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On-Substrate Preparation of an Electroactive Conjugated 
Polyazomethine from Solution-Processable Monomers 
and its Application in Electrochromic Devices
 An electroactive polyazomethine is prepared from a solution processable 
2,5-diaminothiophene derivative and 4,4 ′ -triphenylamine dialdehyde by spray-
coating the monomers on substrates, including indium tin oxide (ITO) coated 
glass and native glass slides. The conjugated polymer was rapidly formed 
in situ by heating the substrates at 120  ° C for 30 min in an acid saturated 
atmosphere. The resulting immobilized polymer is easily purifi ed by rinsing 
the substrate with dichloromethane. The on-substrate polymerization is 
tolerant towards large stoichiometry imbalances of the comonomers, unlike 
solution step-growth polymerization. The resulting polyazomethine is elec-
troactive and it can be switched reversibly between its neutral and oxidized 
states both electrochemically and chemically without degradation. A trans-
missive electrochromic device is fabricated from the immobilized polyazome-
thine on an ITO electrode. The resulting device is successfully cycled between 
its oxidized (dark blue) and neutral (cyan/light green) states with applied 
biases of  + 3.2 and  − 1.5 V under ambient conditions without signifi cant color 
fatigue or polymer degradation. The coloration effi ciency of the oxidized state 
at 690 nm is 102 cm 2  C  − 1 . 
  1. Introduction 

 Conjugated organic polymers have many interesting optoelec-
tronic properties that are well suitable for their use in plastic 
electronics including fi eld effect transistors, photovoltaic, light-
emitting, and electrochromic devices. [  1  ]  Well-developed syn-
thetic methods have provided the means to prepare solution 
processable conjugated polymers having desired optoelectronic 
properties. [  1b  ,  2  ]  While solution processability of the polymers 
is required for straightforward device fabrication and accu-
rate polymer characterization, in some instances this feature 
can be problematic. This is especially true for electrochromic 
applications. [  3  ]  A solution processable polymer, when used as 
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the electroactive layer in electrochromic 
devices, is often miscible with the electro-
lyte gel. [  3c  ,  3d  ]  This is problematic because 
the electroactive layer subsequently dela-
minates from the electrode resulting in 
limited device lifetime, poor device per-
formance, localized color defects, and 
poor color contrast. 

 Many approaches have been developed 
to address these shortcomings, notably 
changing the polymer solubility with 
cleavable groups that are incorporated into 
the polymer. These reactive groups can be 
released using external triggers such as 
heat, catalysts, or light after depositing 
the solution processable polymers on the 
substrate. [  3d  ,  4  ]  While this approach is an 
effective means of immobilizing poly-
mers on the substrate for preventing their 
mixing with the different device layers, 
the preparation of these convertible poly-
mers requires additional and challenging 
synthetic efforts. Alternatively, electroac-
tive monomers can be immobilized on the electrode by elec-
tropolymerization either ex situ or in situ. [  5  ]  This requires the 
monomers to have low oxidation potentials for minimizing the 
risk of producing over oxidized by-products and other unde-
sired defects. Moreover,  α - β  coupling defects must be avoided 
to ensure desired optoelectronic properties are obtained. Pre-
paring monomers that satisfy these extensive criteria are not 
only complex, but the reactive monomers are susceptible to 
spontaneous anodic polymerization under ambient condi-
tions. This often leads to variable products and inconsistent 
opto-electronic properties. [  6  ]  Simpler means of obtaining immo-
bilized conjugated polymers in a controlled manner that are 
stable under ambient conditions without sacrifi cing the opto-
electronic properties are therefore of interest. 

 Azomethines are suitable materials that address the stringent 
immobilization criteria. This is in part owing to their prepara-
tion that involves simple dehydration in bulk and that does not 
require stringent reaction conditions or catalysts. The comple-
mentary reactivity of the amine and aldehyde monomers addi-
tionally ensures the exclusive azomethine formation without 
undesired side reactions or defects, in contrast to their anodi-
cally prepared counterparts. Conjugated polyazomethines are 
further known to be poorly soluble in common device prepara-
tion solvents, which is a desired trait for resisting delamination 
from the electrode with the electrolytic gel. [  7  ]  Azomethines also 
m 3549wileyonlinelibrary.com
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     Scheme  1 .     On - substrate polymerization of the electroactive polyazomethine  3 .  
benefi t from an inherent electron withdrawing character. When 
prepared from electron donating monomers, the resulting 
materials have an alternating electron donor-acceptor con-
fi guration. Such electronic push–pull systems are highly con-
jugated and they absorb boldly in the visible. [  8  ]  Their discrete 
absorbances can additionally be tuned across the entire visible 
spectrum contingent on the degree of conjugation and the pre-
cursors used for their preparation, while having the advantage 
of being easy to prepare. [  8a  ,  9  ]  This is in contrast to their counter-
parts prepared by conventional aryl–aryl coupling protocols that 
require extensive synthetic and purifi cation protocols. [  4f  ,  10  ]  The 
most important polyazomethine properties desired for using 
these conjugated polymers in electrochromic devices is revers-
ible oxidation, vibrant color change between their neutral and 
charged states, along with the stability of both the neutral and 
oxidized states under ambient conditions. [  8b  ,  11  ]  

 Despite their optoelectronic properties that are well suited for 
use in electrochromic applications, polyazomethines have not 
been successfully used as electrochromic layers in devices. [  9b  ,  12  ]  
Additionally, conjugated polyazomethines have not been pre-
pared directly on the electrode surfaces to afford immobilized 
polymers. Herein, we report the straightforward de novo prep-
aration of conjugated polyazomethines via an on-substrate 
polymerization method using solution-processable monomers 
deposited directly onto ITO or glass surfaces. Electrochemical, 
spectroelectrochemical and switching studies of the on-substrate 
prepared polyazomethine are also discussed. An electrochromic 
device capable of switching between colored states under 
ambient conditions is further demonstrated. This represents 
the fi rst successful example of a working electrochromic device 
using a polyazomethine as the electrochromic layer in addition 
to the on-substrate polymerization of the electroactive polymer.  

  2. Results and Discussion 

  2.1. On-substrate Polymerization 

 Polyazomethines have been extensively studied with 
phenyldiamine. [  12b  ,  12c  ,  16  ]  However,  1  ( Scheme  1  ) is a more 
suitable monomer for preparing polyazomethines for elec-
trochromic applications. This is in part because it yields 
conjugated azomethines that absorb intensely in the visible 
portion of the spectrum. Moreover, their oxidized states are also 
intensely colored. This results in a large color change between 
the neutral and charged states, which is a desired property 
for electrochromic applications. The triarylamine monomer 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 2  was chosen as a complementary monomer for condensing 
with  1 . This was because the resulting polyazomethine ( 3 ) was 
expected to absorb more in the yellow region of the spectrum 
than its all-thiophene polyazomethine counterpart. [  17  ]  This is a 
result of large twist angles between the homoaryl moieties and 
the azomethines of  3  that limit its degree of conjugation. How-
ever, its charged state was expected to be signifi cantly colored 
because of intramolecular charge transfer courtesy of the 
electron rich triarylamine. [  18  ]  A bold color transition between 
the neutral and charged states was therefore expected for the 
electroactive  3 , resulting in a electrochromic material whose 
switching could easily be seen by the eye. This is a desired 
property for use in low-resolution and large area electrochromic 
display applications such as signs and billboards.  

 The on-substrate polymerization of  3  was initially done using 
stoichiometric amounts of the complementary comonomers. 
These conditions were used because step-growth polymeriza-
tion is known to be intolerant towards comonomer stoichio-
metric imbalances. [  19  ]  Only trimers and lower molecular weight 
oligomers are obtained when the molar ratio of the comono-
mers is varied by more than 1 mol%. The 1:1 mole ratio of 
 1  to  2  was further used to test the polymerization conditions 
required to produce  3 . Since this ratio was expected to yield 
 3 , the effect of the monomer concentration on the resulting 
comonomer and polymer fi lms deposited on the substrate 
could also be examined. 

 The polymerization of  3  was done by spray-coating the 
premixed comonomer solutions onto glass substrates. The 
substrates were then heated between 60 and 150  ° C in a TFA 
saturated environment. TFA was chosen as the catalyst because 
of its high vapor pressure. A saturated acid atmosphere at 
low temperatures is therefore possible. It is also a strong acid 
capable of catalyzing azomethine formation in the solid state. [  20  ]  
The optimum temperature for the polymerization was 120  ° C. 
This ensured evaporation of the water by-product, shifting the 
azomethine equilibrium towards formation of the polymer. A 
polyazomethine fi lm that was insoluble in dichloromethane was 
obtained after 30 min of polymerization. This is in contrast to 
the polymerization of conjugated polyazomethines in solution 
that requires up to 48 h for obtaining high yields of high molec-
ular weight polymers. [  21  ]  Increased reaction times of 90 min did 
not alter the polyazomethine fi lm or its absorbance spectrum. 

 As desired, the resulting fi lm of  3  was strongly physisorbed 
onto the substrate and it could not be removed with soxhlet 
extraction using dichloromethane and THF. The insolubility 
of the resulting polymers precluded its characterization by con-
ventional solution based polymer identifi cation techniques. 
Polyazomethine formation could nonetheless be spectroscopically 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3549–3559
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     Figure  1 .     A) Correlation of monomer concentration and fi lm thickness determined by stylus 
profi lometry before ( � ) and after ( � ) polymerization of spray-coated fi lms with a 1:1 stoichiom-
etry of monomers  1  and  2 . Inset: photographs of the corresponding spray-coated fi lms before 
(top) and after (bottom) polymerization of 1.86, 5.58, 9.30, 13.0, and 18.6 mg/mL solutions 
of comonomers (from left to right). B) Normalized absorbance spectra of a 1:1 stoichiometry 
mixture of monomers  1  and  2  spray-coated onto a glass substrate measured before ( � ) and 
after ( � ) polymerization. Inset: absorbance spectra of the polymerized fi lms of  3  as a function 
of mole ratios of  1  and  2 : 2:1 ( � ), 1.5:1 ( � ), 1:1 ( � ), 1:1.5 ( � ), and 1:2 ( � ).  
assessed owing to its increased degree of conjugation relative to 
its precursors. As seen in the inset of  Figure 1   A, the spray-coated 
monomer fi lms changed from their initial yellow to a red brown 
color upon polymerization. The color change is further supported 
spectroscopically via the absorbance spectra as per Figure  1 B. 
Since TFA can potentially protonate the azomethine and it could 
be responsible for the observed color change, the resulting 
poly mer fi lms were therefore rinsed with copious amounts of a 
triethylamine solution. [  21c  ]  The organic base is known to readily 
deprotonate the protonated azomethine, resulting in the neu-
tral imine bond. [  12a  ]  The substrates were also rinsed with abun-
dant amounts of dichloromethane to ensure the removal of any 
unreacted comonomers and lower molecular weight oligomers. 
No color change was observed with the polymer fi lm with such 
rinsing. Figure  1 B shows the absorbance spectra of the spray-
coated fi lm before (black line) and after (red line) the polymeri-
zation. The before polymerization fi lm had a relatively narrow 
absorbance peak with a maximum absorbance of 390 nm and an 
onset of 514 nm. Whereas, the fi lm after polymerization had a 
broader and red-shifted absorbance with a maximum of 460 nm 
and an onset of 612 nm. The peak broadening as well as the 
red-shifted absorbance concomitant with the insoluble fi lm col-
lectively provide resounding evidence for the polymerization of 
polydisperse  3  on the substrate.  

 The inset of Figure  1 A shows photographs of a series of 
polymer fi lms on glass slides obtained by spray-coating various 
concentrations of comonomer solutions of equal mole ratios. 
The pictures in the top row are of the fi lms before the polym-
erization while the bottom row shows the corresponding fi lms 
after the TFA catalyzed on-substrate polymerization. It is evi-
dent that the fi lm thickness can be tailored between 50 and 
400 nm by adjusting the monomer concentration. The fi lms 
after polymerization were found to be ca. 40% thinner (vide 
infra) compared to the as spray-coated monomers. Nonethe-
less, the linear trend seen in Figure  1 A confi rms that the thick-
ness of the fi lms can be tailored. Moreover, the thickness of the 
polymer layer of  3  can be tuned between 20 and 250 nm as a 
function of the comonomer concentration. 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 3549–3559
 Atomic force microscopy measurements 
were done to confi rm polymer coverage of 
the substrate with the on-substrate poly-
merization method. These measurements 
were also done for qualitatively examining 
the polymerization induced morphological 
changes to the fi lms. Monomer spray-coating 
was preferred over spin-coating because 
thicker fi lms of  3  were possible, resulting 
in desired pronounced color transitions that 
were visible to the eye. However, AFM meas-
urements were done with polymer fi lms 
prepared from spin-coated monomers. This 
deposition method was preferred in order 
to minimize the artifacts including inhomo-
geneous and variably thick fi lms possible 
by uneven spray-coating techniques. The 
thinner fi lms obtained by spin-coating are 
also advantageous for confi rming polymer 
formation.  Figure 2    shows the AFM micro-
graphs of the fi lms obtained before and after 
the polymerization as well as the fi lm cross sections. These 
AFM images reveal that the fi lm prior to the polymerization 
had a lower average roughness value (R a ) as compared to the 
fi lm after the polymerization. While the AFM micrograms 
serve exclusively to qualitatively assess the fi lms, they nonethe-
less confi rm that a polymer fi lm covers the entire substrate. 
This is of importance because minimal diffusion in the solid 
state could potentially prevent polymerization and result in lim-
ited imine formation. Removing the ensuing soluble oligomers 
and unreacted monomers with rinsing would lead to localized 
regions where the fi lm would be stripped to the bare substrate 
upon washing. This would lead to extremely rough surfaces 
with detectable pits in the polymer layer. In contrast, the AFM 
measurements confi rmed that the resulting polymerized fi lm 
was consistently thick with no detectable areas of exposed sub-
strate from pitting. This confi rmed that the polymerization of 
the deposited monomer is not confi ned to localized areas, but 
that it propagates across the entire substrate both vertically and 
laterally.  

 The absolute thickness of the pre- and polymerized fi lms could 
not be measured using an AFM scratch method owing to the 
large thicknesses of the spray-coated fi lms. [  22  ]  The desired fi lm 
heights were therefore measured by stylus profi lometry. It was 
found that the polymerized fi lm decreased 37% on average rela-
tive to the monomer spray-coated fi lm thickness. The decrease in 
the fi lm thickness and the change to the fi lm morphology with 
polymerization can be attributed to removal of the unreacted 
comonomers and low molecular oligomers with dichloromethane 
washings. Meanwhile, the consistently and homogeneously thick 
post-reaction fi lm that resists rinsing with dichloromethane fur-
ther corroborates that the resulting fi lm is a polymer. 

 The polymerization of  3  follows a step-growth mechanism 
that usually requires a strict control of the stoichiometry 
between the comonomers when done in solution. However, it 
was observed that the on-substrate polymerization was tolerant 
towards imbalances in the comonomer mole ratio. This was 
confi rmed by examining the effect of different mole ratios of  1  
and  2  on the absorbance at 470 nm for the polymer  3  obtained. 
3551wileyonlinelibrary.comeim
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     Figure  2 .     AFM tapping micrographs of fi lms of spin-coated monomers  1  and  2  on A,C) glass substrates and the B,D) resulting  3  obtained by 
on-substrate polymerization. AFM cross section micrographs E) before and F) after polymerization. Respective average roughness (R a ) values are 
0.750 and 1.16 nm.  

   Table  1.     Photographs of polymer fi lms of  3  as a function of different 
comonomer mole ratios and their optical energy-gaps. 

Photographs of the fi lms

   

Mole ratio of  1:2 2:1 1.5:1 1:1 1:1.5 1:2

 2  [mg/mL] 6.6 6.0 5.0 4.0 3.6

 1  [mg/mL] 3.1 3.4 4.3 5.1 5.7

Total concentration [mol/mL] 3.3  ×  10  − 5 

Optical energy-gap [eV] f) 2.03 2.03 2.02 2.01 2.01

    a–e) Mole ratio of  1 : 2  as per the fi rst row of the table.  f) Taken from the absorbance onset.   
This wavelength was chosen as a suitable metric for assessing 
the polymer because the   λ   max  is sensitive to variations in the 
degree of polymerization. [  23  ]    Table 1   shows a series of fi lms of 
 3  obtained on glass substrates by spray-coating various molar 
ratios of the two monomers and their corresponding polymer 
fi lms. In all cases, the total monomer concentration of the 
mixture remained constant. It was possible to obtain polymer 
fi lms that were immobilized on the substrate even with large 
variations in mole ratios of the two comonomers, i.e., 1:2 and 
2:1 ratio of  1 : 2 . This is in contrast to the solution polymeriza-
tion that affords uniquely trimers with these conditions. These 
trimers and other low molecular weight oligomers are extremely 
soluble in the solvents that were used to wash the polymerized 
surfaces of  3 . Therefore, they would be removed from the sur-
face. [  24  ]  The collective results confi rm that a poly mer is formed 
by the on-substrate method even when exact stoichiometric 
ratios of the comonomers are not used. Rather, varying the 
comonomer ratio affects the thickness of the polymer fi lm. The 
552 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
thickest fi lms were obtained with stoichiometric amounts of  1  
and  2 . As seen in the absorbance spectra in Figure  1 B and the 
photographs of the fi lms in Table  1 , only the intensity of the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3549–3559
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     Figure  3 .     A) Normalized absorbance spectra of fi lms of  3  on glass substrates measured in 
their neutral state ( � ), chemically oxidized with FeCl 3  ( � ), and subsequent neutralization with 
hydrazine hydrate ( � ). B) The corresponding CIE D65 color coordinates and photographs of 
the various states of  3  from (A).  
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fi lm changes when [ 1 ]  ≠  [ 2 ]. The observed 
decrease in the absorbance intensity is a 
result a reduced thickness of the polymer 
fi lm. According to the consistent  λ  max  and the 
optical energy-gaps, all the polymers obtained 
by the on-substrate method have comparable 
conjugation lengths despite their mismatched 
comonomer stoichiometries. The consistent 
  λ   max  further suggests that the polymers have 
a minimum average degree of polymeriza-
tion (DP) of 10. This is according to similar 
polyazomethines whose absorbance shifts 
did not undergo additional bathochromic 
shifts with DP  ≥  10. [  21b  ]  It should be noted 
that extended bathochromic shifts for the pol-
ymer’s absorbance are not expected. This is a 
result of twisting of the mean planes between 
the azomethine and triaryl amine that limits 

their degree of conjugation. [  25  ]  This is in contrast to heterocy-
clic azomethines that are red-shifted owing to their high degree 
of coplanarity that promotes extensive delocalization. [  8  ,  26  ]  The 
twisting of  3  is expected to separate the polymer chains into a 
series of chromophores. This is benefi cial for color reproduc-
ibility unlike fully conjugated polymers whose optical proper-
ties are affected by polymer conformation. [  27  ]    

  2.2. Color Changes of Charged States 

 Both reversible oxidation and detectable color change between 
the polymer’s neutral and charged states are paramount for 
using the material in electrochromic applications. Thus, the 
reversible oxidation of  3  and its color change were examined 
both chemically and electrochemically. The neutral state of the 
immobilized  3  on glass substrates was red (460 nm) as seen in 
 Figure 3   A. Its color turned to blue (580 nm) when oxidized by 
immersing the substrate in a 0.1 M dichloromethane solution 
of FeCl 3  that was used as the oxidant. The corresponding CIE 
 L  ∗  a  ∗  b  ∗    color coordinates and photographs of the different 
states are shown in Figure  3 B and Table  1 . The blue color 
persisted and it did not fade when removing the substrate 
from the solution. Color dissipation would otherwise indicate 
© 2013 WILEY-VCH Verlag G

     Figure  4 .     A) Cyclic voltammogram of the immobilized fi lm of  3  on an ITO
rate of 100 mV/s. Inset: peak current as a function of scan rate of  3  immob
fi lm of  3  on ITO-coated glass electrode in its original (I), oxidized (II) neu
D65 coordinates.  
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degradation/hydrolysis of the polymer and instability of the 
oxidized state. The polymer could be neutralized by immersing 
the substrate in a dichloromethane solution containing hydra-
zine. This quenched the blue color giving rise to an orange (450 
nm) fi lm. Switching between the orange and blue colored states 
of the polymer fi lm was possible by subjecting the substrate 
to multiple oxidation/neutralization cycles with ferric chloride 
and hydrazine hydrate, respectively. The successive washing 
cycles led to no signifi cant color degradation or variation in the 
absorbance intensity. No special precautions were also required 
for handling the material in its different states, illustrating its 
air stability. These behaviors demonstrate the robustness of the 
fi lm and the azomethine bonds towards chemical doping. Fur-
thermore, the reversibility of the doping process under ambient 
conditions implies that both the neutral and the oxidized states 
are stable.  

 The reversible electrochemistry of  3  was further investigated 
by cyclic voltammetry. For this, the polymer was subsequently 
prepared on transparent ITO electrodes using the on-sub-
strate polymerization method. The cyclic voltammogram (CV) 
depicted in  Figure 4   A was obtained in a tetrabutyl ammonium 
hexafl uorophosphate (TBAPF 6 ) solution of acetonitrile and 
 3  was immobilized on an ITO-electrode that served as the 
working electrode. A platinum wire counter electrode and 
3553wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   Table  2.     CIE coordinates with D65 illuminant and 2 °  observer angle for 
the different states of  3 . 

 State L ∗ a ∗ b ∗ 

Chemical doping a) Oxidized 40 6 −19

Neutral 75 11 53

Solution b) I 45 49 60

II 29 −16 −15

III 66 −31 25

IV 79 −0.8 47

Device c) Oxidized 62 −15 −19

Neutralized 86 −20 14

    a)  3  immobilized on glass substrates and coordinates measured upon oxidation and 
neutralization with ferric chloride and hydrazine hydrate, respectively, in dichlo-
romethane;  b)  3  immobilized on the ITO electrode and coordinates measured at 
the equilibrium state electrochemically in acetonitrile with TBAPF 6  as the sup-
porting electrolyte;  c)  3  measured when it was used as the electrochromic layer in 
the working transmissive electrochromic device.   
Ag/Ag  +   non-aqueous reference electrode were also used. From 
the cyclic voltammogram showing the anodic scan (Figure  4 A), 
it is evident that the oxidation process of  3  at 700 mV is revers-
ible. This is in contrast to its corresponding dimers and trimers 
that are irreversible oxidized. [  24  ]  The reversible oxidation con-
fi rms that the polymer is anodically stable at ambient condi-
tions and that the electrochemically generated intermediate 
is also stable, a required property for use in electrochromic 
devices.  3  is interestingly the fi rst example of a non-metal coor-
dinated polyazomethine that can be reversibly oxidized. How-
ever, the electrochemically generated intermediate cannot be 
unequivocally assigned from the peak separation according to 
standard means. [  28  ]  The intermediate is nonetheless assumed 
to be a radical cation. Meanwhile, the broad E pc /E pa  separation 
is consistent with a polymer having multiple oxidation sites. [  29  ]  
The change in peak current with scan rate was additionally 
investigated. This was done to confi rm that the electrochemical 
process measured was from the polymer immobilized on the 
electrode and not from material desorbing into solution from 
the substrate. The linear correlation of peak current as a func-
tion of scan rate observed in the inset of Figure  4 A is consistent 
with physisorbed electroactive materials on the electrode. This 
confi rms that the polyazomethine is robustly immobilized on 
the electrode, as desired. The robust immobilization was fur-
ther supported visually, where no running of the color from 
the substrate into the electrolyte solution was observed with 
repeated cycling between the neutral and oxidized states.  

 The spectroelectrochemistry of  3  immobilized on the working 
ITO electrode was also investigated. This was done in part to 
assess the color transition and switching capacity of the polymer 
under conditions similar to those in a working electrochromic 
device. The spectroelectrochemistry of  3  was also done to cor-
roborate the chemical doping studies. For the spectroelectro-
chemical studies, the oxidation potential, oxidation reversibility, 
color changes, and the oxidation/neutralization switching rates 
of the immobilized polymer were investigated in acetonitrile 
using TBAPF 6  as the supporting electrolyte and by applying 
a bias of  +  1.1 and  − 0.7 V vs. Fc/Fc  +  . The electrochemical oxi-
dation of  3  led to stark color changes between its neutral and 
oxidized states. In contrast to the chemical doping studies, 
four distinct color states; red ( I ), deep blue ( II ), cyan ( III ) and 
orange ( IV ), were observed by spectroelectrochemistry. The oxi-
dation of  3  at 1.1 V resulted in a deep blue color corresponding 
to its oxidized state ( II ). An applied bias of  − 0.7 V resulted in 
the neutral state ( III ) whose color was cyan. The polymer could 
be repeatedly switched (vide infra) between its two colors, cor-
responding to the oxidized ( II ) and neutral ( III ) states, with posi-
tive and negative biases, respectively. However, the original color 
of state  I  could not be obtained even at large negative potentials. 
Instead, applying a large negative potential of  − 1.9 V led to an 
orange colored reduced state ( IV ). The reduced polymer could 
be switched sequentially to states  III  and  II , but the resulting 
states were less intense than those observed before applying the 
 − 1.9 V potential. The large negative potential had to be applied 
for extended times in order to obtain state  IV . These harsh con-
ditions eventually destroyed the polymer’s electroactivity (see 
the Supporting Information), resulting in the reduction of the 
azomethines bonds. Meanwhile, the color difference between 
the neutral states obtained after electrochemical and chemical 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
oxidation is a result of the different counter ions that are trapped 
in the polymer fi lm and that remain complexed with the pol-
ymer after the fi rst oxidation cycle. 

 The CIE coordinates of the different states obtained with 
D65 illuminant and 2 °  observer angle are summarized in 
 Table 2   . Meanwhile, the colors of the various electrochemically 
produced states are seen in the photographs of Figure  4 B. It is 
noteworthy that the electrochemical switching was done under 
ambient conditions without deaerated or anhydrous solvents, 
demonstrating the stability of both the neutral and oxidized 
states. The collective chemical and electrochemical studies 
demonstrate that  3  has spectral and electrochemical proper-
ties that are suitable for its use as the electrochromic layer in 
devices.  3  is further interesting because it is the fi rst example of 
a polyazomethine that can be reversibly oxidized and it exhibits 
signifi cant color changes in the visible spectrum between its 
neutral and oxidized states.  

 The switching speed and duty cycle of the immobilized 
poly mer were additionally investigated to further asses the 
stability and robustness of the electrochromic material. The 
duty cycle of the immobilized polymer was examined with 5 s 
switching speeds. This switching interval was chosen because 
it was found to give the highest percent transmittance change 
between the neutral and oxidized states. As seen in  Figure 5   A, 
the polymer could be switched up to 150 cycles without any sig-
nifi cant variation in the transmittance. The upwards drift in the 
transmission variation observed at extended switching times is 
due to drifting in the lamp intensity and not from polymer deg-
radation or charge storage. These would otherwise be observed 
as a decrease in the absolute transmission difference between 
the oxidized and neutral states instead of the consistent abso-
lute transmission difference observed with switching.  3  could 
also be switched between its two colored states at various speeds 
as seen in Figure  5 B. Fast switching speeds up to 0.2 s were 
possible. However, the transmittance difference decreased from 
34 to 3% with increasing switching speeds from 30 to 0.2 s. The 
optimal switching time was found to be 5 s, determined from 
the consistent maximum transmission difference derived from 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3549–3559
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     Figure  5 .     A) Duty cycle of  3  immobilized on an ITO electrode and meas-
ured in acetonitrile with TBAPF 6  as the electrolyte. The bias was switched 
between  + 1.1 and  − 0.7 V vs. Fc/Fc  +   at 5 s intervals and the transmission 
was monitored at 694 nm. Inset: expansion showing the change in trans-
mittance at 694 nm for three complete switching cycles at 5 s intervals. 
B) Change in transmittance of  3  immobilized on an ITO electrode similar 
to (A) as a function of different switching speed.  
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the switching speeds. The decrease in transmittance difference 
with increasing switching speed is a result of slow diffusion of 
the bulky TBAPF 6  electrolyte through the polymer fi lm. The 
collective spectroelectrochemical data confi rm that  3  is robust 
and that it can withstand repeated switching between its neutral 
and oxidation state under ambient conditions. The fi lm could 
also be switched again between its different states even after 
extended rest periods under ambient conditions without sig-
nifi cant decrease in the absolute transmission difference. While 
extended duty cycles are ultimately benefi cial for end-user appli-
cations, the switching cycles observed in Figure  5 A are none-
theless the fi rst example of an azomethine polymer capable of 
such repeated cycling without color fatigue or decomposition. 
Extended duty cycles comparable to aryl-aryl type materials are 
expected with  3  with improved fi lm preparation, controlled fi lm 
thickness, and different electrolytes.   

  2.3. Electrochromic Device 

 In light of the electrochemically induced reversible color states 
of the immobilized polymeric fi lm of  3  on ITO substrates 
observed in solution, a transmissive window type electro-
chromic device was fabricated from the polyazomethine. This 
was done using the on-substrate method by polymerizing  3  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3549–3559
directly on the ITO electrode, similar to the solution studies. 
Two sets of devices with  3  were prepared using the standard 
ITO/electrochromic layer/electrolytic gel/ITO electrochromic 
device architecture. [  5b  ,  15  ]  No defi ned counter electrode material 
was used in this simplifi ed device architecture. One device was 
prepared by covering completely the ITO electrode with spray-
coated monomers. Another device was prepared by selectively 
depositing monomers onto the electrode by spraying them 
over a stencil mask. The pattern of the spray-coated mono-
mers on the electrode was preserved without visual degrada-
tion or blurring of the image with the formation of  3 . Prior to 
assembling the device, the electrode with the immobilized  3  
was immersed in an acetonitrile solution with TBAPF 6 . The 
fi lm was then subjected to a couple of oxidation/neutraliza-
tion cycles until a consistent cyan to green color transition was 
achieved. Devices fabricated without this pre-switching step 
resulted in different colors than devices prepared with the pre-
switching step. The color inhomogeneity is ascribed to phy-
sisorbed oligomers and unconverted monomers that migrate 
to the fi lm-solution interface with oxidation/neutralization 
cycles, where they subsequently diffuse into the bulk solution. 
The oxidation/neutralization pre-device fabrication treatment 
electrochemically purifi es the polymer fi lm by removing the 
residual low molecular weight products that are not removed 
with alkaline rinsing. Electrochromic devices were fabricated 
by sandwiching a UV curable gel electrolyte between a blank 
ITO electrode and an ITO-covered  3  by using a double sided 
black foam tape as a spacer. It was found that  3  was robustly 
immobilized on the electrode given that it did not delaminate 
from the substrate during the device assembly. The device was 
subsequently fabricated in an easy and straightforward fashion. 
This is in contrast to oligomeric azomethines that either 
decompose or delaminate from the electrode and mix with the 
electrolyte gel under similar conditions. These challenges have 
limited the success of previously investigated materials for 
electrochromic materials. 

 Devices consisting of  3  as the electrochromic layer were 
tested using a bias of  + 3.2 and  − 1.5 V. The resulting device 
color changes observed with these potentials are shown in 
the photographs in the top panel of  Figure 6   . These show the 
electrochromic fi lm in its original (left), oxidized (right) and 
neutral states (middle). The devices were vibrant cyan/green 
and dark blue for the neutral and oxidized states, respectively. 
It is evident from the photographs that the colors of both the 
neutral and oxidized states of the device are comparable to 
the colors observed electrochemically with the immobilized 
 3  on the ITO electrode in solution (Figure  4 B). The similarity 
of the original neutral and oxidized colored states was further 
confi rmed quantitatively via the CIE color coordinates that are 
shown in Figures  4 B and  6 B in addition to Table  2 . At fi rst 
glance, the colors of the neutral state after oxidation for both 
the device (green, Figure  6 ) and the immobilized  3  on ITO in 
solution (teal, Figure  4 B) appear different. However, the CIE 
color coordinates in Table  2  are similar for the two states and 
the absorbance spectra of Figures  6 A and Supporting Informa-
tion Figure S1 are also identical. The perceived color difference 
is a result of a slight increase in the absorbance at 668 nm for 
the neutral state in the working device. This adds a minute red 
component to the color that is perceived as teal instead of green. 
3555wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  6 .     Top panel: photographs of the on-substrate polymerized fi lm of  3  (left), the corresponding electrochromic device upon oxidation (right) and 
the neutral state after an oxidation cycle (middle). A) Normalized absorbance spectra of the on-substrate polymerized fi lm of  3  ( � ), the corresponding 
electrochromic device in its oxidized state ( � ) and the neutral state after a complete oxidation cycle ( � ). B) The corresponding CIE D65 color coor-
dinates of the different device states in (A).  
The increased absorbance is a result of the slightly thicker fi lms 
of  3  used for the electrochromic device. In contrast, the color 
of the chemically oxidized  3  on substrates differed from the 
colors observed electrochemically in both devices and fi lms. 
The color discrepancy between the chemically and electrochem-
ically induced states is evident from the absorbance spectra in 
Figure  3 A and 6A. The chemically induced absorbance was hyp-
sochromically shifted by 110 nm relative to electrochemically 
induced absorbance change. The observed difference is in part 
owing to the different counter ions that are known to impact 
the color. [  30  ]  While the exact reason for the color difference 
cannot be unequivocally assigned, the collective chemical and 
electrochemical data nonetheless confi rm that  3  can undergo 
both reversible and signifi cant color changes upon oxidation. 
These data further confi rm that  3  is a suitable electrochromic 
material in working devices.  

 The absorbance spectra of both the device (Figure  6 A) and 
the electrochemically converted fi lms (see the Supporting Infor-
mation) had two absorbance peaks located at 365 and 690 nm 
in both their stable neutral and oxidized states. In the neutral 
state, the ratio of the 365/690 nm absorbance was greater than 
3. The ratio decreased to less than 0.75 upon oxidation, resulting 
in a visible color change. The overall outcome is a large color 
change between the two states when the device is operated. 
Multiple switching between the two colored states was pos-
sible without signifi cant color degradation. The performance 
of the patterned ( see  Supporting Information) and unpatterned 
electrochromic devices was examined by chronoamperom-
etry under ambient conditions without device encapsulation. 
 Figure 7   A shows the transmission monitored at 690 nm, 
corresponding to the oxidized state, as a function of switching 
the device at  + 3.2 and −1.5 V bias at variable switching speeds. 
From the fi gure, it is clear that the device can be repeatedly 
switched between the two states. This is consistent with what 
56 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
was observed with the switching in acetonitrile with  3  immo-
bilized on the ITO electrode. The highest change in transmis-
sion for the device between the neutral and oxidized states 
was 28% with 30 s switching speeds. The transmission ratio 
between the two states decreased inversely with switching 
speed, similar to what was also observed for the immobilized 
 3  in acetonitrile. This was a result of slow diffusion of the 
charge carrying electrolyte through the polymer fi lm and not 
from degradation of the electrochromic layer. This is based on 
the observed consistent transmission difference between the 
two states where no noticeable decrease in the transmission 
was observed. The consistent transmission difference between 
the neutral and oxidized states further implies the robustness 
of  3  towards oxidative degradation in the electrochemically 
harsh device environment. While the duty cycle of  3  does not 
compare to that of devices prepared from other organic poly-
mers, it should be placed in context that the device was oper-
ated under ambient conditions and it was not encapsulated. 
Typically, high duty cycles with organic electroactive layers are 
possible under anaerobic conditions and controlled environ-
ments such as device encapsulated that prevent the oxidative 
degradation of the electrochromic material. The moderate duty 
cycle of  3  under ambient conditions demonstrates the robust-
ness of the polyazomethine towards decomposition by oxida-
tion and hydrolysis in moist atmospheric environments. It is 
further noteworthy that this is the fi rst successful example of a 
working electrochromic device using a polyazomethine as the 
electrochromic layer that exhibits a high color contrast between 
the neutral and charged states. Meanwhile, the consistent pat-
tern between the spray-coated comonomers and the resulting 
on-substrate polymerized fi lm of  3  serves of a proof-of-concept 
that the electrodes can readily be patterned with solution proc-
esssable comonomers via standard lithographic means without 
altering the pattern resolution.  
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3549–3559
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     Figure  7 .     A) Transmittance of the electrochromic device of  3  monitored 
at 690 nm with applied voltages of 3.2 and −1.5 V at variable switching 
speeds. B) Magnifi ed view of (A) at faster switching speeds. C) Transmit-
tance at 690 nm ( � ) and charge density ( � ) of the transmissive electro-
chromic device of  3  as a function of time for one 30 s switch at 3.2 and 
−1.5 V. Inset: plot of coloration effi ciency vs. charge density.  
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 Figure  7 C shows the transmittance and charge density as 
a function of cycle time. The coloration effi ciency (  η  ) of the 
device was derived from Figure  7 C according to  Equation 1 , 
which takes into account the transmission% of the oxidized and 
neutral states and charge density. This leads to the coloration 
effi ciency plot shown in the inset of Figure  7 C and a maximum 
  η   of 102 cm 2  C  − 1  at 690 nm.

 
η =

Log
(

T%Neutr al
T%Oxidized

)

d Q   
(1)   

  

   3. Conclusion 

 In conclusion, the fi rst example of an air-stable and moisture-
resistant working electrochromic device successfully prepared 
from a conjugated polyazomethine was demonstrated. While 
the performance of the device may lag behind those prepared 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3549–3559
from other electroactive conjugated polymers, it nonetheless 
serves as a proof-of-concept that polyazomethines can succes-
sively be used as electrochromic materials. More importantly, 
the spectroelectrochemical studies confi rmed that the immobi-
lization of the polyazomethine could sustain an unprecedented 
moderate duty cycle of oxidation/neutralization switching 
without color fatigue or polymer decomposition. Optimization 
of the electrochromic layer thickness and other parameters 
such as the gel thickness and operating the device under anaer-
obic conditions will undoubtedly improve the device perform-
ance. Meanwhile, the polymerization of the robust polymer 
can be done directly on the working electrode by heating the 
comonomer coated substrate. This on-substrate polymerization 
method boasts the advantage that either commercially avail-
able or easily prepared monomers can be used for preparing 
stable electroactive polymers. This is in contrast to other immo-
bilization strategies involving cleavable groups that require the 
judicious design of precursors prepared from multistep syn-
theses. The on-substrate method further is a straight forward 
means of preparing conjugated polymers immobilized directly 
on the device electrode without stringent reaction conditions, 
with minimal waste, few by-products, and a simple purifi cation 
involving rinsing the substrate postpolymerization, while being 
amenable to standard patterning methods. The on-substrate 
polymerization is additionally advantageous because electroac-
tive polymers having a wide range of colors are potentially pos-
sible by mixing and matching various complementary diamine 
and dialdehyde monomers such as thiophenes, pyrroles, furans, 
fl uorenes and carbazoles. The method is also potentially appli-
cable to large scale and high throughput processing methods 
such as roll-to-roll device fabrication, while being an environ-
mentally friendly process, given that the main by-product pro-
duced during the polymerization is water.  

  4. Experimental Section 
  General Experimental Conditions : Reagents, reactants, and solvents 

were used as received unless otherwise stated. Anhydrous and 
deoxygenated solvents were obtained with an activated alumina column 
system.  1 H and  13 C NMR spectra were recorded at room temperature on 
a 400 MHz spectrometer. All the samples were dissolved in deuterated 
solvents and the spectra were referenced to the solvent line (CDCl 3 :  1 H  =  
7.26 and  13 C  =  77.0 ppm) relative to TMS. Absorbance measurements 
were done on a Varian Cary 500 UV-vis-NIR spectrometer. Electrochemical 
measurements were performed on a multi-channel BioLogic VSP 
potentiostat. Tetrabutyl ammonium hexafl uorophosphate (0.1 M) in 
acetonitrile was used as the electrolyte. A saturated Ag/AgCl reference 
electrode was used for solution redox measurements. Ferrocene was 
added at the end of the measurements to serve as an internal reference 
for calibrating the measured oxidation potentials. [  13  ]  

  Synthesis : The required monomer  1  (Scheme  1 ) was prepared 
according to known methods. [  14  ]  

 4,4 ′ -Diformyl triphenylamine ( 2 ). Phosphorus oxychloride (16.7 mL, 
0.18 mol) was added dropwise to a stirred solution of DMF (13.1 mL, 
0.18 mol) in dichloroethane (50 mL) at 0  ° C. After the addition of 
triphenylamine (5 g, 0.02 mol) dissolved in dichloroethane (50 mL), the 
mixture was stirred at 90  ° C for 12 h. After cooling, the solution was 
poured into cold water. The resulting mixture was adjusted to a neutral-
basic pH with aqueous sodium hydroxide. The organic phase was then 
extracted with dichloromethane and it was washed twice with water 
(100 mL). The aqueous phase was also washed with dichloromethane 
3557wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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(100 mL). The organic fractions were combined and the solvent was 
removed under reduced pressure. The residue was purifi ed by silica 
gel column chromatography (ethyl acetate/hexanes  =  1/9) to afford the 
product as a yellow crystalline solid (4 g, 66%). Mp  =  143 − 144  ° C;  1 H 
NMR (400 MHz, (CD 3 ) 2 CO,  δ ): 9.95 (s, 2H, CHO), 7.87 (Dt,  J D    =  8.40 Hz, 
 J t    =  2.03 Hz, 4H, Ar H), 7.49 (Tt,  J T    =  8.25 Hz,  J t    =  1.89 Hz, 2H, Ar H), 
7.33 (Tt,  J T    =  7.47 Hz,  J t    =  1.20 Hz, 1H, Ar H), 7.25 (Tt,  J T    =  8.39 Hz,  J t    =  
0.80 Hz, 4H, Ar H), 7.23 (s, 2H, Ar H);  13 C NMR (400 MHz (CD 3 ) 2 CO, 
 δ ): 123.6, 127.1, 128.1, 131.1, 131.4, 132.6, 146.7, 152.9, 191.1; HRMS 
(ESI) m/z: calcd for C 20 H 15 NO 2 , 301.2345; found, 302.1183. 

  Film Preparation : Monomer solutions of  1  and  2  were prepared in 
various concentrations and they were then sprayed onto 1.5 cm  ×  2 cm 
conductive glass substrates. Also, a mixture of the two monomers in a 
1:1 stoichiometry was prepared in 1 mL of dichloromethane. The mixture 
was then sprayed evenly on the substrates with a spray gun at a distance 
of 10 cm using circular motions. The thickness of the resulting fi lms 
could be adjusted between 50 and 400 nm by varying the concentration 
of the monomer solution. 

  Polymerization : The slides spray-coated with the two monomers were 
placed on a hot plate along with a small vial containing trifl uoroacetic 
acid (TFA; 1 mL). A glass dish was then set on top to create a small 
chamber around the samples. The temperature was varied between 
60 and 150  ° C. Once a TFA saturated atmosphere was achieved, the 
slides were polymerized for between 15 and 45 min. After cooling, the 
substrates were washed with copious amounts of triethylamine that was 
diluted in dichloromethane followed by pure dichloromethane. 

  Electrochromic Device Fabrication : Transmissive devices were fabricated 
from fi lms of  3  polymerized in situ on ITO glass electrodes. The device 
was prepared according to previously reported procedures with minor 
modifi cations to the gel electrolyte recipe. [  5b  ,  15  ]  The electrolyte gel was 
prepared by combing propylene carbonate (PC), poly(ethylene glycol) 
diacrylate, and tetrabutyl ammonium tetrafl uoroborate in the respective 
weight ratios of 10:7:3. 2,2-Dimethoxy-2-phenylacetophenone was used 
as the photoinitiator, which was added to the gel mixture in a 17.5 mg 
to 5 g ratio of PC. 

 A frame of double-sided adhesive foam tape was placed on a pristine 
1.5 cm  ×  2 cm ITO-coated glass slide, leaving a half a centimeter border 
on one side. The gel electrolyte was deposited inside the frame with a 
Pasteur pipette. The polymer fi lm coated ITO-glass slide was then placed 
on top of the gel coated ITO-glass and the device was placed in a UV 
chamber for photocuring the gel. The gel was cross-linked by irradiating 
it with three 350 nm lamps for 5 min. Copper tape was fi nally applied to 
both slides to serve as electrical contacts. The electrochemical properties 
of the device were measured with a potentiostat and the spectroscopic 
properties were measured with the above stated spectrometer. 

 Film Measurements: Film thickness measurements were done using 
the following method. The fi lm was scored in three distinct places with a 
scalpel blade. Using a stylus profi lometer, a 362  μ m scan was performed 
over each scar. The thickness was determined from the average height 
of the three scans. Polymer fi lms of  3  were prepared by spin-coating the 
required monomers onto glass microscope slides using the procedure 
above. The thickness and roughness of the polymer fi lms were measured 
by tapping mode atomic force microscopy (AFM). The regions were 
scanned at 5, 10, and 25  μ m resolutions using an amplitude setpoint 
of about 1 mV.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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