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Acid—base equilibria play a critical role in biological processes and environmental systems. The
development of innovative fluorescent polymeric materials to monitor acid—base equilibria is highly
desirable. Herein, a novel catalyst-free click polymerization of aldehyde-activated internal diynes and
dithiols was established, and exclusively Markovnikov poly(formyl sulfide)s (PFSs) with high molecular
weights and moderate stereoregularity were produced in high yields. Because of the aromatic units and
sulfur atoms in their main chains, these polymers possessed high refractive index values. By introducing
the fluorene and aldehyde moieties, the resulting PFSs could act as a fluorescent sensor for sensitive
hydrazine detection. Taking advantage of the reaction of the aldehyde group and hydrazine, imino-PFSs
with remarkable and reversible fluorescence change through alternating fumigation with HCl and NHs

were easily acquired and further applied in multicolor patterning, a rewritable material and quadruple-
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Accepted 4th September 2023 mode information encryption. Additionally, a test strip of protonated imino-polymer for the tracking of
bioamines in situ generated from marine product spoilage was also demonstrated. Collectively, this work

DOI 10.1035/d35c03732k not only provides a powerful click polymerization to enrich the multiplicity of sulfur-containing materials,
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Introduction

In nature, numerous biological creatures, e.g., the chameleon,
gray treefrog, octopus, and Mimosa pudica, are masters at
reversibly changing their colors and shapes in response to the
surrounding environment.'™ Scientists have made unremitting
efforts to construct intelligent artificial materials to mimic
natural systems. Stimuli-responsive optical materials with great
applications in sensors, anticounterfeiting, information secu-
rity, smart materials, biotechnology, etc., are a promising
approach, as their colours and/or fluorescence properties can be
altered sensitively and quickly by external perturbances such as
temperature, light, mechanical force, and chemical
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but also opens up enormous opportunities for these functional polysulfides in diverse applications.

treatment.>° In view of the particular significance of acid-base
homeostasis in physiological and environmental processes, as
well as the extraordinary advantages of fluorescence techniques,
it is important to exploit new types of smart fluorescent mate-
rials for precise monitoring and containment of acid-base
states.''?

So far, many acid-base responsive luminescent materials
have been explored to achieve this purpose, including, but not
limited to, lanthanide complex,”® inorganic nanocluster,*
metal-organic framework," hydrogel,’* quantum dot,"” molec-
ular and polymer materials.’*** Thereinto, major efforts are
centered on low-mass fluorophores; polymer-based counter-
parts, in contrast, show obvious technical superiority, such as
excellent processability, facile modification and signal
amplification.”*** However, the development of acid-base
responsive fluorescent polymers is still challenging.

With this in mind, we were motivated to prepare a fluorescent
polymeric material with a response to acid-base variation. Typi-
cally, imine derivatives originating from the reaction of aldehydes
and amines have demonstrated a fast acid-base response in their
optical properties owing to the changes in electron distribution
during protonation and deprotonation procedures.”** To facilely
fabricate polymeric materials, acetylene-based click polymeriza-
tion is undoubtedly a competitive candidate due to its high

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Catalyst-free click polymerization of aldehyde-activated
internal diynes and dithiols.

efficiency and atom economy, great functional group tolerance,
and simple product isolation.**** In the context of the “dual
carbon” goal, we embarked on our research into the click poly-
merization of an aldehyde-activated internal alkyne and thiol to
achieve a greener and more efficient method to synthesize
aldehyde-containing polysulfides.***” More importantly, the
deuterogenic imino-polysulfides embedded with luminescence
motifs are promising for use as indicators for the illustration of
acid-base change.

Herein, a facile catalyst-free click polymerization of
aldehyde-activated internal diynes and dithiols was successfully
developed, and a series of regio- and stereospecific poly(formyl
sulfide)s (PFSs) with satisfactory molecular weights were
generated in high yields (Scheme 1). The resultant PFSs
possessed high refractive indices, which were ascribed to their
high contents of aromatic and sulfur motifs. Fluorene- and
aldehyde-containing PFSs could serve as a fluorescent probe for
the sensitive and selective detection of hydrazine. It is note-
worthy that the imino-PFS derivatives obtained through Schiff
base reaction could be protonated and deprotonated reversibly,
causing significant color and fluorescence changes during acid-
base exposures. Taking advantage of their unique features, the
imino-PFSs have a wide range of applications in polychrome
photopatterning, rewritable materials, quadruple-mode infor-
mation encryption and marine product spoilage monitoring.

Results and discussion
Click polymerization

In order to establish the catalyst-free polyhydrothiolation for the
preparation of PFSs, aldehyde-activated internal diynes 1 were
synthesized according to reported procedures (Scheme S17),
whereas dithiols 2 are commercially available. We used diyne 1a
and dithiol 2a as model monomers to optimize the polymeriza-
tion reaction conditions. The feasibility of the polymerization to
be carried out in commonly used solvents was first examined
(Table S171), which demonstrated that a polymer with a high
weight-average molecular weight (M,,) could be obtained in high
yield in dimethylformamide (DMF). The temperature, monomer
concentration, and reaction time were then investigated
sequentially. The results from the temperature effect test showed
that the M, values and yields of the products were gradually
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enhanced with increasing the temperature from 30 to 60 °C.
Considering the energy-saving and economic benefits, the
temperature was not further increased, and 60 °C was adopted as
the optimal temperature (Table S21). The appropriate monomer
concentration was determined to be 0.25 M, affording a polymer
with a M,, of 40260 in 86% yield. Further increasing the mono-
mer concentration induced the formation of an insoluble poly-
mer gel (Table S3t). During the time course experiment,
a satisfactory result was obtained at 4 h, indicative of the high
efficiency of this polymerization. Further extending the reaction
time had no obvious impact on the M,, and yield of the product.
Hence, 4 h was preferred as the optimal reaction time (Table S47).

Under the optimized polymerization conditions, other
aldehyde-activated internal diynes and dithiols were applied to
test the universality of this polyhydrothiolation and broaden the
structural diversity (Table 1). All the polymerizations propa-
gated smoothly and efficiently in a regiospecific and stereo-
selective fashion, and soluble PFSs with high M,, values (up to

Table 1 Polymerization results of different monomers®

Polymer Monomer Yield (%) M,? pDI” E|Z° (%)
P1a2a’ la +2a 86 40260 2.74 36:64
P1a2b la +2b 80 42390 2.64 38:62
P1b2a 1b + 2a 84 22140 1.84 48:52
P1b2b 1b +2b 85 22100 1.79 47:53
P1b2c 1b + 2¢ 88 10850 1.93 31:69

“ Carried out in DMF at 60 °C for 4 h under argon at a monomer
concentration of 0.25 M, [1] = [2]. ” Estimated via gel permeation
chromatography using tetrahydrofuran (THF) as an eluant on the
basis of a polystyrene calibration; M,, = weight-average molecular
weight; PDI = M,,/M,; M,, = number-average molecular weight. ° Rat1o
of E/Z structure in the polymers determined using 'H NMR. ¢ Data
taken from Table S4, entry 3.

C=0
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Fig.1 FT-IR spectra of 1a (A), 2a (B), model compound 3 (C) and Pla2a
(D).
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42 390) were generated in high yields (up to 88%), manifesting
the robustness and versatility of this polymerization.

To investigate the polymerization mechanism, we performed
polymerization in the presence of y-terpinene, which can serve
as a radical trapper. The results were similar to those without y-
terpinene (Table S51), demonstrating the nucleophilic addition
mechanism of this polyhydrothiolation.*” Furthermore, ther-
moanalysis results demonstrated that these PFSs possess good
thermal resistance, with decomposition temperatures at 5%
weight loss ranging from 313 to 325 °C, along with carbonic
residues ranging from 53% to 67% (Fig. S17).

Structural characterization

The structures of the resultant PFSs were characterized using
standard spectroscopic techniques. To facilitate the structural
characterization of the polymers, model compound 3 was
designed and synthesized (Scheme S27). The "H NMR spectrum
indicated that only Markovnikov product was obtained with E
and Z conformations (Fig. S27). The FT-IR, 'H and "*C NMR
spectra of polymer Pla2a, model compound 3, and the corre-
sponding monomers 1a and 2a are given as examples. In the FT-
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Fig. 2 'H NMR spectra of 1a (A), 2a (B), model compound 3 (C) and
Pla2a (D) in CDCls. The solvent peaks are marked with asterisks.
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IR spectra (Fig. 1), the C=C stretching vibration of 1a and the -SH
stretching vibration of 2a were observed at 2183 and 2556 cm ™,
respectively. These peaks could not be perceived in the spectra of
P1a2a and 3. Additionally, the C=0 stretching vibration of the
aldehyde group of 1a at 1659 em™ ' was shifted to 1663 and
1665 cm ™" in the spectra of 3 and P1a2a, respectively, which was
probably due to the polarization of the C=0 bond caused by the
electronegativity difference between neighboring moieties, veri-
fying the occurrence of the polymerization. Similar results were
observed in the FT-IR spectra of other polymers (Fig. S3-S67).

More detailed structural information about the polymers
could be obtained using NMR spectroscopy. The thiol protons
of 2a resonating at ¢ 3.45 disappeared in the spectra of 3 and
P1a2a. The resonance of the aldehyde protons of 1a at ¢ 9.46 was
shifted to 6 9.26 and 10.32 and to 9.32 and 10.31 in the spectra
of 3 and P1a2a, respectively, owing to the formation of the
isomeric units. Moreover, new peaks at ¢ 5.80 and 6.63 corre-
sponding to the resonances of the newly formed ethylene
protons in the spectrum of Pla2a were also observed. The E/Z
ratio in P1a2a could be deduced from their integrals, and was
calculated to be 36/64 (Fig. 2). Similarly, the ratios of the Z-
isomers of the other polymers could also be obtained, which
were in the range of 52-69%, providing direct evidence for the
regio- and stereoselectivity of the click polymerization.

The "*C NMR spectra further confirmed the success of the
polyhydrothiolation. The resonances of the acetylenic carbons
of 1a at 6 89.45 and 95.97 disappeared in the spectra of 3 and
P1a2a. Additionally, the resonance peak of the aldehyde carbon
of 1a at 6 176.73 was shifted downfield to 6 190.13 and 190.65
and to 189.69 and 190.38 in the spectra of 3 and Pla2a,
respectively. Moreover, new resonances associated with the
olefinic carbons were observed downfield (Fig. S7t). Similar
conclusions could be drawn by analysis of the NMR spectra of
the other polymers (Fig. S8-157).

Light refractivity

The presence of aromatic rings and sulfur atoms in PFSs might
endow them with high refractive indices (n).***° Indeed, thin
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Fig. 3 Wavelength-dependent refractive indices of the thin films of

Pla2a-Plb2c.
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films of P1a2a-P1b2c with thicknesses ranging from 145.16 to
263.02 nm exhibited n values between 1.637 and 2.099 in a wide
spectral region of 400-1700 nm (Fig. 3). Notably, the 743,
values (n values at 632.8 nm) of Pla2a, Pla2b, P1b2a, P1b2b,
P1b2c are 1.710, 1.712, 1.755, 1.751, and 1.756, respectively,
which are much higher than those of conventional important
optical plastics, such as polycarbonate.** Moreover, the Abbe
numbers (vp) and the corresponding chromatic dispersion (D)
values of P1a2a-P1b2c were calculated to be in the ranges of
7.9536-11.1393 and 0.0898-0.1257, respectively (Table S67).
These high refractivity and low chromatic aberration values
might enable them to have promising applications in the field
of photonic materials.

Hydrazine detection

Taking advantage of the reactive aldehyde group, the
fluorene-containing PFSs could serve as a fluorescent probe to
sensitively detect hydrazine species, which is important for
the natural environment and human health.*>** With the
addition of hydrazine hydrate to the polymer solution, the
absorption of P1a2a in the range of 265-330 nm was gradually
enhanced, accompanied by an evident color change from
colorless to light yellow (Fig. 4A). Additionally, the photo-
luminescence (PL) intensity of P1a2a was increased dramati-
cally with a distinct emission change from almost non-
emissive to bright olivine, making it a “turn-on” probe,**
which might be due to the suppression of nonradiative energy
consumption from the C=0 bond (Fig. 4B).** The quenching
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Fig. 4 UV-vis absorption (A) and PL spectra (B) of Pla2a versus the
concentration of hydrazine (0-350 equiv.) in THF solutions. Concentra-
tions: 107> M, Jex = 350 nm. Insets: photographs of the probes before and
after the reaction with hydrazine. (C) Plots of I/l — 1 of Pla2a versus
hydrazine concentration in THF solutions, where | = peak intensity and
lo = peak intensity at hydrazine concentration = 0 M. (D) Emission
intensity of Pla2a at 508 nm in the presence of hydrazine and its analogs
(50 equiv. of each), Aex = 350 nm.
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constant (K,) and the limit of detection (LOD) of P1a2a were
deduced to be 132200 M~ " and 1.52 x 10~ ° M from the Stern-
Volmer plots, respectively (Fig. 4C). The specificity of this
probe was investigated by measuring the PL response towards
various structurally similar analogs. The results showed that
only hydrazine induced a dramatic increase in the emission of
Pla2a, demonstrating the excellent selectivity of this sensor
(Fig. 4D).

Acid-base-response-induced optical and photophysical
changes

Considering that hydrazine-treated PFS generates imine
linkages, their protonation and deprotonation processes
might critically regulate the photophysical properties of the
polymer. To authenticate this hypothesis and exploit the good
film-forming ability of polysulfides, a thin film of imino-
Pla2a was prepared by drop-coating a mixed solution of
Pla2a and hydrazine on a quartz plate. The remarkable
redshift in the onset absorption wavelength of imino-P1a2a
changed from 500 to 560 nm after exposure to hydrochloric
acid vapor (HCl), triggering a color change from pale yellow to
orange (Fig. 5A and Movie S17). The emission maximum of
the PL spectrum shifted from 535 to 645 nm, accompanied
with a change in the fluorescence from chartreuse to
tangerine (Fig. 5B and Movie S27). Afterwards, the acid-fumed
thin film of imino-P1a2a was exposed to ammonia vapor
(NH;3), and the absorption and emission of the protonated
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Fig. 5 (A) Absorption spectra and (C) cycling behavior (absorption at

530 nm) of imino-P1a2a film from the protonated to the deprotonated
form by repeated fuming with HCl and NH3z vapor. (B) PL spectra and
(D) reversible switching of the emission between the jasper (emission
at 535 nm) and salmon (emission at 645 nm) states after fuming with
HCl vapor followed by NHz vapor. Inset photographs show the color
and emission changes with the protonation and deprotonation
processes.
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(A) Optimized structures of M and protonated analogues. (B) Calculated molecular conformation and orbital amplitude plots, along with

the energy levels of the HOMOs and LUMOs of M and protonated analogues. (C) Schematic illustration of the acid and amine response

mechanism via the protonation and deprotonation of imino-Pla2a.

thin film were mainly restored to the original positions. We
then tested the cycling behavior of the system by alternatively
exposing the imino-polymer film to HCl vapor for 5 s and NH;
vapor for 20 s. The protonated and deprotonated states could
be interconverted for at least ten cycles without any apparent
decay, suggesting the high reversibility of this response
system (Fig. 5C, D and S167).

To determine the dual-modal sensing mechanism of the
imino-polysulfides for HCl and NH; vapor, model compound 4
was synthesized, and "H NMR and FT-IR were used to monitor
its protonation and deprotonation processes (Scheme S31).
The resonance of the imine protons of pristine 4 at § 8.38
exhibited an obvious shift to ¢ 8.50 after protonation by the
addition of trifluoroacetic acid (TFA), while the signals
assigned to other resonances remained almost unchanged
(Fig. S17t). Moreover, the stretching frequency around
1628 cm !, which is assigned as the stretching mode of the
imine bonds of 4, was attenuated after exposure to HCI vapor.
Simultaneously, a new peak appeared at around 1645 cm ™",
which could originate from the newly formed C=NH" bond
(Fig. S187).***” After deprotonation by the reaction with
ammonia, the typical peaks nearly reverted to their initial
states, revealing the nondestruction of the molecular struc-
ture during the bidirectional changes. These results indicated
that the protonation and deprotonation occurred at the imine

10722 | Chem. Sci., 2023, 14, 10718-10726

nitrogen. To better understand the experimental phenomena,
quantum chemical calculations were executed employing the
density functional theory (DFT) method at the B3LYP/6-31G(d,
p) level. To simplify the calculations, one repeating unit M was
used (Fig. S191). The optimized structures and sketches of the
frontier molecular orbitals for M and its protonated states are
shown in Fig. 6. Both the highest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) were shifted to lower energies upon protonation, and
the estimated energy gaps of the protonated states were nar-
rower than that of the unprotonated one, which was in
agreement with the bathochromic absorption of the proton-
ated polymer. In addition, the HOMO and LUMO orbitals of M
were mainly concentrated on the C=N and ethenyl bonds,
while the absence of the LUMO on the electronegative
nitrogen atom of the C=N unit upon protonation demon-
strated an evident intramolecular charge transfer feature of
the protonated M, which might play a similar role in the
redshifted emission of the protonated polymer film. With this
insight, the imino-P1a2a might exhibit a similar protonated
and deprotonated mechanism, as illustrated in Fig. 6C, which
represents the redshifted emission of protonated imino-P1a2a
and its transformation to a blueshifted emissive form by
treatment with NH;.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A and B) Acid—base responsive patterns achieved by spraying imino-Pla2a solution onto filter paper. (C) Schematic illustration of writing

and erasing patterns on filter paper using a mask with HCl and NHz vapor.

Multicolor patterning and rewritable material

Encouraged by its acid-base-responsive color- and emission-
switching behavior, we used the imino-polysulfide solution
as an ink to draw images on filter paper, which resulted in vivid
visible and fluorescent dual-mode colors (Fig. 7A and S20A%).
Noticeably, elaborate patterns displaying multiple and
gradient colors could also be achieved by tuning the duration
of exposure to HCI and NH; vapor (Fig. 7B and S20Bt). More-
over, the rewritable patterning application was also confirmed
with the aid of a mask (Fig. 7C). A dog pattern with an orange
color under visible light and dark fuchsia fluorescence was
obtained by exposing filter paper loaded with imino-P1a2a to
HCI vapor. The pattern could be quickly erased by treatment
with NH; vapor, and the filter paper was returned to the orig-
inal state for the next printing. This conceptual demonstration
of erasable patterns enables the rapid application of imino-
polymers as a medium in the rewritable printing and optical
memory fields.

Quadruple-mode information encryption

The integration of imino-polysulfides with unique acid-base
responsive feature with additional unresponsive dyes would
make them applicable in the information encryption and anti-
counterfeiting areas, which are increasingly significant in the
current information age (Fig. 8 and $211).**”° An instinctive
example to demonstrate this notion is Arabic numerals.
Initially, a visible number “8” with yellow fluorescence was
painted on a filter paper using imino-P1a2a and P2 (Scheme
S47). Fuming the pattern with HCl vapor led to the appearance
of an orange “6” with fuchsia emission, which promptly
returned to the pristine state upon treatment with NH; (Fig. 8A).
In addition to digits, imino-P1a2a could be applied in a text
encryption system. The word “believe” was written; after
subsequent fumigation with HCI, the contradictory message
“lie” could be clearly recognized. Afterwards, when the letters
were treated with NHj;, the text quickly recovered to its original

© 2023 The Author(s). Published by the Royal Society of Chemistry

state (Fig. 8B). To further enhance the complexity and diversity,
a quadruple-mode information encryption system could be
fabricated utilizing a combination of imino-P1a2a, MTBZ-Br
and P2 (Scheme S5t). As a proof of concept, the two-color
microarray encryption pattern of Code I was constructed, and
the encoded information “Activated Internal Alkyne” could be
deciphered according to the self-developed algorithm (Fig. 8C
and Movie S37). The magenta and pale-yellow luminescence of
Code II was recognized under UV light, and the message “Click
Polymerization” could be decoded. Fuming with HCI induced
the protonation of imino-P1a2a, which triggered a color change
from faint yellow to orange, together with an emission trans-
formation from pale-yellow to fuchsia. The specific messages of
“Stimuli Responsive” and “Luminescent Material” for Code III
and Code IV were read out, respectively. Importantly, the color
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Fig. 8 Photographic images of dual-mode (A and B) and quadruple-
mode (C) encryption models achieved by spraying responsive imino-
Pla2a solution on filter paper. The dialog bubbles reveal the encrypted
messages.
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Control groups

Daylight

Fig.9 Spoilage detection of marine products in sealed packages for 24 h at room temperature (experimental groups) and 4 °C (control groups)
using protonated imino-Pla2a filter paper. Photographs were taken under normal illumination and UV irradiation.

codes could be reconverted by means of NH;, which enables
reversible, multilevel data encryption and decryption, and
improves the density of data storage as well as the level of
security for the confidential information.

Visualization of seafood spoilage

Taking into consideration that ammonia can induce color and
emission changes in the protonated polysulfide, could the
biogenic amines generated from the food spoilage process
produce similar performance?>'** Test strips of protonated
imino-P1a2a were placed together with fresh scallops, shrimp
and silvery pomfret, and kept at room temperature or 4 °C for
24 h to evaluate the spoilage of seafood (Fig. 9 and S227%).
Compared to the control groups, the degree of seafood spoilage
after storage for 12-24 h increased gradually, and the color of
the test strips changed from orange to pale yellow under normal
light. Meanwhile, the fluorescence emission varied from
fuchsia to jacinth to maize-yellow upon UV irradiation. Hence,
the protonated imino-polysulfide could serve as a sensitive
sensor to provide a convenient and cost-effective way for
monitoring seafood spoilage.

Conclusion

In this work, exclusively Markovnikov adducts of PFSs with
high molecular weights and satisfactory yields have been
synthesized using a catalyst-free click polymerization of
aldehyde-activated internal diynes and dithiols. The high
contents of sulfur atoms and aromatic rings endowed the
PFSs with high n values. Thanks to the highly reactive

10724 | Chem. Sci, 2023, 14, 10718-10726

aldehyde units and fluorene moieties in the polymer chains,
the PFSs could act as a fluorescent sensor for the selective and
sensitive detection of hydrazine. Notably, the resultant imino-
PFSs, which were generated from the reaction of aldehyde
groups and hydrazine, exhibited attractive acid-base
responsive properties, i.e., reversible changes in color and
emission during the protonation and deprotonation courses.
Based on their unique responsive features, the imino-
polymers showed great potential applications in multicolor
photopatterning and rewritable materials. Additionally,
a quadruple-mode cryptosystem with high storage density
and enhanced dimensionality was realized to ensure reli-
ability and security. In addition, protonated imino-PFS as
a fluorescent probe for the perception of biogenic amines
generated from food spoilage was also constructed in
a portable and effective manner. Thus, this work not only
provides a facile catalyst-free click polymerization of
aldehyde-activated internal diynes and dithiols, but also
affords functional PFSs and derivatives with versatile prop-
erties and applications.
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