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Abstract:

A novel carbazolyl-derived diamine containing teplylamine, 4,4'-bis[(4-
aminophenyl)amino]-4"-carbazolyltriphenylamine YVIwas prepared via the
reduction of 4,4'-bis[(4-nitrophenyl)amino]-4"-barolyltriphenylamine. A series of
novel polyamides (PAs, individually denoted as XWIIID) bearing carbazole-
substituted triphenylamine units were subsequentipared by direct polymerization
of a novel diamine monomer (VI) and various aromdiacids (VIIA-VIID). Cyclic
voltammetry of the PAs cast onto an indium tin @x{@iTO) coated glass substrates
revealed two reversible redox couples at 0.36-@A0 1.46-1.70 V under anodic
scanning. Characterization of PA-VIIID showed ttfa resulting radical cations had
excellent electrochromic properties, with theirarothanging from light yellow to
green upon oxidation, and finally to dark blue eit fully oxidized form. Further,
the optical contrast at 424 nm was 58.7%, whild #ta820 nm was 74.2%. The
coloring time at the specified wavelength of 424 was 3.4 s (during the oxidation
process), the fading time was 3.9 s (during thectdn process), the coloring time at
the specified wavelength of 820 nm was 3.9 s (dutie oxidation process), and the
fading time was 3.9 s (during the reduction progdssaddition, the anodic coloring
of the PA-VIIID showed a high coloring efficienc€E = 203 crfyC), and the long-
term redox reversibility was measured accordinthéodifference in the percentage of
transmittance exhibited by PA-VIIID between 0.0@ dn70 V.
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1. Introduction

Electrochromism refers to a phenomenon in which aenal undergoes a
reversible, stable color change under the actiomarofapplied electric field, and a
material exhibiting electrochromic properties ioWwm as an electrochromic material
[ Electrochromic materials are most commonly usekigh-tech products such as
displays, smart windows, optical glass and mirr6i§”. In the research and
development of electrochromic materials, anilineijphenylamine (TPA), and
carbazole are often introduced as fundamentaltsires"®, in which aniline is used
as an electrochromic element, and various eleatootic polymers can be prepared
via covalent bond linking. Aniline has the advamtmgf high conductivity, good
environmental stability and reversible redox bebali®, In addition, it has good



electrochromic properties in hydrochloric acid, ahds it has been an important
component of electrochromic materifis®®. Electrochromic materials containing the
organic electroactive compound TPA and its denestihave good thermodynamic,
electrochemical, and optical properties, while ¢batral nitrogen atom can be readily
oxidized and TPA triphenylamine units have theigbib form free radical cations to
transport positive charges. TPA also has a ceriox activity as well as strong
electron donor and hole transport properties, antlus considered to be an excellent
electrochromic materiaf*?®. Meanwhile, carbazole is another well-known high-
performance electrochromic unit and hole transpoaterial due to its large-
conjugated rigid planar structure and its electioh-nitrogen-containing heterocyclic
ring ?°?, 1t is readily functionalized (at the 3,6-, 2, #-N>positions) and can then be
covalently attached to polymer systems, acting bl®ek in the backbone chain or as
a substituent in the side-chains, thus providingoael polyamide with enhanced
electrochromic propertie§®. Therefore, polymers having these functional group
properties and structures are often used for thepgvation of electrochromic
materials, and have considerable practical and cenciad value>Y.

In recent years, electrochromic materials based A structural frameworks
and incorporating other functional groups have lreported as active sites, and since
they have certain electrochemical properties atageh desirable oxidation-reduction
potential, they are suitable for use as varioustelehromic material$®**>%. For
example, Zheng et af®® designed and synthesized an electroactive polyamid
incorporating alkyl chains in the backbone chaird an triarylamine unit as a
functional group. The introduced alkyl group praddflexibility to the polyamide.
The main polyamide absorption peak appeareds hgar= 283-296 nm, and this
polyamide exhibited a photoluminescence PL peaB68:404 nm in NMP, which
could change from a nearly colorless neutral foona green species upon oxidation,
and subsequently a dark green oxidized form wasddronce the polymer was fully
oxidized. In addition, the polymer also had a Itmeshold voltag&ser of -1.6 V and
a Ereservalue of 4.2 V, which demonstrated the excelldéatteochromic properties
of this polymer. Meanwhile, Pan et &° synthesized two novel electrochromic
polyamides with hydroxyl functional groups. Sinbe hydroxyl skeleton can serve as
an active site in sol-gel reaction, it can be afety released during the redox
process. The electrons are converted via strongtrefe absorption by covalent
bonding, thereby greatly promoting the coloring dhelaching process. The TPPA-
PATI5/HV device showed coloring behavior at 1.0%%er a period of 22.5 s, with a
bleaching voltage of 1.1 V and a switching timebd s; while the device based on
TPPA-PATI10/HV showed coloring behavior at 1.0 Veowa period of 18.0 s, while
the bleaching voltage was 1.05 V and the switching was 5.0 s; and lastly the
device based on TPPAPATI20/HV displayed colorindgpabaor at 1.0 V and 17 s,
with a bleaching voltage of 1.05 V and a switchiimge of 5.0 s. These results show
that they have exhibit excellent electrochromicpgemies in terms of their switching
and response times. Cheng etHl.reported novel electrochromic and aggregation-
enhanced emission AEE active triphenylamine TPAebtapolyamides that were
prepared with 4-cyanotriphenylamine TPA-CN, 4-mettiophenylamine TPA-OMe,
cyclohexane CH and tetraphenylethene TPE moietiga weondensation
polymerization. The introduction of an electron-dtng methoxy substituent into the
TPA moiety was found to effectively inhibit oxidati and enhance the corresponding
electrochemical conversion, and a high-performagieetrochromic device based on
TPA-CN-CH/HV was used as a photoluminescence membrdlectrochromic



devices based on TPA-CN-CH/HV (with a high photaluescence quantum yield of
46%) as the active layer revealed the highest asntatiol /1o, of 105. The HV-
containing TPA-OMe-TPE/HV-based electrochromic deviexhibits a minimum
response time of less than 4.9 s, which explaing tve aromatic polyamide triggers
a low voltage, has a short response time, and eshéxcellent electrochromic
properties.

Our research team has reported various electroc¢bnopolymer-based materials,
such as novel polyamide-imides (PAIs) containingbaaole-substituted TPA units,
there are two reversible redox couples at 1.05-ar@B1.38-1.46V by anode scanning,
which shows that the resulting free radical catitiase excellent electrochromic
properties. During an anodic sweep, the color @ thaterial changes from the
original pale yellow that was observed in the reuform to green, and then to the
dark blue in the fully oxidized form. In additiotihe anodic coloring of PAI showed a
high coloring efficiency (CE = 205 &iT), high contrast of light transmittanc&T =
80% at 776 nm) and robust redox reversibill§). In addition, the novel
polyesterimide (PEI) bearing TPA and carbazole suwients, as well as the PEI-
based films have shown excellent optical transpaesrof 71-83%, 91-95%, and 94-
97% at 450, 550, and 800 nm, respectively. Cyaticavnmetry measurements have
revealed that the films exhibit two reversible nredouples at 1.06-1.12 and 1.44-1.79
V under an anodic sweep, with radical cations akhtdp outstanding stability.
Additionally, anodic coloring (CE = 191 &&) tests have shown that these materials
have a high optical contrast ratio and coloringceghcy B9 n the past reports, the
color-changing groups that were introduced to asighed electrochromic polymers
have included both carbazole and TPA structures wanare not aware of any reports
in which three electrochromic groups are simultaisgo introduced into such
structures.

In order to enhance the electrochromic propertiethe PAs, this experiment
used a design in which three color-changing groapsine, TPA and carbazole were
simultaneously introduced into a new diamine monosteicture. The obtained PAs
are expected to possess a combination of desifedleres, including high solubility,
excellent thermostability, robust cycling stabilitfigh color contrast and rapid
switching speed. These findings demonstrate theniging potential of the PAs as
electrochromic materials with a broad range of ptd applications.

2. Measurements

'H and**C nuclear magnetic resonance (NMR) spectra wererded using a
Bruker Ascend 500 MHz spectrometer and tetramdthgls was employed as a
reference. Cyclic voltammetry measurements wertopeed using a three-electrode
cell. ITO (with PA film areas of -0.8 cm x 2.5 cnas used as a working electrode,
platinum wire was employed as an auxiliary elearodnd Ag/AgCl (using a
saturated KCI solution) was used as a self-madsaete electrode to record all of
the battery potentials. The voltammogram exhibaedncrease in the potential that
was arranged to the left and the anodic current disted downward. Absorption
spectra were recorded using a Shimadzu UV 3101p&Ctephotometer. Fourier-
transform infrared spectroscopy (FT-IR) was periednusing a Nicolet Impact 410
Fourier transform infrared spectrometer. Thermoignatric measurements were
carried out using a thermogravimetric analyzer (J@Aa heating rate of 10 °C/min
in a nitrogen atmosphere, and the PA samples waoch éaded into an open



aluminum pan equipped with a METTLER TGA/DSC 1 Swonious Thermal

Analyzer. Photoluminescence spectra were measuradg ua Jasco FP-6300
fluorescence spectrophotometer. Characterizatiorthef PAs was performed on
Si/SIO, films via atomic force microscopy (AFM, Bruker MiMode 8, tapping

mode). Elemental analysis was performed using a M6 elemental analyzer
system. Viscosity measurements were conducted asirtigpbelohde viscometer.

3. Experimental
3.1. Materials

Carbazole (99%, TCI), palladium (containing 10 wdb@rcoal, denoted as Pd/C,
Aldrich), p-fluoronitrobenzene (98%, TCI), 4,4'-dicarboxybipkk sulfone (99%,
TCI), 4,4'-dicarboxydiphenyl ether (98%, TCI), Hiz(4-
carboxyphenyl)hexafluoropropane (98%, TCI), terbBpht acid (99%, TCI),
anhydrous calcium chloride (99%, Aldrich), anhydrquotassium carbonate BO;s,
99%, Aldrich), tetrabutylammonium perchlorate (TBAFB%, Aldrich),N-methyl-2-
pyrrolidone (NMP, 99.5%, Aldrich), hydrazine hydra{85%, Aldrich), ethanol
(EtOH, 99.7%, Aldrich), pyridine (Py, 97%, Aldrightyiethylamine (99.5%, Aldrich),
N,N-dimethylformamide (DMF, 99.5%, Aldrich), acetic hgmride (AA, 98%,
Aldrich), hydrochloric acid (HCI, 98%, Aldrich)N,N-dimethylacetamide (DMAc,
99%, Aldrich), tetrahydrofuran (THF, 99%, Aldrichijiphenyl phosphate (TPP, 97%,
Aldrich), acetonitrile (99%, Aldrich), and dimethyulfoxide (DMSOsds, 99.5%,
Aldrich) were used as received without further pcation.

3.2. Monomer synthesis
3.2.1. Synthesis olN-(4-nitrophenyl)carbazole (I)

Carbazole (16.7 g, 100 mmolp;fluoronitrobenzene(15.5 g, 100 mmol) and
potassium carbonate(15.1 g, 100 mmol) were suaedgsadded into a 250 mL
round-bottom flask that was equipped with a stirdsad dissolved in DMF (120 mL).
Under nitrogen protection, the reaction system wi@sed for 5-10 min at room
temperature, then thoroughly mixed and, heatedb@®160 °C to reach a reflux state.
This reflux was maintained, for 24 h. After the agan was complete, the mixture
was cooled to room temperature, and slowly pounéalice water. This mixture was
then slowly stired to obtain a light yellow floceunlt precipitate. After the ice had
completely melted, this mixture was filtered. Thikef cake was dried via suction
filtration, washed repeatedly with water (7-8 tirpesashed repeatedly with distilled
water (3-4 times), and finally washed 3-4 timeswahhydrous methanol. It was then
dried in a vacuum oven at 60 °C for 12 h. The crud®duct N-(4-
nitrophenyl)carbazole was thus obtained. The weaitthis dried product was 28.0 g,
the theoretical yield was 28.8 g, and the percenyagld was 97.2%.

Monomer (1), light yellow powder, the yield was 9%. T,,: 208-210 °C, FT-IR
(KBr) cm™: 1580, 1312 (N@stretch).'H NMR (DMSO-ds 500 MHz, s, ppm): 8.50
(2H, d,J=7.5Hz), 8.27 (2H, d1 = 7.7 Hz), 7.97 (2H, d] = 8.1 Hz), 7.56 (2H, d] =
8.2 Hz), 7.48 (2H, t) = 7.9 Hz), 7.35 (2H, t) = 7.3 Hz). Found: C, 75.0; H, 4.3; N,
9.9%; molecular formula gH12N2O; requires C, 75.0; H, 4.2; N, 9.7%.

3.2.2. Synthesis olN-(4-aminophenyl)carbazole (11)



The dried nitro compound-(4-nitrophenyl)carbazole (monomer | in Scheme 1,
8.6 g, 30 mmol), along with the palladium carbodrdwgenation catalyst (Pd/C, 0.7 g,
10 wt%), and hydrazine hydrate (24 mL) were cahefubeighed or measured.
Monomer | and the Pd/C hydrogenation catalyst vikem sequentially added to a
250 mL three-necked flask that was equipped witimabar. After the addition of
ethanol (50 mL), this mixture was stirred at ro@mperature for 5-10 minutes until
the reaction system was uniformly mixed, and it Weesn heated to 60 °C. After the
temperature had become stable, the hydrazine leydvas added dropwise to the
reaction system through a constant pressure fusinal controlled rate of 4-5 s per
drop, so that the hydrazine hydrate was completdtied within 2 h, and the reaction
proceeded at a constant temperature for 12 h. &ieereaction reached completion,
Pd/C was removed via filtration through a sand dommel. The filtrate was collected
and the ethanol and hydrazine hydrate were ddtié via rotary evaporation, and
the residual liquid was taken up in water to givertdte precipitate. After washing
with distilled water for 4-5 times, this precipgatvas dried in a vacuum oven at 60 °C
for 12 h. The crude produdi-(4-aminophenyl)carbazole was thus obtained with a
dried weight of 6.2 g, a theoretical yield of 7.7amnd a percentage yield of 79.8%.
The crude product was recrystallized from absolateanol under a nitrogen
atmosphere at 85 °C, and the resultant crystals deed in a vacuum oven at 60 °C
for 12 h, thus yielding 5.2 g of the purified pratlas brown crystals.

Monomer (II), brown crystals, the yield was 79.8P4: 105-107 °C, FT-IR (KBr)
cm™: 3460, 3379 (Nbistretch).H NMR (DMSO-ds, 500 MHz,5, ppm): 8.19 (2H, d,
J=7.7Hz), 7.39 (2H, d = 8.3 Hz), 7.24 (4H, = 7.5 Hz), 7.18 (2H, d = 7.2 Hz),
6.80 (2H, d,J = 7.0 Hz), 5.43 (2H, s). Found: C, 83.3; H, 5.5;9\7%; molecular
formula GgH14N; requires C, 83.7; H, 5.5; N, 5.8%.

3.2.3. Synthesis of 4,4'-dinitro-4"N-carbazolyltriphenylamine (111)

Monomer 1l (9.0 g, 35 mmol)p-fluoronitrobenzene(10.8 g, 77 mmol) and
potassium carbonate (10.6 g, 77 mmol) were placed250 mL round-bottom flask
that was equipped with a stir bar and then dissbimeDMF (80 mL). Under nitrogen
protection, this reaction mixture was stirred fet@ min at room temperature until it
was thoroughly mixed, and heated to 150-160 °Ge&xhn a reflux state. This reflux
was maintained at this temperature for 24 h. After reaction was finished, the
solution was cooled to room temperature, and ittlvas slowly poured into ice water.
This mixture was slowly stirred to obtain a brownigellow flocculent precipitate.
After the ice had completely melted, this mixturaswfiltered. The filter cake was
then dried via suction filtration, washed repeatesith water for 7-8 times, washed
repeatedly with distilled water for 3-4 times, afdally washed 3-4 times with
anhydrous methanol. It was dried in a vacuum owe60a°C for 12 h. The crude
product 4,4'-dinitro-4'N-carbazolyl triphenylamine was thus obtained at ridd
weight of 11.6 g, a theoretical yield of 17.5 gdanpercentage yield of 66.4%.

Monomer (1l1), brownish yellow powder, the yield sv86.4%.T,: 281-283 °C,
FT-IR (KBr) cmi'; 1578, 1311 (N@stretch).*H NMR (DMSO-ds, 500 MHz,5, ppm):
8.25 (6H, dJ = 8.1 Hz), 7.75 (2H, d] = 8.2 Hz), 7.53 (2H, d] = 7.4 Hz), 7.48 (4H,
d,J = 7.6 Hz), 7.36 (4H, d] = 9.1 Hz), 7.31 (2H, tJ = 6.8 Hz). Found: C, 72.0; H,
4.0; N, 11.3%; molecular formulag.oN4sO4 requires C, 72.0; H, 4.0; N, 11.2%.

3.2.4. Synthesis of 4,4'-diamino-4'N-carbazolyltriphenylamine (1V)



The dinitro compound 4,4'-dinitro-AN-carbazolyltriphenylamine (monomer lli
in Scheme 1, 8.5 g, 17 mmol), Pd/C (0.4 g, 10 winyl hydrazine hydrate (13.6 mL)
were accurately weighed or measured. Subsequentiypomer Il and the Pd/C
hydrogenation catalyst were sequentially added 6@ mL three-necked round-
bottom flask that was equipped with a stir bar.afti (130 mL) was subsequently
added and this mixture was stirred at room tempegator 5-10 min or until the
reaction system was uniformly mixed, and it wasntiheated to 60 °C. After the
temperature had become stable, the hydrazine leydvas added dropwise to the
reaction system through a constant pressure fuatrael addition rate of 4-5 s/drop, so
that the hydrazine hydrate was completely addedinvi2 h, and the reaction was
allowed to proceed at a constant temperature forhlZfter the reaction was
completed, the Pd/C catalyst was removed by fittnathrough a sand core funnel.
The filtrate was then collected and ethanol andrdmide hydrate were distilled off
via rotary evaporation, and the residual liquid waxed with water a dark red
precipitate. After the precipitate had been washwthy water 4-5 times and then with
distilled water for 4-5 times, it was dried in acuam oven at 60 °C for 12 h. The
crude product 4,4'-diamino-N-carbazolyltriphenylamine was thus obtained at a
dried weight of 7.0 g, a theoretical yield of 7.5amd a percentage yield of 93.6%.
The crude product was recrystallized from absolateanol under a nitrogen
atmosphere at 85 °C, and the resultant crystale deed in a vacuum oven at 60 °C
for 12 h, thus yielding 4.6 g of the purified diaraiproduct in the form of dark
crystals.

Monomer (IV), dark crystal, the yield was 93.6%, 110-112 °C, FT-IR (KBr)
cm™: 3467, 3455 (Nbistretch).*H NMR (DMSO-ds, 500 MHz,5, ppm): 8.19 (2H, d,
J=7.7Hz), 7.39 (2H,1= 7.6 Hz), 7.29 (2H, d1 = 7.3 Hz), 7.23 (2H, d] = 7.2 Hz),
6.69 (2H, dJ = 7.1 Hz), 6.76 (2H, d] = 7.0 Hz), 6.58 (8H, d] = 7.4 Hz). 5.05 (4H,
s). °C NMR (DMSO4dg, 126 MHz,5, ppm): 149.68, 146.67, 141.18, 135.80, 128.38,
127.74, 126.47, 126.42, 122.77, 120.83, 119.97,8116115.40, 110.14. Found: C,
81.7; H, 5.4; N, 12.6%; molecular formula¢B.4N4 requires C, 81.8; H, 5.5; N,
12.7%.

3.2.5. Synthesis of 4,4'-bis[(4-nitrophenyl)amino'-carbazolyltriphenylamine
V)

A diamino compound (monomer IV in Scheme 1, 7.01§, mmol), p-
fluoronitrobenzene (8.3 g, 59 mmol) and triethylaeni(7.3 g) were sequentially
added to a 100 mL round-bottom flask that was gepdpwith a stir bar and then
dissolved in DMSO (40 mL). Under nitrogen protestidhe reaction system was
stirred for 5-10 min at room temperature, and theated to reflux at 120-130 °C. The
mixture was refluxed at this temperature for 72 After the reaction reached
completion, it was cooled to room temperature, tedreaction solution was slowly
poured into ice water. This mixture was slowlyrsiif to obtain a blood red flocculent
precipitate. After the ice had completely meltédyas filtered, and the filter cake was
collectedvia suction filtration. This precipitate was washedeaaedly (4-5 times)
with water, then repeatedly washed (3-4 times) wvdistilled water, and finally
washed with anhydrous methanol (3-4 times). It s@#ssequently dried in a vacuum
oven at 60 °C for 12 h to yield the crude produdt-8is[(4-nitrophenyl)amino]-4"-
carbazolyltriphenylamine at a dried weight of 8, 7agheoretical yield of 10.9 g, and
a percentage yield of 80.0%.



Monomer (V), reddish brown powder, the yield was080. T,: 198-202 °C, FT-
IR (KBr) cm™: 1593, 1323 (N@stretch).'H NMR (DMSO-ds, 500 MHZ, &, ppm):
9.32 (2H, s), 8.25 (2H, &, = 7.8 Hz), 8.11 (4H, d] = 9.0 Hz), 7.51 (4H, d] = 8.5
Hz), 7.42 (8H, m), 7.25 (6H, m), 7.08 (4H,X= 7.4 Hz)."*C NMR (DMSOds, 126
MHz, 3, ppm): 151.29, 147.12, 142.70, 140.81, 138.17,.4086130.35, 128.28,
126.69, 126.35, 122.95, 122.81, 120.96, 120.30,721310.16. Found: C, 73.9; H,
4.4; N, 12.3%; molecular formula,&i30NsO4 requires C, 73.9; H, 4.4; N, 12.3%.

3.2.6. Synthesis of 4,4'-bis[(4-aminophenyl)amina}--carbazolyltriphenylamine
(V1)

The dried dinitro compound 4,4'-bis[(4-nitropheayhino]-4"-
carbazolyltriphenylamine (monomer V in Scheme 1,@.3.1 mmol), Pd/C catalyst
(0.1 g, 10 wt%), and hydrazine hydrate (5 mL) weaeefully weighed or measured.
Monomer V and the Pd/C hydrogenation catalyst veeguentially added to a 100
mL three-necked round-bottom flask that was equdppith a stir bar. DMF (30 mL)
was then added to this flask and the mixture wiagdtat room temperature for 5-10
min or until the reaction system was uniformly ndxand it was subsequently heated
to 60 °C. After the temperature had become stdbé&ehydrazine hydrate was added
dropwise to the reaction system through a congiesdsure funnel at a rate of 4-5
s/drop over a period of 2 h, and this mixture wlswaed to react at a constant
temperature for 72 h. After this reaction reachethgletion, the Pd/C catalyst was
removed via filtration through a sand core funiiéle filtrate was taken up in water to
give a light gray precipitate, which was washechwitater (4-5 times) and then with
and then withdistilled water (4-5 times) before it was dried anvacuum oven at
60 °C for 12 h. The crude product 4,4-bis[(4-ampinenyl)amino]-4"-
carbazolyltriphenylamine was thus obtained at addweight of 1.6 g, the theoretical
yield of 1.9 g, and a percentage yield of 84.5%.

Monomer (VI1), gray powder, the yield was 84.5%: 120-122 °C, FT-IR (KBr)
cm™: 3439, 3368 (NHstretch).*H NMR (DMSO-ds, 500 MHz,8, ppm): 8.19 (2H, d,
J=7.8Hz),7.49 (2H, s), 7.39 (2H,X~= 7.6 Hz), 7.27 (6H, m), 7.04 (2H, @i= 8.6
Hz), 6.84 (12H, m), 6.55 (4H, d,= 8.4 Hz), 4.74 (4H, s}°C NMR (DMSOds, 126
MHz, o, ppm): 149.17, 144.49, 144.26, 141.18, 137.04,.3(82128.05, 127.80,
127.17, 136.37, 122.95, 122.83, 120.82, 119.95,90]17115.33, 110.03. Found: C,
81.1; H, 5.5; N, 13.5%; molecular formula;;B3sN¢ requires C, 81.0; H, 5.5, N,
13.5%.

3.3. Polymer synthesis

A series of four PAs were prepared via polycondgémsaeactions using both
diamine and diacid monomers. The diamine monomers wh4'-bis[(4-
aminophenyl)amino]-4"-carbazolyltriphenylamine (Ml Schemes 1 and 2), while
the diacid monomers included 4,4'-dicarboxybiphersgdifone (VIIA), 4,4'-
dicarboxydiphenyl ether (VIIB), 2,2-bis(4-carboxwgtyl)hexafluoropropane (VIIC),
terephthalic acid (VIID). As shown in Scheme 2, fh@ymers are expressed as
VIIIA-VIIID, wherein the letters A-D correspond titie respective monomer (VIIA-
VIID). A typical polycondensation reaction was merhed as follows: monomer VI
(0.3114 g, 1 mmol) and terephthalic acid (0.0830 gymol) were sequentially added
to a 20 mL sample vial containing anhydrous calcicimoride (0.1 g), triphenyl
phosphate (0.5 mL), Py (0.25 mL), and NMP (5 mLh)isTmixture was then heated



at 120 °C and stirred for 3 h, taken up in ethaan{ then left standing to obtain a
green flocculated suspension. After washing fang&s$ with ethanol, it was dried in

a vacuum oven at 50 °C to obtain the desired PAschwformed a tough fibrous

precipitate. Other PAs were synthesized in a smmilanner. The characterization of
the target PAs is summarized as follows:

PA-VIIIA, green powder. FT-IR (KBr) cifx 1662 (C = O stretching) 3315, 1595
(NH stretching)*H NMR (DMSO-ds, 500 MHz,8, ppm): 10.33 (2H, s), 8.11 (6H, m),
7.60 (8H, dJ = 8.9 Hz), 7.34 (2H, s), 7.26 (6H, m), 7.11 (12n), 6.75 (4H, tJ =
7.8 Hz).°C NMR (DMSOds, 126 MHz,8, ppm): 164.04, 149.17, 144.49, 144.26,
141.18, 139.00, 137.04, 136.37, 134.58, 132.30,7031130.72, 129.76, 129.46,
128.05, 127.80, 127.56, 127.17, 126.55, 122.95,8B22120.82, 119.95, 118.05,
117.90, 115.33, 110.03. UV-Vis (NMP, nm): The alpsion maxima of the solution
and the membrane were observed at 330 and 328 espeatively. Fluorescence
(NMP, nm): The excitation and emission maxima wavserved at 317 and 447 nm,
respectively. The Stokes shift was observed atni30

PA-VIIIB, black powder. FT-IR (KBr) crit: 1662 (C = O stretching) 3305, 1597
(N-H stretching)™H NMR (DMSO-ds, 500 MHz,5, ppm): 10.14 (2H, dJ = 4.6 Hz),
8.19 (4H, m), 8.03 (4H, m), 7.65 (4H,H= 8.5 Hz), 7.50 (4H, m), 7.20 (6H, m), 7.11
(12H, t,J = 7.0 Hz), 7.03 (4H, d) = 8.6 Hz).'*C NMR (DMSOds, 126 MHz,3,
ppm): 149.17, 144.49, 144.26, 141.18, 138.89, ¥M3718B5.52, 136.37, 134.20,
133.37, 132.30, 130.97, 129.87, 128.05, 127.80,1¥27122.95, 122.83, 122.33,
120.80, 120.82, 120.15, 119.95, 118.53, 117.90,3B13.10.03. UV-Vis (NMP, nm):
The absorption maxima of the solution and the mambdwere observed at 340 and
330 nm, respectively. Fluorescence (NMP, nm): Ttwtation and emission maxima
were observed at 395 and 503 nm, respectively.Sibkes shift was observed at 108
nm.

PA-VIIIC, dark green powder. FT-IR (KBr) ¢t 1666 (C = O stretching) 3302,
1600 (N-H stretching)'H NMR (DMSO-ds, 500 MHz,5, ppm): 10.28 (2H, s), 8.19
(4H, m), 8.01 (4H, m), 7.60 (4H, s), 7.46 (4H, M)33 (2H, s), 7.24 (4H, m), 7.12
(12H, m), 6.74 (4H, tJ = 9.2 Hz)."*C NMR (DMSOds, 126 MHz,5, ppm): 156.38,
152.23, 149.17, 144.49, 144.26, 141.18, 138.06,0437136.37, 132.30, 130.52,
130.01, 128.05, 127.80, 127.17, 126.68, 125.26,2124122.95, 122.83, 122.11,
121.24, 120.82, 120.00, 119.95, 117.90, 117.40,9815115.33, 110.03. UV-Vis
(NMP, nm): The absorption maxima of the solutiod #me membrane were observed
at 341 and 339 nm, respectively. Fluorescence (NNR): The excitation and
emission maxima were observed at 320 and 445 rspectively. The Stokes shift
was observed at 125 nm.

PA-VIIID, yellow green powder. FT-IR (KBr) cth 1666 (C = O stretch) 3308,
1600 (N-H stretch)*H NMR (DMSO-ds, 500 MHz,5, ppm): 10.27 (2H, s), 8.21 (2H,
s), 8.05 (4H, dJ = 7.9 Hz), 7.66 (2H, s), 7.33 (4H, m), 7.26 (6B, 14 (12H, m),
7.03 (4H, t,J = 7.2 Hz)."*C NMR (DMSO4s, 126 MHz,8, ppm): 168.62, 167.28,
164.68, 151.57, 149.17, 144.49, 144.26, 141.18,9¥37137.04, 136.37, 132.30,
129.75, 128.05, 127.80, 127.17, 122.95, 122.83,8220119.95, 117.90, 115.33,
110.03. UV-Vis (NMP, nm): The absorption maxima tbfe solution and the
membrane were observed at 339 and 324 nm, resplgctiluorescence (NMP, nm):
The excitation and emission maxima were observ&iatand 443 nm, respectively.
The Stokes shift was observed at 128 nm.



4. Results and discussion
4.1. Monomer synthesis

The novel monomer VI incorporating carbazole andATBroups was
synthesized via the route outlined in Scheme 1.this experiment, theN-(4-
nitrophenyl)carbazole (monomer 1) is synthesized bycleophilic aromatic
substitution reaction by carbazole and 4-fluoratiénzene. The subsequent
hydrogenation reaction with hydrazine hydrate medidy the Pd/C catalyst yielded
the amino-bearing compound\-(4-aminophenyl)carbazole (monomer [I%,4'-
Dinitro-4"-N-carbazolyltriphenylamine (monomer 1ll) was subsagly synthesized
via the nucleophilic aromatic substitution reactimi monomer Il with p-
fluoronitrobenzeneThe dinitro-bearing monomer 1l was then reducea the Pd/C
hydrogenation catalyst-mediated hydrogenation i@acith hydrazine hydrate to
obtain the diamino compound, 4,4'-diaminoMNttarbazolyltriphenylamine
(monomer 1V). Subsequently, monomer IV was nucleophilic aromatibstitution
reaction with p-fluoronitrobenzene to synthesize 4,4'-bis[(4-ptrenyl)amino]-4"-
carbazolyl triphenylamine (monomer V), which waerthreduced in the presence of
the Pd/C hydrogenation catalyst and hydrazine hgdréo obtain 4,4'-
bis[(4aminophenyl)amino]-4"-carbazolyltriphenylamai(monomer VI).

The ™ NMR spectrum of the monomer V along with the esponding signal
assignments is shown in Figure 1. The proton labate“c” corresponds to the -NH
proton and appears at the highest chemical shif8.82 ppmand is evidently
deshielded by the nitrogen atom. Meanwhile, thegorat the “m” position appears at
a relatively low field of 8.24 ppm, due to the sigoelectron-withdrawing effect of the
carbazolyl N. The proton at the “b” site is locatddhe highest field of 7.08 ppm, due
to the electron donating effect of the -NH moiety tbe benzene ring. As shown in
the H-H correlation spectrum (COSY) of the monorWe(Figure 2), each proton
assignment is given and is consistent with thosmvaehin Figure 1. In this COSY
spectrum, the bimodal correlation of 8.06/7.04 p@24/7.28 ppm and 7.50/7.28
ppm can be easily assigned to protons “a”, “b”, ;Mi”, “k” on the aniline and
carbazolyl benzene rings. As shown in Figure 3CaNMR spectrum of monomer V
was recorded in the DEPT Q mode, and thus all efqimaternary carbon peaks are
oriented downward. The carbon at position “7” shdwiee highest chemical shift in
this spectrum at 151.37 ppm, while the carbon aitiom “5” was the most highly
shielded at 110.12 ppm.

As shown in théH NMR spectrum of monomer VI (Figure 4), the protirthe
“h” position resonated at 7.03 ppm due to the preseof the -NH group in the
structure of this monomer VI structure. Meanwhiles proton at the “a” position was
relatively shielded and resonated at 4.73 ppm, tduthe presence of the electron
donating -NH group. The proton at the “g” position exhibitedgignal at the lowest
field highest chemical shifif 8.18 ppm. The proton at the “i” position wasadtigher
field of 6.54 ppm, due to the electron donatingeiffof the -NH group.As shownin
the COSY spectrum of monomer VI (Figure 5), eadabtqr assignment is provided
and is consistent with the proposed molecular siracIn this COSY spectrum, the
bimodal correlation pairs observed at 8.18/7.284/6.54, and 7.32/6.87 ppm, can
readily be assigned to the protons at the “g”, “d”, “b”, “k”, and “c” positions. As
shown in Figure 6, £C NMR spectrum of monomer VI was recorded in thePDE)
mode, and all of the quaternary carbon peaks aeated downwards. The carbon at



the “7” position shows the lowest field signall&l.37 ppm, while that at the “5”
position shows the hight field signal 110.12 ppm.

4.2. Polymer synthesis

A series of novel PAs (VIIIA-VIIID) was preparedavthe polymerization of the
diamine monomer VI with the diacid compounds VIIAHY, as shown in Scheme 2.
During the polymerization, triphenyl phosphate (JRRd pyridine (Py) were used as
condensing agents, anhydrous calcium chloride vwedsydiated, andN-methyl-2-
pyrrolidone (NMP) was used as a solvent. Each pehaation reaction was
conducted in a uniform manner, and they ultimaieglded a dark and moderately
viscous PA solution. The PAs solution was slowlyumgal into a stirred ethanol
solution and allowed to stand until the PA formeplrecipitate consisting of a tough
fiber-like floc structure.

The elemental analysis data is provided in Tablantl it can be observed that
the experimental values and the corresponding ¢tieat values are consistent with
one another. The intrinsic viscosities of the imediate PAs were evaluated in
DMACc at 25 °C with the use of an Ubbelohde viscaneall of the PAs exhibited
intrinsic viscosities in the range of 0.50-0.75 glLthe weight average molecular
weight (M,s) is recorded between 36,000 and 52,000, and timber average
molecular weight (Ms) is recorded between 21,000 and 26,000, relatove
polystyrene standards. The range of polydispensagx (PDI) is between 1.7 and 2.0.
All PAs can provide a soft, yet tough film becauke molecular weights of them
were high enough, and the details regarding th&pergnents are summarized in
Table 2.

The chemical structures of the PAs were also chenized via FT-IR
spectroscopy. As shown in Figure 7, the FT-IR barfdfiese PAs appear in various
positions, ranging from 1666 to 1662 €niC = O stretching), 3315 to 3302 ¢m
(amide bond-NH stretching) and 1600 to 1595'caNH stretching). These signals
correspond to the amide groups residing in the lbaés of these polymers.

A H NMR spectrum of the polymer PA-VIIID along withe corresponding
signal assignments is shown in Figure 8. The pro¢siding at the “12” position in
PA-VIIID appeared at 10.26 ppm and correspondedh® amide proton in the
backbone of this polymer. Meanwhile, the protothat“9” position resonated at 8.05
ppm due to the presence of the characteristic -Kig The proton occupying the
“11” position exhibited a high field resonance d®3 ppm due to the presence of the -
NHCO- group and the -NH group’s electron donatiffgat. The proton labeled as
“13” on the adjacent benzene ring exhibited a lofiedd resonance of 8.21 ppm and
the proton residing at the “14” position displayetbwer field resonance of 7.67 ppm,
due to the strong electron-withdrawing effect o ttarbonyl moiety in the amide
group. The proton labelled as “1” in Figure 8 exieith a lower field of resonance
8.09 ppm, due to the presence of the strong eleetithdrawing effect of the
carbazolyl nitrogen. The protons at the other pmsst were consistent with those
found in monomer VI, and thus the signals that wengsistent with the formation of
the -NHCO- bond indicated that the polymerizatieaation had indeed proceeded to
produce the target PAs.

4 .3. Solubilities of the PAs



The solubilities of the PAs synthesized herein waeasured in various organic
solutions at a solution concentration of 1.0 wt%.shown in Table 3, the synthesized
PAs had good solubilities in various solvents, udahg NMP, DMAc, DMF and
DMSO. It was apparent that PA-VIIIA and PA-VIIIC wemore soluble than PA-
VIIIB and PA-VIIID. The better solubility of PA-VIA can be attributed to the
presence of the polar sulfone groups in its strectMeanwhilethe better solubility
of PA-VIIIC is due to the presence of large pendasttuctures such as
hexafluoroisopropyl in its structure. Hexafluorgisopyl is a large pendant group
with high bond energy. Its introduction hindersrambolecular electron transfer and
destroys the conjugated structure, which reducedtitk density between molecules,
which in turn increases the solubility of the pogm

4 .4. Film formation behavior

PA samples (1.0 g) were weighed and dissolved imLOof NMP solution to
obtain solutions of these polymers, and they wkea wuniformly applied onto glass
substrates to yield films. As shown in Figure & tloating obtained from PA-VIIID
exhibited a uniform distribution, clearly showints iordered linear and stepped
structure, and it can sample the target PAs chaia three-dimensional space. The
root mean square (RMS) surface roughness was @l&nd the maximum roughness
was ~1.9 nm.

4.5. Optical properties of the PAs

The absorption wavelengths of the electronic ttarsspectra of the PAs ranged
from 200 to 800 nm and UV-Visible spectroscopy igimy used for the analysis of
compounds containing conjugated structures. Ingtidy, the ultraviolet absorption
spectra of the PAs that had been dissolved in NM#Pshown in Figure 10. The
differences in the absorption spectra indicate ttle# concentrations of the
corresponding monomer solutions were different, tbacentration at the higher
position is larger, and the concentration at tlveeloposition is small. The absorption
maxima were observed in the range of 330-341 nmhtla@se wavelengths exhibited
red-shifts as the length of the conjugated chaewglonger. The absorption peaks
observed in Figure 10 are rather intense, indigativat the PAs contain multiple
conjugatedr bonds, which provides further evidence that thes R&re successfully
synthesized.

The fluorescence (PL) quantum yield ) of PAs in NMP was recorded and a
H,SO, solution of 0.5 mol [! quinine sulfate was typically used as a stand@kg (=
0.546). Figure 11 also shows the PL spectrum (auragon: 10° mol L) of PAs

[r4e0ci(1)]rded in NMP solution. We calculate the quangaeid of PAs via formula (1)

Ouni=0uza (1) () (1) ®

Istq Aunk Ustd

Among them,@unk, gstd, Iunk, IStda Aunk, Astda Hunk andﬂstd respectively denote the
fluorescence quantum yields of the sample and atdndhe integral of the emission
intensity, the absorbance of the excitation wawgtlerand the refractive index of the
relevant solvent. In NMP solution, PAs showed thmyést fluorescence excitation
peak at 395 nm, and PAs showed the largest fluenegcemission peak at the most
503 nm. The fluorescence quantum yield of PA-VIIBA0.532%, the fluorescence



quantum yield of PA-VIIIB is 0.637%, the fluorescenquantum yield of PA-VIIIC is
0.832%, the fluorescence quantum yield of PA-VIiE0.134%. Due to the self-
guenching effect of intramolecular charge trandfeg, fluorescence quantum yield is
less than 1%.

As shown in Figure 11, the fluorescence excitafieaks exhibited by the PAs in
NMP solutions ranged from 315 to 395 nm. The minmmiluorescence excitation
wavelength was exhibited by PA-VIIID at 315 nm, lghthe maximum fluorescence
excitation wavelength was exhibited by PA-VIIIB 3895 nm. The fluorescence
emission peaks exhibited by these polymers raraye #43 to 503 nm. The minimum
fluorescence emission wavelength was exhibited AYWRID at 443 nm, while the
maximum fluorescence emission wavelength was etdutiny PA-VIIIB at 503 nm.

4.6. Thermal properties of the PAs

The data describing the thermal behavior of the Brdssummarized in Table 2.
These PAs havéy values in the range of 303-320 °C, and they irsgea the order
of PA-VIIIC < PA-VIIIB < PA-VIIID < PA-VIIIA. The glass transition temperatures
of the PAs observed in this study were higher ttienliterature values for related
examples that we had previously prepafédi These differences can be attributed to
the introduction of the aniline group in the stuwres of the PAs, including the -NH
bond residing in the aniline structuies well as the presence of the hydrogen bonds
involving this moiety which increase the intermalizr interaction forces, thus
resulting in an increase in the glass transitionperature. The PA-VIIIA sample had
the highesty value at 320 °C, apparently due to the preseneerigiid group sulfone
group in its structure. Conversely, the PA-VIIICdhihe lowesfTy value at 301 °C,
evidently due to the presence of the hexafluorotmayg groups.

According to Figure 12, the PAs undergo a 5% welgbs$ as the temperature is
increased from 338 to 460 °The PAs also experienced a 10% weight loss with an
increasing temperature over the range from 4513 °&. PA-VIIIA and PA-VIIIC
begin to lose weight at lower temperaturs tharr tb@iinterparts, evidently due to the
presence of the sulfone and hexafluoroisopropytsuim PA-VIIIA and PA-VIIIC,
respectively. In contrast, PA-VIIIB and PA-VIIID arelatively stable. As shown in
Table 2,the total temperature of the PAs is relatively l@wvidently due to the poor
heat resistance of the aniline groups. The carlatiniz residue (coke yield) of these
PAs measured between them is 800 °C in a nitrogansphere, usually greater than
60%.

4.7. Electrochemical properties

Cyclic voltammetry was performed using a threetetete cell in which ITO
glass served as the working electrode, platinune warved as the counter electrode,
and silver wire was employed as the referencereléet An acetonitrile solution of
0.1 M tetrabutylammonium perchlorate (0.6838 getfabutylammonium perchlorate,
20 mL of acetonitrile solution) was used as thetetdyte solution, and the CV mode
of the electrochemical workstation was employed tfeg measurements that were
conductedover a range of 0-2 V. The resultant cyclic voltangmams are shown in
Figure 13.

The reference electrode was calibrated with PAIMRérrocene salt (Fe/Fg as
shown in Figure 13. The redox stand&@Fe/F€&) was 0.48 V based on the (FelFe



standard. The HOMO level was 4.80 eV relative te #ero vacuum level. The
HOMO value thus obtained was calculated from theMdD level via cyclic
voltammetry and referenced to ferrocene (4.80 &¥fjce the LUMO value cannot be
directly derived from the graph, the initial abdtrp wavelength valug.,sethad to be
obtained from the ultraviolet-visible absorptionespum, and subsequently the
LUMO value was obtained by the following formula.

E,(ev)=1240/2,,, )

HOMO=E

onset

+480- E(Fe/Fe*) 3)

LUMO = HOMO - E,(eV) %
Taking the typical CV curve of PA-VIIID as an exampwhen the applied
oxidation potential is 0 V, the PA-VIIID exists anreduced state. After the oxidation
potential is increased, the PA-VIIID exhibits asfioxidation state, and the color of
the PA-VIIID film changes. The oxidation potentiel constantly changing. The
measurement shows that the corresponding oxidpgaks appear at 0.90 and 1.70 V,
and the corresponding reduction peaks appear &t\0.8nd 1.46 V.The PA-VIIID
film undergoes a reversible redox reaction in acteblyte solution. It can be seen
from Figure 13 that under the anodice scanning, VAR exhibits two reversible
redox couplesThe two half-wave potentials occur at 0.63 V areB1V. The initial
potential Eonse) is 0.30 V. Meanwhile, the initial absorption waregth valué\onsetis
obtained from the ultraviolet-visible absorptioresppum.ionset = 417 nm, which is
brought into the formula (2) to obtain &3 value of 2.97 eV. The initial potential
(Eonse) Was 0.30 V, thé& (Fe/Fé&) value was 0.48 V, and the HOMO value was 4.62
eV obtained by introducing it into the formula (8)g LUMO value was 1.65 eV by
substituting the above value into the formula e HOMO value of the PA-VIIID
is calculated by the formula to be 4.62 eV, while tUMO value is 1.65 eV and the
Eg value is 2.97 eV. As shown in Table 4, PA-VIIIAsha HOMO value of 4.82 eV, a
LUMO value of 1.70 eV, and aByq value of 3.12 eVMeanwhile, PA-VIIIB has a
HOMO value of 4.90 eV, a LUMO value of 1.77 eV, amilEy value of 3.13 eV.
Lastly, PA-VIIIC has a HOMO value of 4.63 eV, a LUMO valag1.58 eV, and an
Egy value of 3.05 eV.

4.8. Electrochromic properties

The electrochromic properties of the PA-VIIID filmvere tested and
characterized by the use of an electrochemical station and via UV-Vis
spectroscopy (UV-Vis-NIR), while the electrode paggtion methods and solution
conditions were similar to those used for the CVasuements. A typical
representative electrochromic absorption spectrtithed PA-VIIID film in a 0.1 M
tetrabutylammonium perchlorate acetonitrile solutie exemplified by the spectrum
shownin Figure 14. When the applied voltage is increagedch 0 to 1.80 V, the
characteristic absorption peak of PA-VIIID at 33h igradually decreases, and the
absorbance values of the peaks at 424 and 820 adugty increase. When the
voltage is 0 V, the original UV is observed, PA-NIis in a neutral state, and the
color of this polymer is light yellow. As the voffa increases, the strength of the
characteristic absorption peak of PA-VIIID decreageadually at 331 nm, and PA-
VIIID exhibits a stronger absorption and exist@isemi-oxidized state. The oxidation



reaction that takes place results in a new absorgieak for PA-VIIID at 424 nm.
Meanwhile, the color of PA-VIIID changes from ligy¢llow to green. As the voltage
increases again, PA-VIIID becomes completely oxdjzand the oxidation reaction
that occurs causes PA-VIIID to show a new absonppeak at 820 nm, while the
color changes from green to dark blue. When a seveoltage is applied, PA-VIIID
returns to its reduced state, thus demonstratiaigthiis is a reversible redox process.

The nitrogen atoms located at the aniline and arid@ges could be oxidized
to cationic radicals while an electric field apgliecausing the electrochromism to
occur. In addition, the resultant color faded tlu¢he reduction of the cation as the
molecule returned to its neutral state. When thectedkinetic amino group is
converted into a strongly electron-withdrawing anmmen group salt, its conjugation
degree is changed and therefor the colour has eddag the end of the oxidation-
reduction process, the color of PA-VIIID returnghat of its original molecular state,
demonstrating that this polymer has electrochrqmaperties.

As shown in Figure 15, the color value of PA-VIIID an acetonitrile solution
containing 0.1 M tetrabutylammonium perchlorateieswith the applied voltage.
When the applied voltage is 0 V (CIE 1931: X 0.390.38), the color appears light
yellow; when the voltage becomes 0.9 V (CIE 19310285, Y 0.55), the color
appears light green; when the voltage becomes @I 1931: X 0.28, Y 0.49), the
color is light blue-green; and finally, when theltage rises to 1.8 V (CIE 1931: X
0.16, Y 0.09) the color appears blue and does mamge further.

A typical representative electrochromic absorptgpectrum of the PA-VIID
film in a 1 M hydrochloric acid solution is shown Figure 16. When the applied
voltage is increased from 0 to 1.20 V, the charatte absorption peak of the PA-
VIIID film at 330 nm gradually decreases in strédngand the strengths of the
characteristic absorption peaks at 418 and 1007gradually increase. When the
voltage is 0 V, the original UV curve, is observed. this scenario PA-VIIID is in a
neutral state and appears light yellow. As the agdtincreases, the characteristic
absorption peak of PA-VIIID gradually decreasessirength at 330 nm, and PA-
VIIID exhibits a high absorption and exists in ans@xidized state. This oxidation
reaction causes PA-VIIID to generate a new absamgteak at 418 nm, and its color
changes from light yellow to light green. As theltage rises again, PA-VIIID
becomes completely oxidized. The oxidation reactiat occurs at this stage causes
the PA-VIIID to show a new absorption peak at 10@7, and its color changes from
light green to dark green.

As shown in Figure 17, the color value of a PA-DIfilm in a 1 M hydrochloric
acid solution changes with the applied voltage. kvtine applied voltage is 0 V (CIE
1931: X 0.36, Y 0.41), the color of this film appedght yellow; when the voltage
becomes 0.6V (CIE 1931: X 0.35, Y 0.46), the cdecomes yellow-green; and
finally, when the voltage rises to 1.2V (CIE 19%10.31, Y 0.58) the color becomes
dark green and does not change further.

By analyzing the change of transmittance at 424 &2@ nm with time, the
electrochromic properties of the PA-VIIID film weravestigated, and the voltage
was continuously switched between 0 V in the néusti@e and 1.70 V in the fully
oxidized state. During this test, the UV-Vis-NIR timed was used to determine the
percent transmittance at a particular wavelengtie dhanges in the transmittance of



the PA-VIIID film during the first 200 cycles at 42and 820 nm can be seen from
Figure 18 and 19, along with the differences intta@asmittance percentage between
0 V and 1.70 V. During these measurements, thecaptontrast at 424 nm was
58.7%, and the optical contrast at 820 nm was 74.2Z%e changes in the
transmittance of the PA-VIIID film during one cyci 424 and 820 nm can be seen
from Figure 20 and 21, and each cycle was perforovsl a duration of 12 s.
According to calculations, the coloring time of tRA-VIID film at a specific
wavelength of 424 nm at an oxidation voltage of01W was 3.4 s (during the
oxidation process), and the fading time at a rednctoltage of 0 V was 3.9 seconds
(during the reduction process). In addition, thegog time of the PA-VIIID film at

a specific wavelength of 820 nm at an oxidatiortage of 1.70 V was 3.9 s (during
the oxidation process), and the fading time atducton voltage of 0 V was 3.9
seconds (during the reduction process). Accordingigure 18 and 19, the PA-VIIID
film still had good electrochemical and electrochio reversibility after 200 cycles
of scanning between 0.00 and 1.70 V.

The electrochromic coloration efficiencyCE) can be calculated via the
following equation:

CE=AOD/Q

where AOD denotes the optical absorbance change@rfthC/cnf) represents the
injected/ejected charge during a redox step. Baseithis equation, it was found that
at 820 nm, th€E of the PA-VIIID was 203 cfiC.

5. Conclusion

A series of novel redox-active PAs (VIIIA-VIIID) laeing three electrochromic
groups: aniline, TPA and carbazole structures, warecessfully by the direct
polycondensation of the diamine monomer 4,4-bigffdnophenyl)amino]-4"-
carbazolyltriphenylamine (VI) with diacid compour{@llA-VIID). The obtained
PAs exhibited high solubility in organic solventsbust redox reversibility, long-term
cycling stability, high color contrast, and exhéaltrapid switching speeds. In addition,
the PAs exhibit electrochromic behavior in both orgaelectrolyte solvents and in
hydrochloric acid. These findings demonstrate tramising potential of the PAs as
electrochromic materials with a broad range of pt& applications.
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Table 1. Elemental analysis of the PAs.

Formula Elemental analysis (%)
Polymer (molecular weight) C H N
PAVIIA ( CseHa0N6O4S ) Calcd 753% 45% 9.4 %
(893.02), Found 75.2% 4.4% 9.7 %
PAVIIB ( CseHa0N6O3)n Calcd 79.6% 48% 10.0%
(844.95), Found 795% 4.6% 9.8%
PA-VIIIC ( C59H40F6N502)n Calcd 72.4 % 4.1 % 8.6 %
(978.98), Found 726% 4.3% 8.8 %
PAVIID ( CsoH36N6O2)n Calcd 798% 48% 11.2%
(752.86), Found 796% 50% 11.3%




Table 2. Inherent viscosities, GPC data and thermal progeedf the PAs.

Polymer 1 (dL/ g)? GPC dat DSC TGA
M.x10*  M.x10"  PDI TS(°C) T%w(°C) T°100°C)  Char yield (%)
PA-VIIA  0.50 3.8 2.1 1.8 320 340 448 62
PA-VIIIB 0.75 4.4 2.3 1.9 303 456 530 66
PA-VIIIC 0.62 5.2 2.6 2.0 301 390 520 69
PA-VIIID 0.70 3.6 2.1 1.7 315 448 531 65

#Determined with 0.5% solutions in a solvent (DMA¢R5 °C.

P Relative to polystyrene standard, using DMF asthent.

¢ Baseline shift in the second heating DSC tracidth, avheating rate of 20 °C/min in

nitrogen.

4 ¢ temper at 5% and 10% weight loss were recordedT®A at a heating at

10 °C/min in nitrogen.

" Residual weight (%) when heated to 800 °C.



Table 3. Solubilities of the PAs.

Polymer Solvents

NMP DMAc DMF DMSO THF EtOH

CHGE Actone

ethanol

PAVIIA  ++  ++ ¥ - i i
PA-VIIIB + + + + - .
PA-VIIC — ++  ++ - -+ - .
PA-VIIID + + + + - .

Note: 0.01 g sample is dissolved in 1mL of solvent.
“++” Soluble at room temperature.
“+” heated to dissolve.

“-" Insoluble even on heating.



Table 4. Electrochemical properties of the PAs.

NMP solution Oxidation
ES HOMO®  LUMO!

Index AMnm Potential(V)

(eVv) (eVv) (eV)
Absmax Absonset Eonset onl 1/2 on2 1/2

PA-VIIIA 330 339 0.50 0.97 1.69 3.12 4.82 1.70
PA-VIIIB 340 396 0.58 0.96 1.68 3.13 4.90 1.77
PA-VIIIC 341 406 0.31 0.67 1.57 3.05 4.63 1.58
PA-VIIID 339 417 0.30 0.63 1.58 2.97 4.62 1.65

& Oxidation half-wave potentials from cyclic voltamgrams.
® The data were calculated by the equatiy® 1240Akonset Of polymer film.

¢ The HOMO energy levels were calculated from cycl@tammetry and were
referenced to ferrocene (4.8 eV).

4 LUMO = HOMO -E,.



Figure captions:
Scheme 1. Synthetic pathway toward the monomer.
Scheme 2. Synthetic pathway toward the polymers PA-VIII (A-D

Figure 1. 'H NMR spectrum of monomer V. This spectrum was reed in
DMSO-ds.

Figure2. COSY spectrum of monomer V. This spectrum wasrdsabin
DMSO-ds,

Figure 3. *C NMR spectrum of monomer V. This spectrum was néeo in
DMSO-ds.

Figure 4. *H NMR spectrum of monomer VI. This spectrum warded in
DMSO-ds.

Figure5. COSY spectrum of monomer VI. This spectrum wasneed in
DMSO-ds.

Figure 6. *C NMR spectrum of monomer VI. This spectrum wareed in
DMSO-ds.

Figure7. FT-IR spectra of the PAs.

Figure8. 'H NMR spectrum of PA-VIIID. This spectrum was reged in
DMSO-ds,

Figure 9. Tapping mode AFM topography image of the PA-VIIIDf (4 pm x 4
pm).

Figure 10. UV-Vis spectra of the PA. These spectra werercmbin NMP.
Figure 11. Fluorescence spectra of the PAs. These spectmeaterded in NMP.
Figure 12. TGA thermograms of the PAs.

Figure 13. Repeated CV of PA-VIIID and ferrocene on an ITGxeal glass
substrate in a 0.1 M BNCIO,/CH3;CN solution.

Figure 14. Electrochemistry of the PA-VIIID thin films on ITCoated glass
substrates at various applied potentials in a 0BUWNCIO,/CH3CN solution.

Figure 15. CIE plot of the PA-VIIID film on an ITO-coated gla substrate at
various applied potentials in a 0.1 M BICIO/CH3CN solution.

Figure 16. Electrochemistry of thin PA-VIIID films on ITO-coed glass
substrates at various applied potentials in a lytfrdchloric acid solution.



Figure 17. CIE plot of a PA-VIIID film on an ITO-coated glassibstrate at
various applied potentials in a 1 M hydrochloriaasolution.

Figure 18. Changes in the light transmission at 424 nm BAaVIIID film on
an ITO-coated glass substrate and current densitggla switching study ina 0.1 M
BusNCIO4/CH;CN solution.

Figure 19. Changes in the light transmission at 820 nm BAaVIIID film on
an ITO-coated glass substrate and current densitggla switching study ina 0.1 M
BusNCIO4/CH;CN solution.

Figure 20. Transmittance curve for PA-VIIID circulating at42m ina 0.1 M
BusNCIO4/CH;CN solution.

Figure 21. Transmittance change curve for PA-VIIID at 820 imna 0.1 M
BusNCIO4/CH;CN solution.
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Figure 4. *H NMR spectrum of monomer VI. This spectrum waorded
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Figure 9. Tapping mode AFM topography image of the PA-VIIIDf (4 um x 4
pm).
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Figure 10. UV-Vis spectra of the PAs. These spectra wererckr in NMP.
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Figure 11. Fluorescence spectra of the PAs. These spectereeorded in NMP.
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Figure 12. TGA thermograms of the PAs.
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Figure 13. Repeated CV of PA-VIIID and ferrocene on an ITGdea glass
substrate in a 0.1 M BNCIO,/CH3;CN solution.
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Figure 14. Electrochemistry of the PA-VIIID thin films on IT©oated glass
substrates at various applied potentials in a 0BUNCIO,/CH3CN solution.
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Figure 15. CIE plot of the PA-VIIID film on an ITO-coated gla substrate at
various applied potentials in a 0.1 MBICIO4/CH3;CN solution.
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substrates at various applied potentials in a lybitdchloric acid solution.
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Figure 18. Changes in the light transmission at 424 nm f&AaVIIID film on
an ITO-coated glass substrate and current dengrtggla switching study in a 0.1 M
BusNCIO4/CH;CN solution.
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Figure 19. Changes in the light transmission at 820 nm f&¥AaVIIID film on
an ITO-coated glass substrate and current dengrtggla switching study ina 0.1 M
BusNCIO4/CH;CN solution.
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Figure 20. Transmittance curve for PA-VIIID circulating at4t2m in a 0.1 M
BusNCIO4/CH;CN solution.
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Highlights

1. Successfully synthesized a series of novel redox active polyamides PA (VIIIA-
VIIID) with three color-changing groups of aniline, triphenylamine and carbazole
structures.

2. The polyamides were highly soluble in various solvents, had excellent
thermostability, prolonged cycling stability, high color contrast, and rapid switching
Speeds.

3. The polyamides exhibit electrochromic properties in organic electrolyte solutions
and hydrochloric acid.
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