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Synthesis and electrochromic properties of
polyamines containing a 4,4'-diaminotriphenyl-

6369 amine-N,N’-diyl unit in the polymer backbone:
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A new type of polyamine containing a 4,4'-diaminotriphenylamine-N,N'-diyl unit in the main chain
was prepared by Ru-catalyzed polycondensation of a bis(diazocarbonyl) compound with 4,4’ -diaminotri-
phenylamine, where the propagation is N—H insertion of a carbene—carbon atom generated from the
diazocarbonyl group of the former monomer with N, elimination. In the well-defined polyamines newly
prepared in this study, the two primary amino groups in the diamine monomer remain as secondary
amino groups in the polymer main chain, in contrast to the previously reported polymers prepared by
polycondensation of the same diamine monomers, where the amino groups were incorporated into an
amide or imide linkage. The resulting triphenyl amino framework in the polymer main chain
possesses three amino groups, each of which can independently participate in the electrochemical
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process as a redox center with applied electrochemical potentials. The electrochromic properties of thin
films and electrochromic devices of the polyamines were evaluated with cyclic voltammetry and
spectroelectrochemistry, revealing that the polyamines indeed underwent an expected three-stage
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Introduction

In the last two decades, polymerization of diazocarbonyl
compounds has been intensively investigated, because the
unique reactivity of a diazocarbonyl group can afford a variety
of polymer structures that cannot be obtained by any other
types of polymerization. For example, C1 polymerization of
diazoacetates has been recognized as a useful method for C-C
main chain polymer synthesis, which can yield polymers
bearing an alkoxycarbonyl group (ester) on each main chain
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carbon atom.'”® Recent progress has demonstrated that

C1 polymerization can yield C-C polymers with a high M, in
good yields, even stereospecifically or in a controlled
manner by a suitable choice of a transition metal-based
initiator.””"”

Along with the above-mentioned C1 polymerization, the use
of bis(diazocarbonyl) compounds as a monomer for polycon-
densation has also been explored and demonstrated to be
effective for preparing polymers with a variety of unpre-
cedented main chain structures."® ' One of the examples of
the polycondensation of bis(diazocarbonyl) compounds uti-
lizes insertion of diazo-bearing carbon atoms into N-H bonds
of diamine monomers, affording a variety of polyamines with
unique polymer backbone structures. Indeed, the polymeriz-
ation proceeded efficiently between diethyl 1,4-phenylenebis
(diazoacetate) 1 and a variety of aromatic diamines, yielding
polyamines bearing an alkoxycarbonyl group at the adjacent
carbon of each nitrogen in the main chain framework as
shown in Scheme 1.2 Then, it occurred to us that if we choose
4,4'-diaminotriphenylamine (diamino-TPA) derivatives 2a and
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previous work: Ru-catalyzed N-H insertion polycondensation to afford polyamines
(Shimomoto, Ihara, et al., Macromolecules 2017, 50, 9233.)
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Y = OMe (2a), CN(2b)

Scheme 1 Previous and this work on N—H insertion polycondensation.

2b as a diamine monomer, the resulting polyamines could
have unique electroactive properties because of the presence of
the diamino-TPA units in the polymer backbone;** in particu-
lar, it is noteworthy with the polymer structure that two nitro-
gen atoms originally located at the 4,4'-positions of the
diamino-TPA monomers are still present as secondary amines,
which can possibly participate in the electrochemical process
as redox centers (Scheme 1). This feature is in sharp contrast
to the previously reported TPA-based polymers such as polyi-
mide and polyamide,** because in these reported examples,
the nitrogen atoms originally attached to the diamino-TPA
monomers were incorporated into imide or amide linkages
and thus cannot participate in the redox process owing to the
electron-withdrawing effect of the imide or amide carbonyl
group.®*® Accordingly, for the diamino-TPA-bearing polya-
mines newly prepared in this study, it would be possible to
oxidize all the three nitrogen atoms in the diamino-TPA unit
in three sequential steps by gradually increasing the electro-
chemical potential applied to the polymer, resulting in the
generation of mixed-valence (MV) systems with strong electron
coupling over diamino-TPA conjugation, where the electrons
can be delocalized over multiple redox states.>’*® These
systems are expected to show electrochromic (EC) behavior
with multiple color changes finely responding to the gradual
change of the applied potential.

In this paper, we first examined the polycondensation of
diethyl 1,4-phenylenebis(diazoacetate) 1 with two types of 4,4'-
diaminotriphenylamine derivatives, 2a and 2b, and investi-
gated the electrochromic properties of the thin films and elec-
trochromic devices (ECDs) of the resulting polyamines, using
cyclic voltammetry (CV) and spectroelectrochemistry. As a
result, we have indeed found that the presence of the second-
ary amino groups in the polymer backbone significantly affects
the EC behavior because of the participation of the two amino
groups in the redox process.

6370 | Polym. Chem., 2022, 13, 6369-6376
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Y = OMe (P3-OMe), CN (P3-CN)
polyamine with three oxidizable N atoms

Results and discussion

Polycondensation of diethyl 1,4-phenylenebis(diazoacetate) (1)
with 4,4"-diamino-4"-methoxytriphenylamine (2a) and 4,4’
diamino-4"-cyanotriphenylamine (2b)

Following the results reported in our previous publication, the
polycondensation of 1,4-phenylenebis(diazoacetate) 1 with
4,4'-diamino-4"-methoxytriphenylamine ~ 2a** and 4,4
diamino-4"-cyanotriphenylamine 2b** was conducted using
[RuCl,(p-cymene)], as a catalyst under the optimized con-
ditions: in dichloroethane at 30 °C for 12 h with a feed ratio of
[1 + 2]/[Ru] = 40 (Scheme 2). Although the number-average
molecular weight (M,,) of the products P3-OMe and P3-CN was
around 8000 and somewhat lower than those reported with
other diamines, well-defined polyamines with expected struc-
tures were obtained in a moderate yield of around 60%
(Scheme 2). The well-defined polymer structures were con-
firmed from their 'H and >C NMR spectra and the elemental
analysis results [see the ESIT for the data]. For example, the "H
and ’C NMR spectra of the P3-CN sample (M,, = 14 000, b =
1.42) are shown in Fig. 1 and 2, respectively, in which all the
expected signals for the repeating unit structure are observed.
Likewise, the structure of P3-OMe was identified from its NMR
spectra, although the >C NMR signals for its aromatic carbons
appeared as very broad ones with some overlapping; the
elemental analysis results of P3-OMe were satisfactory for con-
firming the expected polymer structure (see the ESIT).

Thermal analyses using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) revealed that T,
(glass transition temperature) and Ty4s (5% weight loss temp-
erature) are 129 °C and 263 °C for P3-OMe and 139 °C and
260 °C for P3-CN, respectively, indicating their sufficient stabi-
lity at higher temperatures (see the ESIT) despite the relatively
low M, of the P3-OMe and P3-CN samples below 10 000. In
addition, they have good solubility in common organic sol-

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Ru-catalyzed polycondensation of 1 with 2a and 2b.

i h
CHaCH;0,C

CN

View Article Online

Paper

P3-OMe: 64% yield,
M, =7700, =144

P3-CN: 51% yield,
M, = 8700, ® =1.40

(M, and B : in THF, PMMA std.)

Y = OMe (P3-OMe), CN (P3-CN)

water

water

it h
CH3CH20,C
9 N
N2,
CO2CH,CH3
1

-

water

Fig. 1 'H NMR spectra of P3-CN (M, = 14 000, D = 1.42), 2b, and 1.
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vents such as CHCl; and THF, and their polymeric thin films
can be prepared by solution cast to investigate the EC pro-
perties as shown below.

Electrochromic properties of polyamine films

Electrochemical properties. The electrochemical properties
of P3-OMe and P3-CN films coated on ITO glasses were
measured by cyclic voltammetry (CV) using 0.1 M TBABF, (TBA
= tetrabutylammonium) as a supporting electrolyte in propy-
lene carbonate (PC). As shown in Fig. 3(a) and (b), both P3-
OMe and P3-CN films display three oxidation states in the CV
diagrams, indicating that both P3s have three electroactive
centers with different oxidation potentials derived from the
presence of the three nitrogen atoms in the diamino-TPA unit.
In addition, differential pulse voltammograms (DPVs) shown
in Fig. 3(c) and (d) depicted three oxidation potentials for both
P3s. Thus, the diamino-TPA unit in P3s should constitute a
mix-valence (MV) system and lower the first stage oxidation
potential, where the multiple redox states are coupled by elec-
tron delocalization over the diamino-TPA zm-conjugation. This
electrochemical behavior is caused by the presence of two sec-
ondary amine-nitrogen atoms directly connected to the TPA
core and thus, has not been observed in the polyimide or poly-
amide systems obtained from the identical diamino-TPA
monomers, where the corresponding nitrogen atoms cannot
be electrochemically oxidized because of the electron-with-
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drawing effect of the imide or amide carbonyl groups. P3-CN
possesses higher oxidation potentials than P3-OMe, consistent
with the substituent effect between OMe and CN previously
observed in the corresponding polyamides.**3°
Spectroelectrochemical properties. For the P3 films, spectro-
electrochemical experiments in the visible light to near-infra-
red (NIR) wavelength range were conducted to evaluate the
changes of the absorption spectra with increasing applied
potential. The spectroelectrochemical spectra at various
applied potentials of P3-OMe are shown in Fig. 4(a). In the
neutral state (0 V), the P3-OMe film exhibited a strong absorp-
tion peak at 460 nm, which should be ascribed to the lowest
energy m-n*-transition of the neutral diamino-TPA unit. A new
strong absorption peak appeared in the NIR region at 910 nm
after the first oxidation (0.4 V), suggesting that a stable mono-
cation radical generated at the diamino-TPA center nitrogen
atom electronically interacts with the remaining two neutral
nitrogen atoms at the 4,4-positions; this phenomenon is
known as the intervalence charge-transfer (IV-CT) effect, which
was absent in the corresponding polyamide systems because
of the ineffective participation of the amide nitrogen atoms in
the electrochemical process.”” When higher potentials than
0.7 V were applied, the monocation radical structure should be
transformed into a dication radical structure, making the NIR
absorption band broader and hypsochromic to 840 nm with
increasing intensity. In addition, a new peak at 730 nm associ-
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Fig. 3 Cyclic voltammetric diagrams of (a) P3-OMe (thickness: 500 + 10 nm) and (b) P3-CN (thickness: 500 + 40 nm) at a scan rate of 50 mV s,
and differential pulse voltammograms of (c) P3-OMe and (d) P3-CN on the ITO-coated glass substrate (coated area: 0.6 cm X 3 cm) in 0.1 M

TBABF,/PC.
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Fig. 4 Spectroelectrochemical spectra of (a) P3-OMe (thickness: 500 + 10 nm) and (b) P3-CN (thickness: 500 + 40 nm) in TBABF,/PC at the neutral

state and three oxidation states.

ated with the dication radical species was generated when the
applied potential was higher than 0.4 V. These phenomena
demonstrated that the formation of the oxidized secondary
amine could enhance the absorbance in both the visible and
NIR regions in the second oxidation state with the dication
radical of diamino-TPA. Furthermore, when the potential was
increased from 0.7 V to the fully oxidized state of 1.2 V,
the NIR absorption band caused by IV-CT declined
accordingly, indicating that the trication radical form of
diamino-TPA is unfavorable for the IV-CT effect. On the other
hand, the broadband peak at 730 nm gradually increased in
intensity until the applied potential reached 1.2 V, suggesting
that the chromophoric state causing the absorption should
be present both in the di- and trication radical forms of
diamino-TPA.

As depicted in Fig. 4(b), upon oxidation until the applied
potential reached 0.8 V, P3-CN exhibited a new broad absorp-
tion peak at around 1020 nm in the NIR region due to IV-CT
excitation in a similar manner to that for above-described
P3-OMe. The significant red-shift of the absorption peak from
910 (P3-OMe) to 1020 (P3-CN) nm could be attributed to the
extended n-conjugation of the monocation radical of P3-CN
with the CN group. By increasing the applied potential to 0.9
V, the IV-CT absorption band of the cation radical started
decreasing with the emergence of a new absorption peak at
727 nm owing to the beginning of the formation of a dication
radical form of diamino-TPA as that observed for P3-OMe. As
the applied potential was further increased to the third oxi-
dation state (1.7 V), the intensity of the absorption peak at

This journal is © The Royal Society of Chemistry 2022

727 nm was significantly enhanced with the disappearance of
the NIR absorption band.

In accordance with the changes of the spectra with increas-
ing potential, the darkening of the film appearance was
observed despite relatively weak contrast changes (see the
ESIY). It is worth mentioning that the secondary amines in the
main chain of P3s could indeed participate in the oxidation
process, in contrast to the corresponding TPA-containing polyi-
mides and polyamides, and this feature of the new polyamine
framework can be utilized for the development of highly
effective EC devices.

Optical properties. The optical properties of P3s were investi-
gated by UV-vis and photoluminescence (PL) spectroscopy. The
results are illustrated and summarized in Fig. 5 and Table 1.
P3-OMe and P3-CN exhibited maximum UV-vis absorption
caused by the m-n* transitions of TPA chromophores at 306
and 290 nm in DMAc solution and 305 and 294 nm in the film
state, respectively. Although the PL peak of P3-CN in the film
state was noticeable, the intensity of 8 x 10®> was much lower
when compared with that of quinine sulfate in sulfuric solu-
tion (~8 x 10°). Besides, according to the photoluminescence
quantum yield (PLQY) measurement, the polymers P3-OMe
and P3-CN in the solution or film state exhibited low (<0.5%)
and non-detectable values, respectively.

Electrochromic properties of the electrochromic devices
(ECDs). For further applications, ECDs were fabricated from
the P3-OMe and P3-CN films with gel-type electrolyte systems
using 0.015 M heptyl viologen (HV) as a cathodic EC material
and 0.1 M TBABF,/PC as a supporting electrolyte. During the

Polym. Chem., 2022,13, 6369-6376 | 6373
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Fig. 5 UV-vis and PL spectra of polyamines (a) in DMAc solution (1 pM) and (b) in the solid state (film).

Table 1 Optical properties of the polyamines

DMACc solution (10 pM) Film

Aabs j'ema (pPLb j-abs )bema q’sPLC
Polyamines (nm) (nm) (%) (nm) (nm) (%)
P3-OMe 306 497 0.36 305 421 N.D.4
P3-CN 290 567 0.16 294 483 N.D.4

@ lem Was excited at Agps. 2 The quantum yield was measured by using
quinine sulfate (dissolved in 1 N H,SO, at a concentration of 10 pM,
assuming that the photoluminescence quantum efficiency was 0.546)
as a standard at 25 °C. ‘PL quantum yields of the polyamine thin
films were determined using a calibrated integrating sphere. ?Not
detected.

redox process of the ECD system, HV>" could accept the elec-
tron from the diamino-TPA moiety in the oxidation process.
Then, HV' could return the electrons to the cation radical of
diamino-TPA during the reduction process. Thus, the revers-
ible redox between HV*" and HV' can facilitate the electron
transfer between the P3 films and the electrode, resulting in a
lower oxidation potential and enhanced redox stability in the
EC system, as reported in a previous study.*>**~**

The ECD prepared with P3-OMe displayed three oxidation
stages in the CV diagrams, consistent with the results for the

(a)

Current (mA)

1.73V

1.2

2.0 1.6 1.2 0.8 0.4 0.0
Voltage (V)

Fig. 6 Cyclic voltammetric diagrams of (a) P3-OMe/HV ECDs (thickness:
rate of 50 mV s~ with 0.1 M TBABF4 and 0.015 M HV in 0.048 mL of PC.
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corresponding film in the absence of HV [Fig. 6(a)]. Even
though the apparent oxidation potentials (0.78, 1.10, 1.73 V)
are higher than those observed with the P3-OMe film alone
(0.62, 0.94, 1.27 V) without HV as shown in Fig. 3(a), the oxi-
dation process in the ECD occurred more efficiently consider-
ing that the electrodes employed are different in these two
systems (ITO-coated glass in the ECD vs. Ag/AgCl in the film
alone). As for the ECD system with P3-CN as shown in
Fig. 6(b), because the highest applicable potential for the ECD
is 2.0 V and the third oxidation potential of P3-CN exceeds the
limitation, only two-stage oxidation was observed within this
limit at apparently higher potentials (1.16 and 1.52 V) than
those of the P3-CN film alone (0.99 and 1.43 V) as well
[Fig. 3(b)].

The more efficient oxidation in the ECD systems is also
observable from the CV curves in Fig. 3 and 6: in contrast to
the irregular oxidation peak intensities shown in Fig. 3
[2"? oxidation peak shown in Fig. 3(a) and 1% oxidation peak
shown in Fig. 3(b) are much bigger than the other oxidation
peaks], the oxidation peak intensities shown in Fig. 6(a) and
(b) are relatively proportional.

As illustrated in Fig. 7, the spectroelectrochemical spectra
of P3s/HV ECDs reveal a similar optical absorption to that of
P3 films shown in Fig. 4, except that the spectra of ECDs

(b)

Current (mA)

1.52V

2.0 1.6 1.2 0.8 04 0.0
Voltage (V)

-0.5

310 + 30 nm) and (b) P3-CN/HV ECDs (thickness: 400 + 40 nm) at a scan
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Fig. 7 Spectroelectrochemical spectrum of (a) P3-OMe/HV ECDs (thickness: 310 + 30 nm) and (b) P3-CN/HV ECDs (thickness: 400 + 40 nm) with

0.1 M TBABF, and 0.015 M HV in 0.048 mL of PC.

exhibit an additional HV" absorption peak at 606 nm during
oxidation with the conversion of HV>* to HV'. The changes in
the absorption spectra were consistent with the oxidation
states observed in the CV diagram for the P3-based ECDs as
shown in Fig. 6. Indeed, for both P3 films, with the applied
potential higher than 1.2 V, there was an absorption drop in
the NIR region with the increased absorbance at 740 and
738 nm, indicating that for the ECDs as well, the IV-CT absorp-
tion at the NIR region decreased with increasing concentration
of the trication radical form of the diamino-TPA units in the
P3 films. The P3-OMe ECD revealed light blue appearance at
the first oxidation and became denser blue at the second oxi-
dation state because of the increased absorption at 606 and
740 nm and decreased adsorption at 465 nm. Besides, the P3-
CN ECD showed much lower absorption in the 400-500 nm
range than the P3-OMe ECD and exhibited a cyan-blue color in
the first oxidation state. Upon applying a potential to the
second oxidation state, the color changed to dense blue
because the absorption at 606 nm became dominant.

Conclusions

We have demonstrated that polyamines containing the 4,4'-dia-
minotriphenylamine-N,N'-diyl unit in the polymer backbone
can be prepared by Ru-catalyzed N-H insertion polycondensa-
tion of 1,4-phenylenebis(diazoacetate) with 4,4"-diaminotriphe-
nylamine derivatives, and that the three amino groups in the
resulting polyamines are able to participate independently in
the electrochemical process as redox centers with applied
electrochemical potentials. The observed three-stage redox
process of the new polyamines will be effective for fine-tuning

This journal is © The Royal Society of Chemistry 2022

their electrochromic behavior with the applied potential. Thus,
the N-H insertion polycondensation reported in this study has
a distinct advantage compared to the previously reported poly-
condensation using 4,4'-diaminotriphenylamine derivatives as
monomers affording polyimides or polyamides. This advan-
tage will be utilized for the development of new polymeric
materials for EC devices.
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