYs of 22 % and 28 %, respectively, in powder. On the other 

hand, due to its small bandgap, the powder of III exhibits a lower PLQY of 9 % (Table 1). 

However, this value is still remarkable considering the emission in the NIR region (emission 

maximum of 800 nm). 

  In comparison, the optical properties of CzE dyes (IV and V) are blue-shifted, as 

expected from the lower donating capacity of carbazole (Cz) and their shorter π-bridge (E). In 

dilute chloroform solution, these two dyes are moderately (11 %) and weakly (< 1 %) 

emissive, respectively. The reduced PLQY of these dyes in solution may be attributed to 

enhanced intramolecular motions and the formation of a twisted configuration aound the π-

bridge in solution, which is characteristic of AIEE dyes. Nevertheless, their crystalline 

powders are strongly emissive in the orange/red region, with PLQYs of 45 % at 640 nm and 

33 % at 600 nm, respectively.  
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  All dyes in this study showed strong solvatochromism due to their strong push-pull 

character (Figure S4 for dyes IV and V; see also ref for I-III,
[30]

 
[31]

 
[31]

). The Lippert-Mataga 

model was used to fit the Stokes shifts of the dyes to the solvent orientation polarizability (f) 

(Figure S5, Table S2).
[34,35]

 The Onsager radii were estimated from Suppan’s equation
[36]

 (see 

SI) using the density obtained from X-ray diffraction on single crystals.
[31,33,37]

 From those 

Onsager radii (Table S2), dipole moment variations from 16~19.1 (I~ IV) to 9.6 D (V) were 

determined. Thus, the dipole moment increase upon excitation of dyes I-IV is approximately 

twice as strong as that of dye V. Finally, it is interesting to note that all dyes present large 

Stokes shifts (5000-7500 cm
-1

), also characteristic of their strong intramolecular CT, so low 

auto-absorption can be expected in the films. 

The HOMO and LUMO levels of the dyes were estimated from cyclic voltammetry 

(CV) measurements conducted at 100 mV/s in degassed dichloromethane solutions using 

tetra-n-butylammonium perchlorate (TBAP) as supporting electrolyte (Figure 1c). The CV 

curves recorded at a vitreous carbon electrode revealed that the DPF dyes (I ~ III) are 

reversibly oxidized at similar oxidation peak potential values (0.67 V, 0.65 V and 0.67 V, 

respectively), which is consistent with a triarylamine-centered oxidation (N(Ar)3 N
+

(Ar)3). 

Conversely, these compounds were found to be irreversibly reduced over a quite broad 

potential range, i.e., from -0.75 to -1.5 V, with potential shifts varying with the electron-

withdrawing degree (EWD) of the substituents introduced on the acceptor part. As shown in 

Figure 1c, increasing the strength of the EWD results in a large shift of the reduction potential 

towards more positive values, i.e., from Epeak =-1.33 V for dye I and -1.20 V for dye II 

to -0.92 V for dye III. The HOMO and LUMO energies (Table S1) determined from CV 

suggest that the DPF dyes have similar HOMO energy levels, approximately -5.2 eV, while 

their LUMO levels decrease with the EWD of the substituents, from -3.36 eV (I) to -3.75 eV 
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(III). The red-shift of absorption and emission for dyes I~III were well matched to the CV 

results. 

The CV curves of the CzE dyes (Figure 1c) reveal that dyes IV and V are irreversibly 

oxidized at higher potential values than the DPF dyes, which is consistent with the fact that 

carbazoles are weaker donors than DP. It should be noted that dyes II and IV, featuring an 

identical acceptor group, are reduced at similar potential values, i.e., at -1.20 V and -1.14 V, 

respectively. The HOMO energies of dyes IV and V are approximately -5.6 eV, and the 

LUMO energies are -3.52 eV and -3.27 eV, respectively. Both electrochemical and optical 

bandgaps (Table S1) show the same tendency with a bandgap decrease in the order of dye V> 

IV > I > II > III. 

Geometry optimizations of the ground state of the dyes in vacuum were carried out 

using density functional theory (DFT) with the Gaussian 09 program
[38]

 using the B3LYP 

functional and the 6-31G (d,p) basis set. The optimized structures and the HOMOs and 

LUMOs are represented in Figure S6. The DPF dyes and dye IV displayed rather distorted 

structures upon geometry optimization, possibly due to steric hindrance from the donor 

groups (Table S3) with a large angle (~ 35 ° between the donor and -bridge (AD 

Interestingly, the angles between the -bridge and the acceptor (AA were much smaller than 

AD. Dyes with a large angle sum (AD plus AA) form distorted structures projected from the 

central -bridge. These distorted structures were confirmed by the single crystal X-ray 

diffraction (XRD) data 
[31,33,37]

 of dyes I-III and V, which show larger AD than AA that 

mached well to the calculated results (Table S3). The interchromophore dye-dye stacking 

distance increased in the order I < II < V << III (Figure S7). Even though the dyes will 

probably arrange themselves in a different way in the amorphous thin films, especially in 
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host/guest systems, we can still expect similar steric hindrance and, thus, the same order of 

proximity between the dyes and their surrounding host molecules. 

 

2.2. LEC properties of push-pull dyes without host and with single host 

To examine the LEC properties of dyes, we first examined a simple device structure, 

without a host, where the emitting layer is composed of the dye mixed with 

tetrahexylammonium tetrafluoroborate (THAB) in a 4:1 molar ratio of dye to electrolyte. This 

layer was sandwiched between a 35 nm thick poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate (PEDOT:PSS)-coated indium-tin oxide (ITO) anode and a 100 nm thick aluminum  

cathode (Figure 2, inset). Under a pulsed current (PC) driving mode (50 % duty cycle, 235Hz, 

Figure S8), red to NIR light emission was observed instantaneously (< 1 s) from the device 

built with DPF dyes (I-III) (Figure 2a and b). In the following sections, the films and devices 

with a dye in THAB will be called by the combination of the dye number and initial of THAB, 

e.g., I/T is the LEC device with dye I and with THAB as electrolyte, without a host. 

 The EL emission maximum (em) of I/T was observed at 630 nm, which is ~10 nm 

blue-shifted from the PL emission of the I/T film (642 nm). Both the EL and PL of I/T were 

strongly blue-shifted, by 44 and 32 nm, respectively, compared to the dye’s emission in 

chloroform (674 nm). Moreover, the absorption spectra of I/T films at 483 nm was also blue-

shifted by 20 nm compared to the that of I in solution (Table 1) or in a host (see below). As 

described above and by XRD (Figure S7), dye I had the shortest dye-dye distances leading to 

large dye-dye interactions. The small π-A angle in the crystal structure  allows stacking of I on 

the acceptor side. Thus, the blue-shifts in PL and EL can be attributed to strong dye-dye H-

type stacking. The peak EL irradiance of the I/T device was quite low (22 µW/cm
2
), possibly 

due to aggregation induced quenching by H-type stacking of dyes and a high injection barrier 

(Table S4). 
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 On the other hand, II/T showed relatively high EL emission (157 µW/cm
2
) with a em 

at 738 nm (Figure 2a and b), which agrees well with the PL emission maximum of the II/T 

thin film (737 nm). The EL was red-shifted by 20 nm compared to the PL of II in CHCl3 

(Table S4), indicating that dye II does not form H-type stacking. Dye III showed an 

impressive EL at em
 
of

 
835 nm with a maximum irradiance of 47 µW/cm

2
. The red-shift of 

the EL and PL emissions of dyes II  and III in THAB compared to those in CHCl3 can be 

attributed to the strong positive solvatochromism of the push-pull dyes. In contrast, no 

emission was observed from the IV/T and V/T devices, mainly due to their high injection 

barrier (Table S4). 

In the dye/T devices, carrier transport is limited by the presence of traps, and the 

excitons generated in the p-n junction experience severe exciton-polaron quenching, reducing 

the EL emission.
[10]

 Moreover, most push-pull dyes are known to be progressively quenched 

as the polarity of their medium increases. Indeed, the QY of those push-pull dyes decreased in 

higly polar solvents (Figure S4), which agreed well with previous reports 
[30,31]

. 

To tackle those problems in LEC devices, a host/guest system was employed using the 

model developed for tris[2-(5-substituent-phenyl)-pyridinato]iridium(III) (Ir(R-ppy)3.
[10]

 In 

this multicomponent host/guest system, excitons are trapped on isolated guest (dye) molecules, 

hindering exciton diffusion and quenching. Additionally, the use of a host could be beneficial 

for dye I, as the host molecules reduce the dye stacking described above. Furthermore, 

nonpolar host molecules would reduce the polarity of the active layer, which should increase 

the PL efficiency of the push-pull guests. 

First, single host systems having only a p-type or n-type host were explored with dye I. 

Considering its energy level and p-type nature, poly(9-vinylcarbazole) (PVK) was selected as 

a p-type host,
[10]

 while two different n-type hosts, BBOT
[39,40]

 and OXD-7, were examined to 

tune the n-doping effect (Figure 2c). The weight ratio of the host (PVK, BBOT or OXD-
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7):dye:THAB was 64.6:29:6.4. The energy levels of each component are represented in 

Figure 2d, showing the energy levels of dyes are included inside those of the host compounds. 

Moreover, the position of the oxidation and reduction potential of the dyes (Figure 1c) and of 

the hosts (ref
[10]

 and Figure S9) suggests that doping of the guest is thermodynamically 

preferable to the host doping. This significantly eliminates traps in the doped region, 

increasing carrier mobility. Finally, it is important to note that THAB has a large 

electrochemical stability domain and should not generate side electrochemical reactions. 

 In the following sections, the devices will be named according to the combination of 

the initials of the constituents of the active layer (P for PVK, B for BBOT and O for OXD-7), 

e.g., I/PT represents the LEC device with dye I in a PVK host with THAB as the electrolyte, 

while I/PBT represents the LEC device of dye I with PVK and BBOT (dual host) with THAB 

as the electrolyte. 

In the I/PT device, EL emission from the guest molecules was observed only at 655 

nm (Figure 3a, blue), indicating complete energy transfer from PVK to the dye molecules. 

The red-shift of the EL emission (25 nm) and the PL emission (15 nm) of I/PT, compared 

those of to I/T, indicates less dye aggregation upon addition of the PVK host. However, the 

maximum intensity was slightly decreased to 14 µW/cm
2 

(3.7 Cd/m
2
), as presented in Figure 

3b (top, blue). Compared to the other devices, I/PT operated at a low current density and high 

voltage, which may be originated from the resistivity of the I/PT layer. Indeed, PVK cannot 

be electrochemically reduced easily, preventing n-doping and generating unwanted side 

reactions near the cathode that hinder conductivity.
[21]

 In addition, the electron injection 

barrier is still high, which could explain the low irradiance. 

In the presence of an n-type host only, the EL spectra were blue-shifted, as compared 

to those of the I/PT devices, shifting to 641 nm for I/BT and 651 nm for I/OT devices 

(magenta and cyan line, respectively in Figure 3a and b top). More interestingly, the EL 
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intensities of I/BT (78 µW/cm
2
) and I/OT (151 µW/cm

2
) were greatly enhanced compared to 

those of I/PT or I/T devices, corresponding to 6-fold and 12-fold increases, respectively 

(Figure 3a). I/BT and I/OT emitted at similar voltage (Figure 3b) but their working voltage 

was much lower than that of I/PT. This could be attributed to the formation of an effective n-

doped region by BBOT and OXD-7, which decreased the resistivity and increased the 

irradiance of I/BT and I/OT. It is noteworthy that this irradiance increase is correlated to the 

lowering of the injection barrier or trap depth sum, while the turn-on voltage (Von) of the 

devices increased with increasing injection barrier sum or trap depth sum (Table S4 and 

Figure S10). 

 

2.3. LEC properties of dye with dual hosts 

A dual host system with both p- and n-type hosts was explored for dyes with THAB. 

The components were blended in a 32.3:32.3:29:6.4 weight ratio for PVK, the electron 

transporting host, the dye and THAB. The EL emission maximum was 635 nm and 660 nm 

for I/PBT and I/POT, respectively (red and green line, respectively, in Figure 3a and b top), 

and the EL irradiance was dramatically enhanced to 425 µW/cm
2 

and 386 µW/cm
2
,
 

respectively. The more blue-shifted EL emission of I/PBT compared to I/POT is believed to 

originate from the lower polarity of BBOT (see later) rather than from aggregation, as there 

was no blue shift of the absorption of I  in the I/PBT film (Table S5, Figure S20). Although it 

was experimentally dificult to obtain the same thickness of the active layer, due to the 

difference in the solubility and processability of the hosts (Table S4), the enhancement of EL 

irradiance was obvious. For I/PBT, the enhancement corresponded to a 19-fold increase 

compared to that of I/T and a 5-fold increase compared to that of the single host BBOT 

device (I/BT). Such dramatic enhancement of the dual host LEC system could be ascribed to 

the balancing of carrier mobility and a decrease in the trap depth. 
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Impedance spectroscopy was used to investigate the host’s effect on the device’s 

impedance and capacitance (Figures S11-13) with I/T, I/PT, I/POT and I/PBT. First of all, 

I/PT showed negligible effect of the applied DC voltage (0 to 6 V range) on the resistance 

and capacitance due to its high turn-on voltage and lack of n-doping capacity. On the other 

hand, in the I/T, I/POT and I/PBT devices, increased applied voltage results in lower 

impedance and higher capacitance. Upon electrochemical doping, electrical conductivity was 

enhanced, notably from traps suppression. The ionic conductivity of the devices was decrease 

due to the localization of ions near the electrodes by the electrical field. The high resistance 

values of I/PT and I/POT are well matched with their low current density operation. Finally, 

the largest ionic conductivity at high voltage was observed for I/PBT devices, which may be 

attributed to the favorable host-dye I interactions (Fig 4 c) that could provide well-ordered 

ionic channels for electrical conduction.  

The influence of the dye concentration on the I/PBT device was investigated. As 

shown in Figure S14, the maximum emission intensity was increased as the dye concentration 

was increased up to 17.1 mol % in the mixture. A further increase in the dye concentration (to 

23.2 mol %) led to an ~ 5 % decrease in the peak irradiance of the LEC, indicating that the 

optimum concentration of dye would be approximately 17 ~ 23.2 mol %. In contrast, the PL 

emission of I/PBT films with the same dye concentrations was inversely proportional to the 

dye concentration (Figure S14b). Both PL and EL showed a red-shift of the emission as the 

dye concentration was increased from 5 mol % to 23.2 mol %, even though this red-shift was 

more marked in PL (24 nm) than in EL (9 nm). The morphology of the film with 23.3 mol % 

was rougher than that of the films with lower dye concentrations, as determined from the 

SEM images (Figure S15). Thus, further studies on the LEC properties of other dyes and hosts 

with a dye concentration of approximately 17 mol % were performed. 
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Dyes II-V were investigated in POT and PBT devices. Figure 3b and c present the 

voltage and irradiance variations with different applied average current densities and the 

normalized EL spectra, respectively, for the POT and PBT devices. First, with the POT host, 

dye IV emitted red light (633 nm) with a peak irradiance of 35 µW/cm
2
, but the V/POT 

devices were still not emissive. Compared to the devices without a host (II/T), the EL 

emissions of II/POT and III/POT were blue-shifted by 23 and 10 nm, as expected from the 

lower polarity. The PL of dye II was also blue-shifted in II/POT. The maximum irradiance 

was more than doubled for dye II/POT, reaching 364 µW/cm
2 

. However, the irradiance of 

III/POT was halved upon inclusion in this host system. This can probably be explained by 

the mediocre overlap between the emission of the PVK/OXD-7 host (420 nm) and the 

absorption of dye III (Figure 3c, bottom), resulting in low Förster resonance energy transfer 

(FRET). On the other hand, the exciplex emission of the PVK/BBOT host (490 nm) perfectly 

overlaps with the absorption of dyes I and II in chloroform solutions and has a decent overlap 

with the absorption of III in CHCl3 (the absorption in the thin films is very close to the 

absorption in solution; see Figure S16a). Thus, the combination of PVK and BBOT should 

lead to a more efficient FRET to dye III compared to the PVK/OXD-7 pair. Moreover, the 

lower LUMO of BBOT (-3.16 eV, Figure 2d) should lead to more equilibrated doping states. 

With this dual host, the irradiance of II/PBT was approximately 2.5 times higher than 

the II/T devices (Table 1) and increased ~10 % compared to II/POT, to reach 397 µW/cm
2
 at 

705 nm. The irradiance of III/PBT was remarkably enhanced as compared to that of III/T 

(2.5-fold) and III/POT (almost 4 times), reaching a peak irradiance of 123 µW/cm
2
 at 800 nm. 

IV/PBT emitted in the orange region (λem = 601 nm) with an irradiance of 41 µW/cm
2
, 

slightly increased compared to that of the IV/POT devices. Finally, V/PBT emitted yellow 

light (λem= 550 nm) with a modest peak irradiance of 0.63 µW/cm
2
. 
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Thus, the dyes showed a large enhancement of the EL intensities upon incorporation in 

dual host systems. In both POT and PBT devices, only emission from the guest dyes was 

detected, indicating complete energy transfer from the host to guest molecules. The emission 

of dyes was higher in the PBT devices than in the POT devices, probably due to the lower 

ELUMO of BBOT and less exciton quenching from the reduced polarity of the PBT films. 

Indeed, when comparing the dye/POT and dye/PBT films, a blue-shift of the PL and the EL 

was observed upon substitution of OXD-7 by BBOT. This polarity difference can be 

explained by the different geometry around the central aromatic (2,5-thiophene versus 1,3-

phenyl) and different partial compensation of the two dipole moments from each acceptor 

group to the central core of these quadrupoles (calculated ground-state dipole moment of 6.2 

D for OXD-7 and 1.3 D for BBOT, as shown in Figure S9b). 

 

2.4. Effect of host on the working voltages and maximum brightness of the devices 

Figure 3d presents a schematic diagram of the charge separation over a p–n junction, 

as well as the charge transport and radiative recombination in a dual host LEC device, at 

steady state under an applied electrochemical stimulus. Compared to the open circuit state 

(Figure S16b), the applied current generates the average probed voltage (Vap) (Figure 2b for 

example) that ultimately triggers charge separation and radiation. It is noteworthy that the Vap 

was sharply increased but doomed to start from the current that turns on irradiance (Figure 2b), 

which corresponds to Von. This semi-stable Vap region with a sharp increase in radiation 

corresponds to the radiative recombination region. At a low current density, charge separation 

occurs as the dyes undergo a redox reaction. At the same time, charge balancing ions move 

towards each electrode. The cations on the n-doping side (and the anions on the p-doping 

side) of the p-n junction diffuse towards the emission region, resulting in an ionic 

concentration gradient over the junction. This opposing voltage generated by the diffusive ion 

https://www.nature.com/articles/nmat2478
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motion decreases the rise in Vap as it compensates for the electrostatic potential over the 

junction.
[41]

 As the ion drift and transport motion could be affected by the charge separation as 

well as the p- and n-doping, the voltage profile was largely affected by the dyes and host 

(Figure 4a and b). As shown in Figure 4a, Von was increased for a larger injection barrier, as 

expected from the energy levels of dyes, host, and electrodes (Figure 2d). Interstingly, as  the 

CT distance of dyes was increased, Von of the LECs was decreased, mainly due to that the 

extended conjugation from the donor to acceptor may facilitate carrier transport.   

A striking feature of the BBOT host is its lower Von and operating voltage compared to 

those of the OXD-7 devices despite the similar injection barrier, trap depth and CT distance in 

both host systems (Figure 4a and Figure S10). The voltages at the maximum irradiance (Vmax) 

were also decreased, from the POT devices (9-13 V) to the PBT devices (7-10 V) as 

summarized in Table S4. This voltage drop for the BBOT host system could originate from 

the lower bandgap of the PVK/BBOT host as well as the easier electrochemical doping of 

BBOT compared to OXD-7. Indeed, BBOT is reduced at -1.9 V vs Fc/Fc
+
 (Figure S9a), 

whereas OXD-7 at approximately -2.2 V vs Fc/Fc
+
.
[10]

 In addition, considering the different 

anion and cation volumes (58 Å
3
 vs 450 Å

3
)
[42]

, the ionic mobility of BF4
-
 should be 

considerably higher than the mobility of THA
+
. This should lead to higher anion near the 

anode than cation concentration near the cathode and thus higher p-doping possibilities. Then, 

the effect of n-doping would be significantly large enough to differentiate the OXD-7 against 

BBOT. 

On the other hand, the peak irradiances of dye/POT and dye/PBT were correlated 

with several parameters. The irradiance increased as the quantum yield (QY) and lifetime of 

dyes in solution increased (Figure 4d red and green, respectively). Moreover, it decreased as 

the electron trap depth or dipole moment transition of the emitting layer increased (Figure 

S17a and b), except for dye V, due to the enhanced barrier to overcome. Notably, the 
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correlation of the QY of dyes for the solid powder against peak irradiance was poor (Figure 

S17c), indicating that the dye-dye interaction or H-stacking of dyes are unlikely in the 

presence of host. Instead, dye-host interactions become important, and the host behaves like a 

solid solvent. Moreover, the irradiance was inversely proportional to the angle sum (AD plus 

AA) (Figure 4b, blue), except for dye V in PBT. As described above, dyes with large angles 

form distorted structures projected from the central -bridge. These distorted structures would 

have difficulty interacting with the host because of steric hindrance. Instead, Figure 4b 

indicates that dyes with more planar structures (low angle sum) could allow proximity 

between the dyes and their surrounding host molecules (Figure 4c), leading to larger energy 

transfer from the host to guest dyes and eventually to provide larger irradiance. Dye V in PBT 

was an outlier from these correlations, possibly due to the low peak irradiance arising from 

the high injection barrier sum. 

As all the devices operate in different current and voltage ranges, it is of interest to 

compare their peak external quantum efficiency (EQE) and current efficiency . I/POT 

showed the highest peak EQE (0.49%). Interestingly, the peak EQEs of dye II are quite high 

considering its emission in the NIR region (Table S4 and Figure S17d). 

Operation stability is of great importance for displays. The operation stability of 

I/POT and I/PBT devices are shown in Figure 4d and e, respectively. It was investigated 

upon turn-on and turn-off  for 3 s with 3 measurements at each cycles at a similar emitted 

brightness of 20 Cd/m
2
. Both devices showed good switchability over multiple cycles, 

possibly due to the electrochemical stability of the push pull dyes involved. Notably, the EL 

intensity of LEC devices increased by 5 ~ 15 % within 5 cycles compared to the first turn-on 

and then remained stable even after 30 ~ 40 cycles. This increase could be caused by a 

difference in the doping and dedoping speeds resulting in a growth of the doped region 

between each cycle, thus emission enhancement. After 300 s, a small but obvious decrease of 
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the EL intensity is observed from the I/PBT device. This could be due to the higher average 

pulsed current (222 mA/cm
2
) application to I/PBT as compared to that for I/POT devices (11 

mA/cm
2
), leading to higher joule heating, thus higher temperature and faster degradation. The 

stability was also investigated upon constant pulsed current application. The average voltage 

and irradiance variations for I/T (driven at 100 mA/cm
2
), I/POT (driven at 30 mA/cm

2
) and 

I/PBT (driven at 111 mA/cm
2
) over time are shown in Figure S18. When driven with a 

constant pulsed current, a decrease of the voltage can be observed during the first 10-20 s and 

can be attributed to the electrochemical doping of the active layer. The peak irradiance was 

reached in a few seconds (I/POT) to 10-20 s (I/T and I/PBT). Decent stability was observed 

for I/T devices with a lifetime to half maximum irradiance (t1/2) of 2650 s. I/POT showed 

exceptional long-term stability at high irradiance, with an initial 30 % decrease (296 to 202 

μW/cm
2
) during the first 500 s of operation followed by only 20 % diminution over the next 

19,500 s, leading to a t1/2 of more than 20,000 s (t1/2  > 5.5 h), and an overall progressive 10 % 

decrease of the voltage. The initial fast decrease of the irradiance could be due to shifting of 

the position of the p-n junction.
[43]

 Finally, I/PBT devices showed lower stability than the 

others with a t1/2 of 90 s. For all devices, it is noteworthy that almost no spectral difference 

was observed between the emission spectra at maximum irradiance and at half maximum 

irradiance. The lower stability of I/PBT than the others could be due to over-doping 
[44]

 in 

I/PBT in the stabilized regime, as this device showed the highest conductivity in impedance 

spectroscopy. Such over-doping could lead to doping-induced exciton quenching and side 

reactions, to reduce the lifetime of the I/PBT device. To minimize over-doping effect from 

the constant curr ent experiment, current-off (turn off) state could be introduced between the 

current-on states as in the current on/off switching cycles above. In Figure 4e, current on/off 

cycles with 3 s intervals give significantly prolonged stability for the I/PBT device. 
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Figure 5 presents the maximum irradiance to emission wavelength comparison of NIR 

(>700 nm) dyes used for LEC devices to date (the structures and references of RX are given 

in Figure S19). To the best of our knowledge, to date, only 3 LECs with emission maxima 

above 800 nm have been reported: 2 iridium complex-based LECs and one zinc porphyrin-

based LEC (Figure S15).
[17,45,46]

 Hence, LECs incorporating dye III are the most red-shifted 

metal-free LECs to date. Moreover, the maximum irradiance of the LEC incorporating II and 

III are in the same range as polymer-based (blue dots), iTMC-based (black dots) or hybrid 

(iTMC + organic dye or iTMC + polymer, green dots) LECs. These results are particularly 

remarkable because fluorescent dyes do not harvest triplet excitons, unlike phosphorescent 

LECs. These results show that well-optimized small dye-based LECs can compete with state-

of-the-art polymer or iTMC LECs. Furthermore, this study sheds light on a design principle 

for yellow to NIR emitting push-pull dyes for LEC devices, taking advantage of their easy 

tunability of the emission wavelength from the D-π-A structure. In addition,  the CT disctance 

of push-pull dyes could be a convenient tool to reduce working voltage and Von of LECs. The 

host-guest system was necessary to enhance the irradiance of LECs made of push-pull dyes, 

which could be further enhanced by 1) optimizing dye-host interactions using a dye with a 

low distortion angle along the π bridge and acceptor, 2) energy tuning between the host and 

dyes, and 3) maximizing spectral overlap between the host and dyes. 

  

3. Conclusion 

Push-pull dyes presented high thermal stability, Φf, simple thin film processiblity, and 

high tunability in EL wavelength by controlling their structure and host in LECs. In particular, 

the fluorene-based dyes I-III showed high irradiance comparable to those of state-of-the-art 

iTMC-based NIR LECs due to their excellent fluorescence properties in solution and in the 

solid-state. This study sheds light on a design principle for yellow to NIR emitting push-pull 
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dyes for LECs, taking advantage of their easy tunability of the emission wavelength from the 

D-π-A structure. The dye III showed the most red-shifted metal-free LECs (~ 825 nm) up to 

date. In addition, the CT disctance of push-pull dyes could be a convenient tool to reduce 

working voltage and Von of LECs. These results are particularly remarkable because 

fluorescent dyes do not harvest triplet excitons. Hence, several important design principles 

were put forward for high LEC emission from push-pull dyes: increased dye–host interaction 

via low distortion angle between the π-bridge and acceptor, fine energy tuning between host 

and dyes, and maximization of the spectral overlap between the host and dyes. Finally, we 

showed that replacing the electron transport material OXD-7 with BBOT led to an increase in 

the irradiance, arising from better energy transfer from BBOT to the dyes, as well as lower 

operating bias originating from the lower redox potential of BBOT. 

  

 

4. Experimental Section 

 

Materials: PVK (poly(9-vinylcarbazole) and THAB (tetrahexylammonium tetrafluoroborate) 

were used as received from Sigma Aldrich. OXD-7 (1,3-bis[2-(4-tert-butylphenyl)−1,3,4-

oxadiazo-5-yl]benzene) was purchased from TCI. BBOT (2,5-bis(5-tert-butyl-benzoxazol-2-

yl)thiophene) was purchased from Alfa Aesar and used as received. Chlorobenzene and other 

solvents were HPLC grade [Aldrich, >99% purity]. Poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and pattered indium-tin-oxide 

(ITO) glass were purchased from Ossila and Wooyang GMS, respectively. 

 

Fabrication of LECs: For the dye/T approach, solutions of the active layer were prepared by 

dissolving dyes I-V at a concentration of 10 mg/mL with THAB in chlorobenzene with a 

dye/T molar ratio of 4:1. For the single host approach, dyes were dissolved at a concentration 

of 10 mg/mL in chlorobenzene, and host materials were added with a weight ratio of 
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host/guest/electrolyte = 64.6:29:6.4. For the multi host/guest approach, the solutions were 

prepared in a similar way, with a weight ratio of host1/host2/guest/electrolyte = 

32.3:32.3:29:6.4. For the dye/PBT LECs, chlorobenzene was replaced with DMAC to 

maintain film quality. Patterned ITO glass substrates were cleaned by a 20 min ultrasonic bath 

in 500 ml of DI water and 5 ml of Hellmanex™ III, followed by 20 min in DI water and 

finally 20 min in acetone. The substrates were then dried in an oven at 80 °C for 1 h to 

remove any solvent residues before undergoing a UV-ozone treatment for 20 min. 

PEDOT:PSS (35 nm) was spin-coated on the substrates at 4000 rpm for 60 s before baking at 

110 °C for 1 h. The substrates were then transferred into a dry N2-filled glovebox. The active 

layers were then spin-coated at 2000 rpm for 60 s and annealed for 1 h at 70 °C. Finally, a set 

of four Al (100 nm) electrodes was added on top of the active material by thermal evaporation 

under high vacuum (5*10
–4

 Pa) through a shadow mask. 

 

Instruments and characterization: The LECs were driven by a pulsed current mode (235 Hz, 

50 % duty cycle) generated by a Keithley 2400 sourcemeter controlled by a MATLAB code. 

The voltage and radiance of the LEC were measured upon application of a current ramp. 

Irradiances (from radiances) and EQE were calculated assuming Lambertian emission. TGA 

was performed on a Q50 analyzer from a TA instrument. DSC was performed on a DSC 200 

F from Netzsch. Absorption spectra in solution were measured on a dual beam JASCO 670 

spectrometer. Fluorescence spectra in solution and in powder were measured on a Horiba 

Jobin-Yvon Fluorolog-3® spectrofluorimeter equipped with red-sensitive Hamamatsu R928 

or R2658 photomultiplier tubes and reference-corrected for both the excitation source light 

intensity variation (lamp and grating) and the emission spectral response (detector and 

grating). The Φf of IV was measured in dilute solution by a comparative method with rubrene 

as standard references. Absolute quantum yields in powder were measured as described by de 
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Mello et al.
[47]

 and Porrès et al.
[48]

 using an integrating sphere collecting all the emission (2π 

steradians covered with spectralon®, model F-3018 from Horiba Jobin Yvon). The sphere 

was calibrated with known standards (Coumarin 153, Rhodamine 6G, DMAMS, Erythrosine 

B and tetraphenylporphyrin). Absorption and fluorescence spectra of thin films were 

measured on a Perkin-Elmer lambda 750 spectrophotometer and a Konica Minolta CS-2000 

spectroradiometer, respectively (with excitation at 365 nm from a UV lamp). The lifetimes of 

the dyes in chlorobenzene were in the nanosecond range (Figure S3b). The transient decay of 

dyes I ~ IV can be fitted with a monoexponential, with lifetimes of 2.5, 2.1, 1 and 0.8 ns, 

respectively. Dye V was fitted with three exponentials. The intensity-weighted average 

lifetime for V was calculated to be 2.1 ns with the following formula:  

      
        

 
 

         
        (1) 

From the three exponentials, the lifetimes of V were determined to be 0.2 (67 %), 3 (21 %) 

and 10.9 (12 %) ns, which could possibly be attributed to Z/E photoisomerization in solution. 

The fastest and major weight (67 %) of 0.2 s is reported in Table 1 and correlated to Figure 4b 

(green). 

The brightness and EL spectra (380-780 nm) of the LEC devices were measured with a 

Konica Minolta CS-2000 spectroradiometer. Finally, LEC spectra in the 780-940 nm range 

were obtained with an Avaspec-2048 optical fiber spectrometer corrected in the NIR region 

by using the fluorescence of 4-dimethylamino-4'-nitrostilbene (4,4'-DMANS).
[49]

 Conversion 

from radiance to irradiance was done assuming Lambertian emission. The impedance 

spectroscopy analysis was carried out with a universal potentiostat [model CHI 624B (CH 

Instruments, Inc.)].). The devices were measured in the frequency range from 200 kHz to 1 

Hz and with an amplitude of 10 mV. The data were analyzed using the model circuit 

presented in Figure S11. 
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Cyclic voltammetry experiments were conducted at a concentration of 1 mM under an argon 

atmosphere (glove box) in a standard one‐ compartment, three‐ electrode electrochemical 

cell using a Biologic ESP-300 potentiostat equipped with a 1 A/48 V booster and a linear scan 

generator. TBAP was used as the supporting electrolyte (0.1 m) in anhydrous 

dichloromethane. The vitreous carbon (= 3 mm) working electrodes were polished with 

diamond paste before each recording. A platinum wire counter electrode was used. The 

Ag
+
/Ag reference electrode was made of a silver wire immersed in a solution containing a 

known concentration of Ag
+
 (AgNO3 (10

-2
 M) + tetrabutylammonium perchlorate (0.1M) in 

acetonitrile). The HOMO and LUMO energy level was calculated from the oxidation 

(reduction) onset as: 

                                           (2) 

                                           (3) 

The thickness of the PEDOT:PSS and the active layer were measured by cross-cut SEM using 

a field emission scanning electron microscope (JEOL, IT-500HR, imaged after 90 s of Pt 

coating) and a stylus profilometer (Bruker, DektakXT). 
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Figure 1. (a) Structures of dyes I-V. (b) Molar absorption coefficients (dashed) and 

normalized fluorescence (solid line) of dyes I (red), II (blue), III (black), IV (orange), and V 

(green) in CHCl3 (2.5 μM), excited at their absorption maximum. (c) Cyclic voltammograms 

of dyes I-V (1 mM) in degassed DCM solutions using tetrabutylammonium perchlorate as the 

electrolyte (0.1 M), glassy carbon as the working electrode, platinum as the counter electrode, 

Ag/Ag+ as the reference electrode and a scan rate of 100 mV/s.  

 

 

 

Figure 2. (a) EL spectra (top) of the LEC device with dyes I (red), II (blue), and III (black) 

in THAB (4:1 mol. ratio) compared to their photoluminescence spectra (middle) and 

absorption (bottom) in chloroform solution (2.5 mM). The EL spectra were acquired with a 

spectroradiometer (below 780 nm) and then with a corrected optical fiber spectrometer. (b) 

The voltage (empty square) and irradiance (filled) variations under increasing applied average 

current density for dyes I (blue), II (red), and III (black) in THAB. Inset : Schematic diagram 

of the LEC structure. (c) The chemical structure of the hosts. (d) Schematic energy level 

diagram of the dyes and host. 
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Figure 3.  (a) EL spectra of the I/T (dotted black), I/PT (blue), I/OT (cyan), I/BT (magenta), 

I/PBT (red) and I/POT (green) devices at their maximum EL intensity. (b) The voltage 

(empty square) and irradiance (dots) variations with the applied average current density of the 

devices of dye I in different medium (top), of dyes/PBT devices (middle) and of the 

dyes/POT devices (bottom). (c) Normalized EL emission spectra of the dye/PBT devices 

(top) and of the dye/POT devices (middle) compared to the normalized dye absorption 

spectra in chloroform and host/T film PL emission spectra (bottom, gray area: POT film and 

purple area: PBT film) for dye I (red), II (blue), III (black), IV (orange), and V (green). The 

EL spectra were acquired with a spectroradiometer (before 780 nm) and then with a corrected 

optical fiber spectrometer. (d) Schematic diagram illustrating the working mechanism of the 

LECs taking into account the ionic size difference (blue circles: THA
+
, red circles: BF4

-
, black 

circles: holes (+) and electrons (-), red lightning bolt: light emission). 
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Figure 4. (a) Correlation between the device turn-on voltage (Von) and the injection barrier 

sum (red) and CT distance (blue) for dye I (circle), II (square), III (star), IV (triangle) and V 

(diamond) in the /PBT (filled shaped) and /POT (open shapes) devices. (b) Correlation of the 

peak irradiance with the QY yield in solution (red) lifetime in solution (green) and the angle 

sum (blue, AD + AA) for dye I (circle), II (square), III (star), IV (triangle) and V (diamond) 

in the /PBT (filled shaped) and /POT (open shapes) devices. (c) Optimized structures of I and 

BBOT showing the small AA and possible dye-host interactions on the acceptor side. (d) 

Stability of the I/POT devices upon 34 cycles of turn-on (~3 s) and turn-off (~3 s) driven by 

an average pulsed current of 11 mA/cm
2
. (e) Stability of the I/PBT devices upon 41 cycles of 

turn-on (~3 s) and turn-off (~3 s) driven by an average pulsed current of 222 mA/cm
2
. 
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Figure 5. Comparison of the maximum irradiance of NIR LECs presented herein (square, 

diamond, pentagon forms) and published previously (half-filled circles; the structures and 

references of R1-R14 are given in Figure S19). The color of the symbols corresponds to the 

emitter's category: black for metal complex emitter (Ir, Ru, Zn), green for metal complex with 

organic dye or polymer hybrid, red for organic dye, and blue for organic polymer. When 

needed, conversion from radiance to irradiance was done assuming Lambertian emission. 

 

Table 1. Optical and electrochemical properties of the dyes in solution and crystalline powder 

Dye 
λabs

a
 

[nm] 

λPL
b)

 

[nm] 

Φf
c)

 
[%]

 
τ

d)
 

[ns] 
λPL

e)
 

[nm]
 

Φf
f)
 

[%]
 

CT
g)

  
[Å] 

Dye/PBT (Dye/POT) LECs 

λPL
n)

  [nm] λEL
o)

  [nm] Irr
p)

  [µW/cm
2
] 

I 508
j)
 674

j)
 51

j) 
2.5 655 22 4.98 650 (660) 635 (660) 425 (386) 

II 509
k)
 718

l)
 37

k)
 
 

2.1 710 28 5.34 725 (730) 705 (715) 393 (364) 

III 570
k)
 788

k)
 30

k)
 
 

1 800 9 5.37 > 780(> 780) 800 (825) 123 (19)  

IV
 

425 625 11
l)
 
 

0.8 640 45 4.74 615 (620) 601 (633) 41 (35) 

V 440
m)

 530
m)

 <1
m) 

0.2 600 33 3.51 570 (-
q)
) 550 (-

q)
) 0.63 (-

q)
) 

a)
Maximum absorption wavelength, 

b)
maximum fluorescence wavelength, and 

c)
fluorescence 

quantum yield of dyes in CHCl3 solution. 
d)

Lifetime in chlorobenzene solution. 
e)

Maximum 

fluorescence emission and 
f)
fluorescence quantum yield in solid-state (crystalline powder) 

measured with calibrated integrated sphere. 
g)

Calculated CT distances. 
h)

HOMO (EHOMO,CV), 

LUMO (ELUMO,CV) energy, and bandgap (Eg,CV) determined from CV (Figure 1c). 
i)
Optical 

bandgap measured from the onset of the absorption spectra in chloroform. 
j)
From ref

[30]
, 

k)
From ref

[31]
. 

l)
Measured using rubrene as reference (Φf = 27 % in MeOH). 

m)
From ref

[33]
. 

n)
Maximum fluorescence wavelength of dyes in PBT (POT) devices. 

o)
Maximum 
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electroluminescence wavelength of dyes in PBT (POT) devices. 
p)

Peak irradiance of 

electroluminescence for dyes in PBT (POT) devices. 
q)

No emission was detected. 
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Push-pull NIR dyes are used as emitters in light-emitting electrochemical cells. Control 

of the host energy levels and interactions with the dyes enables strong NIR emission, up to 

835 nm, with peak irradiances comparable with polymer or transition metal complex light-

emitting cells. 
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