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ABSTRACT

Flexible conductive fibers have attracted significant attention in the wearable electronics field because of
light weight, small size, and easy shape morphing. To date, there are few reports on multifunctional flex-
ible conductive fibers. Finding a facile and effective solution for large-scale production of flexible conduc-
tive fibers is still a challenge. In this work, a flexible core-sheath fiber with excellent electrical
conductivity (24.71 Q-m) and visible light sensing is fabricated, which contains a merocyanine diol
(MC(OH),)/CrCl3-6H,0/ethanol aqueous solution core layer and a silicon rubber outer layer. The synthe-
sized MC(OH); is an intelligent molecular switch with a visible light response that can reversibly convert
from open-form MC(OH), to closed-form spiropyran diol (SP(OH);) after short visible light irradiation. In
the reverse process, the transition from SP(OH), to MC(OH), can occur gradually in the dark. This can be
used to sense visible light in addition to electrical conductivity. The reversible change in the electrical
resistance of the MC(OH),/CrCl3-6H,0/ethanol aqueous solution reaches 15.59%. This fiber shows excel-
lent electrical conductivity, good flexibility, a sensitive visible light response, good photochromism, a
simple structure, low cost, easy preparation, and suitability for industrial large-scale production, offering

promise for applications in the fields of flexible and wearable electronics.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wearable electronics have been widely studied in recent years
because of their great application potential in health monitoring
[1], gesture recognition [2], wireless communication [3], energy
harvesting [4]. Wearable conductors and sensors are important
components of wearable electronics [5,6], and should be stretch-
able, flexible and lightweight. Compared with conventional two-
dimensional and three-dimensional wearable conductors and sen-
sors, one-dimensional fibrous wearable conductors and sensors are
more popular due to their unique characteristics of light weight,
small size, and easy shape morphing [7-11]. Conductive fibers
and fibrous sensors can be woven or knitted into textiles that pos-
sess excellent stretchability, breathability and high tolerance to
damage. Therefore, conductive fibers and fibrous sensors have
gained tremendous research interest due to their superior flexibil-
ity, high aspect ratio, light weight, small size and high tunability,
which enable utilization of conductive fibers and fibrous sensors
in a variety of applications, ranging from smart textiles [12] to
pressure sensors [13], strain sensors [14], biointerfaces [15] and
artificial muscles [16].

The reported conductive fibers can be classified into five cate-
gories: metal fibers [17], intrinsically conductive polymer fibers
[18], carbon fibers [19], conductive polymer composite fibers
[20], and conductive-material-coated fibers [21]. Each kind of con-
ductive fiber has its own shortcomings: metal fibers exhibit a high
density, a low strength and susceptibility to corrosion. For intrinsi-
cally conductive polymer fibers, the preparation process is difficult,
and their conductivity may be lost under certain conditions. Car-
bon fibers are brittle and not easily bent or woven. The elongation
at break of carbon fibers is less than 2%. Conductive polymer com-
posite fibers have low conductivity with increasing length, which
is due to the generation of microcracks between the conductive
nanomaterials. For conductive-material-coated fibers, the conduc-
tive coating easily falls off. Hence, developing a simple, efficient,
and mass-production approach for fabricating conductive fibers
remains a great challenge.

Spiropyran (SP) and its derivatives [22-29], as a kind of stimuli-
responsive photochromic molecular switch, possess a typical bis-
table molecular structure and usually exhibit positive pho-
tochromism in solution. The closed-form SP changes to the open-
form zwitterionic merocyanine (MC) upon irradiation with UV
light and then returns to the original SP upon exposure to visible
light or heat (Fig. 1a). Moreover, this reversible isomerization can
be promoted by various other external stimuli, such as tempera-
ture [30], acids and bases [31], redox potential [32] and metal ions
[33]. The closed-form SP has a ground state energy lower than that
of the open-form MC. Due to their stimuli-responsive nature, SP
and its derivatives have been extensively researched for use in
smart materials [34], data storage [35] and chemical sensors [36].

As open-form MC is a kind of zwitterion, this unique nature
attracted our attention. We believe that a solution of zwitterionic
MC will possess electrical conductivity, as well as stimulus respon-
sivity. Therefore, MC can be used as a stimulus-responsive elec-
trolyte to prepare conductive fibers in this work. In contrast, the
nonionic closed-form SP solution has no electrical conductivity.
When exposed to UV light, closed-form SP undergoes a molecular
arrangement transformation to open-form MC, and the obtained
MC solution has electrical conductivity. The reverse reaction (MC
to SP conversion) can be induced by visible light or heat. Therefore,
we think that in addition to a reversible color change, the MC solu-
tion will also exhibit a reversible change in the electrical conduc-
tivity under external stimulation. Hence, an MC solution can be
used as an electrical conductor and a UV light sensor.
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However, although the above design is feasible in principle,
there are still several challenges: D Most SP and its derivatives
usually exhibit positive photochromism in solution (Fig. 1a), and
nonionic closed-form SP solutions have no electrical conductivity.
External stimulation should be constantly applied to convert SP
into MC to make its solution have electrical conductivity, which
is not conducive to actual use. @ The common stimulus of SP
and its derivatives is UV light, which is weak in penetration and
harmful to organisms. @ As the open-form MC is a kind of zwitte-
rion, the movement of the phenoxy anion and nitrogen cation of
MC(OH), in the solution is limited, resulting in poor electrical con-
ductivity of the MC(OH), solution.

To solve the problem that the positive SP and its derivatives
need to be constantly stimulated, we synthesize a negative SP
(MC(OH),) and its molecular structure is shown in Fig. 1b. The
designed open-form MC(OH), in solution is more stable than the
closed-form SP(OH),. MC(OH), is stable in the dark and will trans-
form to closed-form SP(OH), after being irradiated by visible light
(Fig. 2a and 2b). By introducing an ethanol group onto the ben-
zopyran ring of the designed MC(OH),, an intramolecular hydrogen
bond between the phenate anion and OH group is established
(Fig. 1g), which leads to the lower ground state energy of MC
(OH), compared with SP(OH),. Therefore, the open-form MC
(OH), is more stable than SP(OH),, and the designed MC(OH),
exhibits negative photochromism because of the intramolecular
hydrogen bond. The required stimulus for the reversible transfor-
mation between MC(OH), and SP(OH), is visible light and dark-
ness. Visible light is easy to obtain, does not harm organisms and
is environmental friendly in daily use. To solve the problem of poor
conductivity of zwitterionic MC(OH),, we introduce metal salt into
the MC(OH), solution as an auxiliary electrolyte. Since most metal
salts are easily soluble in water and difficult to dissolve in organic
solvents, we need to increase the solubility of MC in polar solvents
by grafting another hydroxyl group onto the indoline structure of
the designed MC molecule so that the synthesized MC(OH), can
dissolve in the same solvent as various metal salts. Through the
above molecular design, we solved all the problems of using SP
as a smart electrolyte.

In addition, a variety of MC(OH),/metal salt/ethanol aqueous
solution were prepared, and each solution possessed excellent
electrical conductivity and stimulus responsivity to visible light.
The reversible change in the electrical resistivity of the prepared
solution between visible light and darkness was as high as
15.59%. The prepared MC(OH),/metal salt/ethanol aqueous solu-
tion was used as a conductive medium and injected into a silicone
rubber hollow fiber (inner diameter: 0.5 mm, outer diameter:
1 mm) to fabricate a flexible conductive fiber. This flexible conduc-
tive fiber was composed of two layers: silicone rubber possessing
super elasticity as the outer stretchable fiber layer, and the MC
(OH),/metal salt/ethanol aqueous solution exhibiting excellent
electrical performance as the core layer of the conductive fiber.
The obtained core-sheath conductive fiber showed excellent elec-
trical performance (24.71 Q:m) and good tensile properties
(354.89% elongation at break). The prepared conductive fiber can
reversibly change its electrical resistivity between visible light
and dark conditions, as well as its color and fluorescence. Because
of the excellent stimulus responsivity to visible light, the fiber can
also be used as a flexible fibrous visible light sensor.

In this work, negative SP (MC(OH),) was first used as an intelli-
gent electrolyte, and a reversible change in the electrical resistance
of MC(OH), mixed solution was successfully obtained under the
stimulation of visible light. A new multifunctional flexible conduc-
tive fiber was further manufactured by injecting the prepared MC
(OH), mixed solution into a silicone rubber hollow fiber. The flex-
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Fig. 1. (a) UV-responsive isomerization between the SP and MC forms of SP derivatives. (b) Structure of the synthesized MC(OH),. (c) Optical microscopy image of
synthesized MC(OH), crystals. (d) Optical microscopy images of the same MC(OH), crystal observed from different angles. (e) Digital photograph of the fluorescence of MC
(OH); crystals. (f) Synthesis of MC(OH),. (g) Geometry-optimized structure of MC(OH),. (h) Geometry-optimized structure of SP(OH),. The gray, blue, red and white atoms
denote C, N, O, and H atoms, respectively. (i) Mass spectrum of MC(OH),. (j) '"H NMR spectra of MC(OH),. (k) FTIR spectrum of MC(OH),. (1) Fluorescence spectra of MC(OH),
and SP(OH),. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ible conductive fiber based on this design has many advantages
compared with other conductive fibers such as good electrical con-
ductivity, a visible light sensing ability, a reversible photochromic
ability, a simple structure, low cost, easy preparation, and suitabil-
ity for industrial large-scale production. Therefore, we provide a
new solution for fabricating flexible conductive fibers and visible
light sensors in this work. Due to its flexibility and conductivity,
the prepared fiber can be applied in the field of wearable electron-
ics; due to its ability to sense visible light, light weight and small
size, the produced fiber can be applied to portable electronic
devices; and because of its ability to reversibly change color under
the stimulation of visible light, this fiber can be applied in the fields
of fashion and military.

2. Materials and methods
2.1. Materials

1,3,3-Trimethyl-2-methyleneindoline, 5-nitrosalicylaldehyde,
2,3,3-trimethylindolenine, 2-bromoethanol, 3-chloromethyl-5-nit
rosalicylaldehyde, n-hexane sodium hydroxide, ethanol, ethylac-
etate, acetonitrile, NaCl, Zn(CH3COO),-2H,0, AlCl3-6H,0, KCl, CrCls-
-6H,0, COC12-6H20, CdC12-5/2H20, FeCl3»6H20, Srclz'GHzo,
CuS04-5H,0, BaCl,-2H,0, MnCl,-4H,0, and Na,SO,4 were purchased
from Macklin, China. Unless otherwise stated, all starting materials
and reagents were obtained from commercial suppliers and used
without further purification.

2.2. Synthesis of 5-hydroxy-1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-
indolium bromide (1) (Fig. 1f)

2,3,3-Trimethyl-3H-indole (2.61 g 16 mmol) and 2-
bromoethanol (2.46 g, 20 mmol) were dissolved in 20 mL of ace-
tonitrile in a flask fitted with a reflux condenser and placed in a
preheated 80 °C oil bath under N,. After being heated for 24 h, ace-

tonitrile and residual 2-bromoethanol were removed by rotary
evaporation, and the synthesized product was washed three times
with n-hexane to obtain a purple solid with a yield of 70.71%. From
the mass spectrum, the exact mass calculated for [M] C;3H;sON is
204.31; found: 204.45 (Fig. S1a). Proton nuclear magnetic reso-
nance ('H NMR, 400 MHz, dimethyl sulfoxide-d6, Fig. S1b): ¢
(ppm) 1.60, 3.87, 4.60, 7.60, 7.87 and 8.00. The Fourier transform
infrared (FTIR) spectrum of the resultant product is shown in
Fig. S1c (KBr/em™': 3440, 3100, 3060, 3010, 2930, 2870, 1620,
1610, 1480, 1460 and 1090).

2.3. Synthesis of 9,9,9a-trimethyl-2,3,9,9a-tetrahydrooxazolo [3,2-a]
indole (2) (Fig. 1f)

Compound 1(2.93 g, 10.00 mmol) and KOH (0.92 g, 16.00 mmol)
were added to water and stirred at room temperature for 20 min.
The solution was extracted with methyl tert-butyl ether
(3 x 20 mL). The combined organic layer was dried over Na,SO,
and concentrated by evaporation to obtain a yellow oily liquid pro-
duct with a yield of 80.19%. According to the mass spectrum, the
exact mass calculated for [M + 1]" C;3H;70N is 203.28; found:
204.43 (Fig. S1d). '"H NMR (400 MHz, dimethyl sulfoxide-d6,
Fig. Sle): 6 (ppm) 1.10, 3.08, 3.46, 3.73, 6.80 and 7.07. The FTIR
spectrum of the resultant product is shown in Fig. S1f (KBr/cm™':
2960, 2880, 1610, 1600, 1480, 1460 and 1080).

2.4. Synthesis of 2-hydroxy-3-(hydroxymethyl)-5-nitrobenzaldehyde
(3) (Fig. 1f)

3-Chloromethyl-5-nitrosalicylaldehyde (2.00 g, 9.27 mmol) and
NaOH (3 mL, 3 mol/L) were added to water (2 mL) and stirred at
80 °C under N, for 3 h. The solvent was removed by rotary evapo-
ration, and the obtained product was recrystallized three times in
water to obtain a yellow-green powder with a yield of 79.52%.
Based on the mass spectrum, the exact mass calculated for
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Fig. 2. (a) UV-vis spectra of MC(OH), (1 mM) in a EtOH-water (v:v = 1:1) mixture after visible light irradiation (~1800 Ix). (b) UV-vis spectra of SP(OH), (1 mM) in a EtOH-
water (v:v = 1:1) mixture in the dark. (c) Reversible color change of MC(OH), after visible light irradiation/sitting in the dark. (d) Setup for recording the electrical resistance of
the MC(OH), mixed solution. (e-q) Electrical resistance of MC(OH),/various metal salts (0.5 mM, 0.5 mM) in EtOH-water (v:v = 1:1) mixed solutions during three visible light
irradiation (1 h) and darkness (9 h) cycles. (r) Reversible change in the electrical resistance of MC(OH),/various metal salts in EtOH-water (v:v = 1:1) mixed solutions. (s)
Setup of the visible light sensor. (t) Correspondence between visible light intensity and electrical conductivity of MC(OH),/AICl3-6H,0 (0.5 mM, 0.5 mM) in a EtOH-water (v:
v =1: 1) mixed solution.

[M—1] CgH,NOs is 197.15; found: 196.21 (Fig. Sl1g). 'H NMR

(400 MHz, dimethyl sulfoxide-d6, Fig. S1h): §

(ppm) 4.61, 8.13,

8.33, 8.44, 8.58 and 8.77. The FTIR spectrum of the resultant pro-
duct is shown in Fig. S1i (KBr/cm~': 3210, 2870, 1660, 1620,

1590, 152

0, 1450 and 1350).

2.5. Synthesis of 2-{(E)-[1-(2-hydroxyethyl)-3,3-dimethyl-3H-indol-1-
ium-2-ylJvinyl}-6-hydroxymethyl-4-nitrophenolate (MC(OH);)

Compound 2 (1.00 g, 4.90 mmol) and compound 3 (0.81 g,
4,10 mmol) were added to a 50% ethanol aqueous solution (v/v)
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(14 mL) and stirred at 80 °C for 5 h under N,. The solvent was
removed by rotary evaporation, and the obtained product is recrys-
tallized three times in 14 mL of a 70% MeCN aqueous solution (v/v)
to obtain purple crystals with a yield of 69.60%. From the mass
spectrum, the exact mass calculated for [M + 1] C;H2,N,0s5 is
382; found: 383.1589 (Fig. 1i). 'H NMR (400 MHz, MeOD,
Fig. 1j): 6 (ppm) 1.27, 1.85, 3.67, 4.37, 4.85, 6.01, 6.66, 6.81, 7.12,
8.02, 8.19. The FTIR spectrum of the resultant product is shown
in Fig. 1k (KBr/cm™': 3303, 2980, 2898, 1595, 1553, 1514, 1499,
1459, 1361 and 1292).

2.6. Preparation of the visible light sensor

A1 x 10 mol/L AICl5-6H,0 EtOH aqueous solution (v:v = 1:1,
10 mL) and a 1 x 10”3 mol/L MC(OH), EtOH aqueous solution (v:
v =1:1, 10 mL) were added into a beaker and stirred at room tem-
perature for 10 min to obtain the conductive mixed solution. The
prepared conductive solution (0.05 mL) was added to micropulser
electroporation cuvettes (Fig. 2s) to obtain a visible light sensor,
and the gap between the two aluminum electrode plates of the
micropulser electroporation cuvettes was 4 mm.

2.7. Preparation of the flexible conductive fiber

A 0.1 M CrCl3-6H,0 EtOH aqueous solution (v:v = 1:1, 10 mL)
and a 0.1 M MC(OH), EtOH aqueous solution (v:v = 1:1, 10 mL)
were added into a beaker and stirred at room temperature for
10 min to obtain the conductive mixed solution.The prepared con-
ductive solution was injected into a flexible silicone hollow fiber
(external diameter: 1.0 mm, internal diameter: 0.5 mm) to yield
the flexible conductive fiber.

2.8. Characterization

Mass spectra were collected using a mass spectrometer
(Thermo Fisher Corporation, US). FTIR were recorded by a Nicolet
Is50 spectrometer (Thermo, US). '"H NMR spectra were collected
by means of an AVANCE III (400 MHz, Bruker, Germany) with
dimethyl sulfoxide-d6 or MeOD as the solvent. Fluorescence spec-
tra were measured using a spectrophotometer (RF-6000, Shi-
madzu, Japan). Fluorescence spectra measurements were carried
out at an excitation wavelength of 467 nm. Absorption spectra
were measured using a 10 mm path length quartz cell on an UV-
vis spectrophotometer (UV-6100, Shanghai Yuanxi Instruments,
China) equipped with a temperature controller. Visible light irradi-
ation was carried out with an LED lamp (18 W, Eryuehe Lighting
Co., Ltd., China). The visible light intensity was measured with a
digital illuminometer (TA9130, Suzhou Tiansi Electronics Co.,
Ltd., China). The light intensity was tuned by changing the distance
between the LED lamp and the sample. The surface morphologies
of the synthesized MC(OH), crystals were characterized by optical
microscopy (VHX-6000, KEYENCE, Japan). Tensile tests were con-
ducted on a universal tester (Shenzhen Rambo Sansi Material Test-
ing Co., Ltd., China) at a crosshead speed of 50 mm/min at 25 °C. All
electrical conductivity measurements were taken using an LCR dig-
ital bridge (4091C, Shengli Instruments, Co., Ltd., China). The volt-
age was measured by a digital multimeter (17B+, Fluke, US).

3. Results
3.1. Characterization of MC(OH),
The FTIR spectrum of the synthesized MC(OH), is given in

Fig. 1k. The peak appearing at 3303 cm™! is attributed to the
stretching vibration of the hydroxyl group (-OH) of MC(OH),.
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The peaks at 2980 cm™! and 2898 cm ™! correspond to the stretch-
ing vibration of carbon-hydrogen bonds (-C-H) of methyl (-CH3) in
the MC(OH), structure. The peaks found at 1514 cm™! and
1361 cm™! prove the existence of the nitro group (-NO,), and that
at 1292 cm™! should be the stretching vibration peak of C-N. The
bending vibration peaks appearing at 1595 cm~!, 1553 cm ',
1499 cm~! and 1292 cm™! can be ascribed to the vibration of the
aromatic ring. The FTIR spectrum indicates that OH has been suc-
cessfully introduced into MC(OH),. According to the 'H NMR spec-
trum (MEOD, & ppm) of MC(OH), (Fig. 1j), the peaks at 6.66 ppm
and 4.37 ppm are the chemical shifts of OH, which proves that
the product has been successfully synthesized as designed. The
same conclusion was obtained from another angle based on the
mass spectrum. In the MS spectrum (Fig. 1i), the peak at
m/z = 383.1589 corresponds to the [M + H]* species. An optical
microscopic image of the synthesized MC(OH), crystals is shown
in Fig. 1c. The synthesized MC(OH), crystals have obvious metallic
luster (Fig. 1c). The same crystal shows different colors when
observed from different angles (Fig. 1d). The synthesized MC
(OH), crystals can produce bright purple-red fluorescence after
being irradiated by ultraviolet light (Fig. 1e) as can the MC(OH),
solution (Fig. 11). After being irradiated by visible light, MC(OH),
dissolved in MeCN transforms into SP(OH), through molecular
arrangement. The color of the solution changes from purple to col-
orless (Fig. 2c), and no fluorescence can be observed when the
solution is irradiated by ultraviolet light (Fig. 11). When the color-
less solution is placed in the dark, it gradually becomes purple,
which means that SP(OH), transforms into MC(OH), through
molecular rearrangement again.

To confirm that the synthesized MC(OH), possesses negative
reversible photochromism in solution, UV-vis spectral analysis
was carried out. Fig. 2a shows the time-dependent change in the
absorption spectra of MC(OH), (0.05 mM) in a water-EtOH (v:
v = 1:1) mixture at room temperature under visible light irradia-
tion (~1800 Ix). At 0 min, an obvious absorption band appears at
440-640 nm, with a maximum absorption at 527 nm, which indi-
cates that the obtained product exists in the open form. However,
as time advances to 1 min, no absorption appears at > 470 nm, and
the color of the mixed solution changes from purple to colorless,
indicating that the synthesized product exists in the closed form.
In the reverse process, when the mixed solution is placed in dark
conditions, the transition from closed-form SP(OH), to open-form
SP(OH), gradually occurs as shown in Fig. 2b. With increasing time,
the intensity of the absorption band at 527 nm gradually increases.
After 45 min, the absorption band appearing at 440-640 nm
returns to its original position. Therefore, we believe that the
closed-form SP(OH), will completely transform to the open-form
MC(OH), after 45 mins under dark conditions. Based on the above
analysis, we can conclude that the synthesized MC(OH), is stable
in the open form under dark conditions and will quickly change
to the closed-form SP(OH), after visible light irradiation. The above
results also prove that the transformation between MC(OH), and
SP(OH); is reversible.

Why does the synthesized product MC(OH), possess negative
photochromism in solution? We think that this is due to the
unique molecular structure of MC(OH),. As shown in Fig. 1g, an
intramolecular hydrogen bond has been established between the
ethanol group and the oxygen atom of the phenoxy anion, which
increases the stability of the open-form MC(OH),. To verify the
above assumption, the geometries and Gibbs free energies (G) of
MC(OH), and SP(OH), were optimized with the ORCA version
5.0.3 program [37-42], which is an ab initio density functional the-
ory (DFT) semiempirical SCF-MO package, using the r2SCAN-3c
computing method in this work. According to the experimental
results of the ORCA program, A4G=Guc(on),-Gspion), = -32.07 kJ-mol
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~1. Due to the lower Gibbs free energy, MC(OH), is more stable
than SP(OH),. 4G = -32.07 kJ-mol~! matches the bond energy of
moderate hydrogen bonds (15 to 60 kjJ/mol [43]). Based on the
above analysis, the formation of intramolecular hydrogen bond
makes open-form MC(OH), have a lower ground state energy,
which is the main reason why MC(OH), is more stable than SP
(OH)s.

3.2. Use of MC(OH), as a smart electrolyte

As the synthesized MC(OH), is a kind of zwitterion (Fig. 1b), its
solution should possess electrical conductivity. Hence, MC(OH),
can be used as an electrolyte and visible light sensor because it can
change from the open-form MC(OH), to the closed-form SP(OH),
under the stimulation of visible light, resulting in reversible changes
in the electrical conductivity and color of the mixed solution. To ver-
ify the abovementioned function, MC(OH), was dissolved in an etha-
nol aqueous solution (v: v=1:1) at a concentration of 1 mM, and the
electrical conductivity of the prepared mixed solution was measured
in the dark at room temperature. As shown in Fig. 2d, the prepared
mixed solution (20 mL) was added to an electrolytic cell, and the
resistance of the mixed solution between the two graphite elec-
trodes was tested by the LCR digital bridge. According to Fig. 2e,
the electrical resistance of the prepared solution in the dark is
86.60 kQ, which proves that the solution of MC(OH), is conductive
and that MC(OH), can be used as an electrolyte. When the system
is exposed to visible light (~1800 1x), MC(OH), in the mixed solution
transforms into SP(OH), and the color of the solution changes from
purple to colorless.

Based on the mutual attraction between anions and cations, the
phenoxy anion of MC(OH), will generate electrostatic attraction for
the tiny amount of H" produced by ionization of water, and the
nitrogen cation of MC(OH), will generate electrostatic attraction
for the tiny amount of OH™ produced by ionization of water. There-
fore, MC(OH), will reduce the motion speed of H* and OH™. When
the mixed solution is exposed to visible light, MC(OH), will be con-
verted into SP(OH),, and thus, the electrostatic attraction between
MC(OH), and H" and OH~ will disappear, and the influence on the
movement speed of H" and OH" in the solution will be lost, further
leading to a decrease in the electrical resistance of the system.
When the mixed solution is placed in the dark, the closed-form
SP(OH), will change back to the open-form MC(OH),, the electro-
static attraction between MC(OH), and H* and OH~ will reappear,
and the influence on the movement speed of H* and OH™ will grad-
ually recover, further leading to a gradual increase in the electrical
resistance of the system.

According to Fig. 2e, the electrical conductivity of the MC(OH),
solution is very weak because the phenoxy anion and nitrogen
cation are simultaneously connected on the MC(OH), molecule,
and the reversible change in the electrical resistivity of the MC
(OH), solution is only 2.68%. To increase the electrical conductivity
of the MC(OH), solution, equi molar metal salts were introduced
into the system as auxiliary electrolytes. Therefore, various metal
salt/MC(OH), solutions were prepared as follows. A stock solution
of MC(OH), (1 mM) was prepared by dissolving MC(OH), in an
ethanol aqueous solution (v:v = 1:1). Stock solutions of various
metal salts was prepared by dissolving the corresponding metal
salts in ethanol aqueous solution (v:v = 1:1). The test solution
was prepared by mixing the selected metal salt solution (50 mL)
with the stock solution of MC(OH), (50 mL). The different metal
salt/MC(OH), solutions were added to the electrolytic cell, and
the electrical resistance of the mixed solution between the two
graphite electrodes was measured by the LCR digital bridge
(Fig. 2d). According to Fig. 2f-2q, the electrical resistance of the dif-
ferent metal salt/MC(OH), solutions is much lower than that of the
pure MC(OH), solution due to the introduction of metal salts, and

Materials & Design 231 (2023) 112061

the average electrical resistivity of the mixed solution is reduced
from 86.60 kQ to 11.15 kQ.

Since the phenoxy anion on SP and its derivatives provides the
possibility for coordination with metal ions, SP and its derivatives
can be used to detect metal ions [44]. In this work, if metal ions are
coordinated with the synthesized MC(OH),, then the electrical con-
ductivity of the mixed solution will be significantly reduced. There-
fore, UV-vis spectra (Fig. S2), FTIR spectra (Fig. S3) and MS spectra
(Fig. S4) were used to characterize whether MC(OH), coordinates
with the selected metal ions (Na*, K*, Cu?*, Zn?*, Sr**, Mn?*, Co?*,
BaZ*, Cd?*, Fe3*, AI**, Cr3*). No peak shift was observed in the UV-
vis spectra (Fig. S2) and FTIR spectra (Fig. S3), and no molecular ion
peak of coordination compounds was found in the mass spectrum
(Fig. S4). According to the above experimental results, we believe
that MC(OH), cannot coordinate with the selected metal ions.

In addition to reducing the electrical resistivity of the MC(OH),
solution, the introduction of metal salts has another important
function, i.e., significantly improving the reversible change in the
electrical conductivity of the mixed solution between visible light
stimulation and in the dark. After visible light irradiation, MC
(OH); in the mixed solution is in a closed form (SP(OH),). The con-
ductivity of the mixed solution is contributed by metal salts; when
the mixed solution is placed in the dark, the closed-form SP(OH),
will gradually convert into the zwitterionic open form (MC
(OH),). At this time, the metal salts and MC(OH), zwitterion con-
tribute to the electrical conductivity of the mixed solution. Theo-
retically, the electrical conductivity of the mixed solution will
increase due to the aid of the MC(OH), zwitterion. However, to
our surprise, the electrical conductivity of the mixed solution sig-
nificantly decreases. As shown in Fig. 2f-2q, the electrical resistiv-
ity increased in the dark condition. When the mixed solution is
placed in the dark, the closed-form SP(OH), will gradually convert
into the zwitterionic open form (MC(OH),). The phenoxy anion and
nitrogen cation of MC(OH), will generate electrostatic attraction
for the metal ions and acid radicals, respectively, and the move-
ment speed of metal ions and acid radicals in the mixed solution
obviously decreases, which leads to an increase in the electrical
resistance of the mixed solution. When the mixed solution is
exposed to visible light again, MC(OH), will be converted into SP
(OH),, and thus, the electrostatic attraction between MC(OH),
and metal ions and acid radicals will disappear, and the influence
on the movement speed of metal ions and acid radicals in the solu-
tion will be lost, further leading to a decrease in the electrical resis-
tance of the mixed solution. Therefore, under the stimulation of
visible light irradiation/darkness, the electrical resistance of the
prepared mixed solution can be reversibly reduced/increased.

Fig. 2r shows that with the increase in the valence of the selected
metal ions, the reversibility of the electrical resistance AR/R of the
mixed solution is improved. The average AR/R values of the mixed
solutions containing equimolar monovalent metal ions, divalent
metal ions and trivalent metal ions are 11.55%, 12.70% and 14.82%
(Fig. 2r), respectively. When the added metal salt is CrCl3-6H,0,
the maximum reversible electrical resistance change of the mixed
solution is as high as 15.59%. To highlight the function of MC(OH),,
we also measured the electrical resistance change of pure metal salt
solution under visible light stimulation/dark conditions. As shown in
Fig. S5, the resistance of the metal salt solution remains unchanged
when it is irradiated by visible light. Therefore, we believe that the
reversible change in electrical resistance of the MC(OH),/metal salt
ethanol aqueous solution under visible light stimulation/darkness
is contributed by of MC(OH ).

3.3. Visible light sensor

We prepared a visible light sensor utilizing the nature of the
prepared MC(OH),/AlCl3-6H,0 ethanol aqueous solution as shown
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in Fig. 2s. The visible light sensor is composed of an electric shock
cup (Fig. 2s) and the prepared mixed solution. The electric shock
cup is equipped with embedded aluminum electrodes (Fig. 2s),
and the gap between the electrodes is 4 mm. Except for the elec-
trodes, the other parts of the electric shock cup are made of color-
less transparent plastic, so it has good visible light transmission.
The visible light sensor is made by simply adding 0.05 mL of the
prepared mixed solution into the electric shock cup. The prepared
visible light sensor was connected to the LCR digital bridge through
wires. By measuring the electrical resistance of the mixed solution
in the electric shock cup, the visible light intensity at the location
of the prepared visible light sensor can be deduced. The visible
light intensity at the position of the obtained visible light sensor
was adjusted by changing the distance between the LED lamp
and the sensor. The specific circuit diagram is shown in Fig. 2s.
The distance was reduced by 10 cm every 20 mins to realize a grad-
ual increase in the visible light intensity. As shown in Fig. 2t, as the
distance decreases, the illumination at the location of the visible
light sensor gradually increases from 251.33 Ix to 1874.00 Ix, and
the electrical conductivity of the prepared visible light sensor
decreases from 204.47 Q-m to 201.82 Q-m. The above experiment
was repeated three times and similar results were obtained
(Fig. 2t).

3.4. Conductive fiber

In addition to a visible light sensor, the prepared mixed solution
is utilized to manufacture flexible conductive fibers. As shown in
Fig. 3a, the prepared 0.5 mM MC(OH),/CrCl3-6H,0 ethanol aqueous
solution was injected into a silicone hollow fiber (inner diameter:
0.5 mm, outer diameter: 1 mm) to prepare a conductive fiber with
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a core-sheath structure. As the material selected for the outer layer
of the conductive fiber is silicone rubber, it possesses excellent
flexibility and elasticity. The tensile strength and elongation at
break of the silicone rubber are 8.24 MPa and 354.89% (Fig. 3b),
respectively. Because the 0.5 mM MC(OH),/CrCl5-6H,0 ethanol
aqueous solution as a conductive medium has good fluidity, it will
not affect the mechanical properties of the silicone hollow fiber, so
the prepared conductive fiber simultaneously has good conductiv-
ity and flexibility at the same time. Moreover, the selected silicone
hollow fiber is transparent, and the visible light transmittance of
the silicone hollow fiber is as high as 88% (Fig. S6). Therefore, the
prepared flexible conductive fiber also has photochromic ability,
and it can be used as a fibrous visible light sensor.

To characterize the electrical conductivity of the prepared con-
ductive fiber, both ends of the conductive fiber were connected to
the LCR digital bridge. According to Fig. S7, the electrical conduc-
tivity of the obtained fiber decreases as the concentration of the
mixed solution increases. When the concentration of the mixed
solution was 0.05 M, the electrical conductivity of the fiber is as
high as 24.71 Q-m. Even when the concentration of the mixed solu-
tion is as low as 5-10* M, the obtained fiber still has good conduc-
tivity (514.38 Q-m). After visible light (~1800 1x) irradiation for
1 min, the electrical conductivity of the fiber decreases from
24.71 Q-m to 22.70 Q-m, and the fiber color changes from purple
to colorless. Based on the above experimental results, the prepared
fiber has excellent electrical conductivity, good flexibility, a sensi-
tive visible light response, and good photochromism.

Both ends of the selected flexible conductive fiber were con-
nected to an LED bulb and an adjustable DC power supply through
wires as shown in Fig. 3e. The voltage of the DC power supply is
adjusted to make the voltage applied to the LED bulb 2.30 V, which
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Fig. 3. (a) Conceptual design of the flexible multifunctional conductive fiber. (b) Typical tensile stress-strain curve of the silicone hollow fiber. (c) Electrical conductivity of
the MC(OH),/CrCl5-6H,0 (0.05 M, 0.05 M) ethanol aqueous solution during three visible light irradiation (2 min) and darkness (45 min) cycles. (d) Voltage applied to the LED
bulb during three visible light irradiation (2 min) and darkness (45 min) cycles. (e) Brightness of the LED bulb controlled by the prepared conductive fiber in response to the
visible light intensity. (f) Prepared conductive fiber with a 45 mm original length (above) and stretched to 74 mm (below). (g) Electrical resistance of the prepared conductive

fiber as a function of strain.
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is higher than its turn-on voltage, and the bulb illuminates. As the
fiber is placed in the dark, the MC(OH), in the mixed solution
remains in the open form. Therefore, the phenoxy anion and nitro-
gen cation of MC(OH), reduce the movement speed of Cr*>* and CI~.
Under visible light (~1800 1x) irradiation, the MC(OH), in the
mixed solution inside the silicone hollow fiber is in the closed
form, so the color of the fiber is colorless, and the movement of
Cr3* and CI" is free and not affected by the phenoxy anion and
nitrogen cation of the open-form MC(OH),. This leads to a decrease
in the electrical resistance of the fiber, and the voltage applied to
the LED bulb increases from 2.30 V to 2.33 V, which causes the
brightness of the LED bulb to increase. When the visible light is
removed and the fiber is placed in the dark again, the color of
the fiber turns purple and the LED bulb darkens again. Therefore,
the visible light can be directly indicated by the brightness of the
LED bulb.

To prove the flexibility of the prepared core-sheath fiber from
other angles, the change in its electrical resistance under tensile
deformation was recorded. The obtained conductive fiber was
stretched to 0%, 20%, 40%, 60%, 80%, and 100%, and the electrical
resistance at different strains was measured by the LCR digital
bridge, as shown in Fig. 3g. When the fiber is stretched to 65%,
the brightness of the LED significantly decreases (Fig. 3f) due to
the reduction in the cross-sectional area of the fiber core. There-
fore, the fiber can also be used as a strain sensor.

The prepared flexible conductive fiber can not only be added
into fabric to prepare wearable electronics, but can also be used
to prepare a variety of visible light sensors through traditional tex-
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tile technology. As shown in Fig. 4a-4c, imitating roses (Fig. 4a) in
nature, the obtained conductive fibers are utilized to prepare an
artificial rosette visible light sensor (Fig. 4b) through embroidery.
In addition to sensing visible light, the prepared rose can also exhi-
bit color changes under different visible light intensities and show
charming colors (Fig. 4c) under ultraviolet radiation. Therefore, it is
a multifunctional sensor that integrates beauty, decoration and the
function of sensing visible light. Similarly, by imitating a bracelet
(Fig. 4d) and a Chinese knot (Fig. 4g), a bracelet (Fig. 4e) and a Chi-
nese knot brooch (Fig. 4h) with the function of visible light sensing
were made by weaving the fibers. The above products not only
have their own decorative functions, but can also sense visible light
and show amazing colors (Fig. 4f and 4i) under ultraviolet
radiation.

4. Conclusions

In this work, we have successfully synthesized merocyanine
diol, which exhibits negative photochromism in solution. The syn-
thesized MC(OH); is an intelligent molecular switch with a visible
light response. It is stable in the dark and will quickly transform
into the closed-form SP(OH), after being irradiated by visible light;
in contrast, the closed-form SP(OH), will gradually change back to
the open-form MC(OH), in the dark. As the synthesized MC(OH), is
a kind of zwitterion, its solution possesses electrical conductivity
and can be used as an electrolyte. To increase the electrical conduc-
tivity of the MC(OH), solution, equi molar metal salts were intro-
duced into the system as auxiliary electrolytes. The maximum

Fig. 4. (a) Digital photograph of a purple rose. (b) Artificial rose made of the prepared conductive fibers through embroidery. (c) Digital photograph of the fluorescence of the
artificial rose. (d) Digital photograph of a bracelet. (e) Bracelet made of the prepared conductive fibers through knitting. (f) Digital photograph of the fluorescence of the
obtained bracelet. (g) Digital photograph of a Chinese knot. (h) Chinese knot made of the prepared conductive fibers through knitting. (i) Digital photograph of the
fluorescence of the obtained Chinese knot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

8



G. Dang, L. Fan, K. Chen et al.

reversible change in the electrical resistance of the MC(OH),/CrCls-
-6H,0/ethanol aqueous solution is as high as 15.59%.

A flexible conductive fiber with a core-sheath structure was
obtained by injecting the MC(OH),/CrCl3-6H,0/ethanol aqueous
solution into a flexible silicone hollow fiber. The MC(OH),/CrCls-
-6H,0/ethanol aqueous solution in the core layer provides the fiber
with good electrical conductivity (24.71 Q-m), a visible light sens-
ing ability and a photochromic ability, while silicone rubber at the
outer sheath layer provides the fiber with sufficient flexibility, light
transmission and weather resistance. Therefore, the combination
of the two layers makes the fiber a multifunctional and high-
performance smart fiber. It has multiple advantages compared
with other conductive fibers, such as good electrical conductivity,
a visible light sensing ability, and reversible photochromic ability,
as well as a simple structure, low cost, easy preparation, and suit-
ability for industrial large-scale production.
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