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A novel dual colorimetric fiber based on two acid—base indicators was synthesized by first aminating
commercially available polyacrylonitrile fiber with tetraethylenepentamine and then covalently immo-
bilizing ethyl orange moieties through an alkylation reaction and a diazo coupling reaction; finally, the
fiber was grafted with phenolphthalein using a Mannich reaction. The functionalized fiber was charac-
terized by elemental analysis, X-ray powder diffraction (XRD), scanning electron microscopy (SEM),

Fourier-transfer infrared spectroscopy (FTIR) and UV—vis spectroscopy, and its color-changing properties,
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response speed, reusability and photostability were all investigated. This fiber exhibits a remarkable
color change from deep pink (pH < 1.1) to yellow (1.1 < pH < 13.0) and then to dark violet (pH > 13.0).
Moreover, this fiber shows a fast response time (<1 s for 1M HCl and 1 M NaOH), high photostability
(>60 days) and excellent reusability (>300 times).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past two decades, the development and application of
optical sensors and materials based on dyes have grown rapidly
[1—7]. Many reversible, solid-state and color-changing sensors have
been developed to monitor pH in academic and practical applica-
tions [8—13]. For example, a pH sensitive azo-dye (1-hydroxy-4-[4-
(2-hydroxyethylsulphonyl)phenylazo|naphthalene) was covalently
functionalized to tentagel resin beads to give an optical pH sensor [8].
This azo-dye modified sensor was found to exhibit a dynamic range
of pH 5.0 to 12.0 with a color change from yellow to purple. Para-
rosaniline was attached to macroporous controlled pore glass (CPG)
beads to produce an optical pH sensor [9]. This pararosaniline-
containing sensor has a sensing range from pH 1 to 11 with
arather slow response time (about 100 min from pH 10.5 to pH 2.0).
A halochromic sensor based on a polyaniline film has been prepared
and used for in vivo blood pH measurement [10]. However, owing to
the oxidization of the polyaniline, the stability of this sensor is
unsatisfactory. Pavel et al. loaded several azo-dyes into vinylalcohol-
ethylene copolymer films [11], which responded to pH changes from
7.0 to 13.0 with long term stability even under strongly basic
conditions. However, the response time and the reusability of the
azo-dye modified sensor were not investigated. Cho et al. prepared
halochromic resins by covalently attaching carboxylic acid
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derivatives of sulfthalein dyes onto resin beads [12], which showed
color response with changes in pH. The development and application
of sol—gel sensors for strong acids (HCl, 1-10 M) and bases (NaOH,
1—10 M) have also been reported [13]. Most of the sensors have only
one color change for an acid or a base and use only a single sensor
molecule. So research on a dual colorimetric sensor based on two
different sensor molecules for acids and bases is still a challenge.

Although a great variety of solid-state optical pH sensors have
been studied, most of them were prepared based on membrane or
powdered materials instead of fabrics. In recent years, there has
been immense interest in studying and developing wearable
intelligent textiles for the needs of professional and fashion-loving
people [14,15]. Recent developments also illustrate that wearable
intelligent textiles may become a key element of ambient intelli-
gence [16]. On the other hand, integrating various sensors into
fabrics remains a significant challenge to material science because
wearable intelligent materials are strongly restricted by wash-
ability, durability and security issues, which increase the difficulty
of the research and development. Commercially available fibers
generally lack the proper functional groups which can be easily
linked to or transformed to sensor molecules. In addition, owing to
the steric hindrance effect most pH sensor molecules lose their
functions when introduced into fabric carriers. Therefore the
development of a colorimetric sensor based on wearable fiber is
also a challenge and there are many problems that still need to be
resolved.

Polyacrylonitrile fiber (PANF) is resistant to corrosion and
mildew and has excellent mechanical strength and stability. PANF is
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also a commercially available material and ubiquitously applied in
the clothing industry. Moreover, the fiber contains an abundance of
cyano groups which can be easily transformed into various func-
tionalities (such as carboxyl, amide and amidoxime groups)
[17—20]. So, PANF is a very suitable starting material for the prep-
aration of a colorimetric fiber. Ethyl orange and phenolphthalein
are the most commonly used pH indicators and have remarkable
color changes (yellow to red in acid solutions at pH < 4.5 for ethyl
orange and colorless to violet in basic solutions at pH > 8.2 for
phenolphthalein). In our previous work, phenolphthalein was
immobilized on an ethylenediamine modified PANF using the
Mannich reaction and the formed fiber presents remarkable color
change (from pale yellow to violet), excellent reusability and
recycle stability [21]. However, this fiber only responded to basic
solutions. In this work, the design, synthesis and characterization of
a novel dual colorimetric fiber based on two acid—base indicators
are presented.

2. Experiment
2.1. Reagents

Commercially available PANF with a length of 10 cm and a diam-
eter of 30+ 0.5 um (from the Fushun Petrochemical Corporation of
China) was used. Tetraethylenepentamine, 4-aminobenzenesulphonic
acid, N-ethyl-N-(2-hydroxyethyl)aniline, phenolphthalein (3,3-bis(4-
hydroxyphenyl)phthalide), formaldehyde (37—40% aqueous solu-
tion), and the other reagents were all analytical grade and were
used without further purification. Water was deionized. The pH
buffer solutions were prepared by different combinations of 0.2 M
KH2PO4, 02M [(2HPO4, 01M N82C03, 01 M NaHC03, 0.1 M citric acid
(2-hydroxypropane-1,2,3-tricarboxylic acid), 0.2 M HCl and 0.2 M
NaOH.

2.2. Apparatus and instruments

Elemental analyses were performed on an Elementar vario EL
analyzer. X-ray powder diffraction spectra were recorded with
a BDX 3300 X-ray diffractometer (Peking University Instrument
Factory) at 0.154 nm. A model XL-30 scanning electron microscope
(Philips) was used to characterize the surface of the different
modified fibers. FTIR (Fourier-transfer infrared spectroscopy)
spectra were obtained with an AVATAR 360 FTIR spectrometer
(Thermo Nicolet). The pH values were measured with a model
PHS-3C pH meter. UV—vis spectra of the solid fiber samples were
recorded on a HP8453 UV—vis spectrometer (Agilent), equipped
with an integrating sphere (Shimadzu). The mechanical properties
of the different fiber samples were obtained with a model LLY-6
Electronic Single Fiber Strength Tester. The color changes of the
colorimetric fiber at different conditions were recorded with
a Canon IXUS 95 IS digital camera.

2.3. Synthesis of the dual colorimetric fiber

The synthesis of the dual colorimetric fiber was carried out by
three steps as follows:

Step 1 The amination of PANF with tetraethylenepentamine.

Dried PANF (5.000 g), tetraethylenepentamine (100 mL) and
water (33 mL) were added to a three-necked flask. The mixture was
stirred and refluxed for 3.5 h. Afterwards the fiber was filtered out
and repeatedly washed with water (60—70 °C) until neutral. It was
then dried at 70 °C under vacuum overnight to produce aminated
fiber (PANTF). The weight gain of PANTF based on PANF was 35%.

Step 2 General procedure for the immobilization of the ethyl
orange moieties.

Alkylation reaction: Dried PANtF (2.000g), N-(2-bromo
methyl)-N-ethylaniline (1.370 g) (prepared from N-ethyl-N-
(2-hydroxyethyl)aniline and PBr3 in CCl4 with a yield of 70%)
and ethanol (60 mL) were added to a three-necked flask. The
mixture was stirred and refluxed for 24 h under nitrogen.
Then the mixture was cooled and the fiber was filtered out and
washed with ethanol three times. Afterwards, the fiber was
washed with 0.1 M NaOH to neutralize the generated
hydrogen bromide and repeatedly washed with water
(60—70 °C) until neutral. Then the fiber was extracted for at
least 36 h by methanol using a Soxhlet’s apparatus to remove
any non-bonded small molecules. The product was then dried
at 70 °C under vacuum overnight to yield the modified fiber
(PANTAF) with a weight gain of 18% based on the PANTE.
Diazotization and Coupling reaction: 4-Aminobenzene
sulphonic acid (0.346g, 2mmol) and NaNO, (0.138¢g,
2 mmol) were dissolved in a solution of 1 M NaOH (2.5 mL).
The mixture was cooled in an ice bath until the temperature
was below 5°C. Then the solution was added slowly to
a solution of concentrated HCI (1 mL, 36%) and ice (2 g). The
mixture was allowed to stir in the ice bath (<5 °C) for 20 min
to give a white precipitate of diazonium salt. Afterwards,
25 mL deionized water (18 °C) was added to the solution to
dissolve the diazonium salt and the temperature was
increased to 10°C. After wetting with deionized water,
PANTAF (1.000 g) was immersed into the solution of diazo-
nium salt and stirred for 1 min with the color changing from
yellow to red. Then the fiber was filtered out and washed
with 0.1 M NaOH immediately. Afterwards, the fiber was
repeatedly washed with water until neutral. It was then
dried at 70 °C under vacuum overnight to produce the ethyl
orange modified fiber (PANtasF). The weight gain of PANtasF
based on PANTAF was 9%, and the total weight gain of PANtasF
based on PANTF was 29%.

Step 3 General procedure for the immobilization of the phenol-

phthalein.

Dried PANtasF (1.000 g), phenolphthalein (2.000 g), formalde-
hyde aqueous solution (10 mL) and ethanol (30 mL) were added to
a three-necked flask. The mixture was stirred and refluxed for 12 h
under nitrogen. Afterwards, the mixture was cooled and the fiber
was filtered out and washed with ethanol three times. Then the
fiber was extracted for at least 36 h by methanol using a Soxhlet’s
apparatus to remove any non-bonded small molecules. It was then
dried at 70 °C under vacuum overnight to give the dual colorimetric
fiber (P-PANTasF) with a weight gain of 13% based on the PANtasF.

The synthesis of the dual colorimetric fiber is illustrated in
Scheme 1.

2.4. Acid exchange capacity of the modified fiber (PANTF)

Dried PANTF (0.200 g) was immersed into 40 mL of 0.100 M HCl
for 6 h. The treated fiber was then filtered out and the concentration
of the remaining solution was determined by titration with 0.100 M
NaOH. The exchange capacity was calculated based on the
consumption of the acid [20].

2.5. UV—vis detection of the dual colorimetric fiber

Dried fiber samples (20 mg) were immersed into 10 mL of
solutions with different pH values for specific times. The fiber
sample was then filtered out and the surface was dabbed with filter
paper and dried at 70 °C under vacuum. The absorption spectra of
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Scheme 1. The preparation of the dual colorimetric fiber (P-PANTasF).

these dried fibers were detected by UV—vis spectrometry (back-
ground: BaSO,). In order to ensure the reproducibility of the results,
all fiber samples were cut into well-proportioned powders.

3. Results and discussions
3.1. Synthesis of the dual colorimetric fiber

The dual colorimetric fiber (P-PANTasF) was prepared by a three-
step process as shown in Scheme 1. The commercially available
polyacrylonitrile fiber was heated with tetraethylenepentamine to
produce the aminated fiber (PANTF). Then PANtF was alkylated

with N-(2-bromomethyl)-N-ethylaniline and subsequently coupled
with 4-sulfobenzenediazonium chloride to afford the ethyl orange
moiety covalently immobilized fiber (PANtasF). Finally, the PANtAsF
was grafted with phenolphthalein using a Mannich reaction to give
the colorimetric fiber (P-PANtasF). The extent of the modification
was monitored by the weight gain and acid exchange capacity of
the different modified fibers:

Weight gain = [(W, — Wq)/W1] x 100%

For the amination step, W1 and W, are the weights of PANF and
PANTF, respectively.
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For step 2, W; and W, represent the weights of PANtF and
PANTAF; or PANTAF and PANTtasF, respectively.

For step 3, W1 and W5 represent the weights of PANtasF and P-
PANTasF, respectively.

The amination reaction was strongly influenced by the reaction
time and temperature. The weight gain of the PAN{F could be
effectively enhanced by prolonging the reaction time or increasing
the temperature. However a higher percentage of weight gain
notably reduced the strength of the PANTF. The details of the ami-
nation reaction were discussed in our previous paper [22]. An
optimal reaction condition (refluxed for 3.5 h) with a weight gain of
35% was selected to prepare the aminated fiber. The acid exchange
capacity of the PANtF in 0100 M HCl was determined to be
5.1 mmol/g, indicating that the PANF has been grafted with some of
the amino groups. Owing to the cross-linking reaction induced by
tetraethylenepentamine, the titration result for the acid exchange
capacity was slightly less than the calculated value 5.4 mmol/g
(according to the weight gain of 35%). The obtained PANTF has more
amino groups for further reactions than the original polyamide
hollow fibers do [23].

In immobilization step 2, the coupling reaction was also influ-
enced by the reaction time and temperature. The coupling reaction
on the surface of the PANTaF was difficult to carry out at a low
temperature (2 °C). However, prolonging the reaction time at 10 °C
resulted in the fiber becoming deep dark. So a mild condition
(stirred at 10 °C for 1 min) was selected to prepare PANTasF. In our
previous work, methyl orange failed to be immobilized on the
aminated fiber with the Mannich reaction. So this procedure is an
effective method to resolve that problem.

In immobilization step 3, in order to avoid the formation of the
oligomers or resins of phenolphthalein with formaldehyde under
acidic or basic conditions [24], the Mannich reaction was carried
out in ethanol without any catalyst. The details of how to deduct
the weight gain of the blank reaction have been discussed previ-
ously [21,25]. The practical weight gain of the immobilized
phenolphthalein using the Mannich reaction for the P-PANtasF was
9%. After these modifications, a beautiful dual colorimetric fiber (P-
PANTAsF) with a fresh yellow color was finally obtained (Scheme S1,
Supplementary material).

3.2. Characterization of the different modified fibers

The elemental analysis data for PANF, PANtF, PANtasF and
P-PANTtasF are listed in Table 1. Compared to the original PANF, the
carbon content of the PANTF decreases and the hydrogen content
increases as expected, since tetraethylenepentamine has less
carbon and more hydrogen than the original PANF. As expected, the
introduction of tetraethylenepentamine (nitrogen content, 37.04%)
will apparently increase the nitrogen content of the PANF based on
the weight gain of 35%. The small increase in nitrogen content of
the PANTF from 21.77% to 22.20% suggests that water is introduced
during the reaction of the C=N groups with tetraethylenepent-
amine, resulting in the formation of amide and the release of

Table 1

Elemental analysis data for PANF, PANTF, PANtasF, and P-PANtAcF.
Sample Weight gain (%) C (%) H (%) N (%)
PANF — 60.12 5.49 21.77
PAN<F 35 58.04 7.15 22.20
PANTasF 29 5743 7.10 20.15
P-PANTAsF 13 58.68 6.76 17.75
Ethyl orange moiety? — 54.24 4.80 11.86
Phenolphthalein moiety?® — 76.13 4.53 0

¢ Calculated values for the ethyl orange and phenolphthalein moieties.

ammonia. Moreover, the nitrogen content of the PANtF also shows
that the cross-linking reaction induced by tetraethylenepentamine
and the hydrolysis of C=N groups is unavoidable. In the PANtasF,
the amounts of carbon, hydrogen and nitrogen all decrease
compared to the PANTF, since the ethyl orange moieties have less
carbon, hydrogen and nitrogen than those of the PAN{F. In the P-
PANTASF, the amounts of hydrogen and nitrogen decrease distinctly,
and the percentage of carbon increases slightly, as a result of the
introduction of the phenolphthalein and formaldehyde molecules.

The XRD (X-ray powder diffraction) spectrum of the PANF
(Fig. 1a) shows an intense reflection peak at 26 = 17° which corre-
sponds to the (100) diffraction of the hexagonal lattice formed by
parallel close packing of rod-like molecules. This demonstrates that
the PANF adopts a stiff rod-like conformation due to the intermo-
lecular repulsions of the nitrile dipoles [26]. After the amination
with tetraethylenepentamine, the reflection peak (26 = 17°) of the
PANTF decreases (Fig. 1(b)), which indicates a decrease in the polar
interactions between molecule chains during the reaction and the
breakage of bonds in the inner crystal region [19]. PANtasF and
P-PANTasF have almost the same XRD spectrum as PANtF (see
Fig. 1(c, d)), which indicates that the inner crystal region of the fiber
is not further damaged after the immobilization of ethyl orange
and phenolphthalein moieties. This indicates that the strength of
this colorimetric fiber has been maintained. The determined
breaking strength of P-PANtasF is 73% of that of PANF (Table S1,
Supplementary material), which agrees well with the XRD result.

The SEM (scanning electron microscopy) photographs of PANF,
PANTF, PANTasF and P-PANTasF are shown in Fig. 2(a—d). After the
amination with tetraethylenepentamine, the surface of the modi-
fied fiber becomes rougher. In this work, a tetraethylenepentamine
aqueous solution was used in the amination step to produce
a weight gain of 35%. The surfaces of the PANTF, PANyasF and P-
PANTASF are rougher than those in our previous work [21] in which
an aqueous ethylenediamine solution was used to give a weight
gain of 13%. After the two immobilization steps, the functionalized
fibers (PANTasF and P-PANTxsF, Fig. 1(c, d)) become rougher than the
aminated fiber (PANTF, Fig. 1(b)). However, except for the coarse
surface, no other major flaws are found in the PANTF, PANtasF and
P-PANTasF. Therefore the modified fibers still maintain 62%—73% of
mechanical strength based on PANF, which is acceptable for further
commercial applications (Table S1, Supplementary material).

The samples of PANF, PANTF, PANtasF and P-PANtasF were
pulverized by cutting and then prepared in KBr pellets. Their FTIR
spectra are shown in Fig. 3. For the FTIR spectrum of PANF
(Fig. 3(a)), the 2242 cm~! absorption band is attributed to the C=N

Intensity (cps)

260 (deg.)

Fig. 1. XRD spectra of (a) PANF, (b) PAN<F, (c) PANtasF, and (d) P-PANpasF.
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vibration and the 1731 cm~! C=O0 vibration peak indicates the
existence of methyl acrylate units in the copolymer.

The broad absorption bands at 3700—3150 cm ! in PANTF
(Fig. 3(b)) correspond to the stretching vibrations of the N—H and
O—H groups. The 2242 cm~' C=N vibration peak still exists in
PANTF, which suggests that not all the C=N groups participated in
the amination and the hydrolysis. For PANTF (Fig. 3(b)), the strong
absorption band in the region of 1650 cm™! is assigned to the amide
I band. The new broad peak at 1560 cm~! is attributed to the
overlap of the amide II band (i.e. the C(=0)—N stretching vibra-
tions), and N—H bending vibrations.

For PANtAsF (Fig. 3(c)), the intensities of the peaks at 1560 cm™
and 3700—3150 cm ™! decrease compared with those of the PANTF.
This further supports a consumption of N—H groups in the reaction.
The new peaks at 1606 cm~' and 1516 cm ™! are attributed to the
C=C stretching vibrations of the benzene rings, whereas the new
peaks at 750 cm~! and 680 cm ™! are attributed to the C—H bending
vibrations of the benzene rings. These results suggest that the ethyl
orange moieties have been covalently grafted onto the fiber.

For P-PANtasF (Fig. 3(d)), the strengthening of the multiple
peaks around 1300—1170 cm™~! is assigned to C—0 and C—C vibra-
tions from the immobilized phenolphthalein. The new peak at
1760 cm™! is attributed to the C=0 vibration in phenolphthalein.
Based on the IR spectrum of the pure phenolphthalein [27], these
changes in the FTIR spectrum of P-PANtasF demonstrate the
successful introduction of the phenolphthalein via the Mannich
reaction.

1

3.3. The pH sensitivity, response time, photostability, reusability
and durability of P-PANtasF

The pH sensitivity and response time are crucial parameters for

colorimetric fiber. The possible color-changing mechanism of P-
PANtasF in acid and base solutions is drawn in Scheme S2

D p——— 100 um

a
_ b
=
[
C
d
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 3. FTIR spectra of (a) PANF, (b) PAN7F, (c) PANtasF, and (d) P-PANtasF.

(Supplementary material). It is well known that ethyl orange
changes from orange to red in acidic solutions when a quinoid
structure forms [28]. For phenolphthalein, the color changes from
colorless to violet in basic solutions as a result of the formation of
a dianion structure [29]. In addition, the further formation of
a colorless trianion structure causes the color to decay quickly over
time. The transition curves of the absorption of P-PANTasF versus pH
are shown in Figs. 4 and 5. The maximum absorption of ethyl orange
is at 474 nm in neutral solution and at 510 nm in acidic solutions
(pH < 3.0) [30,31]. The maximum absorption of the P-PANtasF in
acidic solutions is 570 nm. The large red shift may be due to the
buffering action of the amino groups on the fiber and changes in its

» Det WD —————{ 100an
SE 121

Fig. 2. SEM photographs of (a) PANF, (b) PANtF, (c) PANtasF, and (d) P-PANtasF.
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Fig. 4. Absorption spectra of P-PANtasF in aqueous solutions at pH (a) 7.0, (b) 3.1,
(c)2.2,(d) 1.1, (e) 0.5, and (f) 0.2.

microenvironment. Compared to phenolphthalein (Apax = 553 nm)
and our previous halochromic fiber (Amax =574 nm) [21], the
maximum absorption of P-PANtasF in basic media is 600 nm. The
red shift may be due to the effect of the ethyl orange moieties and
changes in its microenvironment [24]. Moreover, the corresponding
dynamic ranges shift from pH 3—5 to 0—1 in acidic solutions and
from pH 8—11 to pH 13—14 in basic solutions. The reason for these
phenomena may lie in the buffering action of the amino groups on
the modified fiber. Furthermore, changes in the microenvironment
and the increase of the dimensional effect may also influence the
color-changing process.

The response time of the P-PANtasF at pH 0.5 and 13.6 are shown
in Fig. 6. When quickly immersed into the aqueous buffer solution
at pH 0.5, the P-PANTasF became red orange in 5 s, deep pink within
1 min and equilibrated in 5 min. The response time decreased with
decreasing pH. When the pH was decreased to 0.1, the color
changes took place within 1 s. In the basic condition (at pH 13.6),
a similar phenomenon was observed and it was discussed in our
previous paper [21]. The color changes of the P-PANTasF in 1 M HCI
and 1 M NaOH aqueous solutions over time were recorded and are
shown in Fig. 7. These photos show that the color of the P-PANtasF
changed from yellow to red orange in 1M HCl in <1s and then
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0.00

T T T T T T E: T b
300 400 500 600 700 800
Wavelength (nm)

Fig. 5. Absorption spectra of P-PANtasF in aqueous solutions at pH (a) 7.0, (b) 10.8, (c)
11.9, (d) 13.0, (e) 13.6, and (f) 14.0.
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Fig. 6. Absorption spectra of P-PANpasF in aqueous buffer solutions at (a) 0 min,
(b) 1 min, (c) 2 min, (d) 5 min, and (e) 10 min. (A) at pH 0.5, (B) at pH 13.6.
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Fig. 7. The color-changing properties of P-PANasF in aqueous solution after (a) 0's, (b)
1s,(c)20s, (d) 24 h, and (e) neutralization. (A) 1 M HCl, (B) 1 M NaOH.
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Fig. 8. Naked-eye response time of the color change of P-PAN4sF at different pH. (A)
HCl solutions, (B) NaOH solutions.

changed to deep pink in <20 s (Fig. 7A (b, c)). A similar phenom-
enon was also observed in 1 M NaOH (from yellow to dark violet,
Fig. 7B (b, c)). After soaking in 1 M HCI for 24 h or longer, the color
of the P-PANTasF was effectively maintained (Fig. 7A (d)). However,
the color of the P-PANtasF in 1 M NaOH changed from dark violet to
red orange (Fig. 7B (d)), which was also observed and discussed in
our previous work [21]. After soaking in 1 M HCl or 1 M NaOH for
24 h, the color of P-PANtasF changed back to yellow after
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neutralization (Fig. 7A (e) and B (e)). In general, response time is
greatly affected by the diffusion speed of the analyte. Fibers are
known to have larger specific surface areas than granular materials.
Compared to polymer beads and films, fibers also have good kinetic
properties due to short diffusion paths from the analyte to the fiber
surfaces. Therefore, the response time of the P-PANtasF is faster
than most of the recently reported granular materials [9].

Naked-eye response time is the time a person takes to react to
the color change by naked-eye. For self-protection applications,
detection with the naked-eye is more important than instrumental
detection. The naked-eye response times of the P-PANTasF in
different pH aqueous solutions were measured by naked-eye and
a stopwatch. The results are shown in Fig. 8. With pH increasing
from 0.1 to 1.3, the naked-eye response time increases from 1 s to
180 s (see Fig. 8A). Whereas in basic media, the naked-eye response
time decreases remarkably as the pH increased (see Fig. 8B). This
further shows that the response time of the P-PANtasF decreases
with increasing concentrations of acids or bases.

Long life, reusability and photostability are also essential for
functional materials. When immersed into an aqueous solution at pH
0.5, the P-PANTasF changed its color to deep pink and did not decay
after 24 h (see Fig. 9A (a, b)). The maximum absorption at 553 nm for
free phenolphthalein occurs at pH 11, and it decays quickly because
of the formation of the colorless trianion structure [24]. However, the
absorption of the P-PANtasF did not decay even when it was dipped
into a solution at pH 13.6 for 24 h (see Fig. 9C (a, b)).

To verify its reusability, the P-PANtasF was treated repeatedly
with both pH 0.5 and pH 13.6 solutions. After 300 times, the fiber
still responded very well to the acid (pH 0.5, deep pink) and base
solutions (pH 13.6, dark violet). The absorption spectra of the
P-PANTtasF after 300 times at pH 0.5, 7.0 and 13.6 were the same as
unused P-PANTtasF (see Fig. 9A (a, ¢), B (a, b) and C (a, c)), which
demonstrates excellent reusability and durability. The P-PANtasF
was also exposed to direct sunlight for 60 days, and the optical
properties did not show any changes (see Fig. 9A (a, d), B (a, ¢) and
C(a, d)).

To study the color-changing ability and stability of the P-
PANTAsF in strong acid and base solutions, the color changes of the
P-PANTasF in 4 M HCl and 4 M NaOH were recorded over time and
are shown in Fig. 10. These photos show that P-PANtasF could be
immersed into 4 M HCl and 4 M NaOH for 24 h without deterio-
ration (see Fig. 10A (b, d) and B (b, d)). After neutralization, the
P-PANTasF changed back to yellow and then responded to the 4 M
HCI and NaOH for the next cycle (see Fig. 10A (e, f) and B (e, f)).
Even in concentrated HCl (36%) and NaOH (30%), the same
phenomena were observed. All these experiments prove that this
colorimetric fiber has good kinetic properties and is stable in
strong acid and base solutions.
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Fig. 9. Absorption spectra of P-PANtasF. (A) at pH 0.5: (a) first cycle, 10 min, (b) first cycle, 24 h, (c) after 300 cycles, and (d) exposed under sunlight for 60 days; (B) at pH 7.0: (a) P-
PANrasF, (b) after 300 cycles, and (c) exposed under sunlight for 60 days; (C) at pH 13.6: (a) first cycle, 10 min, (b) first cycle, 24 h, (c) after 300 cycles, and (d) exposed under sunlight

for 60 days.
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Fig. 11. The color-changing properties of P-PANtasF in (a) CH3COOH, 4 M, (b) citric acid, 4 M, (c) H3PO4, 4 M, (d) HNOs, 4 M, (e) HCl, 4 M, (f) HBr, 4 M, and (g) H,SO4, 4 M. (h) Na,COs,
saturated aqueous solution, (i) Ca(OH),, saturated aqueous solution, (j) NasPOy4, saturated aqueous solution, (k) Ba(OH),, saturated aqueous solution, (1) Na,SiOs, saturated aqueous

solution, (m) KOH, 4 M, and (n) NaOH, 4 M.

The color-changing properties of the P-PANyasF in other
commonly used concentrated acid and base solutions are shown in
Fig. 11. The acidity of CH3COOH (pH 1.9) was too weak to induce
color change in the P-PANtasF (Fig. 11(a)). Citric acid (4 M) caused
the color of P-PANtasF to change to red-orange and was easily
distinguished from the other acids, which shows that the P-PANtasF
is also applicable to strong organic acids (Fig. 11(b)). The P-PANtasF
responded to all the tested strong mineral acid solutions with color
changes from orange to deep pink (4 M H3POg4, HCI and H,SO4) or
red (4 M HNOs3 and HBr). Saturated Na,;CO3 (pH 12.6) did not cause
a color change in the P-PANtasF because its pH sensitivity starts at
13.0 (Fig. 11(h)). As expected, the color of the fiber changed from
yellow to dark violet in strong basic solutions such as saturated
Ba(OH),, Na,SiOs and 4 M KOH (Fig. 11).

These experiments show that the color changes of the P-PANtasF
occur for most strong acids and bases, and P-PANtasF is a good dual
colorimetric sensor for various strong acids and bases that are
harmful to the skin. This is especially important in the application of
skin protection because the harmfulness of acidic and basic solu-
tions to the skin worsen with increasing acidity and alkalinity.

4. Conclusions

A novel dual colorimetric fiber based on two acid—base indi-
cators has been prepared by first aminating commercially available
polyacrylonitrile fiber with tetraethylenepentamine and then
immobilizing ethyl orange moieties covalently through an alkyl-
ation reaction and a diazo coupling reaction; finally, the fiber was
modified with phenolphthalein covalently using a Mannich reac-
tion. This modified fiber responds to acids and bases with
a remarkable color change from yellow to deep pink or to dark
violet with a fast response time (<1s in 1M HCl or 1 M NaOH).
The color changes of the P-PANtasF can be induced by various
strong acids and bases with a large range of concentrations. The P-
PANTASF also shows excellent reusability (>300 times), high pho-
tostability (>60 days under direct exposure to sunlight) and
recycle stability (color-changing ability does not fade after being
recycled 300 times). These attractive features of this colorimetric
fiber based on a wearable PANF make it a useful sensor fiber which
has the potential to manufacture automatic leak detection wrap-
pers for acids and bases and self-monitoring exposure suits for
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people who work in environments contaminated by hazardous
acids and bases.

Acknowledgements

The authors are grateful for the financial support of the Key
Program of the National Natural Science Foundation of China
(No: 20834002).

Appendix. Supplementary material

Supplementary material associated with this article can be

found in the online version, at doi:10.1016/j.dyepig.2011.08.015.

References

(1

2

3

[4

(5

(6

[7

[8

(91
(10]

(11]

(12]

Rouhani S, Salimi S, Haghbeen K. Development of optical pH sensors based on
derivatives of hydroxyazobenzene, and the extended linear dynamic range
using mixture of dyes. Dyes Pigments 2008;77:363—8.

Wang S, Choi M-S, Kim S-H. Mutiple switching photochromic poly(N-iso-
propylacrylamide) with spironaphthoxazine hydrogel. Dyes Pigments 2008;
78:8—14.

Leng B, Jiang JB, Tian H. A mesoporous silica supported Hg?* chemodosimeter.
AIChE ] 2010;56:2957—64.

Kim S-H, Hwang I-J, Gwon S-Y, Son Y-A. Photoregulated optical switching of
poly(N-isopropylacrylamide) hydrogel in aqueous solution with covalently
attached spironaphthoxazine and D—m—A type pyran-based fluorescent dye.
Dyes Pigments 2010;87:158—63.

Kim HN, Guo ZQ, Zhu WH, Yoon J, Tian H. Recent progress on polymer-based
fluorescent and colorimetric chemosensors. Chem Soc Rev 2011;40:79—-93.
Shen LJ, Lu XY, Tian H, Zhu WH. A long wavelength fluorescent hydrophilic
copolymer based on naphthalenediimide as pH sensor with broad linear
response range. Macromolecules 2011;44:5612—8.

Song DH, Yoo HY, Kim JP. Synthesis of stilbene-based azo dyes and application
for dichroic materials in poly(vinyl alcohol) polarizing films. Dyes Pigments
2007;75:727-31.

Brigo L, Carofiglio T, Fregonese C, Meneguzzi F, Mistura G, Natali M, et al. An
optical sensor for pH supported onto tentagel resin beads. Sens Actuators B
2008;130:477-82.

Wong LS, Bradley M. Immobilisation and assessment of aniline dyes for non-
fluorescent pH sensing applications. Tetrahedron Lett 2005;46:5731—4.

Jin Z, Su YX, Duan YX. An improved optical pH sensor based on polyaniline.
Sens Actuators B 2000;71:118—-22.

Makedonski P, Brandes M, Grahn W, Kowalsky W, Wichern ], Wiese S, et al.
Synthesis of new kinds of reactive azo dyes and their application for fibre-
optical pH-measurements. Dyes Pigments 2004;61:109—19.

Cho JK, Wong LS, Dean TW, Ichihara O, Muller C, Bradley M. pH Indicating
resins. Chem Commun; 2004:1470—1.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

1099

Carrington NA, Xue Z-L. Inorganic sensing using organofunctional sol—gel
materials. Acc Chem Res 2007;40:343—50.

Haeringer D, Goschnick ]. Characterization of smelling contaminations on
textiles using a gradient microarray as an electronic nose. Sens Actuators B
2008;132:644-9.

El-Sherif MA, Yuan ], MacDiarmid A. Fiber optic sensors and smart fabrics.
J Intell Mater Syst Struct 2000;11:407—14.

Catrysse M, Puers R, Hertleer C, Van Langenhove L, Van Egmond H, Matthys D.
Towards the integration of textile sensors in a wireless monitoring suit. Sens
Actuators A 2004;114:302—-11.

Moroi G, Bilba D, Bilba N. Thermal degradation of mercury chelated poly-
acrylamidoxime. Polym Degrad Stab 2004;84:207—14.

Vatutsina OM, Soldatov VS, Sokolova VI, Johann J, Bissen M, Weissenbacher A.
A new hybrid (polymer/inorganic) fibrous sorbent for arsenic removal from
drinking water. React Funct Polym 2007;67:184—201.

Liu RX, Zhang BW, Tang HX. Synthesis and characterization of poly
(acrylaminophosphonic-carboxyl-hydrazide) chelating fibre. React Funct
Polym 1999;39:71-81.

Shunkevich AA, Akulich ZI, Mediak GV, Soldatov VS. Acid—base properties of
ion exchangers. IIl. Anion exchangers on the basis of polyacrylonitrile fiber.
React Funct Polym 2005;63:27—34.

Zhang LH, Li ZW, Chang RX, Chen Y, Zhang WQ. Synthesis and characteriza-
tion of novel phenolphthalein immobilized halochromic fiber. React Funct
Polym 2009;69:234—9.

Zhang LH, Zhang XS, Li PP, Zhang WQ. Effective Cd** chelating fiber based on
polyacrylonitrile. React Funct Polym 2009;69:48—54.

Senel S, Kara A, Alsancak G, Denizli A. Removal of phenol and chlorophenols
from water with reusable dye-affinity hollow fibers. ] Hazard Mater B 2006;
138:317—-24.

Liu ZH, Luo FL, Chen TL. Polymeric pH indicators immobilized PVA menbranes
for optical sensors of high basicity based on a kinetic process. Anal Chim Acta
2004;519:147-53.

Li GW, Zhang LH, Li ZW, Zhang WQ. PAR immobilized colorimetric fiber for
heavy metal ion detection and adsorption. ] Hazard Mater 2010;177:983—9.
Badawy SM, Dessouki AM. Cross-linked polyacrylonitrile prepared by
radiation-induced polymerization technique. ] Phys Chem B 2003;107:
11273-9.

Liu ZH, Liu JF, Chen TL. Facile synthesis, characterization, and potential
applications of two kinds of polymeric pH indicators: phenolphthalein
formaldehyde and o-cresolphthalein formaldehyde. ] Polym Sci Part A Polym
Chem 2005;43:1019-27.

Sanchez AM, Barra M, de Rossi RH. On the mechanism of the acid/base-
catalyzed thermal cis-trans isomerization of methyl orange. ] Org Chem
1999;64:1604—-9.

Kuwabara T, Takamura M, Matsushita A, Ikeda H, Nakamura A, Ueno A, et al.
Phenolphthalein-modified §-cyclodextrin as a molecule-responsive colorless-
to-color change indicator. ] Org Chem 1998;63:8729—35.

Asatekin A, Olivetti EA, Mayes AM. Fouling resistant, high flux nanofiltration
membranes from polyacrylonitrile- graft-poly(ethylene oxide). ] Membr Sci
2009;332:6—12.

Prevot AB, Fabbri D, Pramauro E, Baiocchi C, Medana C. High-performance
liquid chromatography coupled to ultraviolet diode array detection and
electrospray ionization mass spectrometry for the analysis of intermediates
produced in the initial steps of the photocatalytic degradation of sulfonated
azo dyes. ] Chromatogr A 2008;1202:145—54.


http://dx.doi.org/10.1016/j.dyepig.2011.08.015

	 A novel dual colorimetric fiber based on two acid–base indicators
	1 Introduction
	2 Experiment
	2.1 Reagents
	2.2 Apparatus and instruments
	2.3 Synthesis of the dual colorimetric fiber
	2.4 Acid exchange capacity of the modified fiber (PANTF)
	2.5 UV–vis detection of the dual colorimetric fiber

	3 Results and discussions
	3.1 Synthesis of the dual colorimetric fiber
	3.2 Characterization of the different modified fibers
	3.3 The pH sensitivity, response time, photostability, reusability and durability of P-PANTASF

	4 Conclusions
	Acknowledgements
	 Appendix Supplementary material
	 References


