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Abstract

A type of novel triphenylamine (TPA)-based diisoaike derivative,
4-isocyanoN-(4-isocyanophenyIN-(4-methoxyphenyl)aniline M1), was
successfully synthesizada Hofmann treatment of its primary amine precur@r A
series of polyamidesP(-P3, which containing TPA units in backbones, were
successfully synthesizedia efficient benzoxazine-isocyanide-chemistry (BIQ) a
room temperature by usigl and bifunctional benzoxazines as starting monomers
Chemical structures d?1-P3were verified by FT-IR'H NMR and gel permeation
chromatography (GPC) analyses. Polymers’ films weepared by solution coating
(using DMSO as solvent), and electrochemical proggenofP1-P3were investigated
by cyclic voltammetry (CV)P1-P3exhibited single-step highly reversible oxidation
process, reflecting their good electrochemicalvigti Electrochromic properties of
polymers were further analyzed by spectroelectnmita techniques. New
absorption bands at ~750 nm appeared in UV-vistspet P1-P3when the applied
voltage reached ~ 0.65 V, accompanied by the oBvigsual color change (from
colorless to blue-green). Response time and caboratfficiency ofP1-P3were also
investigated here. The work carried out in thisdgtproved that BIC can act as
powerful tool to construct novel functional polyates.
Keywords: benzoxazine-isocyanide-chemistry (BIC), triphenylam polyamide,

electrochromism



1 Introduction

Electrochromism (EC) refers to the reversible alien of optical properties
such as absorption, transmittance and reflectieitymaterials under an applied
electric field [1]. EC materials (ECMs) have beeidely used in many fields,
including architectural and smart windows [2], agiire mirrors [3] and displays [4],
etc. Among various ECMs, organic polymers have bmskmowledged as a type of
high-performance ECMs because of their good cytbilgy [5], fast switching
speed [6], simple processing [7], and sometimediphlcolor changing capability
(switching between different redox states) [8,T@].date, many polymer-based ECMs
have been reported, such as polythiophene [10yapdine [11], polycarbazole [12],
polypyrrole [13], polyfluorene [14] and polyarylanei [15], etc.

Thanks to their capability to form stable catiomadicals and low oxidation
potential [16-18], aromatic amine-based polymeesrapresentative polymeric ECMs.
Among of them, the polymers containing triphenylaen TPA) fragments are the
most popular samples, which have been intensivelgstigated and with satisfactory
comprehensive performance [19-21]. According to thain chain structures of
poly-TPAs, they can be divided into conjugated and-conjugated ones. Jeoegl
synthesized a series of TPA-based conjugated po$yrftePs) by Suzuki coupling
reaction [22], the obtained polymers exhibited gottermal stability and
electrochromic properties. Xuet al prepared a class of TPA-based

donorsi-bridge-acceptor type CRsa Stille coupling polymerization [23], and the



introduction of different electrophilic groups bght different electrochromic
behaviors to polymers. Toppare’s group synthesaesries of CPs based on TPA,
benzotriazole, and thiophenga Stille coupling [24], and the obtained polymers
exhibited fast switching response. However, higbhipensive palladium-catalysts
were inevitably used in the preparation of thesé&-bBsed conjugated materials
[24-26]. Conjugated TPA polymers can also be pmgbaby electrochemical
polymerization protocol [8, 27]. However, the lowilimation of monomer [28],
nonuniform film formation and the difficulty in lge-scale preparation [29] greatly
restrict the application of electrochemical polyimation [30]. TPA-based polyamides
(TPA-PAs) are one of the most widely studied nonpggated polymeric ECMs.
There is no requirement for metal catalysts insyrheses of TPA-PAs [19], and the
solubility, film-formability and electrochemical gperties of polymers can be
effectively improved by combining TPA units with Ipamide (PA) backbones [31,
32]. The most common method for the preparatioffPA-PAs is the condensation
between TPA-based diamines and dicarboxylic acichameers [33]. Sunet al
reported a series of TPA-based PAs by the condenshetween TPA-derivatived
diamines and dicarboxylic acid monomers, and thaioned polymers exhibited high
electrochromic absorption/fluorescence contraststanding switching stability, and
fast response speed [34, 35]. Such amine-carboxadid condensation usually
requires strict purity of monomers, and must beriedrout under high reaction
temperature (>106C), which tend to cause unwilling side reaction§][3PAs can

also be prepared by direct condensation betweeminks and di-acylchloride at



ambient temperature [36]. Nevertheless, there ishmifficulty in the preparation,
purification and preservation of acylchlorides, atiek corresponding structural
designing flexibility is poor [37], which greatlyniits its utilization in TPA-PAs.

Therefore, there is an urgent demand for developifigient synthesis method for
TPA-PAs under mild conditions.

In 2018, our group reported a new method for sysitiiey PAs by using
aromatic isocyanides and benzoxazines as raw mlsteand octylphosphoric acid
(OPA) as catalyst [38]. The specific reaction betwéenzoxazines and isocyanides
(Benzoxazine-Isocyandie Chemistey, BIC) displayednyn advantages, such as
smooth occurrence at room temperature, metal-cdtditge, short polymerization
time (6 h) and insensitive to water and oxygen.elfasn BIC reaction, very recently
our group designed a class of tetraphenylethylemeaning functional PAs and
explored their applications in the fields of optipeobing and heterogeneous catalysis
[39]. These works have provided successful expeeiefor the construction of
functional PAsvia BIC reaction. With TPA-derivatived isocyanide camopd as
starting monomer, it is expected that TPA groups lma introduced into PAs skeleton
under mild conditionsia BIC reaction to construct corresponding ECMs. A® best
of our knowledge, such work has not been reporyeidb

In this study, we designed and synthesized a tyjpaowel TPA-derivatived
diisocyanide monomer,
4-isocyanoN-(4-isocyanophenyIN-(4-methoxyphenyl)anilineM1). A series of PA

derivatives containing TPA functional unitBl-P3 were successfully prepared by



BIC reaction under mild condition by using diffetdnfunctional benzoxazines and
M1 as monomers. All these PAs showed good solul@hty thermal stability, and can
form homogeneous and transparent films by coatihgtheir solution. Cyclic
voltammetry (CV) of polymers’ films displayed obui® electrochemical activity.
Upon oxidation, the color of polymer films changi&dm colorless to blue-green.
Based on this, the electrochromic behavior® bfP3were subsequently investigated
here.
2 Experimental section
2.1 Materials

p-Anisidine, cesium fluoride, 4-fluoronitrobenzengalladium/carbon (10%),
octylphosphonic acid (OPA), tetrabutylammonium loydde, paraformaldehyde,
tetrabutylammonium perchlorate (TBAP) and othergezdis and chemicals were
purchased from Adamas or Acros and used as recdnaidm tin oxide (ITO)-coated
glass (50 mm x 7 mm x 1 mm, @ per square, Sigma-Aldrich) were used for
substrates to load polymer films. 4-MethaXyN-bis(4-nitrophenyl)aniline 1) and
N-(4-aminophenylN-(4-methoxyphenyl)benzene-1, 4-diamine) ([40, 41], 1,
4-bis(2-(4-(6-nonyl-2H-benzo[e][1, 3]oxazin-3(4H)henyl)propan-2-yl)benzene
(B1) [38], bis(4-(6-nonyl-2H-benzole][1, 3]oxazin-3(#xil)phenyl)methaneR?2) [38]
and 6, 6'-(propane-2, 2-diyl)bis(3-hexyl-3, 4-ding«2H-benzo[e][1, 3]oxazineBR)
[38] were synthesized according to previously regtbmethods.
2.2 Instruments

FT-IR spectra were recorded on a WQF-520 FT-IR tspeter in the range of



4000-500 crit. *H and**C NMR spectra were measured on a Bruker AVANCEIDI
NMR spectrometer at 400 MHz and 101 MHz using teathylsilane (TMS) as an
internal reference in CDgIHigh resolution mass spectra (TOF-MS) were peréat
on Waters Q-TOF Premier. Melting point was measime&-4 digital melting-point
microscope (Beijing Tech Instrument Co., China)effhogravimetric (TG) analyses
were recorded on METTLER TOLEDO TGA-DSC1 (underagen, with a heating
rate of 10°C/min). Gel permeation chromatographic (GPC) dateeveollected from
a Waters 1515 instrument using tetrahydrofuran (Jld#Fan eluent with a flow rate of
1.0 mL/min. UV-vis absorption spectra were recortigda SHIMADZU UV-1800
spectrophotometer. Cyclic voltammetry (CV) were dueted using a CHI 760e
electrochemical workstation at a scan rate of 50/shWvith a nitrogen-saturated
solution of 0.1 M TBAP in acetonitrile (GJEN). Electrochemical impedance
spectrum (EIS) tests were obtained with a CHI 7é@etrochemical workstation at
the frequency range of 0.1 to 100 kHz in 0.1 M TBBR;CN. Theoretical
calculations were performed within the spin-unietd density functional theory
(DFT) framework as implemented in DMotode [42]. The generalized gradient
approximation with the Becke (exchange) and the-Naeg-Parr (correlation)
functional (BLYP) [43], together with double-numemuality basis set (DNP), was
used throughout all calculations. The convergentaance for energy change, max
force, and max displacement were 2¥X1MHa, 0.004 Ha A, and 0.005 A,
respectively.

2.3 Synthesis of 4-isocyand-(4-isocyanophenyl)N-(4-methoxyphenyl)aniline



(M1)

Compound (305 mg, 1 mmol), dichloromethane (10 mL) and aggesodium
hydroxide (10 mL, 33%) were transferred into a tewmked bottle, and
tetrabutylammonium hydroxide (26 mg, 0.1 mmol) wadded as a surfactant.
Chloroform (165uL, 2 mmol) was added to the reaction system bytmpand the
mixture was refluxed for 3 h under nitrogen atma&sph The solution was cooled to
room temperature and washed three times by deidnvager. The organic phase was
separated and dried over by MgSOThe crude product was purified by
chromatography (silica gel, ethyl acetate/petrolatiner/triethylamine = 3:30:1, v/v/v)
and dried in vacuum for 24 h at 80 to get final product as tawny powder (108 mg,
33% yield). m. p. 105-10%C. FT-IR (KBr, Crﬁl): 2924, 2852, 2120, 1594, 1500, 1289,
1243.'H NMR (400 MHz, CDCJ)  (TMS, ppm) 7.25-7.20 (d) = 4.7 Hz, 4H),
7.06-7.01 (d,J = 4.4 Hz, 2H), 7.01-6.96 (d,= 4.7 Hz, 4H), 6.92-6.87 (d,= 4.4 Hz,
2H), 3.82 (s, 3H).®*C NMR (101 MHz, CDGCJ) (ppm): 163.39, 157.76, 147.83,
138.49, 128.16, 127.52, 122.42, 120.50, 115.4636B5TOF-MS calcd. for
CoiH1sN3O: 325.1221. foundM1+H]*: 326.1290, M1+Na]": 348.1128, M1+K]™:
364.0863.

2.4 Syntheses of TPA-PAs (P1-P3)

P1-P3were synthesized according to the procedures tegbdry our group [38].
A typical procedure for the preparation BL was given as an example here: OPA
(15.5 mg, 0.08 mmol), water (742, 0.4 mmol) andB1 (186.6 mg, 0.2 mmol) were

dissolved in 2 mL of chloroform in a two-neckeds#ta and stirred for 5 min in ice



bath.M1’s chloroform solution (2 mL, 0.1 M) was added drogavito the reaction
system and kept stirring for 0.5 h in ice bath, atided for 6 h at room temperature.
The resultant solution was concentrated and addsuivise to 100 mL of cold ethyl
ether. The precipitate was collected by filtrateomd dried under vacuum for 24 h to
give polymerization product.

P1: brown powder, 170 mg (70% yield). FT-IR (KBr, th 3287, 2956, 1676,
1604, 1500, 1278, 1244H NMR (400 MHz, CDC)) & (TMS, ppm) 9.11 (hydroxyl
protons), 7.57-6.46 (aromatic protons), 4.50 (>@kbtons), 3.80 (-Ckiprotons), 3.68
(-OCH;z protons), 1.85-0.22 (-CGHand —CH protons). GPC: M= 11832, PDI = 1.85.

P2: yellow powder, 140 mg (65% vyield). FT-IR (KBr, cth 3287, 2956, 1676,
1604, 1500, 1278, 1244H NMR (400 MHz, CDC)) & (TMS, ppm) 9.11 (hydroxyl
protons), 7.50-6.49 (aromatic protons), 4.43 (>@kbtons), 3.80 (-Cklprotons), 3.72
(-OCH; protons), 1.76-0.28 (-CHand —CH protons). GPC: M= 7398, PDI = 1.88.

P3: tawny powder, 96 mg (55% vyield). FT-IR (KBr, ch 3287, 2956, 1676,
1604, 1500, 1278, 1244H NMR (400 MHz, CDC)) & (TMS, ppm) 9.11 (hydroxyl
protons), 7.48-6.54 (aromatic protons), 3.84-3.45H;, and —OCH protons), 3.17
(-CH; protons), 2.56 (-Ckprotons), 1.73-0.70 (-CHand —CH protons). GPC: M=
4125, PDI = 1.88.

2.5 Electrochemical performance investigation

ITO glasses were washed subsequently with purerwatetone, and ethanol by

ultrasonication. Each PA sample (6 mg) was dissbime2 mL of DMSO, and the

resultant solution was dropped onto ITO and vaculried at 70°C for 12 h to



remove the solvent. Surfaces of obtained polymiensfiwere coated with Nafion
solution (2.5 wt%) as the binding agent, and vacwiied at 40°C for 5 h to obtain
final films (with areas of ~ 21 mm x 7 mm). The speelectrochemical cell was
composed of a quartz cuvette with a three electsydeem (ITO-supported polymer
film as the working electrode, a platinum wire &® tcounter electrode, and an
Ag/AgCI electrode as the reference electrode) fdrsequent electrochemical and
electrochromic performance tests.
3 Results and discussion
3.1 Synthesis of M1 and P1-P3

Due to the occurrence of para-coupling dimerizatimtween TPA segments
during oxidation process, the electrochemical rabdity of TPA-PAs is usually
unsatisfactory when there are unsubstituted bendage in TPA structure [44-46].
Such para-coupling dimerization can be preventedhbyintroduction of occupying
substituents into the para-position of TPA, impnavthe electrochromic stability thus
[47]. Liou's group developed a series of PAs witie toccupation of different
substituents at the para-position of TPA, and tledé#ctrochromic properties were
studied in depth [48-53]. Experimental results sbdwhat the stabilization of TPA
cationic radicals can be realized by introducingcebn-donating substituents, and
PAs with methoxyl group (-OCHi at the para-position of TPA group displayed bette
electrochromic stability and chromogenic efficientyan corresponding values
regarding other substituents [46]. Along with thie, -OCH; was also selected here
to act as the occupation site in TPA, and the stdhroute ofM1 is displayed in

10



Scheme 1Using a triphenylamine-based primary amine demneaf?) as precursor,
the corresponding diisocyanide monomdd |, which with a methoxyl substituent at

the para position was synthesized simple and convenient Hofmann reaction.
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Scheme 1Synthetic route oP1, P2 andP3.

FT-IR spectrum oM1 (Figure 1(a)) shows a distinct absorption signal at ~ 2120
cm®, which belongs to the stretching vibration of igamtide (-NC) group [54]. The
signals at ~ 2924 and ~ 2852 trorrespond to the stretching vibration of methoxyl

group (-OCH). The characteristic absorption of benzene skelé@=C) appears at
11



~1594 and ~ 1500 cm The distinctive vibration at ~ 1289 and ~ 1243"coan be
assigned to the stretching of C-N (in TPA) and GH®OCH;) bonds. In*H NMR
spectrum ofM1 (Figure (1b)), four groups of aromatic proton signals appeas at
7.25-7.20, 7.06-7.01, 7.01-6.96 and 6.92-6.87 ppmspectively, and their
assignments are shown in the inset@fure 1(b). The characteristic peak &t3.82
ppm corresponds to the —OgHroup (e). The protons integral is consistent \iliid
chemical structure oM1. As shown inFigure 1(c), the characteristic peak at
163.39 ppm corresponds to -NC carbon (a). The bajrial57.76 ppm is assigned to
the aromatic carbon (i), which directly links toCH8s. Peaks ab 147.38-115.38 ppm
are attributed to other carbons on the benzene(cmgesponding assignment can be
traced inFigure 1(c)), and the signal a3 55.36 ppm corresponds to the —-OCH
carbon (j). Three distinctive mass signals appeathe TOF-MS spectrum d¥ll
(Figure S1) at 326.1290 M1+H]*, 348.1128 M1+Na]" and 364.0863 NI1+K]",
respectively, which is in good agreement with tieotetical value (&H1sN30, calcd.

325.1221). The above analyses solidly prove Miathas been successfully prepared.
(@) (b)

e

.
1594

212"
| 1243
1289

73 72 7.1 7.0 69 6.8
Chemical Shift (ppm)

1500
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(c) CDCI,

e j
i f |
il | b | _
17 160 150 140 130 120 110 100 90 80 70 60 50
Chemical Shift (ppm)
Figure 1. FT-IR (a),"H NMR (b) and*C NMR (c) spectra of11.

With M1 in hand, the preparation of corresponding FAE-P3 was carried out
subsequently wittM1 and bifunctional benzoxazineBX-B3) as starting monomers
(Scheme 1 The molecular design strategy and utilizationBif-B3 as starting
monomers mainly based on the following considenatiol) flexible alkyl chains
present in the structures Bfi-B3 can endow targeted polymers with good solubility
in chloroform (as polymerization solvent), prevegti the precipitation of
polymerization product from reaction system to t@ate propagation prematurely;
II) investigation regarding the influence broughtthe aromatic (foB1 andB2) and
alkyl (for B3) N-substituents (on benzoxazine) to BIC-polymerizatmd subsequent
electrochromic properties could be helpful to gereninsight about BIC reaction and
further performance modification. On the other habénefiting from its high
reactivity, mild reaction condition and great maller designing flexibility, BIC
reaction holds the prospective potential in thestmction of novel functional PAs.
Based on this, with OPA as catalyst, correspondtdg P1-P3 were facilely

obtained by stirringM1 and bifunctional benzoxazine8X-B3) in chloroform at
13



room temperature for 6 h.

From FT-IR spectra of resultant polymeFsgure 2), it can be seen that the three
polymers exhibit similar spectral characteristi€be stretching vibration signal of
phenolic hydroxyl (-OH) and amide (-C=0O-NH) grougspear at ~ 3287 ¢mand
the absorption of carbonyl group (C=0) (in amidgrsent) locates at ~ 1676 ¢m
The vibration absorption of C-N-C bonds in TPA dadiary amine moieties can be
observed at ~ 1278 ¢hand the signal at ~ 1244 ¢ntorresponds to the C-O-C

stretching of methoxyl group.

P e

P2

P3-"\

3287

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm
Figure 2. FT-IR spectra oP1-P3

'H NMR spectra oP1-P3are shown irFigure 3. Slight proton signals &t ~
9.11 ppm appear in the spectralRdf-P3 (marked as “a”). This can be assigned to the
phenolic hydroxyl (-OH) groups [38], which wererioed during BIC polymerization.
As revealed byigure 3, 'H NMR spectra oP1 andP2 highly resemble to each other,
which stems from their similar backbone structudsamatic protons of these two
polymers appear at 7.40-6.14 ppm, and the peaksdéa#t.58-3.55 ppm belong to
methylene (-CH, adjacent to the tertiary amine, b&c) and methax@CHsz, d)

14



groups in polymers’ structures. Hydrogen signalsalidyl side chains appear at
1.85-0.22 ppm. The aromatic protons in the specttiR8 appear ab 7.48-6.54 ppm.
Distinct form that ofP1 and P2, there are three groups of N-adjacent methylene
protons (b’, ¢’ and e’) appear in the spectrunP8f and their chemical environment
are significantly affected by the presence of noywatic hexyl substituent on the
tertiary amine segment. The signals of a portiomethylene protons (b’) mix with
that of —OCH (d’), appearing ab 3.84-3.45 ppm. Other two groups of -EHc'&e")
appear ab 3.17 (c') and 2.56 (e") ppm, respectively. Morepwethe spectrum dP3,

two sets of tiny -Cht signals, which correspond to the benzoxazine, ipgpear ab
4.79 (square) and 3.90 (circle) ppm. This indicdtest there are some residual
benzoxazines on the chain end$?8f suggesting that the degree of polymerization of
P3is lower than that oP1 andP2. From the mechanism of BIC [38], the first step of
the reaction relies on the"fromoted ring opening of benzoxazine to form imini

(1) intermediate $cheme 2 When the substituent (R) on the N atom is amaita
group, the conjugation effect is helpful to staall, facilitating its formation thus.
During the polymerization oP3, the non-aromatic alkyl chain brings ambiguous
influence to the stability of intermediale and unfavorable to subsequent chain
propagation. Such hypothesis was also supporteshdigcular weights comparison
betweerP1-P3(will be discussed in following section). The abatructural analyses

indicate that the target polymers have been suftdlysgrepared.

15
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Scheme 2Mechanism about the acid-promoted ring-openinigenizoxazine to
form iminium]1.

3.2 Solubility, molecular weights, thermal and UV-is absorption properties of
P1-P3

The solubility of P1-P3 was evaluated here, and the results are summarzed
Table 1 P1-P3not only display good solubility in polar solveritéMP, DMSO, DMF,
etc.), but also completely soluble in weak polaveats (CHC} and THF). Good
solubility and solvent adaptability d?1-P3 can be attributed to the simultaneous
introduction of flexible alkyl chains and polar ggs (phenolic hydroxyl and amides)
into polymer structures. In addition, it is repartibat the introduction of helical TPA
group can effectively improves the solubility of lyoers [55]. The excellent
solubility ensures that these polymers can be dated by simple and convenient

16



solution coating processes [30].

Table 1 Solubility and molecular weights &f1-P3

Solvent§ GPC
Sample -
NMP DMF DMSO THF Dioxane CHCl; CHCN M, M, PDI
P1 ++ ++ ++ ++ ++ ++ - 11832 21949 1.85
P2 ++ ++ ++ ++ ++ ++ - 7398 13981 1.88
P3 ++ ++ ++ ++ +- ++ - 4125 7768 1.88

& Qualitative solubility were tested by using 2 nfgoolymers in 1 mL of solvent (++:
soluble at room temperature; +-: partially solublejnsoluble even on heating).
P Relative to polystyrene standard, using THF asthent.

Molecular weights ofP1-P3 were evaluated by GPC, and the corresponding
retention curves and molecular weights values eamared irFigure S2andTable 1
From Figure S2, a single signal peak appears in curve®dfP3 and the retention
time is in the order dP1<P2<P3. It can be seen frofable 1that the M of P3(4125)
is significantly lower than the corresponding value P1 (11832) andP2 (7398),
which consistent with the information reflected their ‘H NMR analyses. From
Table 1 one can note th&1-P3have narrow PDIs (with PDI < 1.88), indicatingttha
the molecular chains length is relatively unifomthese polymers.

The thermal stability oP1-P3 was examined by TG analysis. TG curves are
shown inFigure 4 and the relevant data are summarizediable 2 The 10% weight
loss temperatures &1-P3(in nitrogen) are 337, 323 and 2%2, respectively. The 50%
weight loss temperature of these polymers areighien than 400C, reflecting the
satisfactory thermal stability of them. The charlgs ofP1-P3at 800°C are 22%, 28%

and 24%, respectively. Their relatively lower clggalds can be attributed to the large

17



content of long alkyl chains in polymers structyresiich were gasified at high

temperature.

Weight (%)
A OO0 O =~
2.2.2.%.

w
?

—~— ]

N
?

100 200 300 400 500 600 700 800
Temperature (C)
Figure 4. TG curves oP1, P2 andP3.

Table 2 Thermal properties of the PAs

Sample Ts% (°C)° Ta10% (°C)? Char yield (%)
P1 308 337 22
P2 300 323 28
P3 274 292 24

@ Decomposition temperature, recorded at a heasitegaf 10°C/min, under nitrogen.
P Residual weight percentage at 8a0

The UV-vis absorption oP1-P3 in solution was also investigated here. As
shown inFigure S3 these polymers exhibit absorption maxima at ~3h4n DMSO,
which can be attributed to tler* transition in triphenylamine segments [56].

3.3 Electrochemical properties of P1-P3

The electrochemical properties BL-P3were characterized by CV. Due to the

similar main chain structure of these polymers,irthidms exhibit similar

electrochemical behavior&igure 5). A pair of highly reversible oxidation-reduction
18



processes appear in CV curves RE-P3 indicating that the introduction of TPA
moiety endow these polymers with good electrochamactivity. The half-wave
oxidation potentials (k) of P1-P3locate separately at 0.84, 0.83, and 0.81 V, with
the oxidation onset potentials &) at 0.66, 0.64, and 0.64 V, respectively, which
corresponds to the electron-loss process of TPAetyon polymer backbones [45].
One can also find frorigure 5 that the oxidation peak currentst-P3are higher
than the corresponding reduction values, indicatihgt the electron donor in
polymers acts more prominently than the acceptdf].[9he highest occupied
molecular orbital (HOMO) energy levels can be eated by Eset[58] of P1-P3 to

be -5.46, -5.44 and -5.44 eV, respectively. Thécapband gaps (§ of P1-P3can be
evaluated by their respective UV-vis absorptionetsigigure S4), and the relevant
data are listed ifable 3. The lowest unoccupied molecular orbital (LUMOk=syy
levels ofP1-P3can be estimated by their respective HOMO agwbkies, to be -2.21

-2.22 and -2.17 eV, respectively.

0.0008]  ——p1
1 —p2

0.0006- P3
< 0.00041 N
= . ,
$ 0.0002
o Ox .
© 00000} —

-0.0002-: ‘Rie\

-0.0004

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V)

Figure 5. Cyclic voltammetric diagrams &f1, P2 andP3 films on an ITO-coated
glass substrate in GBN solutions containing 0.1 M TBAP at a scan rdtsé@mV/s.
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In order to visually describe the orbital distriloat of P1-P3 the repeating unit
of polymers were theoretically calculated by DFheTcorresponding distribution
images are shown irFigure 6 (since P1 and P2 have identical TPA-amide
substructural motif, we just simulated the orbdatribution ofP1 andP3 here). As
can be seen frorigure 6, the HOMO orbitals oP1 (Figure 6(a)) andP3 (Figure
6(c)) focus on the electron-rich TPA region (as donerjle the LUMO orbitals
(Figure 6 (b)&(d)) spread on the junction part between TPA and ammdesties (as
acceptor), indicating that there is a certain degrecharge transfer in the molecule.
One can also find that aromatic (fBf) or alkyl (for P3) substituents in the tertiary

amine groups have no significant effect on thetatliistribution.

(a) PI-HOMO : (b) P1-LUMO

Figure 6. Calculated HOMO and LUMO orbital diagramsRif (a&b) andP3 (c&d).
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Table 3 Electrochemical and energy levelsRif-P3

Polymer  Aonset(MM)  Eonset(V)  E1z(V)°  Eg(eVYF HOMO (eVf' LUMO (eV)

P1 382 0.66 0.84 3.25 -5.46 -2.21
P2 385 0.64 0.83 3.22 -5.44 -2.22
P3 379 0.64 0.81 3.27 -5.44 -2.17

#honset ddsorption onset wavelength in film state.

® E,/»: average potential of the redox couple peaks.

¢ Eg Calculated by 124@4nset

49 HOMO energy levels were calculated fromnds using Ag/AgCl (4.8 eV) as
reference, with the formula of HOMO = e+ 4.8) eV.

¢LUMO = HOMO + E,

The electrochemical stability of polymers was fertstudied by successive CV
tests. As shown ifrigure 7, after 30 cycles of CV tests all curves illustratgtain
degree of decay in peak current, but still retaindyoxidation-reduction reversibility.
The CV profiles display ambiguous alteration dursugcessive redox cycles for all
polymers Figure 7), suggesting that the introduction of methoxyllte para-position
of TPA are favorable to stabilize the resultantarat radicals and efficiently prevent

the coupling between TPA moieties.
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Figure 7. Cyclic voltammetric diagrams &f1 (a), P2 (b) andP3 (c) films for
continuous 30 cycles.

3.4 Electrochromic properties of P1-P3

During the CV testing of polymers, it can be clgasbserved thaP1-P3films
illustrated obvious color change in the electrocitainredox process, revealing that
these polymers might possess electrochromic priegertThe electrochromic
performance of polymers was further studied by spetectrochemical technique. As
shown inFigure 8(a), when the applied voltage increases to 0.6BM\exhibits a new
absorption band at ~ 755 nm, which keeps paceitgithxidation initiation Table 3).
This spectral change can be attributed to the foomaf TPA" radical [18] during the
oxidation process. With the applied voltage incregsrom 0.64 to 0.84 V, the
absorbance at ~ 755 nm gradually raise, accompdyid¢ide apparent color change of
the film (from colorless to blue-green, insetHigure 8(a)), reflecting the formation
of more TPA cations [59]. With the further enhaneeof driving potential (> 0.84
V), the absorbance begins to fall, and the wholange trend is similar to the
alteration of current in CV curvd-igure 7). As reflected byFigure 8(b) and Figure
8(c), P2 and P3 exhibit similar electrochromic behaviors as th&tRd, which is

reasonable since they have similar main-chain tires.
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Figure 8. Absorbance spectra BfL (a), P2 (b) andP3 (c) thin-films on the
ITO-coated glass substrate in 0.1 M TBAPACHN at different applied potentials
(insets is the visual color change images).

The transmittance changing behaviorsPdfP3 between neutral and oxidation
states were investigated further. Corresponding aticgiships between
transmittance/current density and time are showhigare 9 ((a), (c) and (e)), and
corresponding electrochromic performance dataarergrized infable 4 andTable
5. The maximum transmittance changesl {.) of P1-P3 are 22, 23 and 37%,
respectively, which are comparable to reportedasbf other TPA-base polymers [24,
60]. Electrochromic response time refers to theetnequired for a material to switch

from one color state to another (defined by conngrd0% transmittance), including
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the coloring time @ and bleaching timed) which is one of the important parameters
for evaluating electrochromic speed [61]. Accordingrigure 9 ((b), (d) and(f)), t
values ofP1-P3 are 6.2, 5.1 and 5.7 s, apdralues are 5.8, 4.7 and 5.1 s, respectively.
These response time values are relatively larger those of other typical TPA-based
PAs (Table 4). Hydrogen bonding might be induced between polyaiains due to
the presence of polar amide and phenolic hydroxgikties in the structures &f1-P3
reducing the free volume between polymer chainswAs reported by Suet al, such
close packing between polymer chains is unfavoerédsl the transport of electrolyte

ions during the electrochromic process [34, 35)/qrging the switching time thus.
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Figure 9 Optical switching oP1 (between 0 and 0.84V) (B2 (between 0 and 0.82
V) (c) andP3 (between 0 and 0.82 V) (e) (with cycle time of)@nd the
corresponding optical switch times (b, d and){P3weremonitored at 755, 751
and 755 nm, respectively).

Electrochromic coloration efficiency (CE) is anathenportant parameter of
ECMs, which can be calculated by the formulaed = log(Ty/Tc) and CE =50p/Q
(where T, and T represent the transmittance before and after iogipbop Iis the
alteration of optical density, which is proportibt@the amount of coloring center; Q
(mClcnf) refers to the amount of charge injected or extd@er unit area) [62].
According to the transmittance-time curves obtaineder the multipotential step
condition(Figure 9), dop values ofP1-P3can be evaluated to be 0.1459, 0.1579 and
0.2659, respectivelyTable 5). CE values ofP1-P3 are 225, 212 and 247 é@,

respectively (with corresponding Q values of 0.6%844 and 1.075 mC/én
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Table 4 The summary of molecular weights and electrochegmerformances of our
polymers and other typical TPA-based polyamides.

. AT Response Decay
Polymer Mh ’(“r‘]’”m't;fd (0/’:)""* time %) Reference
t-(S) b(s)
o, oo,
- Q 45900 813 / 1.6 1.2 9.1 [34]
oo'e,
fre, e 2,
3 79400 970 60 565 0098 / [63]
CLC
%”J} 69600 545 /41 10 / [64]
:%ﬁpfﬁ% 59400 900 /' 46 20 288 [21]
J[ uu"° e JF
6 20500 800 83 32 10 / [65]
41200 421 / 13 05 / [35]
P1 11832 755 22 62 58 07 s
work
P2 7398 751 23 52 47 646 S
work
P3 4125 755 37 57 51 332 NS
work

& Given wavelength where the data were determined.
P Time taken for 90% of the full-transmittance cheng
© Decay of coloration efficiency after 300 cycli@ass.
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Table 5 Optical and electrochemical data collected fromm#asurements &f1-P3
Qw Qs CEw CEso
(mClcnf) (mClenf) (cm?/C) (cn/C)
P1 0.1459 0.1594  0.648 0.724 225 220
P2 0.1579 0.1439 0.744 0.709 212 203
P3 0.2659 0.1907 1.075 0.836 247 228
& Optical density change at the given wavelerdtér cyclic scans.
b Injected charge is determined from the in situegipents.
¢ Coloration efficiency is calculated from the edoatof CE =50p/Q.

Polymer Sao[)(l) SaoD(5o)

Stability of electrochromic switching d?1-P3 has also been investigated here.
As shown inFigure S5 after 300 switching cycles all curves reveal aiertlegree of
decay, and the loss rates of CE Ri-P3are evaluated as 9.7%, 64.6% and 33.2%,
respectively. To get insight about such difference€CE stability for our polymers,
electrochemical impedance spectroscopy (EIS) wéndiesdd to find if there is
relationship between impedance and CE. As can ba fem the corresponding
Nyquist curve Figure S6), the semicircular diameters of three polymershigh
frequency region are close to each other, suggeshat there is similar charge
transfer resistances (R for them. This suggests that the relatively poor
electrochemical stability d?2 andP3 is not due to their larger impedance. Given the
similar backbone structures 8f1-P3 the lower molecular weight and presence of
residual active end groups might be responsibleHerrelatively poorer stability of
P2 andPs3.

Finally, molecular weights and electrochromic perfances of our polymers

and other reported TPA-based PAs are summarizezl (hable 4) to make a direct

27



comparison between them. As reflected BOwble 4, the comprehensive
electrochromic performances of our polymers areriaf to other typical PAs. We
speculate that this might be owing to gymergism of relatively smaller molecular
weights Table 4), lower electrochromic site density (triarylamiaebstructure per
each repeating unit) and closer packing of polymieains of our polymers than
others.
4 Conclusions

In summary, a serious of novel TPA-containing PR&-P3 were successfully
synthesized at room temperatwia efficient BIC reaction. Solubility tests indicated
that the introduction of TPA segment endowed polgmeith good solubility in
common organic solvents, and the corresponding sfiloan be prepared by
practical-simple solution coating proce&d-P3 showed a pair of highly reversible
oxidation-reduction peaks in CV tests. DFT simalatshown thaP1-P3s HOMO
orbitals focus on the electron-rich TPA region, mHLUMO orbitals spread on the
conjugation part between TPA and amide moieties.eWkhe applied potential
reaches ~ 0.65 \WR1-P3exhibited new absorption bands in their UV-vis e at
755, 751 and 755 nm, respectively, and the appearaaolor of polymers changed
from colorless to blue-green accordingly. Respdimse, CEs and switching stability
of P1-P3were studied in further electrochromic analysdss Turrent work supports
that the BIC reaction, which with the advantagegadd substrates adaptability, high
structural designing flexibility, simple operati@md mild reaction condition, could
provide an efficient pathway for the constructioh rovel functional PAs. It is
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expected that the comprehensive performance of ddtd be improved through
further structural designing, and the relevant wisrkndergoing now.
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Highlights
Triphenylamine (TPA)-based diisocyanide derivative (M 1) was successfully
synthesized.
TPA-based polyamides (P1-P3) were synthesized via
benzoxazine-isocyanide-chemistry.
P1-P3 exhibited single-step, highly reversible electrochemical oxidation
Processes.

Electrochromic properties of P1-P3 were further analyzed here.
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