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Imidazole and triazole head group-containing
polydiacetylenes for colorimetric monitoring of
pH and detecting HCl gas†

Woolin Lee,‡ Dayoung Lee,‡ Ji-Yeong Kim, Songyi Lee* and Juyoung Yoon *

The family of conjugated polymers known as polydiacetylenes (PDAs) has been extensively utilized in

designing stimuli-responsive colorimetric and fluorometric sensors. In the current study, we have developed

highly sensitive and rapidly responsive colorimetric chemosensors composed of PDAs bearing imidazole

(PDA-Im) and triazole (PDA-Ta) head groups for the determination of pH and the detection of HCl gas. In

solution, PDA-Im and PDA-Ta display distinct colorimetric changes from blue to red accordingly in response

to pH changes. Also, a PDA-Im film was fabricated to detect HCl by a visibly observed blue-to-red color

change.

Introduction

Owing to the significant role it plays in the environment and
biology, acidity is an important value to measure both readily and
accurately.1 In addition, HCl is a strong irritant to the eyes, nose
and upper respiratory tract of humans because its dissolution in
water yields a highly corrosive acidic solution. Also, exposure to
45 ppm of HCl gas is considered to be a workplace hazard.2

Among the chemosensors for gases that have been widely developed
in recent years,3 colorimetric or fluorometric probes for hydrogen
chloride gas are of particular interest because of the hazardous
nature of this substance.4 Even though they have been actively
explored, the development of colorimetric chemosensors for HCl
gas faces considerable challenges. Specifically, sensor systems for the
detection of this toxic and corrosive gas must be procedurally simple,
economical and portable, and it is preferable that the readout can be
visualized using the naked eye.5

One member of the class of conjugated polymers known as
polydiacetylenes (PDAs) has been extensively explored as stimuli-
responsive colorimetric and fluorometric sensors.6 PDAs, which are
typically generated by UV irradiation of self-assembled diacetylene
monomers (DAs), have a blue color (lmax E 640 nm). A variety
of stimuli induce a blue-to-red (lmax E 550 nm) color transition
in the PDAs. Depending on the nature of the head groups
present in the PDAs, the stimuli promoting this change include
temperature,7 metal ions,8 surfactants,9 anions,10 moisture,11

gas,12 bacteria,13 and others.14

From another perspective, imidazole and triazole derivatives,
which have strong hydrogen bonding characters and respective
pKa values of ca. B6.25 and B10.3 in water at 25 1C,15 undergo
interesting spectroscopic changes upon protonation/deprotona-
tion.16 Even though these compounds have been actively studied
over the last decade,17 few efforts have been conducted on PDAs
that possess imidazole and triazole head groups.8b,13a

In the study described below, we developed the PDA-based
colorimetric chemosensors PDA-Im and PDA-Ta, which contain
imidazole and triazole head groups, for monitoring pH changes
and detecting HCl gas. In this effort, we showed that PDA-Im
and PDA-Ta can be employed to monitor the pH changes in
aqueous solutions by undergoing a distinct, visually observable
blue-to-red color change (pKa = 4.06 and then 12.30) at pH
values that correspond to the pKa values of the imidazole and
triazole head groups. The results of UV-Vis absorption spectroscopic
analysis show that the wavelength maximum in the spectrum of
PDA-Im disappears in concert with a corresponding gradual increase
in the appearance of an absorption peak at 530 nm as the pH of
the solution decreases. The same principles were utilized for the
detection of HCl gas with PDA-Im coated glass prepared by spin-
coating and UV irradiation of the corresponding monomer.
Exposure to HCl gas causes this film to undergo a blue-to-red
color change within 3 s, and HCl gas can be detected at a volume
of as low as 0.5 mL in a 100 mL chamber.

Results and discussion
Synthesis and polymerization of vesicles

The diacetylene monomers PCDA-Im and PCDA-Ta were synthesized
by using a modification of the reported procedure.9b Specifically,
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10,12-pentacosadiynoic acid (PCDA) reacted with N,N-dimethyl-
ethylenediamine in the presence of N,N0-dicyclohexylcarbodiimide
to yield a succinimidyl ester derivative, which was then treated
with 1-(3-aminopropyl)-imidazole to produce N-(3-(1H-imidazol-1-
yl)propyl)pentacosa-10,12-diynamide (PCDA-Im) (58%). Alternatively,
PCDA was treated with oxalyl chloride to generate the corresponding
acid chloride, which was reacted with 3-amino-1,2,4-triazole to
form N-(2H-1,2,3-triazol-4-yl)pentacosa-10,12-diynamide (PCDA-Ta)
(97%) (Scheme S1, ESI†). PCDA-Im and PCDA-Ta were character-
ized by using 1H and 13C NMR spectroscopy and FAB high-
resolution mass spectrometry (ESI†). The solutions of PDA-Ta
and PCDA-Ta have a clear blue color. Inspection of scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) images (Fig. S5, ESI†) shows that self-assembled PDA-Im has
a thin-film-like ribbon structure. The self-assemblies of PCDA-Im
and PCDA-Ta were converted to the corresponding PDAs upon
exposure to UV irradiation for 30 s and 120 s, respectively (Fig. 1).

Colorimetric and fluorometric changes of PDA-Im and PDA-Ta
in response to pH

As shown in Fig. 2, PDA-Im in water has a clear blue color and
undergoes a blue-to-red color transition when the solution pH
is lowered to below 5.0. Moreover, PDA-Ta undergoes a blue-to-
red color transition when the pH is lower than 11.5. These color
changes are a consequence of protonation of the imidazole and
triazole head groups of the PDAs, which results in the produc-
tion of charge–charge repulsive interactions that induce stress
on the conjugated polymer backbone. Analysis of UV/visible
absorption spectroscopic changes in an aqueous solution of
PDA-Im (10 mM), promoted by decreasing the pH in the range
of 7.8 to 2.2, shows that the original 650 nm absorption band of
PDA-Im decreases simultaneously with an increase in a band at
530 nm. PDA-Ta displays similar absorption spectroscopic
changes upon decreasing the pH from 13.0 to 6.0 (Fig. 3).
Furthermore, an aqueous solution of PDA-Im is nonfluorescent
at pH = 7.8 but becomes fluorescent with a maximum at 558 nm
when the pH is decreased from 7.8 to 2.2 (Fig. S6, ESI†).
Analysis of a titration curve obtained by monitoring fluores-
cence changes indicates that the pKa of PDA-Im is 4.06 (Fig. S8,
ESI†). Likewise, the fluorescence intensity of PDA-Ta at 627 nm
increases more than 90-fold upon changing the pH from 13 to
9. Using the Henderson–Hasselbalch equation, the pKa value of
PDA-Ta was calculated to be 12.30 (Fig. S7 and S9, ESI†).

Detection of HCl gas with polymer films

The general procedure used to prepare the PDA-Im film is
illustrated in Fig. 4. The procedure involves spin coating a
solution containing 5 mg of PCDA-Im in 0.2 mL of CHCl3 onto a
UV-ozone pre-treated glass at a speed of 1000 rpm for 20 s. The
resulting film on the glass was irradiated using a 4 W 254 nm
UV lamp for 30 s to yield a blue PDA-Im film.

A distinct color transition from blue to red occurs when the
PDA-Im-coated glass is exposed to as low as 0.5 mL of HCl gas in
a 100 mL chamber (Fig. 5). As stated above, in the presence of HCl
gas, the imidazole group in PDA-Im is protonated leading to charge
repulsion-induced stress on the conjugated polymer backbone.

The photographic images in Fig. 5 show the time- and
concentration-dependent color changes that take place when
the PDA-Im-coated glass is exposed to HCl gas. The color
transition promoted by 0.8 mL of HCl in a 100 mL chamber
begins within 3 s and is complete within 10 s. The blue-to-red
color transition of the PDA film can also be monitored by using
UV absorption spectroscopy. As shown in Fig. S10, ESI,† the
maximum absorption wavelength at 650 nm is shifted in a
time-dependent manner to 540 nm upon the addition of HCl
gas. Furthermore, the Raman spectrum of the PDA-Im-coated

Fig. 1 Self-assembly and polymerization of PCDA-Im, and PCDA-Ta.
(i) Irradiation using a 4 W 254 nm UV lamp for 30 s. (ii) Irradiation using a
9 W 254 nm UV lamp for 120 s.

Fig. 2 (a) Colorimetric changes of PDA-Im (10 mM) at different pHs (2.2–7.8).
(b) Colorimetric changes of PDA-Ta (1 mM) at different pHs (6.0–13.0).
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glass contained peaks assigned to the carbon triple-bond stretch
at 2076 cm�1 and the carbon double-bond stretch at 1456 cm�1.
The peaks within these regions were correlated to the blue phase
of the conventional PDA backbone.18 The Raman spectra of the
PDA-Im-coated glass were recorded after exposure to HCl gas.
When exposed to HCl gas, the carbon triple-bond peak shifted to
2121 cm�1, corresponding to the red portion of the PDA film. In
contrast, vapors arising from organic solvents, such as acetone,
acetonitrile, chloroform, hexane, methyl alcohol, methylene
chloride and tetrahydrofuran, do not induce significant color
changes of the PDA-Im-coated glass (Fig. S12, ESI†).

Experimental
Equipment and measurement

10,12-Pentacosadiynoic acid (PCDA), N,N-dimethylethylene-
diamine, N,N0-dicyclohexylcarbodiimide, 1-(3-aminopropyl)imidazole
and 3-amino-1,2,4-triazole were purchased from Aldrich, South
Korea. All organic solvents used in the reactions employed in the
synthesis pathway were obtained from Aldrich and were used
without further purification. Flash chromatography was carried
out on a silica gel (230–400 mesh). 1H and 13C NMR spectra were
recorded using a Bruker Avance 300 MHz NMR spectrometer. UV
absorption spectroscopy measurements were carried out on a
Scinco S-3100 at room temperature. Scanning Electron Microscopy
(SEM) images were acquired on a JEOL JMS-6700F operating at an
accelerating voltage of 10.0 kV. Transmission electron microscopy
(TEM) images were acquired on a JEM-2100F TEM operating at an
accelerating voltage of 200 kV. A spin coater ACE-200 Series of Dong
Ah Tech & Trade Corp. was used for spin coating.

Synthesis of PCDA-Im and PCDA-Ta

For synthesis of PCDA-Im (N-(3-(1H-imidazol-1-yl)propyl)-
pentacosa-10,12-diynamide), N-hydroxysuccinimide (NHS, 300 mg,
2.61 mmol) and 600 mg (2.91 mmol) of N,N0-dicyclohexyl-
carbodiimide (DCC) were added to a solution containing
0.750 g (2.01 mmol) of 10,12-pentacosadiynoic acid in 20 mL
of CH2Cl2. The resulting solution was stirred overnight at room
temperature under a N2 atmosphere. The concentration of the
mixture in vacuo gave a white precipitate that was filtered, and
the filtrate was concentrated in vacuo giving a residue that was
subjected to flash column chromatography (silica gel, dichloro-
methane) to yield the NHS-modified PCDA PDA-NHS. PDA-NHS
was added to a solution of 1-(3-aminopropyl)-imidazole (500 mg,
4.0 mmol) in 10 mL of CH2Cl2. The resulting mixture was
stirred for 24 h at room temperature. The concentration of the
mixture in vacuo gave a residue that was subjected to a silica gel
column (dichloromethane : methanol = 97 : 3) to yield N-(3-(1H-
imidazol-1-yl)propyl)pentacosa-10,12-diynamide (560 mg, 58%)
as a white solid. 1H NMR (CDCl3, 300 MHz) d (ppm): 7.70
(s, 1H), 7.09 (s, 1H), 6.97 (s, 1H), 5.70 (br, 1H), 4.02 (t, 2H, J =
6.9 Hz), 3.26 (q, 2H, J = 6.9 Hz), 2.26–2.13 (m, 6H), 2.06–1.97
(m, 2H), 1.66–1.22 (m, 32 H), 0.84 (t, 3H, J = 6.3 Hz). 13C NMR
(CDCl3, 62.5 MHz) d (ppm): 173.6, 137.0, 129.6, 118.9, 65.3,
65.2, 44.7, 36.6, 31.9, 29.6, 29.5, 29.3, 29.2, 29.1, 29.0 28.9, 28.8,

Fig. 3 (a) UV/Vis spectra of PDA-Im (10 mM) at different pHs between 2.2 and
7.8. (b) UV/Vis spectra of PDA-Ta (1 mM) at different pHs between 6.0 and 13.0.

Fig. 4 A schematic representation of the preparation of the PDA-Im-
coated glass.

Fig. 5 Top: Concentration-dependent color changes of the PDA-Im film
in the presence of HCl gas for 3 s. Bottom: Time-dependent color changes
in the presence of HCl gas (0.8 mL of HCl in a 100 mL chamber).
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28.7, 28.3, 28.2, 22.7, 19.2, 19.1. FAB MS m/z = 482.4112 [M + H]+,
calc. for C31H52N3O = 482.4110.

For synthesis of PCDA-Ta (N-(2H-1,2,3-triazol-4-yl)pentacosa-
10,12-diynamide), oxalyl chloride (0.686 mL, 8 mmol) was added
dropwise to a CH2Cl2 solution containing 0.75 g (2 mmol) of
10,12-pentacosadiynoic acid. After stirring for 1 h, one drop of
dimethylformamide (DMF) was added to the solution and the
resulting mixture was stirred for another 4 h. The concentration
of the mixture in vacuo gave crude PDCA-Cl to which a solution
containing 0.168 g (2 mmol) of 3-amino-1,2,4-triazole and 1.11
mL (8 mmol) of triethylamine in 20 mL of CH2Cl2 was added.
The resulting solution was stirred overnight at room temperature
under a N2 atmosphere. The concentration of the mixture
in vacuo gave a residue that was subjected to a silica gel column
(hexane : ethyl acetate = 1 : 1) to give N-(2H-1,2,3-triazol-4-yl)-
pentacosa-10,12-diynamide (860 mg, 97%) as a white solid.
1H NMR (CDCl3, 300 MHz) d (ppm): 7.53 (s, 1H), 6.83 (s, 1H),
3.01 (t, 2H, J = 2.5 Hz), 2.24 (t, 4H, J = 2.2 Hz), 1.72 (s, 11H), 1.50
(q, 4H, J = 2.4 Hz), 1.36–1.25 (m, 26 H), 0.88 (t, 3H, J = 2.1 Hz). 13C
NMR (CDCl3, 125 MHz) d (ppm): 175.1, 171.4, 150.5, 77.9, 77.6,
77.5, 77.0, 68.2, 65.6, 65.5, 60.6, 35.4, 32.2, 29.9, 29.8, 29.7, 29.6,
29.3, 29.2, 29.1, 29.0, 28.6, 28.5, 25.8, 24.1, 22.9, 21.2, 19.4, 14.4,
14.3. ESI MS m/z = 441.3585 [M + H]+, calc. for C27H44N4O =
441.358.

Preparation and PDA of vesicles

Independent solutions of PCDA-Im (9.65 mg, 0.02 mmol) and
PCDA-Ta (8.83 mg, 0.02 mmol) in small amounts of THF (2 mL)
and DMF (2 mL), respectively, were injected into 18 mL of
deionized water while shaking. The solutions containing total
monomer concentrations of 1 mM were sonicated at 80 1C for
30 min. The resulting solutions were filtered using a 0.8 mm filter,
and the filtrates were incubated at 4 1C for 12 h. Polymerization of
each solution was carried out at room temperature upon UV
irradiation at 254 nm (1 mW cm�2) for 30 and 120 s, respectively.

Preparation of the PDA-Im-coated glass

A glass substrate was treated with UV-ozone for 20 min. The
PCDA-Im solution (5 mg in 0.2 mL of chloroform) was then spin-
coated onto the glass at a speed of 1000 rpm for 20 s. The spin-
coated samples were irradiated with a 4 W 254 nm UV lamp at
room temperature for 30 s to yield the PDA-Im-coated glass.

pH titrations of PDA-Im and PDA-Ta

Potentiometric titrations were performed on PDA-Im and PDA-Ta
(10 mM) in 20 mL of aqueous solutions at room temperature using an
AZ pH meter 86501, standardized with Sigma-certified buffers at pH
4.01 and 10.01 or 7.01 before each titration. To these solutions, 0.1 N
HCl and NaOH were added to adjust the pH followed by incubation
for at least 5 min before the measurements were carried out.

Conclusions

In the investigation described above, we have developed
polydiacteylene-based colorimetric chemosensors for naked

eye monitoring of pH changes and detecting HCl gas. PDA-Im
and PDA-Ta, fabricated by UV irradiation of the corresponding
monomeric diacetylene vesicles, have a blue color. The con-
jugated backbones of PDA-Im and PDA-Ta are efficiently dis-
rupted by the protonation of the respective imidazole and
triazole head groups. As a result, PDA-Im and PDA-Ta undergo
distinct blue-to-red color changes at pHs that correspond to the
respective pKa values of 4.06 and 12.30. Furthermore, a blue-to-
red color change occurs within 3 s when the spin-coated PDA-Im
film on glass is exposed to as low as 0.5 mL of HCl gas in a
100 mL chamber. The results show that the PDA-Im film has
high potential for use as a colorimetric sensor for HCl gas that
does not require analytical instrumentation.
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