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ABSTRACT: Heterochain polymers play an essential role in our daily lives due to their distinctive properties. Among
various heteroatom-rich structures, amidine derivatives serve as a synthetically important and pharmacologically useful
structural branch and have found wide applications in synthetic chemistry and biomedicine field. In this work, we
developed a straightforward and powerful polymerization tool to access diverse heterochain polymers with
a,f-unsaturated amidine units. The multicomponent electrophilic polymerizations of readily accessible diynes, disulfonyl
azides, and N,N-dimethylformamide dimethyl acetal proceed efficiently at room temperature, producing
amidine-containing polymers with high molecular weights (M., up to 74500) in high yields within merely 1 h. Nuclear
magnetic resonance spectra analysis revealed that all the obtained polymers are formed with excellent stereoselectiviy.
The introduction of aggregation-induced emission (AIE) luminogen together with the inherent heteroatom-rich structure
feature endow these polymers with multiple functionalities. The nanoaggregates of the diethylamino-substituted polymer
show remarkable and reversible fluorescence response to acid and base, and the acid-fumed polymer thin film can be
used as a sensitive and reusable fluorescent probe for detecting seafood spoilage. This polymer system can also be
employed as a highly selective and sensitive Au3* sensor, and efficient gold recovery can be achieved based on the
excellent gold enrichment capability of the polymer. In addition, the AIE polymers can also be applied in
lysosome-specific cell imaging with low cytotoxicity and excellent photostability.

been widely used in water treatment, flame retardants,
stimuli-responsive  materials,  fluorescent  sensors,
photoelectronic ~ devices, etc.59)  Therefore, the

INTRODUCTION

Heterochain polymers are abundant in nature and play

an important role in our daily lives. For instance, most of
biomacromolecules that are essential for life are rich in
heteroatoms, such as DNAs, proteins and enzymes. The
presence of nitrogen, oxygen, sulfur or phosphorus are
crucial for these biomacromolecules to function well in
many significant biological behaviors.l"4l On the other
hand, synthetic heterochain polymers have greatly
advanced the development of polymer science and
materials industry. The inclusion of multiple heteroatoms
into polymer backbones can endow polymeric materials
with distinctive chemical, thermal, optoelectronic, and
mechanical properties and thus benefit their practical
applications. Till now, heteroatom-rich polymers have

construction of heteroatom-rich polymeric materials with
unique structures and advanced functionalities is
attractive due to their great significance in both academic
and industrial fields.

Amidine derivatives are a branch of synthetically
important and pharmacologically useful heteroatom-rich
structures. Materials with amidine structures often
possess special chemical, biological and pharmacological
activities, and have found diverse applications in
synthetic chemistry and biomedicine field. For instance,
sulfonyl amidine compounds have been utilized as
bioactive = pharmacophores ~ with  antitumor,to
antiresorptive>! and antiproliferative¥ properties or as



capture agents of carbon dioxide.'! The incorporation of
amidine unit into polymer structures could combine the
merits of amidine structure and the inherent advantages
of polymer together to produce multifunctional polymeric
materials. Following the technological significance of
amidine-containing polymers is their synthetic difficulties.
Traditional amidine-containing polymers were often
prepared by embedding amidine group into the side chain
of polymer frameworks,s! which generally require tedious
synthetic procedures. In the past decade, one-pot
multicomponent polymerizations (MCPs) which are
derived from multicomponent reactions (MCRs)72°] have
attracted increasing focus due to their advantages of
simple operations, high atom economy, mild reaction
conditions , high efficiency, and structural diversity.[>>]
Attracted by these advantages, polymer scientists have
developed various powerful MCPs for the synthesis of
heteroatom-rich polymers with complicated structures
and diverse functionalities.>3! Among them, the
copper-catalyzed polymerizations of alkyne, sulfonyl
azide and different nucleophiles are an attractive and
representative group of MCPs that can efficiently
construct amidine-containing polymers.3*3¢ For example,
Choi and Tang et al. have successfully synthesized various
high-molecular-weight poly(N-sulfonylamidines) from
the MCPs of alkynes, sulfonyl azides, and diamines.5>34]
Also, Tang and Hu et al. have reported a copper-catalyzed
MCP of alkynes, sulfonyl azides, and iminophosphorane
to prepare heteroatom-rich poly(phosphorus amidine)s.5!
The possible reaction mechanism of such MCPs
commonly involves a critical reactive ketenimine
intermediate that is in situ generated by the Cu-catalyzed
reaction of alkyne and sulfonyl azide. Theoretically, the
resonance structure of ketenimine intermediate could be
attacked by both nucleophiles and electrophiles. However,
the subsequent transformations of ketenimine
intermediate in previously reported MCPs mainly
fastened on the addition of various nucleophiles to the
central carbon of ketenimine.323437391 while MCPs based
on the electrophilic addition of electrophiles to
ketenimine intermediates have rarely been reported.

Recently, a Cu-catalyzed three-component reaction of
alkyne, sulfonyl azide, and N,N-dialkyloxyformamide
dialkyl acetal drew our attention (Scheme 1A).+°! This
MCR can prepare a variety of pharmacologically useful
unsaturated amidines with excellent stereoselectivity in
high yields under mild conditions. The plausible
mechanism indicated that this MCR might involve an
distinctive electrophilic addition of immonium ion
(intermediate A) to the copper ketenimine (intermediate
B), and the immonium ion intermediate was generated in
situ via the elimination of MeOH between terminal
alkynes with N,N-dimethylformamide dialkyl acetals
(Scheme 1A and Scheme S1).4! In this work, we
successfully developed this MCR into a stereoselective
electrophilic MCP to benefit the synthesis of
multifunctional heterochain polymers. As shown in
Scheme 1B, through the facile Cu(I)-catalyzed
polymerizations of readily accessible diynes, disulfonyl

azides, and N,N-dimethylformamide dimethyl acetal, a
series of high molecular weight polymers bearing
a,B-unsaturated amidine units were produced in high
yields within merely 1 h. Numerous heteroatoms
including N, O, and S were readily integrated into
polymer skeletons in a one-pot fashion at room
temperature. Moreover, this electrophilic MCP is highly
stereoselective, producing a series of stereoregular
heterochain polymers with multiple functionalities. Based
on the remarkable acid-responsive fluorescence of the
obtained polymers, the acidified polymer films can be
used for the sensitive detection of seafood spoilage.
Besides, they can also be applied in the sensitive and
selective detection of Ru3* or Auw3* and efficient gold
recovery as well as in lysosome-specific cell imaging.

Scheme 1. (A) Multicomponent Reaction via
Electrophilic Addition of Immonium Ion to Copper
Ketenimine. (B) Multicomponent Polymerizations
toward Functional Polymers with «,f-Unsaturated
Amidines.
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RESULTS AND DISCUSSION
Polymerization

To investigate the polymerizability of diyne, disulfonyl
azide and N,N-dialkyloxyformamide dialkyl acetal, we
first selected the readily accessible 1a and 2a and
commercially available 3 as model monomers to optimize
the polymerization conditions. On the first try, the
polymerization of 1a, 2a and 3 was carried out in
dichloromethane (DCM) under N, at room temperature
in the presence of Cul (20 mol%),
1,2-bis(diphenylphosphino)ethane (dppe, 20 mol%), and 3
A MS (molecular sieves, 40 mg), and the monomer molar
ratio of [1a]:[2a]:[3] was 1:1:2 at a monomer concentration
of [1a] = o1 M. After reacting for 1 h, high molecular
weight polymeric product (Mx = 25300; Mw = 41000) was
obtained in a high yield of 90% (Table 1, entry 1). Further
extending the reaction time from 1 h to 12 h led to the
formation of insoluble polymer gels. The exposure of air
was unfavorable for this polymerization, because an



obvious decrease was observed in both reaction yield
(78%) and molecular weights (M, = 17700) (Table 1, entry
2). We then investigated the effect of phosphine ligand on
the polymerization of 1a, 2a and 3 under N, atmosphere
(Table 1, entries 3-6). The results suggested that the
addition of dppe ligand facilitated this MCP. The
polymerization without the use of dppe resulted in a
decreased reaction yield of 74% although the molecular
weights were increased. Neither increasing nor decreasing

the feed of dppe could improve the polymerization results.

Replacing dppe with PPh; led to a much lower yield of
66% and a larger PDI. With the optimized ligand
condition, we next examined the catalyst effect and the
results showed that the use of 20 mol% CuBr displayed
the best reactivity among the tested conditions (Table 1,
entries 1 and 7-10). According to the proposed reaction
mechanism, the addition of 3 A MS could help assimilate
the in situ released methanol and thus is beneficial to the
smooth polymerization. Indeed, the absence of 3 A MS

significantly reduced the polymerization efficiency (Table
1, entry 11). Changing the amount of 3 A MS had little
effect on the reaction yield but provided lower molecular
weights (Table 1, entries 12 and 13). Therefore, the
addition of 40 mg 3 A MS was taken as the most suitable
additive condition for the following investigation. The
solvent screening results shown in Table S1 suggested that
DCM was the best choice among the tested solvents.
Other commonly used solvents such as DCE and THF
were also fit for the occurrence of this MCP, but the
polymerization efficiency is not as high as in DCM. The
polymerization in toluene merely gave a trace amount of
products. Finally, the effect of monomer feed ratio on the
MCP of 1a, 2a and 3 was investigated. As shown in entries
14 and 15 of Table 1, increasing the monomer molar ratio
of [1a]:[2a]:[3] from 1:1:2 to 1:1:2.2 or 1:1:2.4 improved the
reaction yield and My. Considering both the reaction
yield and molecular weights, we preferred to choose 1:1:2.4
as the optimal monomer feed ratio.

Table 1. Optimization of the multicomponent polymerization of 1a, 2a and 3°

entry catalyst (mol%) ligand (mol%) 3A MS (mg) yield (%) M,b M,>P PDIP
1 CuBr (20) dppe (20) 40 90 25300 41000 1.6
2¢ CuBr (20) dppe (20) 40 78 12700 17700 1.4
3 CuBr (20) — 40 74 35600 73900 2.0
4 CuBr (20) dppe (30) 40 85 21500 33300 15
5 CuBr (20) dppe (10) 40 83 21100 33800 1.6
6 CuBr (20) PPh, (20) 40 66 23700 68000 2.9
7 Cul (20) dppe (20) 40 70 1800 15400 13
8 Cu(Cl (20) dppe (20) 40 83 13100 18000 1.4
9 CuBr (30) dppe (20) 40 86 20400 29000 1.4
10 CuBr (10) dppe (20) 40 78 1600 15500 13
1 CuBr (20) dppe (20) — 76 13700 19100 1.4
12 CuBr (20) dppe (20) 20 88 13500 18900 1.4
13 CuBr (20) dppe (20) 60 92 18400 27200 15
147 CuBr (20) dppe (20) 40 92 21800 50300 2.3
15° CuBr (20) dppe (20) 40 o1 25300 45400 1.8

@ Unless otherwise noted, the polymerizations were carried out under N, in dichloromethane at room temperature for 1 h, [1a]
= [2a] =01 M, [3] = 0.2 M. ? Estimated by GPC in DMF on the basis of a linear polystyrene calibration. PDI = M,,/M,. ¢ Under air.
4[3] = 0.22 M. ¢ [3] = 0.24 M. Abbreviation: dppe = 1,2-bis(diphenylphosphino)ethane.

To explore the scope and versatility of this
polymerization strategy and meanwhile enrich the
functionalities, we next tested the polymerizability of
other monomer combinations under the optimized
polymerization condition. As denoted in Scheme 1B and
Scheme 2, all the tested polymerizations proceeded
efficiently at room temperature, affording the target
polymers with high M,s in high yields. When the more
conjugated tetraphenylethylene (TPE)-containing diyne
(1b) was used to replace the fluorene-containing diyne
(1a), Pib/2a/3 with a M, of 18300 and a M,, of 28200 was
obtained in a high yield of 89% after reacting for 1 h.
Partial gelation occurred after prolonging the reaction

time to 12 h and the soluble portion possessed a much
higher molecular weight (M, = 54500; M\, = 87200). The
electron-deficient diyne 1c with a carbonyl functional
group can also effectively polymerize with 2a and 3, but
the polymerization efficiency of 1c was much lower than
those of other tested diynes. When the polymerization
was terminated at 1 h, merely oligomers with a M, of 5300
and a M, of 9600 was produced in a low yield of 62%. The
polymerization results were dramatically improved after
reacting for 12 h, resulting in high molecular weight
Pic/2a/3 (My = 74500) in a high yield (91%). The rigid
diyne monomer (1d) showed relatively lower reactivity
compared to 1a and 1b, which partially resulted from the



poorer solubility of Pid/2a/3 in DCM due to its rigid
structure. To enrich the functionality of the polymers, we
also synthesized N,N-diethyl-substituted TPE-containing
diyne (1e) following the synthetic routes shown in
Scheme Sz, and further tested its reactivity. Delightfully,
the polymerization of 1e, 2a and 3 proceeded smoothly
under the optimized conditions, producing polymer
Pie/2a/3 in a yield of 90%. Besides 2a, diazide 2b can also
polymerize with 1b and 3 to produce amidine-containing

polymeric product with a high M, in a satisfying yield. In
general, the successful construction of Pia-e/za-b/3
indicated that this MCP route could serve as a
straightforward and powerful synthetic tool toward
diverse heterochain polymers with «,B-unsaturated
amidines. All the obtained heterochain polymers
possessed good solubility in strong polar solvents, such as
DMF and DMSO, whereas their solubility in DCM,
chloroform and THF was relatively poorer.

Scheme 2. Chemical structures, yields, molecular weights, and the polydispersity of polymers P1a-e/2a-b/3.1
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PDI=1.6
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yield = 89%
M, = 18300, M,, = 28200
PDI=16

P1d/2a/3
yield = 78%

O M, = 11000, M,, = 18800
PDI=1.7

P1b/2b/3
yield = 85%
M, = 23400, M,, = 63700
PDI=27

@ Unless otherwise noted, the polymerizations were carried out in DCM at room temperature in N, for 1 h, [1a] = [2a] = 01 M,
(3] = 0.24 M, dppe (20 mol%), 3 A MS (40 mg). ® Polymerization results obtained at 12 h.

Structural Characterization

For a clear insight into the polymer structures, model
compound 4 was synthesized by a one-pot
three-component reaction of TPE-substituted alkyne,
tosyl azide and 3 (Figure 1A). The structures of model
compound 4 and all of the obtained polymers
(P1a-e/2a-b/3) were carefully characterized by FT-IR, 'H
NMR and BC NMR. The characterization results
suggested that there existed no isomeric structures in
compound 4 and polymers. According to the XRD
structure reported in the related MCR paper,5° the
configuration of the newly formed C=C bond adjacent to
the amidine group should be in E-form.

The detailed characterization results of Pib/2a/3 and 4
along with the corresponding monomers 1b, 2a, and 3 are
illustrated here as an representative example. As shown in
Figure Si, the characteristic absorption peaks related to
= C-H and C = C stretching vibrations of monomer 1b
occurred at 3273 and 2108 cm-1, respectively, and the N;
stretching vibration peaks of 2a occurred at 2156 and 2127

cm™. These peaks were not detected in the IR spectra of 4
and Pib/2a/3, indicating the occurrence of expected
reactions. Similar conclusion can also be drawn from the
NMR analysis. As shown in the Figure 1B-F, the 'H NMR
spectrum of Pib/2a/3 and model compound 4 showed no
resonance signals matching with the peaks of the
acetylene protons of 1b at § 3.07-3.03 and the tertiary alkyl
proton (d) of 3 at § 4.3, which further confirmed the
complete transformation of monomers during the
polymerization. Furthermore, the resonance of aromatic
protons at “b” location of 2a shifted to higher field after
polymerization, and the peak associated with methoxy
protons (e) of 3 shifted from &§ 3.29 to § 3.70 due to the
junction with carbon-carbon double bond after reactions.
Meanwhile, the signal at § 2.25 from the resonance of the
methyl protons at “c” position of 3 split into two separate
peaks (c) located at § 2.99 and 2.69 respectively. More
importantly, a new peak emerged at § 6.42 ppm in the
spectra of 4 and Pib/za/3. This peak arose from the
resonance of the newly formed “g” proton. The integral
ratio of peaks at § 3.70 and 6.42 in the polymer spectrum



was calculated to be about 3:1, which is consistent with

the expected ratio of “e” and “g” protons in the desired
polymer.

The BC NMR results further verified the obtained
polymer structure (Figure 1G-K). The acetylene carbon
peaks of 1b and the “e” carbon of 3 disappeared after the
polymerization. Simultaneously, a new peak related to the
newly formed C=N carbon (“i” position) was observed at §
164.69 in the polymer spectrum. The resonance signal of
the “f” carbon of 3 shifted from 53.34 ppm to 61.84 ppm
after the polymerization process, and the methyl carbons
of 3 resonating at “g” position divided into two adjacent
peaks of “g” carbons in Pib/2a/3’s spectrum. Similar
variations were also discovered in the IR and NMR spectra
of other polymers (Figure S2-S12). All of these results

demonstrated that we obtained the exact targeted
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polymer structures as depicted in Scheme 2. Moreover,
these characterization results also confirmed that this
electrophilic MCP is highly stereoselective, producing a
series of stereoregular heterochain polymers.

The thermal and morphological stability of the
obtained polymers were examined by thermogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC), respectively. As shown in Figure Si3A, the
decomposition temperature (Tq) of Pia—e/2a-b/3 at 5%
weight loss ranged from 291 °C to 304 °C, which is
indicative of the good thermal stability of the heterochain
polymers. The glass transition temperature (Tg) of these
heterochain polymers were in the range of 19 °C to 204 °C
(Figure S13B). The high T, value of Pib/2b/3 at 204 °C
might be due to its relatively rigid backbone structure.
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Figure 1. (A) Synthetic route to model compound 4. (B-F) '*H NMR spectra of (B) 1a, (C) 2a, (D) 3, and (E) model compound 4 in
CDCl,, and (F) P1ib/2a/3 in DMSO. (G-K) 3C NMR spectra of (G) 1a, (H) 2a, (I) 3, and (J) model compound 4 in CDCl;, and (K)

Pib/2a/3 in DMSO. The solvent peaks are marked with asterisks.

Aggregation-Induced Emission

The absorption and photoluminescence (PL) properties
of the obtained polymers were carefully investigated with

the assistance of model compound 4. As depicted in
Figure S1, the maximum absorption wavelength (Aabsmax)
of model compound 4 and polymers located in the range



of 317392 nm. Compared with other polymers, Pie/2a/3
showed the longest Aismax at 392 nm due to the
introduction of electron-donating diethylamino group
into the aromatic alkyne unit.

Materials with aggregation-induced emission (AIE)
properties have drawn great attention due to their
efficient solid-state emission, multiple stimuli responses
and excellent photostability.+>45]  Serving as a
representative AIE motif, TPE was strongly emissive in
aggregates or solid state due to the restriction of
intramolecular motion, but barely emissive in dilute
solutions.44)  With the presence of TPE unit in
structures, we then investigated the potential AIE
properties of model compound 4, Pib/2a-b/3 and
Pie/2a/3 in dilute DMF solutions and DMF/water
mixtures. As shown in Figure 2A-C and Figure Sis,
Pib/2a-b/3 and 4 all exhibited typical AIE features. The
DMF solutions of Pib/2a/3 and Pib/2b/3 were weakly
emissive with the maximum emission wavelength (Aem max)
at 507 nm and 516 nm, respectively. As the water fraction
(fw) rose, the PL intensity of P1b/2a-b/3 were first quickly
enhanced and then kept almost unchanged. This
tendency could be explained by the easy formation of
polymer aggregates in DMF/water mixtures even at a low
fw. By contrast, model compound 4 kept non-emissive
before f,, reached 80%. Once a large amount of water (fi, >
80%) was added into its DMF solution, this
TPE-containing small molecule can be induced to form
aggregates and show strong greenish-blue fluorescence

(Aemmax = 485 nm). Different from Pib/2a-b/3 and 4, the
diethylamino-substituted ~ Pie/2a/3  exhibited the
strongest fluorescence intensity at a fiy of 20% (Figure 2D
and 2F). The addition of higher water content led to an
obvious decrease in PL intensity. This result might arise
from the poorer water solubility and stronger
inter-/intra-chain interactions of Pie/2a/3 than other
polymers. The extensive formation of aggregates at high
water contents could reduce the effective solute
concentration and thus weaken the fluorescence. The
Aem,max Of P1e/2a/3 was red-shifted to about 575 nm due to
its better intramolecular charge transfer than Pib/2a-b/3.

The fluorescence intensity of Pie/2a/3 nanoaggregates
was not as strong as those of P1b/2a-b/3. Considering the
potential protonation capability of amino groups,s we
then tried to adjust the luminescence behavior of
Pie/2a/3 under acidic condition. Indeed, the addition of
acid had a significant impact on the luminescence
properties of Pie/2a/3. As indicated in Figure 2E-F, the
acidified Pie/2a/3 exhibited the highest fluorescence
intensity at a fi of 60% due to its improved solubility in
water. After acidification, the PL intensity Pie/2a/3 was
significantly enhanced both in solution and aggregate
states. The acidified solution of Pie/2a/3 showed a
7.5-fold enhancement in PL intensity compared with that
without acid. Meanwhile, a remarkable blue shift in
Aemmax Was observed after acidification. These preliminary
results encouraged us to further explore the acid-base
response of P1e/2a/3 in detail.
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Figure 2. (A, B and D) Emission spectra of (A) Pib/z2a/3, (B) Pib/2b/3 and (D) P1e/2a/3 in DMF/water mixtures with different
water fractions (fi,). (E) Emission spectra of Pie/2a/3 in DMF/water mixtures with different f, acidified with 10 mM of
hydrochloric acid. (C and F) Plot of relative PL intensity (I/I,) versus the composition of the aqueous mixture of (C) P1ib/2a-b/3



and (F) Pie/2a/3 and its acidified form. I, = intensity at f, = 0%. Solution concentration: 10 pM. Excitation wavelength = (A and B)

340 nm, (D) 400 nm, (E) 365 nm. ? No acid was added.

Acid-Base Response

As presented in Figure S16, the fluorescence of the
dilute DMF solution and nanoaggregates of Pie/2a/3
showed similar response to acid. That is, with the gradual
addition of HCl aqueous solution, the PL intensity of
Pie/2a/3 slightly decreased at first and then increased
dramatically and the Aemmax obviously blue shifted. By
contrast, the fluorescence behavior of the
dimethylamino-containing AIE polymer (Pib/2a/3)
changed little under acidic conditions (Figure S17). The
insensitive fluorescence response of Pib/2a/3 could be
ascribed to the poor electronic communication between
the dimethylamino group and the TPE wunit. By
introducing amino groups in TPE moiety, the acid
response behavior of AIE polymers could be greatly
promoted.

We then tested the emission behavior of Pie/z2a/3
under different precise pH conditions. As depicted in
Figure 3A, when the pH value was steadily changed from
71 to 11, the fluorescence color of Pie/2a/3
nanoaggregates was gradually blue-shifted from
orange-red (Aemmax = 565 nm) to greenish-blue (Aemmax =
503 nm). At pH = 2.1, the fluorescence intensity of
P1e/2a/3 was sharply enhanced to show a nearly light-up
response. Therefore, the nanoaggregates of Pie/2a/3 are
potential to be empolyed as a fluorescence sensor toward
pH or acid-base conditions. To facilitate practical
applications, a thin film of Pie/2a/3 was prepared by
drop-coating its DMF solution on a quartz plate and its
acid-base response behavior was examined. As shown in
Figure 3B, the polymer thin film was fumed with HCl

vapor for 1 min followed by fuming with NH; vapor for 30
s. Similar to the responsive behavior of Pie/za/3
nanoaggregates, both the absorption and emission
maxima of the thin film were blue-shifted after exposure
to HCl vapor. The maximum emission peak changed from
586 to 524 nm accompanied with a sharp increase of
intensity. When the acid-fumed thin film was exposed to
NH; vapor, the fluorescence was quenched quickly and a
red shift in absorption spectrum was observed.

In modern society, food safety is closely related to
human health and its strict control has become
increasingly important. The typical indicators for food
spoilage were ammonia and biogenic amines generated
from microbial growth.5"s3] Based on the sensitive
fluorescence response of the acid-treated Pie/2a/3 film
toward NH; vapor, we thus applied this thin film as a
portable fluorescence sensor for detecting biological
spoilage. As shown in Figure 3C, fresh fish and the
acid-treated thin film of Pie/2a/3 were sealed in a petri
dish and placed at room temperature. Within the first 6 h,
the emission intensity of the film changed little. After 16 h,
there was a large drop in the PL intensity of the polymer
film and the test film became almost non-emissive until
18 h. At the same time, a darkened color change from pale
yellow-green to light brown was also observed in the test
film under normal room light. The above mentioned
results demonstrated that Pie/2a/3 could be used as a
dual-modal chemo-sensor for the sensitive detection of
acid and amine vapors in real life scenario, in particular,
for the effective detection of biogenic amines generated in
food spoilage.
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Figure 3. (A) Fluorescent photographs of Pie/2a/3 in 90% pH buffer and 10% DMF taken under 365 nm UV irradiation and the
associated emission spectra. Polymer concentration: 10 pM. Excitation wavelength = 365 nm. (B) Fluorescent photographs and
the associated absorption and emission spectra of a thin film of Pie/2a/3 after fuming with HCI vapor for 1 min followed by
fuming with NH; vapor for 30 s. The photographs were taken under 365 nm UV irradiation. (C and D) Photographs showing the
spoilage detection of fish at room temperature using the HCI-fumed thin film of P1e/2a/3. The photographs were taken under (C)

normal room light illumination and (D) 365 nm UV irradiation.

Metal Ion Detection and Gold Recovery

Taking advantage of the efficient aggregate-state
luminescence along with heteroatom-rich structures, we
then examined the potential of the obtained AIE polymers
as fluorescent chemosensors for metal ion detection. First,
we studied the interaction between P1b/2a/3 and various
metal ions using fluorescence spectroscopy. To the
fluorescent nanoaggregates of Pib/2a/3 were added 16
different metal ions (100 puM) including Na* , K*, Mg**,
Ca*, AP, Ag+, Cu*, Ru3*, Auw, Co*, Fe*, Mn**, Pb*, I3+,
Pd>*, Ni**, respectively. Among them, Ru3* significantly
quenched the fluorescence with a 14-fold decrease in PL
intensity and Pd** resulted in a 3-fold decrease (Figure
S19). No significant fluorescence variation was observed

with the addition of other metal ions, indicating the
possible application of Pib/2a/3 nanoaggregates for
selective Ru3* detection. Different from Pib/z2a/3, the
strong fluorescence of the acidified Pie/2a/3
nanoaggregates was selectively quenched by Au* among
various metal ions, even at low metal ion concentration of
10 puM (Figure Si9 and Figure 4A). When the
concentration of Au3* was gradually increased from o to 10
pM, the PL intensity continuously declined without any
change in the spectral profiles (Figure 4B). The
Stern-Volmer plot of the relative emission intensity (I,/I)
versus [Au3*] implied a amplification effect of the
acidified Pie/2a/3 nanoaggregates toward Au3* and the
quenching constant was up to 1636,180 M™. The limit of



detection (LOD) was calculated to be 81 nM (Figure 4C),
indicating the excellent sensitivity of the acidified
P1e/2a/3 nanoaggregates for Au3* detection. These results
suggested that the introduction of diethylamino pendants
significantly affects the functionality of polymers. The
slight structural difference between Pib/2a/3 and
Pie/2a/3 led to distinct selectivity in metal ions.
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Figure 4. (A) Relative intensity (I,/I) of P1e/2a/3 (10 pM) in
10% DMF and 90% pH=1 aqueous buffer mixtures containing
different metal ions (10 pM). I, = fluorescence intensity in the
absence of metal -cations. Inset: the corresponding
fluorescent photographs taken under UV illumination. (B)
Emission spectra of P1e/2a/3 in DMF/water mixtures (10 uM)
with 90% pH=1 aqueous buffer solution containing different
concentrations of Aw*. Excitation wavelength = 365 nm. (C)
Stern-Volmer plot of relative intensity (I,/I) of Pie/2a/3 (10
pM) in 10% DMF and 9o% pH=1 aqueous buffer mixtures
versus [Au3*].

Gold is a valuable currency metal and is widely used in
diverse fields. To meet the high annual demand for gold, a
large part of gold is recycled from gold-containing
industrial wastes such as the waste circuit boards.[5+55!
Conventional methods for gold extraction usually suffered
from the toxicity of inorganic cyanide and hypochlorite,
extreme pH conditions, limited efficiency, and
environmental problems. In recent few years, some green
strategies have been developed for effective gold
enrichment, such as based on the strong coordination of
Auw*  with sulfur or selenium in hydrophobic
polymers,5571 or complexation with nitrogen atoms
especially those involved in metal-organic framework
(MOF) materials,58! as well as the bacteria-enrichment
method.59 Encouraged by the highly selective and
sensitive detection of Au3* by Pie/2a/3, we envisioned
that this nitrogen-rich polymer might also be useful for
gold enrichment.

As shown in Figure 5A, when the DMF solution of
Pie/2a/3 was added into the Au3* solution, brown
precipitate appeared immediately probably due to the
poor solubility of the formed polymer-Au3* complex.
Inspired by the preliminary result, we then conducted
more detailed experiments on the gold enrichment
capability of Pie/z2a/3. Firstly, into the aqueous solution
of Auw* (100 mg/L) was added different amount of
Pie/2a/3 powder. The mixture was allowed to stir at room
temperature for 1h. After centrifugation, the remaining
metal ion concentration in the supernatant was examined
by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) to calculate the enrichment
efficiency. As the dosage of Pie/2a/3 powder increased,
the enrichment efficiency gradually rose and could reach
98.9% in the presence of 4 mg Pie/2a/3 (Figure 5A, red
line). The maximal extraction capacity was calculated to
be 274 mg-Aw*/g. The speed of this gold enrichment
process was then tested. As indicated by the blue line in
Figure 5A, a high enrichment efficiency of over 96% was
achieved within 5 min using 4 mg Pie/2a/3 and the
mixture reached equilibrium after 30 min with >98%
enrichment efficiency. These results suggested that
P1e/2a/3 possessed excellent gold enrichment capability.
By comparison, the Au3* extraction efficiency of polymer
Pib/2a/3 was much lower (29%), which implied that the
diethylamino substituent in P1e/2a/3 could strengthen its
coordination ability with gold ion.

To explore the enrichment selectivity of Pie/2a/3
among different metal ions, the solid polymer powder was
added into the respective aqueous solutions of Mn**, Cu*",
Co2+, Ni**, Cd**, Pd**, Ru3*, Na*, Ca**, Mg?**, and Au*. As
shown in Figure S20, the highest enrichment efficiency
was realized for Au3* (>99%) although Cd** and Pd** also
had weak interaction with the polymer. In the mixed
solution of the u different metal ions, Pie/2a/3 can still
selectively enrich Au3* with a high efficiency of 97.53%
(Figure 5B). The extraction efficiency of Pie/2a/3 for Pd**
and Cd** in the metal ion mixture was 29.32% and 2.01%,
respectively, while the efficiency for other metal ions was
below 1.21%. Therefore, P1e/2a/3 is promising to extract
Aw3* rapidly and selectively with a high efficiency under
practical conditions. Furthermore, elemental gold can be
recycled by facile pyrolysis of the obtained Pie/2a/3-Au3*
complex. As depicted in Figure 5C, a yellow solid with
metallic golden luster was obtained as residue after
heating the dark complex at 1000 °C in air for 4 h. The
gold content in this yellow solid was measured to be 96.61
wt% by ICP-OES.

To elucidate the coordination mechanism of the
heteroatom-rich polymer with Au3*, we measured the XPS
spectra of Pie/2a/3 and Pib/2a/3 before and after
coordination with Auw*. The XPS spectrum of S 2p and N
1s of Pib/2a/3 showed slight difference before and after
coordination, and no change was observed in its O 1s
spectrum (Figure S21). This result indicated that the N
and S atoms in polymer backbones might have weak
interactions with Au3*. The change in O 1s and S 2p region
of the XPS spectrum of Pie/2a/3 was similar to that of



Pib/2a/3 (Figure 5D-E and Figure S22A-B). By contrast,
the spectrum profile in the N 1s region of Pie/za/3
changed significantly after coordination with Aw* (Figure
5F and Figure S22C). The original two peaks at 400.98 and
397.98 eV split into three peaks at 401.58, 399.78 and
398.08 eV in the N 1s spectrum of Pie/2a/3-Au3*. These

Time (min)

results further demonstrated that the N atoms of the
diethylamino groups have a great contribution to the
strong coordination of Pie/2a/3 with Au3*, while the N
atoms in dimethylamino groups and S atoms are relatively
less involved in the coordination process.
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Figure 5. (A) Enrichment efficiency of Au3* with different amounts of Pie/2a/3 powder (red line) and the time-dependent
extraction of Au3* with 4 mg Pie/2a/3 powder (blue line). Inset: the gold extraction process with Pie/2a/3. [Aw*], = 100 mg/L,
Va3t = 2 mL. (B) Selective extraction of Au3* using the solid powder of P1e/2a/3 in an aqueous solution with 11 mixed metal ions.
[M™], = 100 mg/L, VM™ = 2 mL, Mpiepa; = 4 mg. (C) The process of gold recovery from an aqueous solution to elemental Au
using Pie/2a/3. The magnified image was observed under a microscope. (D) XPS spectra for N 1s, O 1s, S 2p of Pie/2a/3 and

Pie/2a/3-Au3*.

Cell Imaging

Inspired by the special biological activities of amidine
derivatives and the advantages of AIE luminogens as
fluorescence imaging reagents,'*+ %l we then
investigated the applications of the obtained AIE-active
amidine-containing polymers in biological imaging. The
staining capability of Pib/2a/3 on different type of cells
was first investigated as an example using a confocal laser
scanning microscope. As shown in Figure 6A-B and Figure
S23, bright blue fluorescence was observed in both 4T1
and 3T3 cells after incubation with 10 pM polymer for 2 h.
The co-staining results of P1b/2a/3 with LysoTracker Red
(LTR, a commercial lysosome-imaging probe) revealed
that Pib/2a/3 can specifically localize and stain lysosomes

in the tested cells. The cell staining regions of Pib/2a/3
overlapped well with those of LTR. The Pearson’s
correlation coefficient of Pib/2a/3 for 4T1 and 3T3 cells
was calculated to be 0.84 and 0.87, respectively. The
cytotoxicities of Pib/2a/3 to 4T1 and 3T3 cells were
evaluated using a standard MTT cell viability assay
(Figure 6C). The cell viability of 4T1 and 3T3 cells both
remained above 90% even at a high concentration of up
to 8o pM, indicating the excellent biocompatibility of
Pib/2a/3. Furthermore, this AIE polymer showed
prominent photobleaching resistance. No remarkable
signal loss occurred after 50 scans with continuous
irradiation at 405 nm excitation, while more than 40% of
the fluorescence of LysoTracker Green was lost (Figure



6D). The low cytotoxicity, high lysosome specificity, and
excellent photostability make Pib/2a/3 a promising
lysosome-specific fluorescent probe in biological imaging.
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Figure 6. (A and B) Confocal images of (A) 4T1 cells and (B)
3T3 cells stained with Pib/2a/3 (10 uM, 2 h) and LysoTracker
Red (LTR, 1 uM, 30 min) and their merged images as well as
the overlay of the fluorescence image and bright-field image.
Scale bar = 5 pM (for 4T1 cells) and 10 pM (for 3T3 cells).
Excitation wavelength: 405 nm (P1b/2a/3) and 514 nm (LTR);

emission filter: 450-650 nm (P1b/2a/3) and 550-735 nm (LTR).

(C) Cell viability of 4T1 and 3T3 cells in the presence of
Pib/2a/3 at different concentrations. (D) Change in the
fluorescence signal from 4T1 cells stained with Pib/2a/3 (10
pM, 2 h) and LTR (1 pM, 30 min).

CONCLUSIONS

In summary, we have developed a straightforward and
powerful tool for the synthesis of diverse heterochain
polymers with o,B-unsaturated amidines. This synthetic
method enjoys the merits of readily accessible monomers,
facile operation, high efficiency, mild condition and high
atom economy. The isolated yield was up to 91% and the
M., of the obtained polymers could reach up to 74500. All
the obtained polymers are formed with excellent
stereoselectivity and possess good solubility in common
polar solvents. In the presence of AIE unit and
diethylamino substitutents, Pie/2a/3 showed acid-base
dual modal response and the acidified thin film can be
used as a sensitive fluorescence probe for detecting
biological spoilage. Meanwhile, the heteroatom-rich
P1e/2a/3 can also be utilized for the highly sensitive and
selective detection of Auw* and furthermore can rapidly
enrich Au3* from aqueous solution with a high efficiency.
The XPS experiment data indicated the N atoms of the
diethylamino group greatly promoted the extraction
efficiency of Pie/2a/3 toward Au3*. Besides Pie/2a/3, the
AlE-active P1ib/2a/3 was demonstrated to be a promising
lysosome-specific fluorescent probe with low cytotoxicity,

high specificity, and prominent photostability. Further
experiments on the more practical applications of these
heterochain polymers, such as the combination of their
gold enrichment capability and the desalination of sea
water, were undergoing in our lab.
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