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ty and Ins
[13_TD$DIFF]A B S T R A C T

In this article, an acid-responsive luminescent material, 1,4-di(quinoline-6-yl)buta-1,3-diyne (DQBD) is
designed and synthesized. Upon different pH values, gradual changes of fluorescence colors for DQBD in
both solution and solid phases are demonstrated due to the protonation effect.Moreover, such responsive
characteristics can also be reversible, suggesting DQBD as a promising fluorescent material with great
potential for reusable- and accurate-pH sensors in the future.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Potential-of-hydrogen (pH) sensors are devices that respond
specifically to acids or bases and are capable of detecting the
concentration of hydrogen ions in substances. It should be
mentioned that pH sensors have an irreplaceable role in the field
of environmental protection and biological medicine [1,2]. As a
common pH sensor, pH test paper has the ability to accurately and
sensitively detect large range of hydrogen ion concentration of
substances. This ability is based on methyl red, bromocresol green,
and thymol blue, but these three acid-sensitive materials are
wasted because they cannot be reused. With the development of
organic optoelectronic field, numbers of new multifunctional
organic semiconductor materials have been continuously synthe-
sized to use in various fields like information and communication
technology, biomedicine and computing [3–8]. Some semicon-
ducting materials have been applied to sensor devices, which are
widely used to test different parameters, such as pressure,
hydrogen-ion concentration, metal-ion concentration and others
[9–13]. Moreover, the materials with stimulus-response-lumines-
cence properties demonstrate great potential for application in pH
titute of Materia Medica, Chinese
sensors due to their intuitive and rapid response with the changes
of pH. Tian and co-workers have reported a series of molecules,
such as 1,10-(2,5-distyryl1,4-phenylene)dipiperidine (DPD), 9,10-
bis(2-(pyridine-3-yl)vinyl)anthracene (BP3VA) and 9,10-bis((E)-2-
(pyridine-4-yl)vinyl)anthracene (BP4VA), which were constructed
by pyridine [14–16]. Because of the presence of acid, all these
materials have abilities of fluorescent color changing, and some
molecules even have electrical properties. BP3VA solid can be
discolored in the acidic gas and reused by fumigation under
triethylamine vapor. DPD solution implements accurate fluores-
cent colors changes from pH 2 to pH 0. BP4VA regulates the growth
of two different crystal phases by changing the types of acid, which
provides an important reference for studying the mechanism of
acid reaction discoloration. However, these materials cannot be
accurately used in large range of pH value or cannot be reusable, so
there is still room for improvement.

Molecular design is a direct way to adjust the properties of
organic stimuli-responsive luminescent materials [17]. In order to
maintain the response of acid stimulation and have luminescence
performance, quinoline group was introduced into the molecule
[18]. Based on the extensive applications of quinoline in
fluorescent materials [19,20], it is also possible to regulate the
optical properties. Protonation of nitrogen-containing groups
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Fig._1)TD$FIG]

Fig. 1. (a) Reaction process of DQBD protonation. (b) UV–vis absorption and (c) FL spectra of DQBD in Britton-Robinson buffer solutions under different pH values. (d)
Fluorescence images of DQBD buffer solution under different pH values. (e) The fluorescence intensities of the molecular forms (I365/I495) versus the pH values.
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Fig. 2. (a) Florescence image of individual DQBD and DQBD�HCl crystal. (b) Raman
spectrum of DQBD and DQBD�HCl. (c) UV–vis absorption and (d) FL spectra of
DQBD/DQBD�HCl crystals.
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under the action of acids leads to different fluorescent colors due to
changed stacking patterns. Nitrogen atoms are kept at both ends of
the molecule so that the protonated material can return to its
original state under the action of a base. Therefore, 6-quinoline is
used to reduce steric hindrance. Based on above-mentioned
considerations, herein, we design and synthesize a new acid-
responsive luminescent material, 1,4-di(quinoline-6-yl)buta-1,3-
diyne (DQBD). As expected, upon adding hydrochloric acid, an
obvious change of fluorescent characteristics for DQBD is observed
due to the protonation effect, which results in different molecular
packing and optical properties. Single crystal data of DQBD and
protonated DQBD have well confirmed this point. Moreover, the
acid-responsivity can be reversible with ability of multiple cycles
by adjusting the repeated pH of sodium hydroxide and hydro-
chloric acid, suggesting the great potential of DQBD for pH sensors.

DQBDwas synthesized by one-step reactionwith [14_TD$DIFF]80% yield. The
synthesized route and the characterized data are summarized in
Scheme S1 (Supporting information). The protonation reaction
process can be described by a chemical equation as shown in
Fig. 1a. Part of DQBD is protonated with the decrease of pH value,
which is ascribed as the reaction of unilateral quinoline, while at
higher acid concentration, both quinoline sides could be protonat-
ed leading to the obvious change of its florescence color.
Ultraviolet-visible (UV–vis) absorption spectra in Fig. 1b and
fluorescence spectra (FL) in Fig. 1c were characterized to
investigate the optical properties of DQBD solution at different
pH values in the Britton-Robinson buffer solutions [21,22]. As
shown in Fig. 1b, a new broad peak located at around 380 nm
appeared for DQBD solution with low pH value due to the
protonation effect. More interestingly, with the change of pH
values, the fluorescence spectrum of DQBD solution demonstrates
obvious change with the new appearance of emission peak at
�495 nm for the formation of protonated DQBD species along with
the decrease of the initial emission peak at �366 nm for DQBD
compound. Fig. S1 (Supporting information) shows the CIE 1931 (x,
y) chromaticity diagram of the DQBD solutions under different pH
values and Fig.1d shows the fluorescence images of DQBD solution
under different pH values in buffer solutions taken under the UV
light illumination. Fig. 1e is the curve of fluorescence intensity
ratios of the molecular forms (I366/I495) versus pH values,
demonstrating a liner relationship in a wide pH range of 1.8–9.0
and suggesting its wide application range for pH detection. Based
on the relationship between fluorescence intensity and pH
values (Fig. S2 in Supporting information) and the Henderson-
Hasselbach-type mass action equation: log(Fmax-F)/(F-Fmin) =
pH - pKa where Fmax, Fmin, and F represent the maximum,
minimum, and observed fluorescence intensity at a given pH
value, respectively [23,24], the calculated pKa value for DQBD is at
around 2.1�0.1.

The DQBD-hydrochloric acid (DQBD�HCl) and DQBD crystals
were made by solvent evaporation approach. The different crystals
excited by wavelength of 365 nm are demonstrated in Fig. 2a,
which directly and concretely reflects the fluorescent color change
between single crystals of DQBD and DQBD�HCl. Raman spectra in
Fig. 2b shows the peak of DQBD�HCl is obviously shifted compared
with DQBD and that means bond environment have changed.
Compared with DQBD, the UV–vis absorption of DQBD�HCl in
Fig. 2c shows obvious change, which reveals the change of band
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Fig. 3. The molecular configuration of one DQBD (a) and one DQBD�HCl (b) molecule in single crystals. (c) Molecular stacking of DQBD crystals viewed along the a-axis. (d)
Molecule stackingofDQBD�HCl crystals viewedalongb-axis.Neighboringmolecular stackingof (e)DQBDand (f)DQBD�HCl in crystals. Neighboringquinoline centerdistance
of DQBD: D1 = 6.083 Å. Molecular center distance of DQBD�HCl: D2 = 5.153 Å; DQBD neighboring molecular angle: u = 75.93�; interplane distance of DQBD�HCl: L = 3.394 Å.
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Fig. 4. (a) Fluorescent images of DQBD in different concentrations of HCl solutions
(Group 1), below is the fluorescence images of DQBD films after adding different
concentration of HCl solution on top. (b) Fluorescent image of Group 1 is adjusted to
neutral by NaOH. (Group 2) (c) Fluorescent pictures of solution in Group 2 adjusted
to previous concentration of HCl. (Group 3) (d) Primary emission wavelengths of
DQBD solution by repeated adjusting with HCl and NaOH solution for 8 times. (e) FL
spectra of the solution in (a).
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gap [16]. FL of DQBD�HCl crystals have a red shift compared with
DQBD crystals (Fig. 2d). Red-shifted and broader emission spectra
of DQBD solution with different concentration and crystal (Fig. S3
in Supporting information) suggested the aggregation and excimer
formation of DQBD since DQBD has a relative flat structure with a
small torsion angle of 4.32� [25,26].

Large single crystals of DQBD and DQBD�HCl crystals were
obtained from the solvent evaporation approach. Compared with
DQBD crystal (Fig. 3a), DQBD�HCl crystal (Fig. 3b) has more
hydrogen and chlorine atoms around it. And we get the distinct
stacking patterns of two crystals by following X-ray structural
analysis. These crystals belong to the monoclinic system. DQBD
crystal pack in a sandwich herringbone fashion clustered by along
to b axis in each column (Fig. 3c). Eachmolecule is connected to the
neighboring molecules by weak C-H���C interactions as shown in
Fig. S4a (Supporting information). Molecular center distance
between Quinoline group and neighboring DQBD is D1 = 6.083 Å.
DQBD neighboring molecular angle: u = 75.93� (Fig. 3e). Angle of
two quinolines in the same DQBD molecule is 4.42� (Fig. S4b in
Supporting information). As a result, DQBD along b-axis p-p
overlap by edge-to-face stacking [27]. Stacking mode of DQBD is
different after the protonation of quinoline moieties with
chloridion. The DQBD�HCl molecules pack in an absolute uniaxial
orientation (Fig. 3d). Clustered along the c axis in each column, the
molecules are through the quinoline ring of the p-p stacking
interaction. Each molecule is connected to the neighboring
molecules by X-H���Cl (X¼C, N) as shown in Fig. S5 (Supporting
information). After the protonation, due to strong hydrogen
bonding, the molecular stacking structure is changed. Molecular
center distance of DQBD�HCl: D2 = 5.153 Å. And the interplane
distance of the neighboringmolecular is L = 3.394 Å. Two quinoline
groups of DQBD�HCl are in the same plane (Fig. S5b in Supporting
information). So that, DQBD�HCl along c-axis exhibits a certain
p-p overlap by offset stacking. A certain deviation between the
two conjugate planes avoids the electrostatic repulsion of the torus
in the offset stacking which cause the redshift of fluorescence
spectra of DQBD [28–30].

To explore the ability of repeated discoloration for DQBD, we
first investigated the fluorescence characteristic of DQBD solution
(Group 1, Fig. 4a) with addition of difference concentrations of
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10�7mol/L (1), 10�4
[15_TD$DIFF]mol/L (2), 10�3mol/L (3) and 10�2mol/L (4) of

HCl. As anticipated from the above results, gradual fluorescence
colors were observed for these solutions due to the different pH
values. In this case, when we added sodium hydroxide into these
solutions to adjust its neutral property, similar fluorescence color
was observed under the neutral conditions (Group 2, Fig. 4b).
Further adding HCl into the Group 2 solutions, reversible
florescence colors were observed again that was similar to that
of Group 1, suggesting the its good reversibility for pH sensor
applications. In addition, by absorbing DQBD onto thin-layer silica
gel plates and then dropping HCl with different concentrations,
similar florescence color changes with that in solution were also
observed (Fig. 4a, below), suggesting its potential use for pH paper.
It should be stated that it is difficult for DQBD films to achieve quick
response for the detection of HCl gas because of the inadequate
protonation effect within a relatively short time. Fig. 4d shows the
reversable changes for fluorescence intensity under different pH
values which demonstrates good stable and reversibility. Fig. 4e
shows the corresponding FL spectra of DQBD solutions in
accordance with that shown in Fig. 4a. Although different acids
were substituted, the spectral morphology was similar to that of
the buffer solution. As shown in Fig. S7 (Supporting information),
FL spectra of four samples of Fig. 4d (Cycle 1, Cycle 2, Cycle 7, Cycle
8) almost coincide at the same acid – base properties. The results
show that the emission wavelength of the reused solution is
basically the same under the same concentration of HCl. In
summary, after eight times of acid - base changing, DQBD can still
be usedwith high accuracy, which promises a potential application
of DQBD on reusable and accurate pH sensors. In addition, the pH
testing ability of DQBD for other acids such as acetic acid,
trifluoroacetic, nitric acid and sulfuric acid has also been
investigated in our experiment. As shown in Fig. S6 (Supporting
information), obvious emission changes could be easily observed
under a certain concentration, suggesting its wide applications in
various fields.

In this article, a new acid-responsive luminescent organic
material, DQBD is designed and synthesized. Excellent pH sensor
property including obvious fluorescence change for sensor and
reversible response ability is characterized for DQBD compound
due to the controllable protonation effect on the functional
quinoline groups. Single crystal data of DQBD and DQBD�HCl
definitely demonstrate the change of molecular packing after
protonation, which leads to optical property changes for applica-
tion in pH sensor. In addition, it should be stated that another
interesting character for DQBD�HCl is that the molecular packing
in this state demonstrates a slipped packing with the C1-C4
distance of 3.5 Å with an angle of 45� between two neighboring
diacetylene, suggesting its ability for preparation of topochemical
polymerized polydiacetylene single crystals, which has been
proved to be good change-transporting materials for optoelec-
tronic devices and fundamental studies [31–34]. In-depth studies
are on going in our experiment.
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