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A single-molecule multicolor electrochromic device
generated through medium engineering

Yu-Mo Zhangl, Xiaojun Wangl, Weiran Zhangl, Wen Lil, Xiaofeng Fangl, Bing Yangl, Minjie Li! and Sean
Xiao-An Zhang"?

Multicolor organic electrochromic materials are important for the generation of full-color devices. However, achieving multiple colors
using a single-molecule material has proved challenging. In this study, a multicolor electrochromic prototype device is generated by
integrating medium engineering/in situ ‘electro base’/laminated electrode technologies with the simple flying fish-shaped methyl
ketone TM1. This multicolor electrochromic (green, blue and magenta) device is durable and has a high coloration efficiency
(350 cm? C™1), a fast switching time (50 ms) and superior reversibility. This study is a successful attempt to integrate
solvatochromism and basochromism in an electronic display. This integration not only introduces a new avenue for color tuning, in
addition to the structural design of the colorant, but will also inspire further developments in the tuning of many other properties by this
medium engineering approach, such as conductance and the redox property, and thereby accelerate versatile applications in data

recording, ultrathin flexible displays, and optical communication and sensing.
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INTRODUCTION

Owing to the increasing demand for low-power, ultrathin, flexible
electronic displays, organic electrochromic materials'~ have become
a research focus because of their distinct merits: low weight, high
contrast, wide viewing angle, flexibility and the potential for low
power consumption. Because the realization of a multicolor switch
is preferred in the majority of their applications in displays,**° various
electrochromic materials including polymers,''? small organic mole-
cules''* and metal-organic complexes,"” and technologies aimed at
multicolor switches have been intensively explored. Transition metals
based on metal-organic complex multicolor electrochromic materials
exhibit attractive properties, such as high stability and chemilumin-
escence.'® However, the expense and scarcity of the precious metals,
such as ruthenium,>'® osmium'’ and iridium,'® limit their practical
applications. Polymeric multicolor electrochromic materials with dif-
ferent electrochromic activation units'®™' possess the advantages of
easy processing, diverse resources and facile color tunability. However,
some intrinsic problems, such as the lack of colorless states, poor
transparency, poor color purity and complicated synthesis proce-
dures, hinder their applications. Compared with electrochromic poly-
mers, small organic color switches possess the advantages of low cost,
good color purity, distinct transition from colorless to colored states
and fine tunability of their photoelectronic properties via easy struc-
ture modifications. The lack of multicolor abilities is their intrinsic

problem; only a few organic molecules** can exhibit limited color

tunability within a single device, and the resulting colors remain defi-
cient regarding the three primary colors for display.

To address these challenges, we discuss a new strategy to achieve
multicolor properties from a single small molecule. The multicolor
electrochromic prototype device is realized by the methyl ketone TM1
(Figure 1). Variable colors were achieved by tuning the ratios of two
plasticizers (propylene carbonate (PC)/diglycol) in a polymethyl
methacrylate (PMMA) matrix in different layers of a multi-electrode
device. Our multi-electrode approach is conceptually different from
the traditional multi-electrode technology for creating variable colors
with various molecules.**® We can generate multiple color from the
same molecule by simply tuning its microenvironment. With this
method, we were able to achieve variable colors, including magenta,
green and blue, with a fast switching time (50 ms), high coloration
efficiency and good reversibility. To our knowledge, this is first
example of high-quality multicolor switching with a simple molecule
by this new multi-electrode method.

MATERIALS AND METHODS

Synthesis and characterization

The synthetic route that was employed to prepare the compound TM1
is shown in Supplementary Information. TM1 was obtained from 1-
(9,9-dihexyl-7-iodo-9H-fluoren-2-yl)-2-(2-nitrophenyl)ethanone (M1)
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Figure 1 The structures of TM1, TM1-enolate, TM2 and TM3 (the red spheres represent oxygen atoms).

and N,N-dibenzyl-4-((trimethylsilyl)ethynyl)aniline (M2) with a high
yield (95%) by a modified one-pot process of Sonogashira coupling.
We combined deprotection of the trimethylsilyl-protecting group and
the subsequent coupling in one step to simplify the process and improve
the yield. The compounds TM2, TM3 and other reference molecules
(Figures 1 and 2) were synthesized by some general methods, as prev-
iously described.”®*” All compounds were purified and completely char-
acterized by "H-NMR, >C-NMR and mass spectrometry. We refer to
TM1 as the ‘flying fish molecule’ due to the interesting appearance of its
crystal structure, as depicted in Figure 2b and Supplementary Fig. S1.

Preparation of sandwich-type indium tin oxide (ITO) cells
A mixture of PMMA (0.5 g, 30%, wt-%), PC/diglycol (1 mL, 70%,
wt-%, different PC/diglycol fractions), TBAPFs (0.1 M) and TM1

(1.0X10 2 M) in 10 mL acetonitrile was stirred for 24 h. The
electrochromic solution was dropcast onto ITO glass at 45 C for
2 h. The thickness was set to approximately 0.1 mm. For a monolayer
device, the electrochromic film was laminated between two ITO elec-
trodes. For a multi-layered electrochromic device, the electrochromic
films (0.1 mm) were laminated between every two ITO electrodes.

Spectroelectrochemical characterization

Changes in absorption during the cyclic voltammogram were mea-
sured in situ using a home-made spectroelectrochemical cell and a
spectrophotometer.”®*® The multi-potential modes of a bio-logic
electrochemical work combined spectrophotometer were employed
to measure the absorption spectra and lifetime of the sandwich-type
ITO cells in situ.
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Figure 2 (a) The structures of seven methyl ketone molecules and the colors of their enolates in different solvents (DMSO, DMF, ACN, acetone, THF, EtOH and
MeOH). (b) The appearance of TM1 molecule in crystal. ACN, acetonitrile; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; EtOH, ethanol; MeOH, methanol;

THF, tetrahydrofuran.
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RESULTS AND DISCUSSION

Design and synthesis of the switchable molecule

The method demonstrated in this paper originates from an inspiration
derived from solvatochromism. The absorption and emission spectra
of some solvatochromic materials*>*® are highly dependent on the
properties of their solvents, such as polarity, hydrogen bonding and
other intermolecular forces; these qualities inspired us to consider
whether a multicolor electronic display could be constructed from a
single color switch based on the principle of solvatochromism. The
success of this attempt will provide a new approach to achieving mul-
tiple colors, and will stimulate and accelerate further development of
versatile electrochromic materials. However, several barriers prevent
the implementation of this idea: (i) most electrochromic organic
materials do not possess the required prominent solvatochromic
properties; (ii) most solvatochromic dyes do not possess electrochro-
mic properties. And In addition they usually contain intrinsic color,
which obviously do not meet the requirement of transparent state in
the display; Leuco dyes satisfy the transparent requirement, but are
usually not electrochromic; and (iii) the creation of different micro-
environments of ‘solid solvents’ in a single cell is currently challenging.
We envision that the first two problems could be solved by the revers-
ible ‘electrobase/acid’ that we explored in situ with some pH-sensitive
leuco dyes;*>*® the last problem can be technically overcome using
laminated cells.****
Based on our previous study,”*” we discovered that some methyl
ketone molecules exhibit basochromic properties, which can be easily
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switched by electrochemically generated base/acid (electrobase/acid)
and show a distinct color change, acceptable stability and reversibility.
A significant change in molecular polarity was also observed during
the switching. These changes prompted us to utilize them to achieve
the solvatochromic multicolor objective. For proof-of-principle, a
series of methyl ketone molecules were designed and synthesized to
verify our assumption and prove the reaction mechanism. The results
of the solution test show that all the synthesized methyl ketone mole-
cules had a significant effect on the basochromism and solvatochromic
properties (Figure 2), and that TM1, which has a 2-nitro group and
large conjugate backbone, is a favorable candidate for further invest-
igation of a multicolor device, because of its significant color variation
in different solvents. For example, it shows green in DMSO (dimethyl
sulfoxide) or DMF (dimethylformamide), blue in CH3;CN, acetone or
THF (tetrahydrofuran) and magenta in ethanol or methanol.
Therefore, the following investigation of multicolor electrochromic
devices is based on TM1.

Solution evaluation of the molecular color switching

Because basochromism, electrochromism and solvatochromism of the
molecules are the three essential properties required to fulfill our goal,
these properties of the TM1 were examined in solution first.
Considering DMF as an example of a solvent, the colorless TM1 exhi-
bits a very pleasant green (617 nm) color after the addition of base
(Figure 3a), which indicates that the methyl ketone (TM1)—enolation
(TM1-enolate, Figure la) tautomerization has been induced by the
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Figure 3 (a) Absorption spectra of TM1 (1.0x107° mol L™}, black), base (potassium tert-butoxide, red) added and then treated with CHsCOOH (blue) in DMF.

(b) Absorption spectra of TM1 (1.0x 10> mol L™!) inthe presence of potassium tert-butoxide (0 eq, 20 eq, 40 eq, 60 eq and 80 eq) in DMF. (c) Absorption spectra of

TM1 (1.0x107° mol L™}) treated with different equivalent potassium tert-butoxide (500 eq interval) in ethanol. (d) Absorption spectra of TM1 (1.0x107° mol L™1)
treated with 80 eq potassium tert-butoxide in DMF/ethanol mixtures with different ethanol fractions. DMF, dimethylformamide.
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addition of base. The tautomerization equilibrium is dependent on the
concentration of base (Figure 3b), and the color can be easily reverted
by the addition of acid. If the solvent is changed to protic ethanol,
ketone—enolation tautomerization can also be triggered; however,
more base is required and a different absorption band appears without
a distinct peak, which results in a magenta color (Figure 3c).
Therefore, we show that both the basochromic and solvatochromic
behaviors can be achieved within the same molecule of TM1 with an
extensive range of colors.

To completely understand the basochromic and solvatochromic
behaviors of TM1, theoretical simulation with density functional the-
ory calculations provides additional insight into the correlation
between the absorption bands and their structures.”’ As shown in
Supplementary Table S1, HOMO (highest occupied molecular
orbital) for TM1-enolate is primarily localized on its oxygen anion
portion, and LUMO (lowest unoccupied molecular orbital) is prim-
arily localized on the nitro group. Thus, the absorption band for TM1-
enolate at 617 nm is assigned to the intramolecular charge transfer
bands from the oxygen anion of enolate moiety to nitrobenzene moi-
ety. As shown in Supplementary Table S2, the maximum absorption
wavelength of TMIl-enolate decreases from 618 nm (green) to
575 nm (blue) when the solvent polarity decreases from 7.2
(DMSO) to 2.4 (toluene) in aprotic solvents, which is an important
property for intramolecular charge transfer.”>*> However, some
exceptions to this trend are noted. For example, the TM1-enolate
shows a maximum absorption at 603 nm in dichloromethane which
exhibits low polarity. This finding indicates that the solvent polarity is
not the only determinant factor; other unknown factors may serve a
role.

Regarding the effect of hydrogen bonding on the maximum absorp-
tion wavelength of TM1-enolate, the ethanol molecules were consid-
ered in the calculation to provide hydrogen bonds with TM1-enolate.
As shown in Supplementary Table S3, the larger is the number of
ethanol molecules that were considered, the larger is the HOMO-
LUMO gap. This trend is consistent with another calculated
result—that the contribution from the oxygen anion to the HOMO
decreases when one or more ethanol molecules are considered. This
contribution inevitably decreases the intramolecular charge transfer
from the moiety of its oxygen anion to the moiety of its nitrobenzene
after more hydrogen bonds are formed and consequently produces an
increase in the HOMO-LUMO gap. This finding explains the
observed blue-shift in the absorption of TM1-enolate in ethanol com-
pared with in DMF owing to the anticipated hydrogen-bonding inter-
actions. In addition, the C-O bond length of the oxygen anion
increases from 1.276 A to 1.310 A when more hydrogen bonds are
formed with the TM1-enolate (Supplementary Table S4). This result
provides undisputable evidence of the reduction in the intramolecular
charge transfer. The calculation results further show that the larger is
the number of ethanol molecules, the larger are the interaction ener-
gies (from —6.83 kcal mol ™' to —17.84 kcal mol™') of TM1-enolate
and ethanol. This finding indicates that the hydrogen bonding inter-
action serves a crucial role in the blue shifting of the maximum absorp-
tion wavelength of TM1-enolate in protic solvents.

These results indicate that the effect of hydrogen bond and solvent
polarity serve a crucial role in the color absorption of TM1-enolate,
which prompted us to explore the possibility of obtaining multiple
colors by manipulating both effects in a bi-solvent system. Further
exploration with TM1-enolate in a series mixture of DMF and ethanol
confirmed our conjecture that it should be possible to obtain various
colors by the simple tuning of the composition of its solvents.
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As shown in Figure 3d, the maximum absorption wavelength of
TM1-enolate continuously decreases with a decrease in the DMF frac-
tion in the bi-solvent system, and the color can be tuned from green
(617 nm) to blue (575 nm) to magenta (537 nm). This breakthrough
is exciting for a single-molecule multicolor device and will surely lead
and accelerate future development of molecular color switches in
displays.

The electrochromic property of TM1 is next studied by cyclic vol-
tammetry (CV) in DMF. A green color that appears at —1.0 V and
disappears at —0.25 V confirms that the color switch can be reversibly
triggered by an electrical method (Figure 4). Electrochromism is dis-
cussed in the next section.

Multicolor electrochromic investigation in a thin-film device
The switchability of TM1 in a thin-film device is first examined. We
initially fabricated the electrochromic thin-film devices in a media of
PMMA/PC/TBAPFg sandwiched in an ITO cell. The thin-film device
rapidly switches between a colorless state and a colored state. As
depicted in Supplementary Fig. S2, the discernible color change of
the thin-film device can be obtained by a —5.0 V voltage for 50 ms.
The absorbance of the thin film at 617 nm exhibits no distinct degra-
dation during 85 test cycles, as monitored by in situ absorption spec-
troscopy (Figure 5a). The encouraging results demonstrate that the
electrochromic switching of TM1 in a thin-film device is not only
feasible but also completely reversible.

The efficiency of an electrochromic device can be compared by the
coloration efficiency, which is employed to describe the change in the
number of color centers as a function of the charge. Although the
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Figure 4 (a) Change in the absorption at 617 nm (top) and the cyclic voltammo-
gram (bottom) of TM1 (1.0x 1072 mol L™!) in DMF at a scan rate of 50 mV s~ *.
(b) Absorption spectra of TM1 in DMF at O V (black), —1.3 V (red) and —1.8 V
(blue) at approximately 60 s, then at 0.5 V (green). DMF, dimethylformamide;
SCE, saturated calomel electrode.
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Figure 5 (a) Absorbance variation (617 nm) in the PMMA/PC/TBAPF¢ film of TM1 with the switch cycles generated by alternating —3.0 V (5 s) and 2.0 V (25 s)
voltages. (b) Coloration efficiency (black) and the charge change (blue) as a function of switch time for EC thin film. (¢) Absorption spectra of TM1 stimulated by —3.0 V
voltage in PMMA film with different PC/diglycol fractions. EC, electrochromic; PC, propylene carbonate; PMMA, polymethyl methacrylate.

coloration efficiency has been defined in several ways, all definitions
are suitable only for an electrochromic polymer.** The most common
definition for the coloration efficiency of an electrochromic polymer is
the change in absorbance (AA) obtained for a specific amount of
injected charge per unit area (Q).* This definition is obviously not
suitable for small organic electrochromic materials because not all of
injected charges are used for electroreactions in the presence of a large
amount of electrolytes. To apply to the system of small organic elec-
trochromic materials, we have modified the definition of the colora-
tion efficiency of the device by eliminating the background
interference of electrolytes. The newly defined coloration efficiency
n is given by the optical absorbance change (AA) obtained for the
change in injected charges per unit area (AQ) only, where AQ is
calculated by subtracting the injected charge per unit area (Q,) of a
blank device with no switchable molecules from the injected charge
per unit area (Q;) of electrochromic device subtracts.

n= AA/AQ= AA/(QI — Qz)

In this newly defined method, the # for the TM1 device is approxi-
mately 350 cm* C™', as shown in Figure 5b, and remains nearly con-
stant during the entire extended switching test. This finding indicates
not only the stable electrochromic performance of the TM1 device, but
also that this modified definition for coloration efficiency is feasible to
our system.

Currently, all test results from the PMMA thin-film device of TM1
are satisfactory. Previous parallel research by our group assures us that

doi:10.1038/Isa.2015.22

the microenvironment in solution can be imitated in thin film.*®
These results encouraged us to explore whether we could freely tune
the microenvironment effect of TM1 to produce variable colors in a
thin-film device. To simulate the situation of ethanol in DMF, we used
amixture of PC and diglycol as additives for tuning the property of the
medium. The thin-film devices performed exactly as we anticipated
after extensive attempts to vary the percentage and ratio of the addi-
tives. As shown in Figure 5¢, the maximum absorption wavelength of
the ITO device continuously decreased with an increase in the diglycol
fraction in its PMMA film, and the electrically switched color could be
tuned from green to blue to magenta. These fascinating results prove
the feasibility of constructing a single-molecule multicolor device.
To demonstrate its potential use in a display, we constructed a
simple prototype ITO device based on the multi-layered and multi-
electrode strategy. For illustration purposes, the device structure is
simplified using three electrochromic layers and four orthogonal
thin-film electrodes, as shown in Figure 6a; two of the electrodes are
single-sided conductive electrodes and the remaining two are double-
sided conductive electrodes. The additives ratio of PC and diglycol is
10:0, 6:4 and 2:8 for the green, blue and magenta electrochromic
layers, respectively. The initial state of the electrochromic device is
colorless at 0 V, as shown in Figure 6b. The device can be easily
switched to achieve either one of three primary colors (blue, green
and magenta) or secondary colors by activating one or more sets of its
electrodes. To verify the stability and reversibility of the multi-layered
electrochromic device, the absorbance (583 nm blue, 617 nm green,
551 nm red) of each layer was monitored by ultraviolet-visible
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Figure 6 (a) Schematic of the multi-layered EC thin-film sandwich device using multi-electrodes. (b) The real color of the laminated electrochromic ITO device after an
alternative bias voltage (—3.5/2.0 V) was applied to the relevant electrodes (green from electrodes 3 and 4; blue from electrodes 1 and 2; magenta from electrodes 2
and 3.) (c) Absorbance variation (583 nm blue, 617 nmgreen, 551 nm red) of laminated EC ITO device by alternating —3.0 Vand 2.0 V voltages. EC, electrochromic;

ITO, indium tin oxide.

spectroscopy (Figure 6¢), which indicated that this type of device
could be very stable in an inert environment. To detect any blooming
problems in our displays, which are usually associated with electro-
chromic devices due to the diffusion of the redox states,>”*®

fully examined displayed words under a microscope; we were pleased
to discover that the characters were very clear with good resolution,
such as the ‘JLU” shown in Supplementary Fig. S3.

Note that a multicolor display can be realized by either mono-
layered pixilated-device technology or the multi-layered stacked-elec-
trodes strategy. For high-resolution multicolor displays, mono-layered
pixilated devices are a better choice in practice; however, the manual
construction is challenging in a lesser-equipped lab. We can employ a
recently demonstrated high-resolution digital printing technology’®*’
to complete the pixilated medium engineering tasks and related high-
resolution multicolor device. Regarding the multi-layered stacked-elec-
trode strategy demonstrated here, its immediate applications may be
suitable for medium- or low-resolution multicolor applications, such
as a smart window or a large electronic billboard. For its potential
application in a high-resolution display, the major challenge of the
precise alignment of the multi-layers should be resolved to prevent
problems in the processing of numerous layers of pixilated devices
with high resolution during manufacture of the device. In addition,
effective and superior lamination of semisolid electrolytes may also
prove challenging, and crosslinking or insolubilization of the previous

‘We care-
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layers will be needed during the process. Although many technical
challenges for the multi-layered device need to be resolved, we remain
optimistic regarding its application potential because several excellent
technologies have been developed to overcome these challenges, such
as in situ photo-crosslinking®*! and patterned Ag electrodes”*® com-
bined with slot die coating. We will take advantage of all existing
technologies and explore how to make the process feasible for high-
resolution multi-layered devices.

Understanding the electrochromic reaction mechanism

Although this study has progressed with many satisfactory results, the
exact mechanism of this electrochemical color switching needs to be
clarified. To completely understand the mechanism, detailed CV
experiments of TM1 and two reference compounds (TM2 and
TM3) were conducted; their corresponding results (E,) are summar-
ized in Table 1.

Table 1 Reduction potentials of TM1, TM2 and TM3.

Eredl (V) Ered2 (V) Ered3 (V)
™1 -1.22 =17 -20
T™2 -2.0 — —
™3 -1.20 -1.92 —
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First, we investigated the redox behaviors of the molecules. The
perspicuous reduction peak of TM2 at —2.0 V can be assigned to
the reduction of the carbonyl in ketone. The reduction peaks of
TM3 with a nitro, which appeared at —1.20 V and —1.92 V, can be
assigned as the first reduction and the second reduction of its nitro.
TM1 with both nitro and carbonyl groups produces a more complex
cyclic voltammogram with three reduction peaks within the range of
—2.0 Vto +0.3 V. The first reduction peak (—1.22 V) of TM1 can be
affiliated with the first reduction of its nitro group by comparison with
TM3 (—1.2 V). The assignment of the remaining two reduction peaks
remains uncertain because the reduction potentials of the ketone
group and the second reduction of the nitro group fall within a similar
range. However, the second reduction peak of TM1 (—1.7 V) is tenta-
tively inferred to its carbonyl reduction based on the known fact that
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the reduction potential of methyl ketone is inversely proportional to
the acidity of o-H in its adjacent methylene unit** and the second
reduction peak of the nitro group usually emerges at approximately
—2.0 V in these conditions. Thus, the third reduction peak of TM1 is
correlated to the second reduction peak of the nitro group. This cor-
relation is consistent with two nitro-containing methyl ketone deri-
vatives in our previous study.®

Next, we investigated the structure of the electrically generated
colored intermediate. From the previous investigation, we determined
that the electrochromic absorption peak of TM1 occurs at 617 nm (by
—1.8 Vor —1.3 V, Figure 4b), which coincides with the enolate iso-
mer of TM1 (TM1-enolate) obtained from the treatment with chem-
ical base (Figure 3b). This finding indicates that the electrically
generated colored intermediate is a TM1-enolate.
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Figure 7 The electrochromic mechanism of TM1 in DMF involving triple-electron-coupled proton transfer (electrobase). DMF, dimethylformamide.
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Then, we sought to understand the electrochromic mechanism of
the molecule. To understand the electrochromic process, detailed in
situ measurements of the spectroelectrochemical behavior of TM1
were taken with a combined CV and ultraviolet-visible spectrometer.
As shown in Figure 4a, the magnitude of the absorption peak at
617 nm begins to increase when the first reduction peak appears at
—1.0 V, which is inferred to the first reduction of the nitro. This
absorption increases after the second reduction peak appears at
—1.7 V, which is inferred to the reduction of carbonyl. This absorp-
tion increases continuously after the third reduction peak appears at
—2.0 V. This absorption peak continues to increase when the poten-
tial is switched until the potential is higher than the turn-on position
of the first reduction peak; it decreases with time and then vanishes.

These data demonstrate that the electrochromism of TM1 is caused
by radical anions from the reduction of both the carbonyl group and
the nitro group and that the electrically generated colored intermedi-
ate is a TM1-enolate. These findings indicate that the corresponding
TMI1-enolate is most likely obtained through electron-coupled proton
transfer,*** in which radical anions of nitro and carbonyl groups
serve as the ‘electro-base’*>?® to extract the proton from the methylene
unit of TM1 to induce its enolization.

We assessed whether the radical anion-induced proton transfer
proceeds intermolecularly or intramolecularly. Both theoretical calcu-
lations and experimental evidence strongly suggest that the reaction
occurs via a path of intermolecular proton transfer. Related density
functional theory calculations show that the intermolecular proton
transfer from the methyl ketone of TM1 to the nitro radical of TM1
is endothermic by 43.5 kJ mol™" (Supplementary Fig. S4), which is
significantly smaller than the intramolecular proton transfer
(69.8 kJ mol ™ !). This result convinces us that intermolecular proton
transfer is the reaction path because it is more favorable in thermodyn-
amics. In addition, the experimental results from the spectroelectro-
chemical measurement of TM3 (Supplementary Fig. S5 and related
discussion) show a distinct change in its absorption spectrum after its
nitro group is reduced to nitro radical at —1.4 V. This result implies
that if the reaction proceeds through intramolecular proton transfer,
the absorption peak of the enolate product from the nitro radical of
TMI1 (TM1-RH-intra, Supplementary Fig. S5) should not be identical
to the absorption peak of the TM1-enolate that was generated from a
chemical base. However, the experimental observations (Figure 3b)
contradict the analogy that is based on the hypothesis of the intramo-
lecular proton transfer, which emphasizes that the electrochromic
reaction of TML1 is an intermolecular proton transfer reaction.

Based on the results of the study, we suggest a possible mechanism
for the electrochromic reaction of TM1. The entire electrochromic
process presumably involves a triple-electron-coupled proton trans-
fer, which is summarized in a potential-proton diagram*® (Figure 7).
This diagram, which is commonly referred to as a Pourbaix diagram,
expresses the relationship of protonated species and various redox.
The horizontal line represents the electron transfer, the vertical line
represents the proton transfer, and the insert cycle represents the
reversible color change. At a lower potential of —1.22 V versus SCE
(saturated calomel electrode), TM1 is reduced by one electron to a
fairly reactive TM1°~, which readily extracts a proton from an adja-
cent TM1 molecule to form a TM1-H® and a deprotonated TM1-
enolate (blue box in Figure 7). At a higher potential of —1.7 V versus
SCE, the reaction involving double-electron-coupled proton transfer
was observed, as shown in the green box of Figure 7. A more reactive
TM1>"~ is produced by a two-electron reduction of TM1 and rapidly
captures one or two protons from nearby TM1 molecules to generate
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corresponding TM1-enolate(s). When the bias potential is increased
to —2.0 V or higher versus SCE, the electrochromic process becomes
more complex and will involve triple-electron-coupled proton trans-
fer. The highly reactive intermediate that is generated via the triple-
electron reduction of the TM1 will promptly grab proton(s) from the
encountered TM1 molecule(s) and generate one to three TM1-eno-
late(s). Thus, the higher the potential, the larger is the amount of
TM1-enolate that will be generated and the faster is the electrochro-
mic reaction.

CONCLUSIONS

The basochromism, solvatochromism and electrochromism of a novel
methyl ketone bridged molecule TM1 have been investigated by CV, in
situ ultraviolet-visible spectroscopy and density functional theory. By
integrating the technologies of medium engineering, in situ electro-
base and laminated electrodes, three primary colors (green, blue and
magenta) from a single-molecule thin-film device have been demon-
strated with reasonable control for creating multicolor. This electro-
chromic material is durable with a high coloration efficiency
(350 cm® C™ 1Y), fast switching time (50 ms) and superior reversibility.
In this study, a solvatochromic pH-sensitive material has been applied
in multicolor electrochromic materials by in situ ‘electro-acid/base’.
We believe that the concept of ‘electro-acid/base’ and tuning the mate-
rials’ functionality via a media-engineering approach will not only
open a new avenue for color-tuning, besides the structural design of
the colorant, but also inspire further development in many other
properties of tuning by this medium engineering approach, such as
conductance and the redox property. Versatile applications in data
recording, ultrathin flexible display and optical communication and
sensing can thereby be realized.
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