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ABSTRACT: A new triphenylamine-containing aromatic diamiNeiN-bis(4-aminophenyIN',N'-di(4-methoxy-
Iphenyl)-1,4-phenylenediamind)( was successfully synthesized by the cesium fluoride-mediated condensation
of 4-amino-4,4"-dimethoxytriphenylamine with 4-fluoronitrobenzene, followed by palladium-catalyzed hydrazine
reduction of the dinitro intermediate. A series of novel polyamides with pendehtiéthoxy-substituted
triphenylamine (TPA) units having inherent viscosities of 6-:P80 dL/g were prepared via the direct
phosphorylation polycondensation from the diamidgand various dicarboxylic acids. All the polymers were
amorphous with good solubility in many organic solvents, sucN-asethyl-2-pyrrolidinone (NMP) and\,N-
dimethylacetamide (DMACc), and could be solution-cast into tough and flexible polymer films. These aromatic
polyamides had useful levels of thermal stability associated with their relatively high softening temperature (242
282°C), 10% weight-loss temperatures in excess of 8I0and char yields at 80TC in nitrogen higher than

63%. The hole-transporting and electrochromic properties are examined by electrochemical and spectroelectro-
chemical methods. Cyclic voltammograms of the polyamide films cast onto an irdinroxide (ITO) coated

glass substrate exhibited two reversible oxidation redox couples at0.8Y and 0.820.86 V vs Ag/AgCl in
acetonitrile solution. The polyamide films revealed excellent stability of electrochromic characteristics, with a
color change from colorless or pale yellowish neutral form to green and blue oxidized form at applied potentials
ranging from 0.00 to 0.98 V. These anodically polymeric electrochromic materials not only showed excellent
reversible electrochromic stability with good coloration efficiency of green €85 cn#/C) and blue (CE=

272 cn?/C) but also exhibited high contrast of optical transmittance chande%) up to 60% at 430 nm and

73% at 1035 nm for green, and 86% at 850 nm for blue. After over 1000 cyclic switches, the polymer films still
exhibited excellent stability of electrochromic characteristics.

Introduction MV systems can be classified into three categories: class | with
practically no coupling between the different redox states, class
Il with moderate electronic coupling, and class Il with strong
electronic coupling (the electron is delocalized over the two
redox centers). Recently, an experimental and theoretical study
of theN,N,N,N'-tetraphenylg-phenylenediamine cation radical
has been reported and a symmetrical delocalized class I
structure was proposéd.

The anodic oxidation pathways of TPA were also well
studied!® The electrogenerated cation radical of TPAs not

Electrochromism involves electroactive materials that present
a reversible change in optical properties when the material is
electrochemically oxidized or reduced. The electrochromic
material exhibit several colors and be termed polyelectrochro-
mic.! This interesting property led to the development of many
technological applications such as automatic antiglazing mir-
rors2 smart windows, electrochromic displaysand chameleon
materials’ Triphenylamine- (TPA-) based polymers are not only

widely used as the hotetransport layer in electroluminescent S o9 o .
devices, but also show interesting electrochromic behavior. stable and could dimerize to form tetraphenylbenzidine by tail

Therefore, the intramolecular electron transfer and electronic t© t@il coupling with loss of two protons per dimer. When the

coupling effects in the oxidized states are important in the design Pneny! groups were incorporated by electron-donating substit-

of new TPA-based polymers for electrochromic devices. uents at the para-position of _TPA, the coup_hng reactions were
Intramolecular electron transfer (ET) processes have beengreatly prevented by affording stable cationic radicals and

i i i i —17 1 I -
studied extensively in the mixed-valence (MV) systérfsThey lowering the oxidation potenialé-1” The redox properties, ion

usually employed one-dimensional MV compounds contain two gaQSf‘?r pr?lflessl’\l (le\llle::t:ochrgn:_lfrlw,da{li pEoto?Iect:jqchgmlcal
or more redox states connected viaor s-bridge molecule. enhavior ofY, N, IV, I\ -tetrasubstituted-1,4-phenylenediamines

The interest in pure organic MV systems is currently increas- are important.for tephnologiga] applicatigh2? A new matelrial
ing.8° especially for the diamine derivatives. For example with longer life, higher efficiency, and appropriate highest
Nelysen and co-workel&studied a number gb-phenylenedi- " occupied molecular orbital (HOMO) energy level is in increasing

amine cation radicals using both the time-dependent theory anddemand. Intensive research efforts have been focused on the

spectroscopic measurements. According to Robin and!bay, development of new charge-transport polymers since they
promise a number of commercial advantages over low-molec-

ular-weight counterpart$-25 One of the perceived advantages

+ Corresponding author. E-mail: gsliou@ntu.edu.tw. . is that polymer films can be more easily deposited over a larger
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University. area and they are often flexible. Furthermore, prevention of
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performance. Recently, we have initiated a study to obtain TPA- as the onset temperatures of probe displacement on the TMA traces.
containing anodic electrochromic polymers which exhibited Cyclic voltammetry was performed with a Bioanalytical System
green and blue color in the oxidized state and were transparentmodel CV-27 potentiostat and a BAS—X recorder with ITO

in the neutral statéé—29 (polymer films area about 0.7 cm 0.7 cm) was used as a working
) ] ) ) electrode and a platinum wire as an auxiliary electrode at a scan
In this article, we therefore synthesized new diamiNg\ rate of 50 mV/s against a Ag/AgCl reference electrode in a solution

bis(4-aminophenyIN',N'-di(4-methoxyphenyl)-1,4-phenylene-  of 0.1 M tetrabutylammonium perchlorate (TBAP)/acetonitrile
diamine @), and its derived polyamides containing TPA groups (CHsCN). Voltammograms are presented with the positive potential
with an electron-rich pendent 4-methoxy phenyl ring which pointing to the left and with increasing anodic currents pointing
permits tuning the solubility and redox potential of the polymers. downward. The spectroelectrochemical cell was composed of a 1
The general properties such as solubility and thermal propertiescm cuvette, ITO as a working electrode, a platinum wire as an

are described. The electrochemical and electrochromic propertieuXiliary electrode, and a Ag/AgCl reference electrode. Absorption
pectra in spectroelectrochemical analysis were measured with a

\?Jitrif]ﬁs%olgrsetrri;ﬁer;:iorggstggbggege;ﬁ;%?\?gi:(rf_;ﬂnpare@P 8453 U\~visible spectrophotometer. Photoluminescence spec-
SN A T tra were measured with a Jasco FP-6300 spectrofluorometer.
nopheny)N',N'-diphenyl-1,4-phenylenediamirié. Fluorescence quantum yield®{) values of the samples in NMP
were measured by using quinine sulfateliN H,SO, as a reference
Experimental Section standard ¢ = 0.546)2530 All corrected fluorescence excitation
spectra were found to be equivalent to their respective absorption

Materials. N,N-Bis(4-aminophenylN',N'-diphenyl-1,4-phe- spectra.

nylenediamine (mp= 245—247°C) was synthesized by hydrazine
Pd/C-catalyzed reduction &f,N-bis(4-nitropheny)N',N'-diphenyl-
1,4-phenylenediamine resulting from the condensation of 4-ami-
notriphenylamine with 4-fluoronitrobezene in the presence of  Monomer Synthesis. 4-Amino-4,4"-dimethoxytripheny-
cesium fluoride (CsF) according to a previously reported proce- Jamine @) was prepared by the potassium carbonate-mediated
dure?® 4-iodoanisole (ACROS), 4-nitroaniline (ACROS), potassuim  gromatic nucleophilic substitution reaction of 4-nitroaniline with
carbonate (ACROS), copper powder (ACROS), 18-crown-6-ether jqqoanisolé! followed by hydrazine Pd/C-catalytic reduction
(TCI), o-dichloribezene (TEDIAN, N-dimethylacetamide (DMAC) - 50 0ding to the synthetic route outlined in Scheme 1. The new
(TEDIA), N,N-dimethylformamide (DMF) (ACROS), dimethyl L2 : ) R :

. " aromatic diamineN,N-bis(4-aminophenyIN',N'-di(4-methox-
sulfoxide (DMSO) (TEDIA), N-methyl-2-pyrrolidinone (NMP) S -
(TEDIA), pyridine (Py) (TEDIA), and triphenyl phosphite (TPP) ~ YPhenyl)-1,4-phenylenediamind)(having a bulky pendent 4;4

(ACROS) were used without further purification. Commercially dimethoxy-substituted triphenylamine (TPA) group, was suc-

Results and Discussion

available dicarboxylic acids such as succinic add) ((Acros), cessfully synthesized by hydrazine Pd/C-catalyzed reduction of
trans-1,4-cyclohexanedicarboxylic ackbj, terephthalic acidgc), the dinitro compound3) resulting from double N-arylation
isophthalic acid §d), 2,6-naphthalenedicarboxylic aci], 4,4- reaction of compound2j with 4-fluoronitrobenzene in the
biphenyldicarboxylic acidgf), 4,4-oxydibenzoic acid gg), 4,4- presence of cesium fluoride. Elemental analysis, IR, %hand

Su|f0ny|dibenZOiC aCidHh), and 2,2'biS(4‘Carb0Xypheny|)hexaﬂu- 13C NMR SpectroscopK: technlques were used to |dent|fy

oropropane i) were purchased from TCI and used as received. gt ctures of the intermediate compountis2, and3) and the

[.retﬁt:ut.ylangmo?ri]urln pertcrtlloratz (TB.At‘P) (ACRtOS) Wﬁre recr%ﬁﬁ" target diamine monome#). Figure S1 illustrates théH and

ized twice by ethyl acetate under nitrogen atmosphere and then B :

driedin vacuoprior to use. All other reagents were used as received +%C NMR spectra of the diamine m_onomél).(ASS|gnm§nts Of.

from commercial sources. each carbon and pro.ton are assisted by the two-dimensional
Preparation of the Films. A solution of the polymer was made NMR spectra shown in Figure S2 and the spectra agree well

P : poly with the proposed molecular structure of compodn@he'H

by dissolving about 0.50 g of the polyamide sample in 10 mL of . .
DMAc. The homogeneous solution was poureaiat9 cmglass NMR spectra confirm that the nitro groups have been completely

Petri dish, which was placed in a 9€ oven fa 3 h to remove transformed into amino groups by the high field shift of the
most of the solvent; then the semidried film was further ditred ~ aromatic protons and the resonance signals at around 4.9 ppm

vacuoat 170°C for 7 h. The obtained films were about-460 corresponding to the amino protons.
um thick and were used for X-ray diffraction measurements,  Polymer SynthesisAccording to the phosphorylation tech-
solubility tests, and thermal analyses. nique first described by Yamazaki and co-work&%a series

Measurements. Infrared spectra were recorded on a Perkin- of novel polyamides §a—6i) with pendent 4,4dimethoxy-
Elmer RXI FT-IR spectrometer. Elemental analyses were run in substituted triphenylamine units were synthesized from the
an Elementar Vario EL-1II*H and3C NMR Spectra were measured diamine @) and various dicarboxync acidgia solution po|y_
on a Bruker AV-300 and 400 FT-NMR system, and referenced to ¢ongensation using TPP and Py as condensing agents as shown
the CDCA-dy, DMSO-dg signal, and peak multiplicity was reported ) goheme 2 All the polymerization proceeded homogeneously

as follows: s, singlet; d, doublet. The inherent viscosities were throudhout the reaction and afforded clear and hiahlv Viscous
determined at 0.5 g/dL concentration using Tamson TV-2000 ughou gnly u

viscometer at 30°C. Wide-angle X-ray diffraction (WAXD) polymer solutions, which precipitated in a tough, fiberlike form

measurements were performed at room temperature (C&)2n when the resulting polymer solutions were slowly poured into
a Shimadzu XRD-7000 X-ray diffractometer (40 kV, 20 mA), using  Stirring methanol. As shown in Table 1, the obtained polyamides
graphite-monochromatized CuoKradiation. Ultraviolet-visible had inherent viscosities in the range of 0:Z880 dL/g and

(UV —vis) spectra of the polymers were recorded on a Varian Cary could be solution-cast into flexible and tough films, indicating
50 Probe spectrometer. Thermogravimetric analysis (TGA) was the formation of high molecular weight polymers.

conducted with a Perkin-Elmer Pyris 1 TGA. Experiments were  1he formation of polyamides was also confirmed by IR and
carried out on approximately 45 mg film samples heated in NMR spectroscopy. Figure S3 shows a typical IR spectrum for

flowing nitrogen or air (flow rate= 30 cn®/min) at a heating rate - o .
of 20 "gC/ming.;1 Thermongechanical analysis (T)MA) was cogrllducted polyamide6c. The characteristic IR absorption bands of the

with a Perkin-Elmer TMA 7 instrument. The TMA experiments ~amide group were around 3312 M stretching) and 1654
were conducted from 50 to 35T at a scan rate of 16C/min cm! (amide carbonyl). Figure S4 shows a typical set'tdf

with a penetration probe 1.0 mm in diameter under an applied and *C NMR spectra of polyamidéc in DMSO-ds; all the
constant load of 50 mN. Softening temperaturss) were taken peaks could be readily assigned to the hydrogen and carbon
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Scheme 1. Synthesis of Monomers
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atoms of the recurring unit. Assignments of each carbon and ppm in thel3C NMR spectrum also support the formation of
proton are also assisted by the two-dimensional NMR spectraamide linkages.
shown in Figure S5 and the spectra agree well with the proposed Basic Characterization. The solubility behavior of polya-

molecular structure of polyamidéc. The resonance peaks
appearing at 10.34 ppm in tAel NMR spectrum and at 164.7

mides was tested qualitatively, and the results are summarized
in Table S1. All the polyamides were highly soluble in polar
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Table 1. Inherent Viscosities and Thermal Properties of Polyamides

Tqat 5% Tgat 10%
weight loss CC)? weight loss C)d
Ninh® Tg Ts char yield (wt %y
polymer (dL/g) (°Cy (°C) N2 air (3 air N2
6a 0.28 197 190 435 435 455 465 46
6b 0.61 308 299 455 410 480 455 53
6C 0.37 267 274 485 480 520 525 71
6d 0.31 248 242 480 490 510 540 69
6e 0.49 266 255 495 500 530 550 71
6f 0.80 282 282 470 500 520 550 68
69 0.60 248 233 495 490 530 540 67
6h 0.33 269 259 480 485 510 525 63
6i 0.40 273 263 490 490 525 545 64

aMeasured at a polymer concentration of 0.5 g/dL in NMP at@0° Midpoint temperature of the baseline shift on the second DSC heating trace (rate
= 20°C/min) of the sample after quenching from 400 to°&)(rate= 200 °C/min) in nitrogen.c Softening temperature measured by TMA with a constant
applied load of 50 mN at a heating rate of AO/min. ¢ Decomposition temperature, recordgid TGA at a heating rate of 20C/min and a gas-flow rate
of 30 cn¥/min. ¢ Residual weight percentage at 800 in nitrogen.

Table 2. Optical and Electrochemical Properties of the Polyamides
oxidation (V) (vs Ag/AgCl

in CHsCN)
solution4 (nmy film 4 (nm) first second HOM®eV) LUMOS9 (eV)
polymer absmax PLmMA&x ®ge A8 absmax absonset PLnfax Eiyr Eonset E12  Egf(€V) Ewz  Eonset Eu2  Eonset
6a 314 422 3.75 380 334 388 434 051 039 0.82 3.20 4.87 4.75 1.67 1.55
6b 312 422 6.07 381 331 390 432 0.48 036 0.84 3.18 4.84 4.72 1.66 1.54
6C 311 443 0.17 445 363 484 - 0.49 036 0.86 2.56 4.85 4.72 2.29 2.16
6d 351 452 0.15 421 357 453 - 050 0.38 0.82 2.74 4.86 4.74 2.12 2.00
6e 313 434 0.10 445 329 488 - 049 036 0.86 2.54 4.85 4.72 231 2.18
6f 308 444 0.08 441 327 473 - 048 034 084 2.62 4.84 4.70 2.22 2.08
69 351 485 0.16 408 352 420 - 0.48 0.36 0.84 2.95 4.84 4.72 1.89 1.77
6h 333 439 0.16 455 335 506 - 047 037 0.85 2.45 4.83 4.73 2.38 2.28
6i 354 451 0.16 411 354 463 - 0.50 0.38 0.86 2.68 4.86 4.74 2.18 2.06
6'g 347 461 0.28 406 347 415 - 057 044 0.95 2.99 4.93 4.80 1.94 181

aThe polymer concentration was T0mol/L in NMP. ® They were excited at the aks for both the soild and solution states.:No discernible Plax
was observed: The quantum yield in dilute solution was calculated in an integrating sphere with quinine sulfate as the sthada@46).9 The cutoff
wavelength from the UVvis transmission spectra of polymer films. (thickness:31ltm). ¢ The data were calculated from polymer film by the equation:
gap= 1240Anset F The HOMO energy levels were calculated from cyclic voltammetry and were referenced to ferrocene (4.B@MpD = HOMO —

Eg.

U.0uZ

solvents such as NMP, DMAc, DMF, and DMSO, and the
enhanced solubility could be attributed to the introduction of
the bulky pendent 4;4dimethoxy-substituted TPA moiety into

Onset=263 °C

M»«hm|‘n’mlW.M"M’.".‘M‘,',f.\nv)n‘ym\",‘w‘u-ru,m\-/.m..._,,,
e

- 0.000

the repeat unit. Thus, the excellent solubility makes these ol — - -0.002

polymers potential candidates for practical applications by spin- "

or dip-coating processes. 1 e 0004 ,
The wide-angle X-ray diffraction (WAXD) patterns of the £ o0 oo | 0.006

polyamides in Figure S6 indicate that the polymers were §’4o_

essentially amorphous, revealing that the 'lidnethoxy- --0.008

substituted TPA-containing polyamides do not form a well- ]

packed structure. The amorphous nature of these polyamide e I [ o010

was reflected not only in their good solubility but also in the L Tememwers 0012

UV —vis data of the polymers. The UWis absorption peaks 50 100 150 200 250 300

Temperature (°C)

of the polymers do not shift from the solutions to the films,
implying that there is no significant—z interaction aggregation ~ Figure 1. TMA and TGA curve of polyamidéi with a heating rate
between the polymer chains. of 10 and 20°C/min.

The thermal properties of the polyamides were investigated could be ascribed to their high aromatic content. The softening
by TGA and TMA. The results are summarized Table 1. Typical temperatureTs) values of the polymer films were determined
TGA curves of representative polyamide in both air and from the onset temperature of the probe displacement on the
nitrogen atmospheres are shown in Figure 1. All the aromatic TMA trace. A typical TMA thermogram for polyamidéi is
polyamides exhibited good thermal stability with insignificant illustrated in Figure 1.
weight loss up to 400C in nitrogen. Their 10% weight-loss Optical and Electrochemical Properties.The optical and
temperatures in nitrogen and air were recorded at“5BD and electrochemical properties of the polyamides were investigated
525-550°C, respectively. The carbonized residue (char yield) by UV—vis and photoluminescence spectroscopy, and cyclic
of these aromatic polymers was more than 63% at €D0n voltammetry. The results are summarized in Table 2. The-UV
nitrogen atmosphere. The high char yields of these polymersvis absorption of these polymers exhibited strong absorption at
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Scheme 3. Simplified Redox Process of Polyamides from Its Neutral State and Radical Cation State to Dication State, Where Coupling
Reactions Were Greatly Prevented That Afforded Stable Cationic Radicals
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N N-C-Ar—C
N

It

o
H,CO OCH,3

TTHOOy,

312—-354 nm in NMP solutions, which are assignable to-ar*

acetonitrile (CHCN) containing 0.1 M of TBAP as an

transition resulting from the conjugation between the aromatic electrolyte under nitrogen atmosphere. The typical cyclic

rings and nitrogen atoms. The WWis absorption of 4,4
dimethoxy-substituted TPA-based polyamide filfes-6i also
showed similar single absorbance at 3363 nm. Aromatie-
aliphatic polyamide$a and6b and aromatic polyamidetc—

voltammograms for polyamidesg (with 4,4-dimethoxy-
substituted) and'g (without 4,4-dimethoxy-substituted) are
shown in Figure 2 for comparison. There are two reversible
oxidation redox couples d&;/, values of 0.48 Eqnset= 0.36)

6i in NMP exhibited fluorescence emission maxima at 422 nm and 0.84 V for polyamidég and 0.57 Eonset= 0.44) and 0.95
and 434-485 nm with quantum yields ranging from 3.75% for V for polyamide 6'g in the oxidative scan. Because of the
6ato 6.07% for6b, respectively. The blue shift and higher stability of the films and the good adhesion between the polymer
fluorescence quantum yield of aromatic-aliphatic polyamides and ITO substrate, polyamidig exhibited excellent reversibility
6aand6b compared with aromatic polyamidés—6i could be of electrochromic characteristics in 1000 continuous cyclic scans
attributed to the effectively reduced conjugation and capability between 0.0 and 0.98 V, changing color from colorless to green
of charge-transfer complex formation by aliphatic diacids with and then blue at electrode potentials ranging over 0.48 and 0.84
the electron-donating diamine moiety in comparison with that V. Comparing the electrochemical data, we found that polya-
of the stronger electron-accepting aromatic diacids. The cutoff mide 6g was much more easily oxidized than polyamiglg
wavelengths (absorption edge) from BVis transmittance (0.48 vs 0.57 V). The first electron removal for polyamiig
spectra were in the range of 38855 nm. Because of the lower was assumed to occur at the N atom on the pendert 4,4
capability of charge transfer, polyamidéa and 6b showed a dimethoxytriphenylamine groups, which was more electron-
light color and high optical transparency with cutoff wavelengths richer than the N atom on the main chain triphenylamine
in the range of 386381 nm. unit27.34 The introduction of electron-donating 4dimethox-

The electrochemical behavior of the polyamiiseries was ytriphenylamine not only greatly prevent the coupling reaction
investigated by cyclic voltammetry conducted by film cast on but also lower the oxidation potentials of the electroactive
an ITO-coated glass substrate as the working electrode in drypolyamidest as compared with the corresponding polyamides
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CN with 0.1 M TBAP As the supporting electrolyte) at 0.(®)(0.55 electrolyte) by applying a potential step (0.68 0.75 V), (coated
(@), 0.60 @A), 0.65 (¥), 0.70 (#),0.80 (), 0.85 (), 0.90 (»), and area: 1 cm) and cycle time 18 s for coloration efficiency from 271
0.98() (V vs Ag/Ag®). 6g: solid symbol with black solid arrow.  (first cycle) to 250 cri'C (500th cycle).

6¢?": hollow symbol with gray solid arrow.

gradually. Two new bands grew up at 430 and 1035 nm due to
6' without methoxyl substituent in Scheme 3. The energy of the first stage oxidation. When the potential was adjusted to a
the highest occupied molecular orbital (HOMO) and lowest more positive value of 0.98 V, corresponding to the second step
unoccupied molecular orbital (LUMO) levels of the investigated oxidation, the peak of characteristic absorbance decreased
polyamides could be determined from the oxidation onset or gradually and one new band grew up at 850 nm. Meanwhile,
half-wave potentials and the onset absorption wavelength of the film changed from original colorless to green and then to a
polymer films, and the results are listed in Table 2. For example blue oxidized form. Polyme6g exhibited high contrast of
(Figure 2), the oxidation half-wave potential for polyamiglg optical transmittance changAT %) up to 60% at 430 nm and

was determined to be 0.48 \Efnset = 0.36 V) vs Ag/AgCl. 73% at 1035 nm for green and 86% at 850 nm for blue (as
The external ferrocene/ferrocenium (FcflFedox standarét; shown in Figure 3).
(Fc/Fc™) was 0.44 V vs Ag/AgCl in CHCN. Under the The color switching times were estimated by applying a

assumption that the HOMO energy for the ferrocene standard potential step, and the absorbance profiles were followed (Figure
was 4.80 eV with respect to the zero vacuum level, the HOMO 4, S7 for6g and Figure 5, S8 foé'g). The switching time was
energy for polyamidég was evaluated to be 4.84 eV. defined as the time required for reach 90% of the full change
Electrochromic Characteristics. Electrochromism of the  in absorbance after the switching of the potential. Thin film
polyamides thin films was examined by an optically transparent from polyamide6g required 3.04 s at 0.70 V for switching
thin-layer electrode (OTTLE) coupled with UWis spectros- absorbance at 430 and 1035 nm and 1.87 s for bleaching. When
copy. The electrode preparations and solution conditions werethe potential was set at 0.98 V, thin filég required 4.02 s for
identical to those used in cyclic voltammetry. All these coloration at 850 nm and 2.02 s for bleaching. After over 1000
polyamides exhibited similar electrochromic properties, and the cyclic switches, the films of polyamidég had lessAOD change
typical electrochromic transmittance spectra of polyan@de than6'g. The high electrochromic coloration efficiency of green
is shown in Figure 3. When the applied potentials increased (7 = AOD43¢/Q) (285 cn#/C for 1 cycle to 269 criC for 1000
positively from 0 to 0.70 V, the peak of transmittance at 348 cycles) and bluey( = AODgs¢/Q) (272 cn?/C for 1 cycle to
nm, characteristic for neutral form polyamidg decreased 247 cn?/C for 1000 cycles) of the polyamidég and decay of
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Table 3. Optical and Electrochemical Data Collected for Coloration Efficiency Measurements of Polyamides 6g andg6

Q (mClcn)° 7 (cmg/C)d decay (%3
69 6'g
cycles AODy3d AODg2d 69 69 69 89 69 89
1 0.625 (0.971) 0.655 (0.947) 2.19 (3.57) 2.42 (4.00) 285 (272) 271 (237) 0 (0) 0(0)

100 0.617 (0.949) 0.614 (0.897) 2.19 (3.51) 2.29 (3.87) 282 (270) 268 (232) 0.1 (0.1) 1.1(2.1)
200 0.600 (0.933) 0.572 (0.842) 2.17 (3.46) 2.18 (3.73) 276 (270) 262 (226) 3.2(0.1) 3.3 (4.6)
300 0.588 (0.915) 0.514 (0.765) 2.13(3.43) 2.01 (3.43) 276 (267) 256 (223) 3.2(1.8) 5.5 (5.9)
400 0.576 (0.903) 0.461 (0.658) 2.09 (3.42) 1.82 (3.02) 276 (264) 253 (218) 3.2(2.9) 6.6 (8.0)
500 0.567 (0.889) 0.413 (0.513) 2.06 (3.42) 1.65 (2.42) 275 (260) 250 (212) 3.5 (4.4) 7.7 (10.5)
600 0.554(0.875) g 2.03 (3.39) 273 (258) 4.2 (5.1)
700 0.542 (0.861) 1.99 (3.39) 272 (254) 4.6 (6.6)
800 0.531 (0.846) 1.96 (3.34) 271 (253) 4.9(7.0)
900 0.520 (0.828) 1.93 (3.31) 269 (250) 5.6 (8.1)

1000 0.509 (0.810) 1.89 (3.28) 269 (247) 5.6 (9.2)

aTimes of cyclic scan by applying potential steps: 0:800.70, 0.00< 0.98 for6g and 0.00< 0.75, 0.00< 1.08 for6'g (V vs Ag/AgCl).  Optical
density change at 430 nm fég and 426 nm foi6'g. © Ejected charge, determined from timesitu experiments? Coloration efficiency is derived from the
equation: 7 = AOD/Q. € Decay of coloration efficiency after cyclic scari®ata in parentheses are optical density change at 850 négfand 741 nm for

6'g. 9 The polyamides'g is not measured after 500 cycles.

the polyamide$gand6'g were also calculate®,and the results
are summarized in Table 3.

Conclusions

A series of highly stable anodic green and blue electrochromic
polyamides with high contrast of optical transmittance change
(AT %) up to 60% at 430 nm and 73% at 1035 nm for green
and 86% at 850 nm for blue have been readily prepared from
the new diamineN,N-bis(4-aminophenyIN',N'-di(4-methox-
yphenyl)-1,4-phenylenediamine, and various dicarboxylic acids
via the direct phosphorylation polycondensation. By incorporat-
ing electron-donating methoxy substituents at the para-position
of N,N,N,N'-tetraphenyl-1,4-phenylenediamine, not only could
the electrochemical oxidative coupling reactions be greatly
prevented by affording stable cationic radicals but also the
oxidation potentials of the electroactive polyamides were
lowered. In addition to enhanced solubility and excellent thin
film formability, these anodically polymeric electrochromic
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