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Fluorescent electrochromic (FEC) materials, which reversibly change their both fluorescence and absorption via
electrochemical reactions in response to applied potentials, have received extensive attention. Herein we directly
obtained poly (2Z,2'7)-3,3'-(1,4-phenylene)bis(2-(4-((6-(9H-carbazol-9-y)hexyl)oxy)phenyl)acrylonitrile) P
(CHDCS) and poly (2Z7,2'Z)-3,3'-(2,5-dimethoxy-1,4-phenylene)bis(2-(4-((6-(9H-carbazol-9-yl)hexyl)oxy)phenyl)
acrylonitrile) P(CHDCSM) as thin films on electrodes via electro-polymerization (EP) from linear donor-acceptor
(D-A) monomers with isolated n-conjugation. Surprisingly, interchain charge-transfer complexes (CTCs) with
mixed D-A stacks were generated between electroactive bis-carbazole (D) and luminescent dicyanodistyr-
ylbenzene (A) units during the EP process. Consequently, significantly redshifted and bright orange fluorescence
(~600 nm) originated from intermolecular CT excitons were observed from both polymers, which could be
reversibly switched upon applied potentials. This is the first time that the CTCs have been prepared via EP and
applied as FEC materials. Moreover, the stronger intermolecular CT effect gives rise to an enhancement of
electrical conductivity and FEC response in P(CHDCS), resulting in high optical contrasts (T = 33.6%, Ion/Ioff =
28.3) and fast FEC switching (coloring 1.25 s, fading 0.53 s, quenching 2.40 s, brightening 6.17 s) as well as good
reversibility. In addition, the CTCs improve the spin delocalization of bis-carbazole radical cations, leading to
increased color stability of the FEC films by a decay of only 1.2% in 2 h with no power supply after coloration.
This work not only affords an innovative CTC design strategy for FEC materials but also paves the way for
constructing highly-performed and energy-efficient FECs via one-step electrochemical methods.

Electrofluorochromism
Electrochromism

1. Introduction

Fluorescent electrochromic (FEC) materials change both fluores-
cence and color when a current is applied.[1,2] Polymeric FEC materials
are promising candidates for applications in luminescent switches and
displays, bio-probes, optical memories and smart windows owing to
their unique features of light weight, flexibility, low-voltage operation
and simple structural modulation.[3,4] A series of chemical syntheses of
FEC polymers have been reported, such as direct polycondensation,[5]
imidization,[6] oxidative polymerization,[7] Heck[8] and Suzuki[9]
cross-coupling reactions. However, these chemical polymerizations
require laborious synthesis, purification and film-forming procedures.
Electro-polymerization (EP) is a facile one-step in-situ method that
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integrates synthesis with film deposition simultaneously.[10] It has
been widely applied in the fabrication of electrochromic (EC) and
conductive polymers.[11,12] Unfortunately, an application of the
desirable EP method for FEC materials has barely achieved because the
resulting polymers generally lose fluorescence due to structural defects
and tight n-stacking formed during EP.[13,14]

Both Ma and Knoll groups respectively proposed effective strategies
to prevent structural defects and maintain the fluorescence of EP films
by constructing a cross-linked porous n-network with precursors
comprising separated luminophores and electroactive moieties.
[13,15,26-28] However, owing to the absent interplay between these
two moieties, the fluorescence was largely irreversible or even unaf-
fected by the redox centers.[15,16] Inspired by those past efforts, we
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Scheme. 1. Molecular structures of the CHDCS and CHDCSM monomers, the
resulting homopolymers of P(CHDCS) and P(CHDCSM), and the reference
compounds DCS and DC.

propose here an exploitation of the charge-transfer complexes (CTCs)
system to construct EP accessible FEC materials by adopting electro-
active groups and luminophores as electron donor (D) and acceptor (A)
units, respectively. CTCs are consisted of alternate stacks of D and A
parts, which interact with each other through-space rather than
through-bonds.[17,18] Thus, both structural defects and tight n-stacking
of the luminophores could be effectively suppressed as the reactions
occur in the electroactive groups. Moreover, high electrical conductivity
and tunable optical properties could be obtained in CTCs, arising from
the variable degree of CT at D/A interfaces.[19-22] Therefore, FEC
properties are expected to achieve in CTCs that integrate both electro-
active and luminescent groups, which has yet to be demonstrated. In
addition, conventional CTCs with ordered hetero-molecular arrange-
ments are generally prepared via co-crystallization, which would cause
the issues of stability, reproducibility and device fabrication.[23,24] In
contrast, the CTCs fabricated by the EP method have barely been re-
ported to date.

In this work, we designed and synthesized the monomers (2Z,2'Z)-
3,3’-(1,4-phenylene)bis(2-(4-((6-(9H-carbazol-9-yDhexyl)oxy)phenyl)
acrylonitrile) (CHDCS) and (2Z,2'7)-3,3'-(2,5-dimethoxy-1,4-phenyl-
ene)bis(2-(4-((6-(9H-carbazol-9-yDhexyl)oxy)phenyl)acrylonitrile)
(CHDCSM) (Scheme 1) by end-capping fluorescent dicyanodistyr-
ylbenzene cores with two electroactive carbazole moieties. The carba-
zoles and dicyanodistyrylbenzenes also serve as D and A units,
respectively, which are capable of forming CTCs with bright fluores-
cence.[25] Alkoxy chains are bridged between them to block the
n-conjugation and prevent possible structural defects in the lumino-
phores. Homopolymers of both P(CHDCS) and P(CHDCSM) were
directly produced on the electrode via the EP method and showed
reversible FEC switching with remarkable contrast and fast response.
The formation of CTCs between dicyanodistyrylbenzene and dimeric
carbazole moieties with mixed-stacking pattern was found to play a key
role in the FEC conversion. Electrochemical and spectroelectrochemical
tests as well as theoretical calculations were further carried out to
evaluate the effects of CTCs on the FEC performance.

2. Material and methods
2.1. Materials

Carbazole (96%), 1,6-dibromohexane (97%), 4-hydroxyphenylace-
tonitrile (98%), p-phthalaldehyde (98%), palladium acetate,
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tritertbutylphosphine, potassium iodide (99%), sodium methylate
(97%) and lithium perchlorate (LiClO4, 99%) were purchased from
commercial sources and used as received. All solvents and other re-
agents (analytical grade) were used without further purification, unless
otherwise claimed. Indium tin oxide (ITO) glass substrate (Kaivo Opto-
electronic Technology Co., Ltd., Rs < 15 Q/sq) as working electrode was
cleaned by ultrasonic in distilled water, ethanol, toluene and acetone
solutions, successively.

2.2. Characterization

The 'H and '3C NMR spectra were recorded on a Bruker AVANCE III
500-MHz instrument (Bruker, Switzerland) using chloroform-d (CDCl3)
as the solvent and tetramethylsilane (TMS) as an internal standard. Mass
spectroscopy was recorded on a Waters GCT Premier MS spectrometer
using the electron impact (EID) technique. Fourier transform infrared
spectrometer (FTIR) was recorded on a Nicolet 6700 (Thermo Fisher
Nicolet, USA) with KBr pellets. The UV-vis absorption spectra were
recorded on a Shimadzu UV-2600 spectrophotometer. Photo-
luminescent (PL) measurements were obtained on a SENS-9000 (Gilden
Photonics, England). The time-resolved PL (TRPL) decay spectra were
performed on an Edinburgh FLS980 fluorescence spectrometer. The
electrochemical property measurement was recorded on an Ivium
compactStat mobile measurement station (Ivium Technologies,
Netherlands). The electrochemical measurements were performed in a
conventional three-electrode cell contained 0.1 M LiClO4/CH3CN or PC
solution as the supporting electrolyte. The counter and reference elec-
trodes in the three-electrode cell are Pt and Ag/AgCl electrodes
respectively. UV-vis and PL spectroelectrochemical tests were carried
out on the Ivium electrochemical analyzer integrated with a Shimadzu
UV-2600 or a SENS-9000 PL spectrophotometer, respectively. The
Gaussian 09 program was employed for DFT calculations. Geometry
optimization was performed with the B3LYP functional, in combination
with the D3BJ dispersion correction and Ahlrich’s TZVP basis set. For
the dicationic species, singlet and triplet states were both optimized and
the open-shell singlet state was determined to be the ground state. The
stability of wavefunction was examined for each compound. The spin
density iso-surface was plotted at iso-value of 0.002.

2.3. Polymer synthesis and film deposition

Both P(CHDCS) and P(CHDCSM) polymeric thin films were prepared
via electrochemical oxidative polymerization of respective monomers.
The EP was performed in a conventional three-electrode cell with an
ITO-coated glass as the working electrode which was successively
washed with deionized water, ethanol, toluene and acetone under ultra-
sonication before use, a platinum (Pt) sheet and a double-junction Ag/
AgCl electrode (silver wire coated with AgCl in saturated KCl solution)
as the counter electrode and the reference electrode, respectively. A
solution of 1.5 mM monomer in CHCl3/CH3CN (1:4 vol%) with 0.1 M
LiClO4 as supporting electrolyte was prepared for electrochemical
polymerization. Herein CHCl3 was added to improve the solubility of
CHDCS and CHDCSM monomers due to their poor solubility in aceto-
nitrile solvent. The polymeric films were fabricated onto ITO-coated
glass by cyclic voltammetry (CV) method within applied potential
range of —0.5 to 1.35 V at a scan rate of 100 mV/s for 20 scan cycles. The
resulting films were washed with CHCl3/CH3CN (1:4 vol%) to remove
unreacted precursors and supporting electrolytes.

2.4. FEC device fabrication

The prototype device with the area of (2 cm X 5 cm) possessing
sandwich structure were assembled manually. The ITO-glass deposited
with polymers serves as the working electrode, and the free ITO-glass is
used as the counter electrode. A gel electrolyte was prepared with poly
(methyl methacrylate) (PMMA, 3 g) and LiClO4 (0.2 M) dissolving in
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Fig. 1. CV profiles of CHDCS in CHCl3/CH3CN (1:4 v/v) solution with LiClO4 as
the supporting electrolyte at a scanning rate of 100 mV/s.
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propylene carbonate (PC, 5 g) to form a highly transparent and
conductive gel. The gel electrolyte was spread on the polymer-coated
side of the electrode, and sandwiched between the working electrode
and counter electrode. An insulating frame of 3 M glue is placed between
the two electrodes, which not only affords the space between them, but
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also makes the implementation of encapsulation.

3. Results and discussion
3.1. In-situ electro-polymerization

The monomers were synthesized by a sequence of C-N coupling,
Williamson and Knoevenagel reactions, as shown in Scheme S1 in the
Supporting information (SI). Detailed synthetic procedures and char-
acterization results, including IH NMR, !3C NMR, mass and infrared
spectra, are provided in the experimental section. Bearing highly elec-
troactive carbazole groups at both ends, both CHDCS and CHDCSM
could be electropolymerized directly onto conducting substrates, form-
ing uniform polymeric thin films. Fig. 1 shows the multicycle successive
cyclic voltammetry (CV) curves of CHDCS in the range of —0.50 to 1.35
V with LiClOy4 as the supporting electrolyte. During the first cycle of the
anodic scan, only one oxidative peak appears at 1.13 V, while starting
from the second cycle, a new oxidative peak shows up at a lower po-
tential of 0.67 V. The former peak originates from the formation of
carbazole radical cations, which could couple with each other to form
dimeric carbazole. The latter is attributed to the oxidation of the
generated dimeric carbazole groups.[26] During the backward scans,
two peaks appear at 0.99 and 0.62 V respectively, indicating that the bis-
carbazole dications are reduced to the neutral state via two one-electron
steps.[27] After repeated CV cycles, a transparent light-yellowish film is
observed on the electrode. The redox current is gradually increased in
successive cycles, revealing the continuous coupling between the
carbazole units and a gradual growth of the conductive polymer film. A
slight increase in the peak potentials during the anodic process is
attributed to the increase in resistance with the film thickening. Notably,
two pairs of well-defined peaks remain even after 20 scanning cycles,
suggesting that the electrochemical reactions only occur between
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Fig. 2. (a) Absorption and PL spectra of CHDCS solution, CHDCS film and P(CHDCS) film. (b) TRPL of CHDCS and P(CHDCS) films. (c) Absorption and PL spectra of
DC, DCS and their mixture in dilute solutions. (d) PL spectra of DC, DCS and their complexes in films.
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Fig. 3. The calculated energy levels and frontier molecular orbital diagrams of DC, DCS and their complexes.

carbazole units and also only dimeric carbazoles are formed instead of
other oligomers. Therefore, the final products are the linear polymers P
(CHDCS), as shown in Scheme 1. Likewise, P(CHDCSM) were also ob-
tained via CV polymerization as shown in Figure S1 in the SIL

The polymer structures were further confirmed via FTIR spectra in
comparison to their monomers. As shown in Figure S2, the peaks at 841
and 750 cm™! in CHDCS monomer are attributed to para- and ortho-
disubstituted benzene, respectively, which were also observed in P
(CHDCS) yet with obvious red-shifts to 833 and 748 cm ™, respectively.
Additional peak appears at 800 cm ™' in P(CHDCS), indicating the gen-
eration of tri-substituted benzene, which is consistent with the coupled
carbazole units.[28] Moreover, the intensity of tri-substituted benzene
(800 cm 1) is similar to that of ortho-disubstituted benzene (748 cm’l),
implying almost equal contents of these two moieties. These results
confirm that the carbazole units form dimeric derivatives in the P
(CHDCS) film. In addition, it is worth noting that the red-shifted peaks of
P(CHDCS) relative to those of CHDCS indicate the negative charge of
aromatic rings and the presence of CT interactions in the P(CHDCS) film,
which agrees well with the following spectral analysis.

3.2. Charge-transfer complexes

Accordingly, EP was found to occur at carbazole units, resulting in
polymers with isolated =-conjugations between bis-carbazoles and
dicyanodistyrylbenzene moieties. In other words, the n-conjugation of
polymers was not significantly extended with respect to that of their
monomers. Surprisingly, the as-prepared EP film of P(CHDCS) instead
displays a bright orange emission (Amax = 603 nm) upon UV-light irra-
diation (Fig. 1), which is markedly red-shifted relative to that of CHDCS
either in dilute solution (A ax = 474 nm) or in thin film (A2 = 524 nm),
as shown in Fig. 2a. Moreover, the fluorescent lifetime is significantly
shortened from 10.41 to 3.21 ns when CHDCS was polymerized into P
(CHDCS), as determined by the time-resolved photoluminescence
(TRPL) decays (Fig. 2b). The long-lived component (14.73 ns, 66.26%)
in CHDCS, which is completely disappeared in P(CHDCS), results from
the excimer emission of dicyanodistyrylbenzene units as described in the
literature.[29] These results imply that the red-shifted emission of P
(CHDCS) does not originate from the dicyanodistyrylbenzene core, no
matter whether in dispersed or aggregated states. Rather, a mixed-
stacking arrangement may be formed between dicyanodistyrylbenzene
and bis-carbazole groups, which is supported by the characteristic ab-
sorption as shown in Fig. 2a. A new wide absorption band at approxi-
mately 580 nm is observed for the P(CHDCS) film, indicating the
possibility of a CT transition.[30] Since the electron-rich (bis-carbazole)

Scheme. 2. Schematic illustration of the possible structure of the interchain
CTCs with mixed D-A stacks in P(CHDCS) thin film.

and electron-deficit (dicyanodistyrylbenzene) groups are separated by a
non-conjugated alkoxy segment in P(CHDCS), the CT transition might
result from CTCs formed between bis-carbazole and dicyanodistyr-
ylbenzene units by stacking alternately on each other. To further verify
whether the CT features originate from the CTCs, (2Z,2'Z)-3,3'-(1,4-
phenylene)bis(2-(4-butoxyphenyl)acrylonitrile) (DCS) and 9,9’-diethyl-
9H,9'H-3,3'-bicarbazole (DC) (Scheme 1) were synthesized and explored
as components in P(CHDCS).

A mixture of DC and DCS in solution display both the absorption and
PL spectra, which is essentially the sum of the respective spectra of DC
and DCS (Fig. 2¢). The emission of DC in the mixed solution is greatly
decreased in intensity via energy transfer due to a large overlap of its PL
with the absorption of DCS. However, when the mixed solution was
drop-casted on a glass substrate, orange fluorescence with a significantly
red-shifted and broad PL was observed after solvent evaporation
(Fig. 2d). The newly generated PL peak at Apax = 577 nm is completely
different from those of either DC or DCS, verifying the formation of CTCs
between them in solid states.[31] Given the optical property of CTCs is
determined by the relative molecular orbital offset of D and A pairs, DFT
calculations were further performed.[32,33] The energy level diagrams
for DC and DCS as well as their complexes are schematically shown in
Fig. 3. From the oxidation potential of bis-carbazole at 0.67 V in CV, we
can estimate the highest occupied molecular orbital (HOMO) level as
—5.11 eV by assuming the Ag/AgCl reference to be —4.44 eV.[34] This
agrees well with the calculation shown in Fig. 3. The HOMO energy level
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Fig. 4. (a) CVs of polymer films in different states in 0.1 M LiClO4/CH3CN solution at a scan rate of 25 mV/s. (b) EIS spectra of P(CHDCS) and P(CHDCSM).

of the mixed-stacking DC/DCS complex is estimated to be —5.25 eV,
which is closer to that of the DC donor (-5.20 €V), while the lowest-
unoccupied molecular orbital (LUMO) (-2.56 eV) is much more similar
to that of the DCS acceptor (-2.80 eV). Moreover, the HOMO level of the
complex is primarily located on the DC donor, while the LUMO is
distributed on the DCS acceptor, indicating the CT transition from DC to
DCS. These results reveal that the bis-carbazole and dicyanodistyr-
ylbenzene units in P(CHDCS), analogous to the DC and DCS pair, are
prone to form CTCs and emit remarkably red-shifted CT fluorescence.
This finding is consistent with the optical properties of the P(CHDCS)
film, as mentioned above.

Accordingly, a possible aggregated structure of the polymers is
shown in Scheme 2, in which the bis-carbazole and dicyanodistyr-
ylbenzene segments are proposed to be sandwiched between one
another to form interchain CTCs. The ionic electrostatic repulsion be-
tween oxidized bis-carbazoles, which is generated during the EP process,
promotes the formation of such CTCs, along with the driving forces of CT
and n-r interactions between bis-carbazole and dicyanodistyrylbenzene
units. As a result, a strong luminescence is observed from P(CHDCS) due
to the CT transition occurring by an electron transfer from the HOMO
level of bis-carbazole to the LUMO level of dicyanodistyrylbenzene.
Compared to P(CHDCS), P(CHDCSM) shows a weak CT transition in the
absorption spectrum (Figure S3), indicative of its weak CT character in
the ground state. However, in the excited-state, P(CHDCSM) still dis-
plays similar bright orange fluorescence (at ca. 600 nm) and decreased
fluorescent lifetime (from 9.96 ns in monomer to 5.0 ns in polymer).
This suggests that alternate D/A stacks may also be formed in P
(CHDCSM), which exhibits the excited-state CT character. The intro-
duction of bulky ~OCHj3 groups in P(CHDCSM) not only suppress the
close stacking between D and A segments, but also weakens the electron-
withdrawing capacity of the A part. Consequently, P(CHDCSM) has a
relatively weak CT which requires light excitation. Since the CT inter-
action is significantly affected by the charged states of the CTCs, the
fluorescence from the CT transition is assumed to be regulated by
electrochemical reactions. This hypothesis will be verified in the
following experiments.

3.3. Electrochemical analysis

The CVs of the EP polymers was investigated and the results are
shown in Figure S5 and 4a. No obvious oxidation and reduction at the
negative potential from —1.35 to 0 V is observed for both P(CHDCS) and
P(CHDCSM) films. However, at the positive potential, all CV curves
display a sequence of two quasi-reversible redox events. The first
oxidation wave presumably corresponds to the formation of bis-
carbazole radical cations while the second refers to further oxidation
to bis-carbazole dications (Figure S6). We also compared the CVs of
polymers with and without UV light excitation and the corresponding

peak potentials are summarized in Table S1. Note that the oxidation
potential of P(CHDCSM) in the ground state is lower than that in its
excited state as well as those of P(CHDCS), all of which have significant
CT features. This indicates that P(CHDCSM) performs better electro-
chemical activity under lower applied potentials due to the almost ab-
sent CT in the ground state. Moreover, the UV light-excited P(CHDCS)
shows a decreased oxidation potential of E,, = 1.08 V and an increased
reduction potential of E,. = 0.81 V, resulting in a smaller potential
separation of 0.27 V between the oxidation and reduction peaks in
comparison to those without light excitation (0.38 V). These results
suggest that the CT interaction between bis-carbazole and dicyanodis-
tyrylbenzene units impedes the oxidation reactions, which however
occur with better activity and reversibility upon UV-illumination due to
the intermolecular CT transition at the D/A interface.[35] In addition,
the scanning rate-dependent CVs in the range of 25-200 mV/s for P
(CHDCS) and 25-400 mV/s for P(CHDCSM) films were obtained as
shown in Figure S7 and 8. A linear relationship is found between the
square roots of the scanning rate and the peak currents, demonstrating
that the electrochemical processes are diffusion limited in such a range
of scanning rates. The diffusion limitation might be attributed to the
slow diffusion of the counter-ions ClO4 from electrolyte solution into
the polymeric films to preserve electroneutrality.

The electrochemical impedance spectra (EIS) of polymers in the
frequency range from 0.1 to 1000 kHz are shown in Fig. 4b. Both
polymers exhibited EIS spectra consisting of a semicircle at high fre-
quencies and an inclined line at low frequencies, which corresponds to
the CT resistance across the film (R.) and the diffusion resistance of the
electrolyte ions into the electrode (Warburg impedance Z,), respec-
tively.[7] This indicates that the electrochemical reactions of the poly-
mers are under kinetic control at high frequencies and mass transfer
control at low frequencies. The equivalent circuit of EIS have been
provided in Figure S9 together with the summary of EIS fitting results in
Table S2 in SI It is obvious that P(CHDCS) shows a much smaller R
than P(CHDCSM) owing to its stronger CT. Therefore, an incorporation
of bulky -OCHjz groups on the conjugated plane can hinder the close
n-stacking and charge transfer between D and A segments, which leads
to a higher R resistance of P(CHDCSM) films. The better electrical
conductivity of P(CHDCS) is believed to facilitate its FEC response, as
discussed below.

3.4. FEC switching

Figure S10 shows the patterned polymer film of ‘ZJHU” (i.e., Huzhou
University at ZheJiang), which was simply prepared from the CHDCS
monomer via one-step in-situ EP. Interestingly, high-performance FEC
behaviors are observed, in which the on/off fluorescence switching oc-
curs contemporaneously with color conversion between yellow and
green at 0 V and 1.35 V, respectively. This indicates that the redox of the
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Fig. 5. (a) PL spectra of the P(CHDCS) film under different potentials. (b) PL intensity contrast and (c) switching time of the P(CHDCS) film in 0.1 M LiClO4/CH3;CN
solution under stepping potentials between —0.5 V and 1.35 V with intervals of 10 s. (d) Absorption spectra of P(CHDCS) film under different potentials. (e)
Transmittance contrast and (f) switching time of P(CHDCS) film under stepping potentials between —0.5 V and 1.35 V with intervals of 5 s.

bis-carbazole moiety in P(CHDCS) induces both color and CT fluores-
cence changes. These optical changes are large enough to be easily
distinguished by the naked eye.

Fig. 5 and Figure S11,12 show the voltage-dependent PL and ab-
sorption spectra of the P(CHDCS) and P(CHDCSM) films, respectively.
For P(CHDCS), bright orange fluorescence (Amax = 603 nm) is found in
the neutral state at 0 V (Fig. 5a). As the applied potential is increased to
0.5V, the PL intensity is dropped, which is further greatly weakened and
even approaches the baseline as the potential reaches 1.1 V, resulting in
anearly quenched dark state. The contrast of the PL intensity (Ion/Ioff) at
603 nm is as large as 28.3. Note that such fluorescent changes could be
recovered. Repetitive PL switching of the P(CHDCS) film was tested
upon cyclic potential step between —0.5 V and 1.35 V. As shown in
Fig. 5b, large intensity variation and good reversibility with little decay
even after 20 cycles are displayed during the potential step, revealing
the advantageous fatigue resistance of fluorescent switching. Fig. 5c
shows the response curves of P(CHDCS) film, in which the response time
is estimated to be 95% of the full change in PL intensity. The P(CHDCS)
film shows a rapid quenching speed (2.401 s) and a slow brightening
speed (6.174 s). Similar fluorescent changes are also observed in the P
(CHDCSM) film (Figure S9), which nevertheless show a much smaller
contrast and worse reversibility after several cycles. The Ion/Iof decays
from 12.5 in the first cycle to 4.8 after 20 cycles. In one cycle, only 70%
of PL intensity could be recovered upon —0.5 V for 5 s, which is
considered as the main cause of the large decay of P(CHDCSM) after
several cycles. The poor reversibility might be attributed to the high Rt
resistance of P(CHDCSM) film.

As the fluorescence is changed, the absorption is also varied
depending on the applied potential, as illustrated in Fig. 5d-f and
Figure S10. Taking P(CHDCS) as an example, a maximum absorption
peak at 395 nm appears concomitantly with a weak shoulder band at
580 nm in the neutral state at 0 V, resulting in a yellowish color under
natural light. The peak at shorter wavelengths is attributed to the n-n*
transition of the dicyanodistyrylbenzene moiety, in consistence with
Fig. 2c. The shoulder band at longer wavelengths is due to the CT
transition from bis-carbazoles to dicyanodistyrylbenzene groups in

adjacent molecules, as mentioned above. When the applied potential is
increased above 0.7 V, a new absorption band appears at 850 nm, which
is further enhanced in intensity to reach a maximum at a potential of 1.2
V. When the voltage rises continuously up to 1.3 V, another broad band
appears at about 700 nm and is then gradually intensified. The gener-
ation of these two new absorption bands at 850 and 700 nm is ascribed
to the formation of polaron and bipolaron, respectively (Figure S6).[36]
Finally, a green color of P(CHDCS) shows up and becomes stronger with
an increasing potential. Fig. 5e shows the repetitive transmittance
switching of the P(CHDCS) film upon cyclic potential steps between
—0.5 V and 1.35 V. The contrast of transmittance (AT) at 850 nm is
shown to exceed 33%. Superior to the fluorescent switching, the P
(CHDCS) film exhibited a much faster EC response with a coloring time
of 1.250 s and a fading time of 0.528 s. As for P(CHDCSM) film, similar
color switching between yellow and green with an optical contrast of
31% and response times of 1.253 and 0.512 s are observed in Figure S12.
Both of P(CHDCS) and P(CHDCSM) show almost the identical EC
switching behaviors, which originate from the same EC-active groups-
biscarbazole.

However, as for the EC stability, P(CHDCS) and P(CHDCSM) display
distinct performance. Figure S13 shows the changes of optical contrast
in both P(CHDCS) and P(CHDCSM) under 200 cycles of potentiostatic
step. P(CHDCS) retains 95.6% of its original optical contrast after 100
cycles, and abruptly decays after 120 cycles. 46.3% of its original optical
contrast is left even after 150 cycles. However, P(CHDCSM) appears to
decay rapidly, remaining only 62.9 % and 3.2% of its original optical
contrast after 100 and 150 cycles respectively. The fast attenuation of P
(CHDCSM) is attributed to the partially polymer dissolution caused by
the repeated doping/de-doping process, which is proved by the thinner
films after tests. These results indicate better stability of P(CHDCS) in
comparison to P(CHDCSM), which might result from the stronger
interchain CT interactions in P(CHDCS) that prevent the dissolution of
polymers.
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Fig. 6. (a) Absorption spectra of P(CHDCS) upon electrical triggering with + 1.2 V for 2 s, power off for 2 h and —0.5 V for 2 s. (b) The absorbance and transmittance

of P(CHDCS) at 850 nm under different electrical triggering.
3.5. Color stability

An unusual color stability is observed for the P(CHDCS) film, which
maintains the colored state for a particularly long period without a
power supply. As shown in Fig. 6a, the absorption spectra were
measured by triggering with 1.2 V for 2 s, followed by power off for 2 h
until the negative voltage (-0.5 V for 2 s) was applied. The intensity of
the absorption band at 850 nm is gradually increased during the current
triggering step and exhibits a small decay of 14.1% when the power was
cut off for 2 h (Fig. 6b). Then, the spectra were recovered quickly upon
stimulation with —0.5 V for 2 s. The stability could be further improved
by adjusting the applied voltage and time. After electrical triggering by
1.35 V for 5 s, the power was cut off, and the transmittance at 850 nm
exhibits a decay of only 1.2% in 2 h before a negative voltage of —0.5 V
was applied for 5 s. Note that the transmittance is spontaneously
decreased a bit for a few minutes after the current supply was stopped,
which leads to a further decrease of color attenuation. These results
indicate the long-lasting information display and optical memory of the
FEC P(CHDCS) film with only a small energy consumption, which is
favorable for energy-efficient devices.

The persistent display is related to the stability of bis-carbazole
cationic radicals in this electrochemical system. However, such stable
n-conjugations with open-shell electronic structures have barely been
reported. To gain an in-depth understanding of the mechanism, theo-
retical analysis of the electronic configuration of cationic radicals was
further conducted. It is found that the spin density of the mono-radical
cation (polaron) is mainly delocalized on two N-atoms and their inter-
vening phenyl rings with very small amounts on the other peripheral
benzenes (Figure S14). This implies that the second carbazole fragment
aids to stabilize the radical by a resonance effect, causing the 6-position
in the carbazoles to be inactive. Moreover, the unpaired electron is even
slightly delocalized across the adjacent dicyanodistyrylbenzene units in
the CTC system, which further stabilizes the radical via CT. In addition,
the mixed-stacking arrangement in CTCs effectively prevents the radi-
cals from reacting with each other. These results are also supported by
the above-mentioned CV profiles, which show a reversible oxidation
process forming bis-carbazole cationic radicals. With regards to the
improved color stability at 1.35 V, the prolonged decrease in trans-
mittance is assigned to the conversion from the bipolaron pattern (Azps
= 700 nm) to a diradical cation that could be treated as two mono-
polarons (A;ps = 850 nm) owing to the presence of two carbazole
radical cations.[37] The two-electron oxidized bis-carbazole indeed
shows a spin density difference, with each unpaired electron residing
mainly on one carbazole unit and only slightly delocalizing over the
second one, suggestive of the biradicaloid nature (Figure S14b).

4. Conclusions

To conclude, we have designed and demonstrated a new class of FEC
polymers based on CTCs bearing mixed D-A stacks that are readily
fabricated through electrochemical polymerization. The EP films exhibit
a bright orange fluorescence arising from the intermolecular CT excitons
formed between dicyanodistyrylbenzene and bis-carbazole segments,
which could be electrically modulated. Moreover, stronger intermolec-
ular CT effectively improves the electrical conductivity and thus accel-
erates the FEC response of polymers, leading to a large fluorescent
contrast of 28.3 and high reversibility. Meanwhile, the color is trans-
formed between light yellow and green with rapid response times of
1.25 s for coloring and 0.53 s for fading. In addition, the FEC thin films
exhibit good color stability with the colored state decaying by only 1.2%
in 2 h without a power supply thanks to the improved spin delocaliza-
tion and the blocked radical pairing by CTC mixed-stacks, which is
favorable for energy-efficient devices.
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