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Multicolored electrochromic and electrofluorochromic materials 
containing triphenylamine and benzoates  

Wei-jing Zhang, Xin-cen Lin, Feng Li, Zhen-jie Huang, Cheng-bin Gong,* and Qian Tang* 

Six novel electrochromic materials, 4,4′,4″-nitrilotribenzoates (NTBAs, a–f), with donor-acceptor structure, were designed 

by combining cathodically electrochromic benzoates as a color-tuning unit and anodically electrochromic triphenylamine as 

a fluorescence-quenching unit to achieve multi-electrochromism and electrofluorochromism. The stereochemistry of the 

NTBAs was investigated by single-crystal X-ray diffraction. The NTBAs showed a strong blue emission in N,N-

dimethylformamide. When the NTBAs were introduced into electrochromic devices (ECDs), all six ECDs showed multicolored 

electrochromism. All six ECDs displayed electrofluorochromic behavior, which was possibly caused by the monocationic 

radical formed from the oxidation of the triphenylamine center. The ester substituents markedly influenced the colored 

states, switching cyclability, coloration efficiency, and electrofluorochromic properties. The compounds with saturated alkyl 

substituents (a–c) showed three colored states, namely yellow (at ±2.8 V), light red (at ±3.0 V), and orange red (at ±3.6 V), 

relatively better cyclability, high coloration efficiency (> 220 cm2/C), and good electrofluorochromic properties. The 

compound with the shortest chain length (a) performed best. The compound with an unsaturated alkyl substituent (d) 

showed poor electrochromic and electrofluorochromic properties. The compounds with aryl substituents (e and f) showed 

three colored states, namely yellow (at ±2.6 V), purple (at ±3.0 V), and claret (at ±3.6 V), moderate coloration efficiency (ca. 

200 cm2/C), and good electrofluorochromic properties. The cyclability was markedly improved when the aryl substituents 

contained an electron-donating group.

1. Introduction 

Electrochromism refers to a reversible change in optical 

absorption during chemical reduction and oxidation.1 

Electrochromic materials (ECMs) are widely used in smart 

windows,2−5 displays,6−8 adaptive camouflage,9,10 and energy 

storage.11−13 Since Platt14 discovered the electrochromic 

phenomenon in 1961, a number of ECMs, including inorganic 

transition metal oxides,15−18 organic materials,19−22 and organic 

and inorganic hybrid materials,23−25 have been developed. 

Multicolored ECMs, which allow multicolor tunability, have 

attracted considerable research attention for their potential 

applications in displays such as smart windows, electronic 

papers, antiglare rearview mirrors, and adaptive camouflage.1,9 

Although significant achievements have been made, the need 

persists for development of more easily synthesized 

multicolored ECMs with good multicolor tunability. 

 In 1993, Lehn26 proposed the concept of 

electrofluorochromic (EFC) behavior, which combines 

electrochromism and fluorescence in one material. In 2006, 

Kim27 reported the first EFC device (EFCD) based on a tetrazine 

containing material. EFCDs have the advantages of low working 

voltage regime, low power requirement, and full visible-

spectrum coverage, and therefore have potential application in 

displays, optical memory, sensors, and biological analysis.28 

Since 2006, many ECMs with EFC behavior,29 such as materials 

containing boradiazaindacene,30 viologens,31 boron 

dipyrromethene–ferrocene,32 conjugated polymers containing 

quantum dots33 and propylenedioxythiophene-phenylene,34 

spirocyclic Meisenheimer complexes,35 crosslinked polymers 

containing tetraaniline and fluorine,36 thiophene-containing 

materials,37,38 and especially materials containing 

triphenylamine (TPA) and derivatives,28,39−48 have been 

developed. TPA and derivatives have been the most extensively 

studied because they are effective fluorescence quenchers 

through the formation of radical cations via electrochemical 

oxidation.48 High-performance EFC devices, especially with 

multielectrochromism, are still lacking and their preparation 

remains a challenge. 

In 1987, Sugimoto49 discovered that phthalate derivatives 

showed cathodically electrochromic behavior, which laid the 

foundation for studying the electrochemical properties of 

benzoates. Webster50−53 studied the mechanism for the 

electrochemical reduction of disubstituted aromatic esters and 

thioic S-esters in detail. Kobayashi,54 Webster,55 and Gong56−58 

reported the electrochromic properties of benzoates with 

different molecular structures. However, these benzoates  
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Scheme 1 Molecular structure of NTBAs. 

 

displayed only one colored state. Gong reported dual-colored 

electrochromic benzoates through molecular design.59,60 In this 

paper, we report novel ECMs, 4,4′,4″-nitrilotribenzoates 

(NTBAs), with D-A (donor-acceptor) structure, by combining 

cathodically electrochromic benzoates as a color-tuning unit 

and anodically electrochromic TPA as a fluorescence-quenching 

and color-tuning unit in one material (Scheme 1), which show 

both multicolored electrochromism and EFC behavior. 

2. Experimental 

2.1. Materials and instruments 

4-Aminobenzonitrile (AR, 98%), 4-fluorobenzonitrile (AR, 99%), 

cesium fluoride (AR, 99%), alcohols, and phenols were 

purchased from Aladdin Co., Shanghai, China. Potassium 

hydroxide (AR, ≥ 99%), thionyl chloride (AR, 99%), and 

triethylamine (AR, 99%) were purchased from Chemical Co., 

Chongqing, China. The fluorescence quantum yields of solid-

state molecules were measured with a FS5 fluorescence 

spectrometer (Edinburgh Instruments, England) by using a 150 

W steady state xenon lamp and a calibrated integrating sphere. 

The fluorescence spectra were measured with a F-380 

fluorescence spectrophotometer (Tianjin, China). The CIE 

(International Commission on Illumination) L*a*b* coordinates 

for the ECDs based on NTBAs was measured with a color reader 

CR-10 plus (Konica Minolta, Inc., Japan). 

2.2. Synthesis of NTBAs 

NTBAs (a–f) were synthesized according to previous 

methods.56−59 Details of the synthesis and characterization of all 

these compounds are supplied in the Supporting Information. 

2.3. Fabrication of electrochromic devices 

Fabrication, sealing, and testing of all ECDs were performed at 

room temperature according to previous methods by 

sandwiching the electrochromic layer between two electrodes 

of glass coated with indium tin oxide (conductive side inward)  

 
 

Fig. 1. ORTEP representation of compound d. Displacement 

ellipsolids are set to 30% probability. Hydrogen atoms are 

omitted for clarity. 

 

and reflective metallic surface with a separation of 0.035 

mm.22,56,57,59 The dimension of ECD was 20 mm in width and 20 

mm in length. For the electrochromic layer, the concentrations 

of a–f, ferrocene, and tetrabutylammonium 

hexafluorophosphate (TBAPF6) in N,N-dimethylformamide 

(DMF) were all 20 mmol/L. 

2.4. X-ray crystal structure 

Single-crystal X-ray diffraction was carried out on an Agilent 

SuperNova EosS2 diffractometer using graphite 

monochromated Cu Kα radiation (λ = 1.54184 Å). The crystals 

were kept at 291.5 (10) K during data collection. The structure 

was solved by the ShelXT61,62 structure solution program in 

Olex263 and refined using full-matrix least squares based on F2 

with the program SHELXL-201861,62 within Olex2. 

3. Results and discussion 

3.1. Stereochemistry 

A single crystal of compound d was cultured at room 

temperature in a mixed solvent of dichloromethane and 

ethanol with a volume ratio of 2:1. Fig. 1 depicts the X-ray 

crystal structure of compound d. Crystal data and experimental 

data for compound d are summarized in Table S1 (see 

Supporting Information). 

3.2. Density functional theory calculations 

To further understand the electrochemical and electrochromic 

mechanism, representative compounds a, d, and f were 

selected for density functional theory (DFT) calculations. The 

calculations were performed by using the Gaussian 09 program 

package. All the geometries of compounds were fully optimized 

by using the Becke three-parameter hybrid functional (B3LYP) 

at 6-31g* basis set. The solvent effects of DMF were simulated 

by using a polarizable continuum model PCM with the self-

consistent reaction field SCRF method. The UV-Vis spectra were 

simulated under the same condition with TDDFT PBE0/6-31g* 

method. The energy levels were listed in Table S3, the simulated 

absorption spectra were illustrated in Fig. S25, and the 

molecular orbital diagrams were illustrated in Fig. 2. The 

HOMOs of compounds a, d, and f were predominantly found at  
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Fig. 2. The HOMO and LUMO diagram of compounds a, d, and f. 

 

the central part of the molecules, which indicated that the 

central triphenylamine unit was oxidized prior to the three 

branched ester units.19 The LUMOs of compounds a and d were 

similar, the charge localized on three branches. This 

demonstrates that all three branches have the tendency to 

accept electrons. The charge at the LUMO of compound f was 

localized across two of the three branches, which was distinctly 

different from those of compounds a and d. This indicates that 

two branches of compound f have the tendency to accept 

electrons. The energy gaps of compounds a, d, and f were 

calculated to be 3.941, 3.934, and 3.885 eV, respectively (Table 

S3).  
3.3. Electrochemical properties 

Cyclic voltammetry (CV) of compounds a–f (1 mmol/L) was 

measured under a nitrogen atmosphere in DMF at room 

temperature using TBAPF6 (50 mmol/L) as the supporting 

electrolyte (Fig. 3). The anodic peak potential (Epa) and cathodic 

peak potential (Epc) values of a–f are listed in Table 1. By 

combining the CV results of DMF and DMF/TBAPF6 (Fig. S10C), 

we concluded that the quasi-reversible (1'/1) at about 1.60/1.45 

V vs Ag/AgCl for all compounds was derived from the oxidation 

of the triphenylamine center to form a monocationic radical via 

a one-electron process.40 The anodic peak (5') at about 1.00 V 

vs Ag/AgCl was ascribed to the oxidation of TBAPF6 (Fig. S10C). 

Compared to viologens and viologen analogues where 

pyridinium is the electrochromic center,31 the reduction process 

of ester-based ECMs is more complex because of some 

accompanied chemical processes.60 When R was alkyl 

(compounds a–d), three redox couples (2′/2, 3′/3, and 4′/4) 

were observed. The intensity at 2 was weak and gradually 

increased as the scan number increased (Fig. S9), this was 

possibly assigned to an adsorbed species. The peak current 

magnitude of 3 was much larger than that of 4, this indicated 

that electrochemical processes of 3′/3 and 4′/4 may have 

different electron transfer number. The redox couples of 3′/3 

and 4′/4 probably corresponded to the reduction of the 

benzoate unit (Fig. 3).53 To investigate the mutual interaction 

between the anodically (triphenylamine )and cathodically 

(esters) electrochromic units, CV scans were conducted at the 

potential between 0.0 and 2.0 V vs Ag/AgCl (Fig. S10A, S11A, 

S12A, and S13A) and between 0.0 to −2.6 V vs Ag/AgCl (Fig. S10B,  

Table 1 The Epa and Epc values of compounds a–f 

Compound

s 
Epa/V vs Ag/AgCl Epc/V vs Ag/AgCl 

a 1.58, −1.53, −1.81, −2.54 1.46, −1.67, −2.07, −2.70 

b 1.56, −1.54, −1.8, −2.54 1.44, −1.70, −2.07, −2.68 

c 1.59, −1.54, −1.82, −2.46 1.44, −1.63, −2.04, −2.58 

d 1.59, −1.51, −1.79, −2.57 1.46, −1.61, −2.04, −2.69 

e 1.72, −1.41, −1.59, −2.27 1.54, −1.94, −1.94, −2.44 

f 1.62, −1.41, −1.63, −2.41 1.51, −1.94, −1.94, −2.54 

 
Fig. 3. CV analysis of compounds a–f (1.0 mmol/L) in 

DMF/TBAPF6 (50 mmol/L) vs Ag/AgCl at room temperature and 

a scan rate of 300 mV s−1. 

 

 

S11B, S12B, and S13B). Compared with CV scans at the potential 

between −2.6 to 2.0 V vs Ag/AgCl, the intensity at 1 became 

weak, and all three redox couples (2′/2, 3′/3, and 4′/4) showed 

better reversibility (Fig. 3). This results indicate that the 

combination of esters with triphenylamine center modified 

their electronic properties. When R was aryl (compounds e and 

f, Fig. 3), three anodic peaks at 2′, 3′, and 4′ were also observed, 

similar to compounds a–d, but only two cathodic peaks at ca. 

−1.94 and −2.54 V vs Ag/AgCl were observed. Similarly, the peak 

at ca. −1.94 V was broader and more intense (Fig. S9). The 

reductive peaks of 3 and 4 were also attributed to the reduction 

of the benzoate unit. CV scans were also conducted at the 

potential between 0.0 and 2.0 V vs Ag/AgCl for e and f (Fig. S14A 

and S15A), and between 0.0 to −2.4 V vs Ag/AgCl vs Ag/AgCl for 

e (Fig. S14B) and between 0.0 to −2.5 V vs Ag/AgCl for f (Fig. 

S15B). Compared with CV scans at the potential between −2.5 

(−2.4) to 2.0 V vs Ag/AgCl, the intensity at 1 and 4′ became weak, 

and a cathodic peak at 2 with weak intensity appeared. This 

results also demonstrates that the combination of esters with 

triphenylamine center modified their electronic properties. 

3.4. Electrochromic properties 

The UV-Vis spectra of the ECDs based on compounds a–f were 

measured in air to demonstrate the electrochromic 

characteristics of these materials (Fig. 4, Fig. S16, and Fig. S17 in 

Supporting Information).45 In the absence of an applied voltage, 
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Fig. 4. UV-Vis spectra of ECDs based on compound a (A), d (B), and f 
(C) with a concentration of 20 mmol/L on indium tin oxide-coated 
glass at different potentials from −2.0 to −3.6 V. 

 

all compounds were in a neutral state, and a weak and broad 

absorption peak at around 456 nm was observed, which was 

ascribed to the intramolecular π-π* transition. All ECDs based 

on compounds a–f displayed a bleached transparent state (Fig. 

5 and Fig. S18 in Supporting Information). When R was a 

saturated alkyl group (compounds a–c), new absorption peaks 

at about 434, 470, 568, 854, and 912 nm appeared, 

accompanied by the disappearance of the absorption at ca. 456 

nm when the applied voltage reached ±2.4 V due to 

electrochemical process. The absorption intensity increased as 

the applied voltage further increased and reached saturation 

at±3.2 V. When R was an alkyl group containing an unsaturated 

C=C bond (compound d), only a very weak absorption peak at 

470 nm was observed at applied voltages < ±3.0 V, and the 

absorption peak completely disappeared when the applied 

 
Fig. 5. Photograph of the ECDs based on compounds a (A) and f (B) in 

their bleached (at 0.0 V) and colored states. 

voltage was further increased, probably because of material 

aging (Fig. 4B). When R was benzyl (compounds e and f), new 

absorption peaks at about 440, 478, 578, 830, and 930 nm 

appeared, which were slightly red-shifted compared with 

compounds a–c because of the greater degree of conjugation. 

All ECDs based on compounds a–f displayed multicolored states 

(Fig. 5 and Fig. S18 in Supporting Information). The first colored 

state was yellow at ±2.8 V for compounds a–d and ±2.6 V for 

compounds e and f, and was ascribed to the oxidation of the 

central triphenylamine to radical cations; the second colored 

state was light red for compounds a–d and purple for 

compounds e and f at ±3.0 V, and was ascribed to the reduction 

process of 3 in Fig. 3; and the third colored state was orange red 

for compounds a–d and claret for compounds e and f at ±3.6 V, 

and was ascribed to the reduction process of 4 in Fig. 3.53 

Although the ECDs based on compounds c and d exhibited 

different spectroelectrochemistry (Fig. S16B and Fig. 4B), they 

showed similar colored states (Fig. S18). This indicated that they 

underwent similar electrochemical processes. The difference in 

spectroelectrochemistry was ascribed to the poor stability of 

compound d. The spectroelectrochemistry in the positive 

potentials was measured, and the results were supplied in 

supporting information as Fig. S17. No distinct changes in both 

absorption peaks and onset voltages were observed. This was 

assigned to the characteristic of liquid-state ECDs, where the 

electrochromic materials and electrolyte were dissolved in a 

proper solvent, and were simply sandwiched between two 

electrodes of ITO-coated glasses. Thus, applying bias between 

two electrodes at positive or negative directions can’t generate 

obvious difference in UV-Vis spectra. The CIE L*a*b* 

coordinates for the ECDs based on compounds a–f in the 

bleached and colored states are listed in Table S2. 

To study the electrochromic switching properties of 
compounds a–f, the corresponding ECDs were switched at room 
temperature in air by repeated potential steps between the 
three oxidized states (with an applied voltages of +2.8 V for 
compounds a–d and +2.6 V for compounds e and f; +3.0 V and 
+3.6 V) and reduced states (with an applied voltages of −2.8 V 
for compounds a–d and −2.6 V for compounds e and f; −3.0 V 
and −3.6 V) with a residence time of 4 s at λmax.22,45,56−59,64 The 
optical contrast (ΔT%) is defined as the change in transmittance 
between the reduced and oxidized states.56 Fig. 6 and Fig. S19 
(Supporting Information) show the optical switching changes 
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for the ECDs based on compounds a–f. When R was a saturated 
alkyl group (compounds a–c), at the first colored state with an 
applied voltage of ±2.8 V, the maximum ΔT% for the ECDs based 
on compounds a–c were 56%, 57%, and 45%, and decreased to 
41%, 39%, and 28% after 2000 s; at the second colored state 
with an applied voltage of ±3.0 V, the maximum ΔT% for the 
ECDs based on compounds a–c were 60%, 46%, and 55%, and 
fell to 58%, 40%, and 35% after 2000 s; at the third colored state 
with an applied voltage of ±3.6 V, the maximum ΔT% for the 
ECDs based on compounds a–c were 67%, 56%, and 99%, and 
decreased to 35%, 10%, and 26% after 2000 s for compound a 
and 1000 s for compounds b and c. The second of the three 
colored states showed the best switching stability. This was 
ascribed to the donor-acceptor structure which allows 
intermolecular charge transfer. When R was an alkyl group 
containing an unsaturated C=C bond (compound d), the 
maximum ΔT% was low and the cyclability at both the first and 
the second colored states was poor (Fig. S19G and H in 
Supporting Information), which was consistent with the UV-Vis 
spectra. As plausible reason for this result cannot be derived 
from DFT calculation and CV results, the electrochromic 
properties of three compounds, tris(4-(trifluoromethyl)phenyl) 
4,4',4''-nitrilotribenzoate, tribenzyl 4,4',4''-nitrilotribenzoate, 
and tris(4-methoxybenzyl) 4,4',4''-nitrilotribenzoate, were 
investigated (Fig. S20). Tris(4-(trifluoromethyl)phenyl) 4,4',4''-
nitrilotribenzoate and tribenzyl 4,4',4''-nitrilotribenzoate 
showed poor electrochromic properties, which was similar to 
compound d. Compared with tribenzyl 4,4',4''-
nitrilotribenzoate,  

 

 
Fig. 6. Optical switching behavior of electrochromic devices at 
470 nm as a function of time between −2.8 V and 2.8 V and −3.0 
V and 3.0 V, and at 568 nm as a function of time between −3.6 
V and 3.6 V for compound a (A), and at 478 nm as a function of 
time between −2.6 V and 2.6 V, and at 578 nm as a function of 
time between −3.0 V and 3.0 V and −3.6 V and 3.6 V for 
compound f with a residence time of 4 s (B). The red dashed 
lines represent their corresponding optical switching after 2000 
s.  

 

Fig. 7. Electrochromic switching responses of electrochromic 
devices at 470 nm as a function of time between −2.8 V and 2.8 
V (black curve) and −3.0 V and 3.0 V (blue curve) for a, and at 
478 nm as a function of time between −2.6 V and 2.6 V (blue 
curve) and −3.0 V and 3.0 V (dark cyan) for f with a residence 
time of 4 s. 

Table 2 Switching time and coloration efficiency data for ECDs 
based on compounds a–f 

Compounds 
Response Time/s CE (cm2/C) 

tc/tb at ±2.8 V tc/tb at ±3.0 V ±2.8 V ±3.0 V 

a 1.90/0.99 1.98/0.96 256 298 

b 1.96/0.96 1.84/0.69 223 270 

c 1.90/1.48 1.66/0.58 233 278 

d 1.77/0.47 2.47/0.87 31 46 

e 1.52/0.47 1.73/0.82 186 211 

f 2.04/0.49 1.74/0.63 203 188 

tris(4-methoxybenzyl) 4,4',4''-nitrilotribenzoate (which has an 
electron-donating group –OCH3) showed improved 
electrochromic properties. This result indicates that the poor 
electrochromic properties of compound d and tris(4-
(trifluoromethyl)phenyl) 4,4',4''-nitrilotribenzoate, tribenzyl 
4,4',4''-nitrilotribenzoate was possibly ascribed to the electron-
withdrawing characteristics of C=C bond, trifluoromethyl, and 
benzene. 

When R was phenyl (compound e), the maximum ΔT% was 
44% at the first colored state with an applied voltage of ±2.6 V 
and 54% at the second colored state with an applied voltage of 
±3.0 V, and the cyclability was poor: the maximum ΔT% 
decreased to 19% and 8% after 800 s (Fig. S19I and J in 
Supporting Information). When R was phenyl with an electron-
donating substituent (-OCH3) (compound f), the cyclability was 
markedly improved compared with compound e. The maximum 
ΔT% was 49% at the first colored state with an applied voltage 
of ±2.6 V, 60% at the second colored state with an applied 
voltage of ±3.0 V, and 70% at the third colored state with an 
applied voltage of ±3.6 V, and fell to 22%, 25%, and 23% after 
2000 s. A possible reason for the better cyclability of the ECD 
based on f is that the ester group attached to the benzene ring 
had more electron density because of the strong electron-
donating effect of the methoxy group.58 

The response time is the time required to indicate the color 

change of an ECM between the reduced and oxidized states,59 

and is usually expressed as 95% of the total absorbance span for 

the coloring process (tc) and bleaching process (tb).59 As shown  
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Fig. 8. Chronoamperometry curves and the corresponding in-
situ transmittance curves between 0.0 and −2.8 V (A) and 0.0 
and −3.0 V (C), and optical density vs charge density between 
0.0 and −2.8 V (B) and 0.0 and −3.0 V (D) of the ECD based on 
compound a. Chronoamperometry curves and the 
corresponding in-situ transmittance curves between 0.0 and 
−2.6 V (E) and 0.0 and −3.0 V (G), and optical density vs charge 
density between 0.0 and −2.6 V (F) and 0.0 and −3.0 V (H) of the 
ECD based on compound f. 

 

in Fig. 7, Fig. S21, and Table 2, the ECDs based on compounds 

a–f had a switching time of ca. 2 s for coloring and <1 s for 

bleaching. The difference in coloring and bleaching time was 

ascribed to the difference between the time constants for 

ejection/insertion of ions from/to the electrochromic layer.65 

The coloration efficiency (CE) represents the amount of 

electrochromic color formed by the charge consumed,66 and is 

calculated using Eq. 1. 

𝑪𝑬(η) =
∆𝐎𝐃

𝑸𝒅
                                                                                          (1) 

𝜟𝑶𝑫 = 𝐥𝐨𝐠
𝑻𝒃

𝑻𝒄
                                                                                         (2) 

where ∆OD (optical density) represents the absorbance during the 
doping (dedoping) process, which was calculated from the light 
transmittances of the bleached (Tb) and colored (Tc) states of the ECD 
at a certain wavelength using Eq. 2, and Qd is the amount of 
injected/ejected charge per unit sample area during a redox step of 
the ECD.22 Fig. 8A, 8C, 8E, 8G, and S22 (in Supporting Information) 
show the chronoamperometry curves and the corresponding in-situ 
transmittance curves of the ECDs based on compounds a–f at −2.8 
and −3.0 V for a–d and at −2.6 and −3.0 V for e and f. The relationship 
between ∆OD and Qd was calculated from the chronoamperometry 
curves and the corresponding in-situ transmittance curves (Fig. 8B, 
8D, 8F, 8H, and S23 in Supporting Information). The CE values of 
compounds a–f were estimated by fitting the slope of the linear plots 
of ΔOD vs Qd according to the method reported by Xiao,67 and the 
results are listed in Table 2. The ECDs based on compounds a–c (>200 
cm2/C) have higher CE values than those based on compounds e and 
f (ca. 200 cm2/C). The ECD based on compound d has the lowest CE 
values (<50 cm2/C) at both the first and second states. 

3.5. Optical and electrofluorochromic properties 

The UV-Vis spectra of a–f were investigated in DMF 

(20 μmol/L) at room temperature. All compounds have a 

similar maximum absorption wavelength centered at 348 nm 

for a–d, 350 nm for e, and 356 nm for f. As shown in Fig. 9A, 

S24A, S25 and Table S4, the absorption spectra were compatible 

with experimental results. The fluorescence behaviors of 

compounds a–f were also investigated in DMF solution 

(20 μmol/L) at room temperature, excited at 358 nm. All 

compounds showed a strong fluorescence emission spectrum at 

434 nm for a, 420 nm for b, 424 nm for c, 416 nm for d, 417 nm 

for e, and 420 nm for f with a blue emission (Fig. 9B and S24B). 

The fluorescence quantum yields of compoundsa–f were 

measured to be 14.05%, 14.22%, 32.16%, 12.75%, 23.87%, and 

2.08%, respectively (Fig. S27-32 and Table S5).45 The ECDs based 

on compounds a–f showed electrofluorochromic behavior. 

Under irradiation at 365 nm, all ECDs showed blue emission in 

their bleached state at an applied voltage of 0.0 V, possibly 

attributable to intramolecular photo-induced electron transfer, 

whereas the fluorescence was partially and completely 

quenched in the colored states at applied voltages of +2.8 and 

+3.5 V, respectively, for compounds a–c, e, and f (Fig. 9C and 

S24C). For compound d, which has poor electrochromic 

properties, the quenching effect was not as strong as for the 

other five compounds. The quenched behavior of the ECDs 

based on compounds a–f was ascribed to the monocationic 

radical formed from the oxidation of the triphenylamine center, 

which has been reported to be an effective quencher.48 We also 

found that the quenching was  
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Fig. 9. UV-Vis (A) and fluorescence (B) spectra of compounds a 
and f (2×10-5 mol/L) in DMF excited at 358 nm. Photographs of 
the ECDs based on compounds a and f in their bleached (0.0 V) 
and colored states (±2.8 and ±3.5 V) under irradiation at 365 nm 
(C). The inset photographs in (B) were taken in the dark and 
under illumination at 365 nm. 

slightly weaker at negative applied voltages (−2.8 and −3.5 V) than at 
positive applied voltages (+2.8 and +3.5 V) (Fig. 9C and S24C). These 
results show that the formation of monocationic radicals by positive 
applied voltages was beneficial to the EFC behavior. As inapparent 
changes were observed in spectroelectrochemistry by applying 
bias at positive or negative directions, this was possibly 
attributed to that fluorescent behaviour was more sensitive 
than UV-Vis spectra. The stability of EFC behaviour was similar to 
the electrochromic cycling stability of the corresponding ECM.  

Tetraphenylethylene cored benzoates, 4,4',4'',4'''-(ethene-

1,1,2,2-tetrayl)tetrabenzoates, displayed an aggregation-

induced emission, a monocolored state of blue, an onset 

voltage of ca. −1.8 V, a high optical contrast of ca. 80%, 

coloration efficiencies of >127 cm2/C, and a coloring time of > 

1.85 s and a bleaching time of >1.2 s.68 Compared to 4,4',4'',4'''-

(ethene-1,1,2,2-tetrayl)tetrabenzoates, NTBAs displayed an EFC 

behavior, multicolored electrochromism, an onset voltage of ca. 

−2.0 V, a slightly lower optical contrast of ca. 60%, a higher 

coloration efficiency except compound d, and a rapid response 

time. 

Conclusions 

In summary, six novel electrochromic materials (NTBAs, a–f) 

with D-A structure were synthesized by combining cathodically 

electrochromic benzoates as a color-tuning unit and anodically 

electrochromic TPA as a fluorescence-quenching unit in one 

material, and were fabricated into ECDs. The NTBAs exhibited a 

strong blue emission in DMF and in the ECDs. All six ECDs 

showed multicolored electrochromism and EFC behavior. The 

second colored states had the best switching cyclability. The 

fluorescence-quenching effect was possibly caused by the 

monocationic radical formed from the oxidation of the 

triphenylamine center. The ester substituents markedly 

influenced the colored state, switching cyclability, coloration 

efficiency, and electrofluorochromic properties. The 

compounds with saturated alkyl substituents (a–c) showed 

three colored states, namely yellow, light red, and orange red, 

better cyclability, high coloration efficiency, and good 

electrofluorochromic properties. The compound with the 

shortest chain length (a) performed best. The compound with 

an unsaturated alkyl substituent (d) showed poor 

electrochromic and electrofluorochromic properties. The 

compounds with aryl substituents (e and f) showed three 

colored states, namely yellow (at −2.6 V), purple (at −3.0 V), and 

claret (at −3.6 V), a moderate coloration efficiency, and good 

electrofluorochromic properties. The cyclability was markedly 

improved when the aryl substituents contained an electron-

donating group. This work provides a new pathway for design 

of emission/color dual-switchable materials, which can be 

applied in smart windows, displays, optoelectronics, sensors, 

and biological analysis. However, great improvement in cycling 

stability is required for practical application. 
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