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simplest form of iptycene is triptycene, 
which contains V-shaped cavities, whereas 
pentiptycene contains not only V-cavities 
but also U-cavities. These cavities create 
internal molecular free volume (IMFV), 
which has introduced intriguing proper-
ties to π-conjugated polymers. As depicted 
in Figure 1, a high fraction of the pentip-
tycene unit in the backbone could effec-
tively prevent π-stacking among polymer 
chains to retain a high photolumines-
cence quantum efficiency of the polymer 

films and to form intrinsic pores for accommodating small 
molecules.[7] In addition, one of our groups recently demon-
strated that a low fraction (below 5%) of pentiptycene incorpo-
ration in the polyaniline backbone could significantly enhance 
the electrochemical capacity and stability of the polymer films, 
attributable to the “molecular clipping effect” that confines 
the neighboring polymer chains.[8] In this context, we have 
explored the N,N′-di(methoxyphenyl)-1,4-phenylenediamine 
(TPPA)-based EC polyamides that contain the pentiptycene 
scaffold. We envisaged that the intrinsic pores created by the 
pentiptycene groups could promote diffusion rate of counte-
rions in the polymer matrix and that the clipping effect could 
facilitate electron transfer among the polymer chains and, 
therefore, an enhanced EC switching capability might be 
achieved.

The synthesis of the TPPA-based polyamide (TPPA-cyclo) 
and pentiptycene-containing copolyamide (TPPA/penti-cyclo) 
was carried out by direct polycondensation of 1,4-cyclohexan-
edicarboxylic acid and the corresponding TPPA (Scheme  1). 
Their intrinsic viscosities and molecular weights are summa-
rized in Table S1, Supporting Information, and their solubility 
behaviors are shown in Table S2, Supporting Information. 
The weight-average molecular weight (Mw) and polydispersity 
(Mw/Mn), estimated by gel permeation chromatography, were 
53 700 (1.50) for TPPA-cyclo, and 10 400 (1.41) for TPPA/penti-
cyclo. Thermal properties measured by thermogravimetric 
analysis and differential scanning calorimetry (DSC) are shown 
in Figures S1 and S2, Supporting Information, and the related 
values are listed in Table S3, Supporting Information. Both 
polymers possessed good thermal stability without presenting 
significant weight loss up to 350 °C. Furthermore, TPPA/penti-
cyclo displayed higher stability, which could be attributed to the 
introduction of pentiptycene moieties. The DSC trace showed 
that the glass transition temperature of TPPA-cyclo was around 
250 °C, while TPPA/penti-cyclo did not give an obvious change 

Enhancing switching response capability of electrochromic (EC) polymers has 
been a topical issue. Herein, the H-shaped nonplanar pentiptycene scaffold 
is successfully introduced into the polyamide film derived from N,N′-bis(4-
aminophenyl)-N,N′-di(methoxyphenyl)-1,4-phenylenediamine (TPPA), and the 
resulting copolymer shows enhanced EC behaviors, including lower oxidation 
potential and shorter switching response time, as compared to the corre-
sponding TPPA-derived homopolymer.

The electrochromic (EC) behaviors of triphenylamine (TPA)-
derived polymers have been investigated by one of our groups 
since 2005.[1] These polymers usually display high transparency 
at the neutral state and undergo multiple color changes during 
the redox processes. The number of coloring states depends on 
the number of oxidation centers in the polymers. An ideal EC 
polymer should not only have high color contrast ratio, large 
coloration efficiency, shorter response time, and longer cycle 
life but also have low oxidation voltage, good environmental sta-
bility, and diverse colors.[2] To achieve high color contrast, con-
trolling the film thickness is a direct approach; however, thicker 
films often cause longer switching time and shorter cycle life.[3] 
Previous attempts to solve the dilemma are to prepare porous 
polymer films or nanostructured materials[4] and to employ 
organic–inorganic hybrids.[5] Herein, we report a new approach 
to enhance the switching response capability by incorporating 
the pentiptycene scaffold into the polymer chain.

Pentiptycene belongs to the family of iptycene, which con-
tains phenylene and bicyclo[2,2,2]octatriene units.[6] The 
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up to 350 °C. The NMR spectrum of TPPA/penti-cyclo is shown 
in Figure S3, Supporting Information. According to the NMR 
signals, the molar ratio of the TPPA versus the pentiptycene 
unit is about 5:3. Because the pentiptycene unit is not EC-
active, TPPA/penti-cyclo would contain fewer amounts of the 
EC units than TPPA-cyclo under the same materials loading. 
Therefore, two types of TPPA/penti-cyclo films differing in 
thickness, on the basis of the optical density, were prepared to 
study the effects of pentiptycene on the EC performance: the 
first type has a similar film thickness as the TPPA-cyclo films 
(330 ± 30 vs 310 ± 15 nm), and the second type is roughly two 
times thicker (630 ± 55 nm) than the first type to have a similar 
loading of EC units to TPPA-cyclo. The two types of films are 
named as TPPA/penti-thin and TPPA/penti-thick, respectively, 

and the corresponding UV–vis transmittance spectra are shown 
in Figure S4, Supporting Information. The film transparency is 
similar for the TPPA-cyclo and TPPA/penti-thin films, and they 
are higher than the TPPA/penti-thick films.

The electrochemical properties of TPPA-cyclo, TPPA/penti-
thin, and TPPA/penti-thick films coated on indium tin oxide 
(ITO) glasses were measured by cyclic voltammetry (CV) to 
obtain the oxidation redox potentials. The CV diagrams are 
illustrated in Figure 2, and the related values are summarized 
in Table  1. The oxidation potentials of TPPA/penti-thin at the 
first and the second oxidation states (0.23 and 0.63  V) were 
both lower than those of TPPA-cyclo films (0.33 and 0.75  V), 
indicating that the EC materials can be oxidized more easily 
in the presence of the pentiptycene units. Moreover, the oxi-
dation redox potentials of TPPA/penti-thick (0.27 and 0.68  V) 
are also smaller than those of TPPA-cyclo films. Furthermore, 
the potential difference between the oxidation and the reduc-
tion peaks, ΔE, at the two oxidation states revealed the same 
tendency as the oxidation potentials. These results demon-
strate the positive effects of the pentiptycene moieties on the 
enhancement of electrochemical response capability. This 
might be attributed to a less dense packing of polymers in 
TPPA/penti-thin and TPPA/penti-thick as compared with that 
in TPPA-cyclo film such that the formation of intrinsic pores 

Figure 1. Illustration of the formation of intrinsic pores and clipping 
effect by introducing pentiptycene structures into polymer chains.

Scheme 1. Synthesis routes of TPPA-cyclo and TPPA/penti-cyclo.

Figure 2. Cyclic voltammograms of a) TPPA-cyclo (thickness: 310 ±  15 nm), b) TPPA/penti-thin (thickness: 330 ± 30 nm), and c) TPPA/penti-thick 
(thickness: 630 ± 55 nm) films on the ITO-coated glass substrate (coated area: 0.6 cm × 3 cm) in 0.1 M TBABF4/MeCN at a scan rate of 50 mV s–1.
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among polymer chains facilitates the diffusion of counterions 
in the polymer matrix more efficiently. This also explains the 
lower driving force and applied voltage for the oxidation of the 
pentiptycene-containing polymers.

Spectroelectrochemical spectra of these EC polymer films 
were shown in Figure 3. Although the TPPA-based polyamides 
have two oxidation states, the first oxidation state should be a 
judicious choice for practical application because of the lower 

Table 1. Redox potentials and impedance data of the prepared films.

Polymersa) First oxidation state Second oxidation state 0.35 V (coloring state) 0 V (bleaching state)

Eoxi.
b) [V] Ered.

c) [V] ΔEd) [V] Eoxi.
b) [V] Ered.

c) [V] ΔEd) [V] RΩ
e) [Ω] Rct

f) [Ω] RΩ
e) [Ω] Rct

f) [Ω]

TPPA-cyclo 0.33 –0.07 0.40 0.74 0.38 0.36 3.98 24.9 4.09 25.5

TPPA/penti-thin 0.23 0.05 0.18 0.63 0.46 0.17 3.28 18.6 3.41 18.9

TPPA/penti-thick 0.27 0.00 0.27 0.68 0.41 0.27 3.68 24.2 3.31 26.9

a)Measured relative to Ag/Ag+ in MeCN; b)Potentials at the oxidation peaks; c)Potentials at the reduction peaks; d)Potential differences between oxidation and reduction 
peaks = |Eoxi. – Ered.|; e)Solution resistance, obtained from interception of the Nyquist plots on the real axis; f)Charge transfer resistance, obtained from the diameter of the 
arc.

Figure 3. Spectroelectrochemical spectra and switching response time (0.35 V as coloring voltage and –0.1 V as bleaching voltage) of a,b) TPPA-cyclo 
(thickness: 310 ± 15 nm), c,d) TPPA/penti-thin (thickness: 330 ± 30 nm), and e,f) TPPA/penti-thick (thickness: 630 ± 55 nm) films on the ITO-coated 
glass substrate (coated area: 0.6 cm × 3 cm) in 0.1 M TBABF4/MeCN.
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oxidation potential and higher stability. Thus, the EC behavior 
was investigated only at the first oxidation state in the experi-
ments. According to Figure 2, the applied voltage was at 0.35 V 
for coloring and at –0.10  V for bleaching. As illustrated in 
Figure 3, the characteristic absorption peaks of TPPA-cyclo and 
TPPA/penti-cyclo at the first oxidation state were at 430 and 
600 nm, corresponding to the color of green grass. The relative 
absorbance is in the order TPPA/penti-thick ∼ TPPA/cyclo > 
TPPA/penti-thin, which reflects the relative amount of the EC-
active moieties in the polymers. Regarding the response time, 
it took TPPA-cyclo films 3.7 s to reach 90% of total switching 
transmittance change from the neutral state to the coloring 
state, and 5.2 s to bleach from the oxidized state to the original 
neutral state. In contrast, TPPA/penti-thin exhibited shorter 
response times, only 1.4 s for coloring and 1.7 s for bleaching 
and highlighting the pentiptycene effect (recall that the thick-
ness of TPPA-cyclo and TPPA/penti-thin is similar). Again, an 
enhancement in the diffusion rate for the counterions in the 
polymer matrix during the EC operations might account for the 
pentiptycene effect. This argument is further supported by the 
performance of TPPA/penti-thick with the coloring time and 
bleaching time being 3.4 and 5.5 s, respectively. Since the thick-
ness of TPPA/penti-thick is nearly double of that of TPPA-cyclo, 
their similarities in the response times unambiguously dem-
onstrate the promising pentiptycene effects on EC switching 
capability.

Electrochemical impedance spectroscopy (EIS) was also 
employed to investigate the electroactivity and conductivity 
of the polymer films coated on the electrode.[9] The results of 
EIS are shown in Figure 4. The data were fitted by the classical 
Randles four-element circuit. The solution resistance (RΩ) was 
obtained from the intercept of horizontal axis, and the charge 
transfer resistance (Rct) from the diameter of the semi-circle 
or the arc. The values of Rct and RΩ for the coloring (0.35  V) 
and for the bleaching (0.0 V) states are summarized in Table 1. 
At the coloring potential, the Rct values of TPPA-cyclo, TPPA/
penti-thin, and TPPA/penti-thick are 24.9, 18.6, and 24.2 Ω, 
respectively. Similar Rct values are also observed for the three 
polymers in the bleaching process, that is, 25.5, 18.9, and 26.9 
Ω for TPPA-cyclo, TPPA/penti-thin, and TPPA/penti-thick, 
respectively. Since a lower Rct value implies a higher diffusion 

rate of the counterions, the relative Rct values of the three 
poly mer films again support the proposition that the pentip-
tycene effect on shortening the switching response time is due 
to enhanced ion diffusion in the polymer matrix during the 
redox operations.

In conclusion, the incorporation of pentiptycene units into 
TPPA-based EC polymers could significantly improve the EC 
performance of the polymers. More specifically, with the same 
film thickness, the first oxidation potentials were lowered from 
0.33 to 0.23  V, the ΔEs from 0.40 to 0.27  V, and the response 
time were shortened from 3.7/5.2 to 1.4/1.7 s for coloring and 
bleaching procedures. Such an intriguing pentiptycene effect 
is attributed to the intrinsic pores formed by the IMFV of the 
pentiptycene units, giving a promising material that could be 
applied for further applications on electrochromism.
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Figure 4. Nyquist plots of TPPA-cyclo (thickness: 310  ±  15  nm), TPPA/penti-thin (thickness: 330  ±  30  nm), and TPPA/penti-thick (thickness: 
630 ± 55 nm) films on ITO glasses (coated area: 0.6 cm × 3 cm) in 0.1 M TBABF4/MeCN at a) 0.35 V and b) 0 V.
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