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device should includes the following char-
acteristics: high photoluminescent (PL) 
effi ciency, high contrast, long-term stability, 
and rapid response time. Therefore, the 
design of materials with smarter molecular 
structures is essential for modern opto-
electronic applications. Since 2006, sev-
eral EFC devices have been fabricated and 
investigated including small organic mol-
ecules, [ 11,14 ]  inorganic materials, [ 13d , 15 ]  con-
jugated polymers, [ 1b , 13a ]  high-performance 
polymers, [ 12,16 ]  and hybrids. [ 17 ]  However, 
emerged materials could not comprise all 
the characteristics mentioned above yet to 
achieve a high-performance EFC device. 

 TPA derivatives are promising materials 
for optoelectronic applications such as 
hole-transporters, light-emitters, photovol-
taic, electrochromic, and memory devices 
due to their outstanding photo- and redox-
active properties. [ 18 ]  Recently, we reported 

two TPA-based high-performance polymers exhibiting high PL 
effi ciency and high contrast ratio ( I  off / I  on ) in EFC device appli-
cations. [ 12 ]  However, some crucial characteristics for practical 
applications including response time and long-term switching 
stability have not been well attained. In light of the importance 
of these properties, we are interested in preparing conjugated 
polymers with higher charge-mobility and electrochemical sta-
bility to demonstrate the feasibility for obtaining high-perfor-
mance EFC with all the critical demands described above. 

 In this article, herein we prepared the conjugated electro-
chromism (EC) and PL-active TPA-based polymer, poly(4-
cyanotriphenylamine) ( CN-PTPA ), and the corresponding 
non-congugated polyimide  CN-PI  with the same 4-cyanotriph-
enylamine ( CN-TPA ) moiety to demonstrate the effect of con-
jugated and isolated structures on EFC behaviors. Furthermore, 
the modifi ed two-electrode devices were also fabricated and 
investigated by introducing heptyl viologen (HV) [ 19 ]  into electro-
lyte as counter EC layer for charge balance to reduce driving 
potential and response time, and to intensify other properties.  

  2.     Results and Discussion 

  2.1.     Basic Properties of CN-PTPA 

  CN-PTPA  ( Figure    1  a) could be readily prepared by oxidative cou-
pling polymerization from  CN-TPA  using FeCl 3  as an oxidant. 
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that incorporation of the EC and PL-active  CN-PTPA  is a facile and feasible 
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  1.     Introduction 

 Controllable fl uorescence switching materials have attracted 
signifi cant attention for the potential applications including 
sensors [ 1 ]  especially in bio-issue, [ 2 ]  optical memory devices, [ 3 ]  
logic gates, [ 4 ]  vivo imaging, [ 5 ]  and displays. [ 6 ]  The changes of 
fl uorescent intensity could be triggered by different types of 
external conditions, such as voltage, [ 7 ]  temperature, [ 8 ]  pH, [ 9 ]  and 
light. [ 3a , 9 ,10]  Among them, electrically driven is a facile approach 
to achieve the demand. Electrofl uorochromism (EFC) deals with 
the reversible optical switching between high (OFF) and low 
(ON) fl uorescence intensity states via redox-driven electric poten-
tials. The EFC behavior could be attributed to two kind of mecha-
nism. One is redox active fl uorophore switched from light to dark 
via intrinsic electron transfer during redox process, such as tetra-
zine [ 11 ]  and triphenylamine (TPA). [ 12 ]  The other is by introducing 
redox active moiety as a quencher to induce energy transfer from 
phorophore during redox process. [ 13 ]  A high-performance EFC 
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The molecular weight and solubility behavior of the polymer 
were summarized in Table S1.  CN-PTPA  exhibits excellent sol-
ubility even in less polar solvent that is benefi cial to the prac-
tical applications by spin-coating and inkjet-printing processes. 
The thermal properties of  CN-PTPA  were investigated by TGA 
(Figure S1, Supporting Information) and DSC (Figure S2, Sup-
porting Information), and the results were summarized in 
Table S2 (Supporting Information). The  CN-PTPA  exhibited 
high glass-transition temperature (Tg) of 278 °C and excellent 
thermal stability without signifi cant weight loss up to 620 °C 
with char yield of 75% at 800 °C under nitrogen atmosphere.  

  2.2.     Electrochemical and Electrochromic Properties 
of the EFC Devices 

 The electrochemical behavior of  CN-PTPA  and  CN-PI  devices 
was investigated by cyclic voltammetry (CV) shown in  Figure    2  . 
The CV diagram of  CN-PTPA  fi lm on an ITO-coated glass sub-
strate using 0.1 M tetrabutylammonium perchlorate (TBAP)/
CH 3 CN as supporting electrolyte in a nitrogen atmosphere was 
also dipicted in Figure S3 (Supporting Information) for com-
parison.  CN-PTPA  device revealed two oxidative peak at 1.90 
and 2.30V because the repeat units of  CN-PTPA  could also 
be regarded as tetraphenylbenzidine (TPB) moiety dimerized 
from TPA. [ 20 ]  The typical spectroelectrochemical spectra of  CN-
PTPA  was presented in  Figure    3  , and the electrochromic (EC) 
behavior was reversible. The EFC device is transparent and 
colorless at the neutral form (0 V), upon oxidation (increasing 
applied voltage from 0 to 1.90 V), the intensity of the absorp-
tion peak at 362 nm (0 V, neutral form) characteristic of tri-
arylamine gradually decreased, while new peaks around 488 
and 733 nm in visible-light region associating with strong 
color changes and a broad absorption band around 1700 nm 
characteristic of inter-valence charge-transfer (IV-CT) gradually 
increased in intensity due to the formation of cation radical of 
 CN-PTPA  at semi-oxidized state (Figure S4, Supporting Infor-
mation). When the potential was adjusted to more positive 
values (1.90–2.30 V) corresponding to the full-oxidized state, 
the intensity of IV-CT band decreased while the absorption 
peaks at both 488 and 733 nm were intensifi ed. Meanwhile, 
the color of the EFC device changed from colorless ( L* , 97.31; 
 a* , –0.23;  b* , 1.20) to brown ( L* , 70.63;  a* , 17.77;  b* , 29.26), 
and then to blue ( L* , 40.02;  a* , –4.91;  b* , –9.33) (Figure  3 c,d), 
revealing very high optical transmittance contrast (Δ% T ) of 
82% at 733 nm.     
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 Figure 1.    a) Chemical structures of  CN-PTPA  and  CN-PI , b) schematic diagram of EFC devices based on the polymers.

 Figure 2.    Cyclic voltammetry diagrams of  CN-PTPA  and  CN-PI  devices at 
a scan rate of 50 mV s –1 .
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  2.3.     Electrofl uorochromic Properties of the EFC Devices 

  CN-PTPA  showed high PL quantum effi ciency of 21.9% in 
solid fi lm state, and emitted bluish-green light under UV irra-
diation as shown in Figure S5, The photophysical behavior of 
 CN-PTPA  was tabulated in  Table    1  . The PL intensity changes of 
EFC device at different applied positive potentials were depicted 
in  Figure    4  . The typical PL spectra and three-dimensional 
intensity-wavelength-applied potential correlations of  CN-PTPA  
device were summarized in Figure  4 a,b, respectively. Upon 
applying positive voltage from 0 to 1.90 V, the fl uorescence of 
 CN-PTPA  device was quenched to dark as applied potential 
around 1.50 V, then almost extinguished at 1.90 V (Figure  4 c) 
due to the cation radical of  CN-PTPA  with an absorption band 
at around 488 nm, acting as an effective fl uorescence quencher 
during oxidative process. The PL intensity could be retained 
when the potential was subsequently set back to –1.50 V. In 
addition, it is worthy to be mentioned that the EFC device 

derived from  CN-PTPA  revealed the highest PL contrast ratio 
(I off /I on : between neutral fl uorescent state and oxidized non-fl u-
orescent state) of 242 to the best of our knowledge. [ 21 ]    

 The redox cycles were carried out for EFC devices of  CN-
PTPA  and  CN-PI  to elucidate the response behavior during 
the fl uorescence switching procedure ( Figure    5  ). The devices 
exhibited reversible fl uorescence switching by repetitive applied 
potential between oxidized (non-fl uorescent) state and neutral 
(fl uorescent) state. The fl uorescence response time estimated at 
90% of the full switching of  CN-PTPA  and  CN-PI  was moni-
tored at 470 nm and 435 nm, respectively (Figure  5 a,b), and 
the  CN-PTPA  device showed notably shorter response time of 
0.4 s than  CN-PI  of 4.6 s for switching to oxidized state. This 
phenomenon maybe could be ascribed to the  CN-PTPA  having 
more conjugated structure than the isolated  CN-PI , resulting in 
enhanced intra-molecule charge transport ability as depicted in 
 Figure    6  . In addition, the response time dependent behavior of 
PL contrast ratio was also demonstrated via decreasing contrast 
ratio both from 242 to 44 for  CN-PTPA  and 192 to 5 for  CN-
PI  by reducing the switching cyclic time from 360 s to 10 s, 
respectively (Figure  5 c,d). Furthermore, long-term stability and 
reversibility of the resulting EFC devices were also investigated 
by measuring the PL intensity as a function of switching cycles 
shown in  Figure    7  . The recovery of EFC devices of  CN-PTPA  
and  CN-PI  was 99% and 95% after 300 and 100 cycles, respec-
tively. The excellent EFC stability of  CN-PTPA  attributed to the 
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 Figure 3.    a) UV–Vis spectra, b) 3-D spectroelectrochemical diagram, c) CIE 1976 color diagram, and d) EC behavior of  CN-PTPA  device (polymer fi lm 
200 ± 10 nm in thickness).

  Table 1.    Optical Properties of  CN-PTPA .  

Polymer NMP (10 µ M ) solution Solid Film 

  λ  abs  
[nm] 

 λ  em  
[nm] 

 Φ  PL  
[%] 

 λ  onset  
[nm] 

 λ  abs  
[nm] 

 λ  em  
[nm] 

 Φ  PL  
[%] 

 CN-PTPA 364 473 11.7 410 362 470 21.9
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 Figure 4.    a) PL spectra, b) 3-D EFC diagram, c) applied votage vs PL intensity and contrast diagram, and d) EFC behavior of  CN-PTPA  device (polymer 
fi lm 200 ± 10 nm in thickness).
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 Figure 5.    Estimation of fl uorescence switching time of a)  CN-PTPA  between 1.9 V and –1.5 V monitored at 470 nm ( l  ex  = 362 nm), and b)  CN-PI  
between 2.2 V and –1.7 V monitored at 435 nm ( l  ex  = 326 nm). Fluorescence switching responses of c)  CN-PTPA  and d)  CN-PI  at different step cycle 
times of 360, 60, 30, 20, and 10 s.
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lower oxidation potential resulted in almost no decay when 
compared with the case of  CN-PI .     

  2.4.     The Effect of HV as Counter Layer on Charge Balance 

 The CV of  CN-PTPA /HV device was also prepared and inves-
tigated shown in  Figure    8  , and revealed a reversible oxida-
tion redox with much lower oxidative voltage (1.55 V) than 
the corresponding device (2.30 V) without HV. This phenom-
enon could be ascribed to HV 2+  having the capability to accept 
electrons from TPA moieties during oxidative process and then 
the resulted HV +  could donate electrons back to TPA +  during 
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 Figure 6.    Schematic diagram of charge transport of EFC devices from different polymer structures.
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of 30 s.
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 Figure 8.    Cyclic voltammetric diagram of  CN-PTPA /HV device at a scan 
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reducing process ( Figure    9  ). The spectroelectrochemical spectra 
were measured and presented in Figure S6 (Supporting Infor-
mation). The UV–Vis spectrum of  CN-PTPA /HV device at 
the neutral form (0 V) showed similar absorption pattern to 
the device without HV. However, a broad absorption peak was 

gradually increased and intensifi ed due to the combination of 
structural changes both from TPA to TPA +  and HV 2+  to HV +  at 
the same time during applied potential from 0 V to 1.6 V.   

 EFC behavior of  CN-PTPA /HV device was also investigated 
and depicted in  Figure    10  . Upon applying potential from 0 

 Figure 9.    Working principle of  CN-PTPA /HV EFC device.
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 Figure 10.    a) PL spectra, b) applied voltage vs PL intensity and contrast diagram, c) switching time test, and d) PL intensity and contrast of  CN-PTPA /
HV device under multi-cycle scanning at different step cycle time.
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to 1.40 V, the fl uorescence was quenched to dark when the 
potential was at around 1.20 V and almost extinguished at 
1.40 V, resulted in very high PL contrast ratio of 226 shown 
in Figure  10 a,b, respectively. Furthermore, the fl uorescence 
switching responses of  CN-PTPA /HV revealed quenching time 
of 0.4 s and recovery time of 38 s monitored at 470 nm between 
1.40 V and –1.50 V depicted in Figure  10 c, which was much 
less than the corresponding device without HV. Moreover, the 
reversibility of fl uorescence intensity and PL contrast ratio of 
 CN-PTPA /HV device under multi-cycle scanning with different 
step cycle time were summarized in Figure  10 d. The redox 
pulse-cyclic test results demonstrate the effect of HV-containing 
electrolyte on the performance of EFC devices. Thus, high-per-
formance EFC devices comprising excellent long-term stability, 
prompt switching response, and higher PL contrast ratio could 
be readily achieved due to charge balance between the counter 
material HV and  CN-PTPA .    

  3.     Conclusion 

 The high-perforemence EFC devices could be successfully fab-
ricated from electrochromism and photoluminescence active 
novel  CN-PTPA . The EFC devices of  CN-PTPA  exhibited excel-
lent reversibility over 9000 s, rapid response time less than 0.4 s 
over the oxidation process, and the highest PL contrast ratio 
( I  off / I  on ) of 242 between fl uorescent neutral state and non-fl uo-
rescent oxidized state to the best of our knowledge. In addition, 
by introducing HV into the electrolyte as charge balance agent, 
the obtained EFC devices not only could reduce the oxidative 
potential but also the recovery time from oxidized to neutral 
states, thus the performance could be further enhanced than 
ever. These results demonstrate that the novel EC and PL-active 
 CN-PTPA  is a crucial and promising material for attaining to 
high-perforemence EFC devices.  

  4.     Experimental Section 
  Materials :  CN-PI  and  CN-PTPA  were prepared according to the 

previously reported procedures, [ 21 ]  and the synthesis route of  CN-PTPA  
was depicted in  Scheme S1 . Heptyl viologen tetrafl uoroborate HV(BF 4 ) 2  
was prepared as follows: 1.00 g HVBr 2  was dissolved in 10 mL DI water 
and dropped in 10 mL saturated NaBF 4  aqueous solution. After mixing, 
the white solid HV(BF 4 ) 2  was obtained after fi ltration. The crude product 
was purifi ed by recrystallization from ethanol. All other reagents were 
used as received from commercial sources. 

  Fabrication of the Electrofl uorochromic Devices : EFC polymer fi lms were 
prepared by coating solution of the polymers ( CN-PTPA : 25 mg/mL in 
CHCl 3 ;  CN-PI : 50 mg/mL in DMAc) onto an ITO glass substrate (20 mm × 
30 mm × 1 mm, 5 Ω/square) as depicted in Figure  1 b. The ITO glass 
used for EFC device was cleaned by ultrasonication with water, acetone, 
and isopropanol each for 15 min. The polymer was spin-coated onto an 
active area (20 mm × 20 mm) then dried under vacuum. A gel electrolyte 
based on poly(methyl methacrylate) (PMMA) (Mw: 120,000) and 
LiClO 4  was plasticized with propylene carbonate (PC) to form a highly 
transparent and conductive gel. PMMA (3 g) was dissolved in PC (5 g), 
and LiClO 4  (0.3 g) was added to the polymer solution as supporting 
electrolyte. HV electrolyte in this study was prepared as follows: PMMA 
(3 g) was dissolved in PC (5 g), and then LiBF 4  (0.3 g) and HV(BF 4 ) 2  
(0.15 g) were added to the polymer solution as 0.05M HV electrolyte. 
The gel electrolyte was spread on the polymer-coated side of the 

electrode, and then two electrodes were sandwiched. Finally, a silicone 
sealant was used to seal the device. 

  Measurements : The inherent viscosities were determined at 
0.5 g/dL concentration using Tamson TV-2000 viscometer at 30 °C. 
Gel permeation chromatographic (GPC) analysis was carried out on a 
Waters chromatography unit interfaced with a Waters 2410 refractive 
index detector and was calibrated with polystyrene standards. Two 
Waters 5 µm Styragel HR-2 and HR-4 columns (7.8 mm I. D. × 
300 mm) were connected in series using NMP as the eluent at a fl ow 
rate of 0.5 ml/min at 40 °C. DSC analyses were performed on a TA 
Instruments Q20 in fl owing nitrogen (50 cm 3 /min) at a heating rate of 
20 °C/min. Thermogravimetric analysis (TGA) was conducted with a TA 
Instruments Q50 in fl owing nitrogen or air (fl ow rate = 60 cm 3 /min) 
at a heating rate of 20 °C/min. Spectroelectrochemical experiments 
were recorded on a Hewlett-Packard 8453 UV–Visible diode array 
spectrometer. Colorimetric measurements were obtained using JASCO 
V-650 spectrophotometer and the results are expressed in terms of 
lightness ( L* ) and color coordinates ( a* ,  b* ). Ultraviolet-visible-near-
infrared (UV–Vis–NIR) spectra of the polymer fi lms were recorded on 
a Hitachi U-4100 spectrometer. Cyclic voltammetry (CV) was performed 
with a CH Instruments 611B electrochemical analyzer and conducted by 
using a two-electrode device (polymer fi lms area about 2.0 cm × 2.0 cm), 
or a conventional liquid cell in which ITO (polymer fi lms area about 
0.5 cm × 1.2 cm) was used as a working electrode and a platinum wire 
as an auxiliary electrode at a scan rate of 50 mV/s against a Ag/AgCl 
as reference electrode in anhydrous CH 3 CN, using 0.1  M  of TBAP as a 
supporting electrolyte in nitrogen atmosphere. Photoluminescence 
(PL) spectra were measured with Fluorolog-3 spectrofl uorometer. 
The thickness of the polymer thin fi lm was measured by alpha-step 
profi lometer (Kosaka Lab., Surfcorder ET3000, Japan).  
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