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1. Introduction

Room-temperature Barbier single-atom
polymerization induced emission as a versatile
approach for the utilization of monofunctional
carboxylic acid resourcest

Quan-Xi Shi,*® Qian Li,*® Hang Xiao,"¢ Xiao-Li Sun, € € Hongli Bao 2 ° and
Wen-Ming Wan '

Carboxylic acids are widely available from both biomass and fossil sources on the Earth. In comparison
with multifunctional carboxylic acid containing chemicals that have been comprehensively used as build-
ing blocks of polymer materials, monofunctional carboxylic acid resources exhibit broader availability but
are rarely utilized as monomers for polymerization, attributed to their monofunctionality. Here, we
demonstrate a Barbier single-atom polymerization (SAP) as a versatile approach for the utilization of
monofunctional carboxylic acid resources, where they act as a carbon source to contribute only one
carbon atom for the construction of the polymer main chain. The key point for the polymerization of the
monofunctional carboxylic acid resource is to difunctionalize it, which is realized through two Barbier
additions between bifunctional aromatic halides and monofunctional peroxyester in the presence of Mg.
Prior to the Barbier SAP, monofunctional phenylcarboxylic acid is converted into dibenzoyl peroxide
(BPO) with higher reactivity. Through the Barbier SAP of BPO at room temperature, a series of nonconju-
gated polytriphenylmethanols (PTPMs) were prepared as polymerization-induced emission luminogens
(PIEgens) with structure-specific nonconjugated luminescence including aggregation-caused quenching
(ACQ) and aggregation induced emission (AIE) characteristics, where starting monomers and repeating
units are nonemissive. Further applications of PIEgens were carried out for an artificial light-harvesting
system with an antenna effect of over 18.5 and explosive detection at the ppm level in solution and ng
level on test paper. This work therefore opens a new avenue for the design of nonconjugated lumine-
scence by utilizing Earth’'s monofunctional carboxylic acid resources sufficiently.

corresponding organic reactions, resulting in prosperous
polymer science with abundant synthetic polymer materials in

Staudinger, a famous organic chemist and the father of
modern polymer science, proposed the concept of polymeriz-
ation in 1920, which successfully opened the prelude of
polymer science.' In the past 100 years, generations of
polymer chemists have spent considerable efforts to develop
different kinds of polymerization methods based on the
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the form of plastics, fibers, rubbers, etc., which have played
important roles in human life.>”*! For example, polyesterifica-
tion and polyamidation are based on the corresponding esteri-
fication and amidation reactions, resulting in significant poly-
esters and polyamides, e.g., polyethylene terephthalate (PET)
and nylon.">* A series of coupling polymerizations are based
on the corresponding Stille-, Suzuki-, Kumada-coupling reac-
tions, etc."™"” Living ring-opening metathesis polymerization
is based on the olefin metathesis reaction.'®° Click polymer-
ization, Michael polyaddition, and multicomponent polymeriz-
ations are based on the corresponding click reaction, Michael
addition, and multicomponent reactions respectively.*'">°
Living radical polymerizations, also named reversible-de-
activation radical polymerizations including atom transfer
radical polymerization and reversible addition-fragmentation
chain transfer polymerization, are based on the corresponding
reversible-deactivation radical reactions as well.>*?7*!

This journal is © The Royal Society of Chemistry 2022
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Accompanied by the developments of different polymeriz-
ation methods, different chemical moieties, including dicar-
boxylic acids, diols, diamines, alkenes, alkynes, thiols, etc.,
have been successfully developed as building blocks of
polymer materials.**™*” The variety and availability of mono-
mers are important factors for evaluating polymerization
methods. Carboxylic acid containing compounds are widely
available chemicals from both biomass and fossil sources on
the Earth, and have been comprehensively used in organic syn-
thesis for centuries.”®* In polymer science, multifunctional
carboxylic acid containing chemicals have been comprehen-
sively used as building blocks of polyesters and polyamides,
e.g., PET and nylon, through polyesterification and polyamida-
tion. Compared with these widely used multifunctional car-
boxylic acid containing chemicals, monofunctional carboxylic
acid containing chemicals exhibit broader availability from
both biomass and fossil sources on the Earth, e.g., phenylcar-
boxylic acid can be widely available from benzoin resin, black
cherry bark, and the chemical industry. However, more than
two functionalities are required for the molecular design of
monomers through polyesterification and polyamidation.
Monofunctional carboxylic acid chemicals are therefore rarely
utilized as monomers for polymerization due to their mono-
functionality. Investigation of the possibility of utilizing mono-
functional carboxylic acid chemicals as potential monomers
for polymerization will expand the monomer library of
polymerization and is therefore highly desirable.

The Barbier reaction, a named reaction for the utilization of
carbonyl compounds as electrophiles for the construction of
new chemicals through carbon-carbon bond formation, has
been comprehensively used and has played important roles in
organic chemistry for more than one century.’>*! Recently,
based on the Barbier reaction, the Barbier polymerization has
been successfully developed through A, + B,, AB, AB, and A, +
B types of one-pot polyadditions between organohalides and
carbonyls in the presence of an activator at temperatures
ranging from 40-80 °C, resulting in a series of alcohol-contain-
ing polymers that are difficult to synthesize by other polymeriz-
ation methods.”*>* The Barbier polymerization exhibits intri-
guing polymerization-induced emission, where nonconjugated
emission has been created from nonemissive monomers and
repeating units.>> Generally, the formation of a Grignard
reagent is arduous, especially for inactive organohalides,
where a higher temperature (e.g., refluxing) and an activator
(e.g., 1,2-dibromoethane and 1,) are required.’®”” The room-
temperature Barbier polymerization without an activator sim-
plifies the process and saves energy and is therefore highly
desirable.

Herein, a room-temperature Barbier polymerization without
an activator is demonstrated as a versatile approach for the
utilization of Earth’s monofunctional carboxylic acid
resources. This Barbier polymerization exhibits characteristics
such as SAP and PIE, and results in a series of nonconjugated
emissive polytriphenylmethanols as PIEgens. Further potential
applications of PIEgens were investigated for an artificial light-
harvesting system and explosive detection.

This journal is © The Royal Society of Chemistry 2022
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2. Results and discussion
2.1 Room-temperature Barbier single atom polymerization

In our previous studies, carbonyl groups in the form of
ketones, esters and amides have been successfully polymerized
through the Barbier polymerization (Scheme 1, Previous work).
Earth’s carbonyl resources in the form of monofunctional car-
boxylic acid and peroxyester haven’t been realized yet. To
realize the polymerization of monofunctional carboxylic acid
resources, the key point is to difunctionalize monofunctional
carboxylic acid, which can be realized through two Barbier
additions between bifunctional aromatic halides and mono-
functional peroxyester in the presence of Mg. The Barbier SAP
is therefore proposed, where carboxylic acid resources act as a
carbon source to contribute only one carbon atom for the con-
struction of the polymer main chain. Prior to the Barbier SAP,
monofunctional carboxylic acid needs to be converted into per-
oxyester with higher reactivity,*® which is supposed to lower
the barrier energy of polymerization and realize polymeriz-
ation at room temperature without an activator (Scheme 1,
This work). Meanwhile, in order to prevent potential side reac-
tions, e.g., intramolecular cyclization and the coupling reaction
derived from Grignard reagents, monomers with rigid phenyl
rings are specifically used under one-pot Barbier conditions.
To verify the above hypothesis, phenyl carboxylic acid was
taken as an example and converted into BPO with higher reac-
tivity prior to the Barbier SAP (Fig. S17). The one-pot Barbier
SAP of BPO with a series of dibromobenzene was carried out at
room temperature without any activator in the presence of Mg
for 24 h (Table 1). Through two Barbier polyadditions between
bromobenzene and the carbonyl group that results in the tran-
sition of an A, + B type monomer into an A, + B,* type
monomer, a series of polytriphenylmethanols were prepared.
Taking the Barbier SAP of BPO and p-dibromobenzene for the
synthesis of para-polytriphenylmethanol (p-PTPM) as an
example, the disappearance of the characteristic sharp
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Scheme 1 Typical Barbier polymerization strategy and monomers for
the Barbier polymerization (previous work). Room-temperature Barbier
single atom polymerization (this work).
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Table 1 Monomer structures and results of polymers synthesized via the Barbier SAP in THF at room temperature for 24 h

Entry Monomer Polymer Abbreviation” yield” (%) M, © PDI* PIE
1 0 Y@ O OH p-PTPM 68.6 6700 1.21 AIE
po) n
o
S - %.
BrOBr
2 o QH p-PPTPM 63.7 4600 1.14 AIE
o OO
0 O
3 o O 0-PTPM 41.7 5100 1.15 ACQ
e
o
o o
Br Br
4 o Y@ O m-PTPM 53.2 5800 1.14 ACQ
o)
©)ko,

o
Br Br

“Triphenylmethanol polymer (PTPM); phenyl triphenylmethanol polymer (PPTPM). ? Isolated yield. ° Measured by GPC.

monomer 'H NMR signals (Fig. 1A; and A,) and the appear-
ance of the characteristic broader aromatic polymer signals at
7.8-7.0 ppm and the hydroxide proton at 3.8-3.3 ppm (Fig. 1B)
confirm the successful polymerization. p-PTPM was further
confirmed by gel permeation chromatography (GPC) character-
ization with an M,, of 6700 and a PDI of 1.21 (Fig. 1C). This
slightly higher molecular weight than that obtained in our pre-
vious work might be due to the higher reactivity of BPO than
those of previous monomers. Fourier transform infrared
(FT-IR) characterization (Fig. 1D) and polymerization tracking
(Fig. S271) were carried out to verify the chemical structure of
p-PTPM. In the FT-IR spectrum, the characteristic peaks for
C-O and O-H were observed at 1154 cm™' and 3450 cm ™,
respectively. The existence of C-OH was further confirmed

atb+ctd

phenyl co

O-H

12 14 16 18 4000 3000 2000 1000
Elution Time / min Wavenumber/cm™

Fig. 1 Characterization of p-PTPM. *H NMR spectra of benzoyl per-
oxide (A;), p-dibromobenzene (A;) and p-PTPM (B) in CDCls, GPC curve
of p-PTPM in DMF (C), and FT-IR spectrum of p-PTPM (D).
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from the >C NMR spectrum at 82 ppm (Fig. S3), which veri-
fied the chemical structure of p-PTPM. Other examples of the
Barbier SAP of different monomers and the corresponding
polymers are listed in Table 1. From the comparison of "H
NMR spectra of these monomers and the corresponding pro-
ducts (Fig. S9-S11t), it is found that the products clearly
exhibit much broader signals for aromatic protons at
~8.5-6.5 ppm and the hydroxide proton at ~4.0-2.5 ppm,
which are typical evidence of successful polymer synthesis.
These successful Barbier SAPs are further confirmed by GPC
and FT-IR characterization (Fig. S9-S111 and Table 1).

All the above characterization studies verify the proposed
polymerization mechanism (Scheme 1, This work). To further
verify this proposed mechanism, a model reaction between BPO
and bromobenzene or p-methylbromobenzene was carried out
under Barbier reaction conditions at room temperature without
an activator for 12 h. Triphenylmethanol and 4-4'-dimethyl tri-
phenylmethanol were successfully obtained and confirmed by
'H and ’C NMR (Fig. S5-587). These model reactions confirm
the two Barbier additions between organohalides and BPO,
which further confirm the above proposed polymerization
mechanism (Scheme 1, This work). This Barbier SAP involves
two nucleophilic polyadditions of organohalides to BPO, where
the carboxylic carbon resource provides only a single carbon
atom to construct the polymer main chain, resulting in a series
of corresponding PTPMs. This Barbier SAP therefore enables
the polymerization of carbonyl resources in the form of mono-
functional carboxylic acid and peroxyester, which expands the
monomer library of the polymerization method.

2.2 PIE and photophysical properties of polyphenylmethanols

As is known, nonconjugated moieties are weak/not emissive.
Through the Barbier SAP, an intriguing PIE phenomenon is

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Different emission types of PIEgens (under UV irradiation at
365 nm).

observed (Fig. 2). Before polymerization, all monomers are
nonemissive. After polymerization, the prepared PTPMs
become emissive, while the repeating unit of triphenylmetha-
nol is weak/not emissive. Meanwhile, PTPMs exhibit structure-
specific nonconjugated luminescence including both ACQ and
AIE characteristics, depending on the connecting mode of
monomers. When the dibromo monomer is para-substituted,
e.g., p-dibromobenzene and p-dibromobiphenyl, the prepared
p-PTPM and para-polyphenyltriphenylmethanol (p-PPTPM) are
AIE type PIEgens, where all phenyl groups in the polymer
chain are rotatable (Fig. 2A and B). When the dibromo
monomer is ortho- or meta-substituted, e.g., o-dibromobenzene
and m-dibromobenzene, the prepared o-PTPM and m-PTPM
are ACQ type PIEgens, where some phenyl groups in the
polymer chain are rotation forbidden (Fig. 2C and D). All these
ACQ and AIE type luminescence characteristics are similar to
our previous work, which confirms that these nonconjugated
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luminescence characteristics of PTPM are structure dependent
rather than synthetic route dependent. To investigate the
mechanism of PIE, time-dependent density functional theory
(TD-DFT) calculations were carried out (Fig. 3 and S157). With
the increase of the polymer chain length, significant differ-
ences in the highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO) and band gap
are observed, even though the repeating unit remains the
same.

These changes indicate that the polymerization will affect
the molecular orbitals and narrow the corresponding
bandgap, causing through-space conjugation and an intra-
molecular charge transfer effect under the constraint of
polymer chains, resulting in nonconjugated luminescence
eventually, which is similar to the PIE literature.>>>>7>9762
Meanwhile, the structure-specific luminescence of PIE obeys
the restriction of intramolecular rotation theory, which is
similar to the AIE literature.®*"®* It is worth mentioning that
PIEgens can be easily adjusted between ACQ and AIE by
simply adjusting the connection mode of the phenyl contain-
ing monomer, which enables easier molecular design of
PIEgens.

The investigations on the photophysical properties of the
prepared PTPMs were further carried out to demonstrate these
PIEgens. All these PIEgens exhibit strong absorbance at about
250 nm and relatively weak absorbance at the 300-400 nm
region, resulting in yellowish color of these polymers under
sunlight (Fig. 4A and Fig. S12-S14 and Table S17). The differ-
ences between absorption and excitation spectra also confirm
the specificity of these PIEgens as untraditional luminogens.
For para-substituted PIEgens, e.g., p-PTPM and p-PPTPM, they
are not emissive in solution but highly emissive in the solid
state triggered by the rotation forbidden phenyl rings in the
aggregated state, which are typical AIE behaviors (Table S1,
entries 1 and 2 and Fig. S127). For ortho- or meta-substituted
polymers, e.g., o-PTPM and m-PTPM, they are highly emissive
in solution because of their rotation forbidden phenyl groups,

Fig. 3 Electron cloud distributions and energy levels (eV) of TPM, dimer, trimer, and tetramer in the geometry-optimized S1 state calculated using

the TD-DFT B3LYP/6-311G*, Gaussian 09 program.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Luminescence properties of p-PTPM. Normalized excitation (red line) and emission (blue line) spectra of p-PTPM in the solid state and nor-
malized absorption spectra (black line) of p-PTPM in THF (A). Emission spectra of p-PTPM (0.1 mg mL™) in water/THF mixtures with different water
volume fractions (f,, vol%) (excited at 386 nm) (B). CIE coordinates of p-PTPM (C). Plots of emission intensities of p-PTPM (0.1 mg mL™) in water/
THF mixtures with different water volume fractions (f,,, vol%) (excited at 386 nm) (D). Transmittance of p-PTPM (0.1 mg mL™Y) in water/THF mixtures
with different water volume fractions ( f,,, vol%) at 500 nm (E). Digital photos of one drop of p-PTPM solution (10 mg mL™* in THF) on a thin-layer
chromatography plate at different times (time unit is second) of evaporation (under UV irradiation at 365 nm) (F). Digital photos of p-PTPM
(0.1 mg mL™Y) in water/THF mixtures with different water volume fractions (f,,, vol%) (under sunlight and UV irradiation at 365 nm) (G).

which is a traditional luminescence behavior, in comparison
with AIE type luminescence. Meanwhile, they exhibit weak
emission in the aggregated state, which is similar to the tra-
ditional luminescence with an ACQ effect in the literature
(Table S1, entries 3 and 4 and Fig. S13 and S147). For better
understanding AIE behaviors of p-PTPM and p-PPTPM, further
detailed characterization studies of their luminescence pro-
perties were carried out (Fig. 4, Fig. S12 and Table S1,T entries
1 and 2). Taking p-PTPM as an example, it exhibits a
maximum emission wavelength of 468 nm and a maximum
excitation wavelength of 386 nm (Fig. 4A). Its AIE behavior is
further illustrated by adding water into its solution in THF. As
the water content increases, an increased emission intensity is
observed (Fig. 4B and G). When the water fraction is lower
than 30 vol% (Fig. 4B, D, E and G), the p-PTPM solution is
transparent and exhibits weak luminescence. As the water frac-
tion increases from 30% to 90%, the p-PTPM chain starts to
phase separate with the gradual decrease of transmittance
from 100 to 22.78%, accompanied by a fast increase of the
luminescence intensity. Its AIE behavior is further illustrated
by placing a drop of p-PTPM solution on a thin layer chromato-
graphy plate (Fig. 4F). As the solvent gradually evaporates,
p-PTPM begins to aggregate in the solution, accompanied by a
gradual increase of cyan luminescence on the thin layer
chromatography plate. According to the Commission
Internationale deL’Eclairage chromaticity diagram, the emis-
sion color coordinate of p-PTPM is (0.17, 0.24) (Fig. 4C).
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2.3 Application of p-PTPM for the facile fabrication of an
artificial light-harvesting system

The artificial light-harvesting system has attracted widespread
attention because of its high contribution to basic scientific
research and the sustainable use of light energy.®® In light-har-
vesting systems, inhibition of the self-quenching effect of
energy acceptors and energy donors is a decisive factor for
improving the energy conversion efficiency and achieving high
antenna effects. Due to the non-self-quenching AIE character-
istics of p-PTPM and p-PPTPM and their good film-forming
performance, their applications as potential energy donor
materials for the design of artificial light-harvesting systems
were therefore carried out. Because the absorption of the com-
mercially available dye Nile Red (NiR) has a good overlap with
the emission of p-PTPM or p-PPTPM (Fig. 5C and Fig. S16%)
and the well-known ACQ effect of NiR,%” NiR was chosen as an
energy acceptor to prepare the artificial light-harvesting
system, by simply casting p-PTPM or p-PPTPM solution con-
taining a tiny amount of NiR to form a film on the substrate
(Fig. 5A). The luminescence results of the fabricated light-
harvesting film were tested and are shown in Fig. 5E and
Fig. S15.1 With the increase of the loading of the NiR acceptor
from 0.1-0.3%, the emission of NiR around 620 nm gradually
increases under 386 nm excitation, while the emission of
p-PTPM at 468 nm gradually decreases, indicating that the
energy of the p-PTPM donor is successfully transferred to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Artificial light-harvesting system application of p-PTPM. (A)
Schematic illustration of the artificial light-harvesting system. (B)
Schematic diagram of the energy transfer mechanism. (C) Absorption
spectra of NiR and emission spectra of p-PTPM (ex = 386 nm). (D)
Emission spectra of the artificial light-harvesting system using p-PTPM
as an energy donor and NiR as an energy acceptor. (E) Emission spectra
of p-PTPM with different amounts of NiR, excitation at 386 nm. (F)
Emission intensities (at 620 nm) of the artificial light-harvesting system.
GS, ground state; ES, excited state; ET, energy transfer.

NiR acceptor. With the increase of the NiR content from
0.1-0.3%, the antenna effect of the artificial light-harvesting
film increases from 7.8-18.5 (Table S21). When the content of
NiR is 0.3 wt%, the energy transfer efficiency of the artificial
light-harvesting film reaches 66.6% and 50.1% and the
antenna effect is 18.5 and 18.1 for p-PTPM and p-PPTPM,
respectively (Fig. S16 and Tables S2 and S37). At the same
time, the emission intensity of p-PTPM with 0.3 wt% NiR
excited at 468 nm is lower than that excited at 386 nm, con-
firming the energy transfer process from the p-PTPM donor at
the excited state to the NiR acceptor at the ground state with
the formation of NiR* at the excited state (Fig. 5D). The photo-
physical process of this artificial light-harvesting system is
therefore proposed (Fig. 5B).

When the artificial light-harvesting system absorbs light
energy at 386 nm, p-PTPM at the ground state will be excited to
the excited state in the form of p-PTPM*, and p-PTPM* will
return to the ground state by radiation and emit at 468 nm.
However, after adding the NiR acceptor, the resonant energy
transfer from p-PTPM* will take place to the ground state NiR
to form NiR* in the excited state. Finally, NiR* returns to the
ground state with an emission wavelength of 620 nm
radiatively.

2.4 Application of PTPM for explosive detection

Due to the charge transfer interaction between electron-
deficient 2,4,6-trinitrotoluene (TNT) and electron-rich p-PTPM

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 TNT sensory application of p-PTPM. (A) Photographic images of
p-PTPM formed in 0.1 mg mL™ 90% water/THF mixtures (vol%) under
irradiation with a UV lamp@365 nm, before and after adding 20 ppm
amounts of TNT, respectively. (B) Emission spectra and (D) intensities
and quenching ratio of p-PTPM in 0.1 mg mL™* 90% water/THF mixtures
(vol%) upon the addition of TNT, excitation wavelength = 386 nm. (C)
Photographic image of TNT test strips (up: with residual TNT under
irradiation with a UV lamp@386 nm, down: blank, respectively).

that results in emission quenching, its application for explo-
sive detection was carried out.®®*”° p-PTPM solution (0.1 mg
mL™" in a 90% water/THF mixture (vol%)) emits strong cyan
fluorescence (Fig. 6A). With the addition of TNT, the lumine-
scence intensity of the p-PTPM solution decreased rapidly
(Fig. 6B). The fluorescence quenching rate reached near 80%
with 22.5 ppm TNT (Fig. 6D), indicating the rapid and sensi-
tive explosive detection at the ppm level, which is similar to
the previous report and indicates that the functionality of
PTPM is structure dependent rather than synthetic route
dependent.”® In order to verify the practical application of
p-PTPM in explosive detection, the p-PTPM solution was
dropped on filter paper to prepare the test paper, and then
dried in air, showing cyan luminescence under a 365 nm ultra-
violet lamp. When the solution containing the residual
amount of TNT was dropped on the test paper, efficient explo-
sive detection of the residual TNT at 100 ng can be realized,
accompanied by the disappearance of luminescence on the
test paper (Fig. 6C).

3. Conclusions

In conclusion, a room-temperature Barbier SAP is demon-
strated as a versatile approach for the utilization of Earth’s
monofunctional carboxylic acid resources in the form of car-
boxylic acid and peroxyester, which is realized through two
Barbier polyadditions between bifunctional aromatic halides
and monofunctional peroxyester in the presence of Mg.
Attributed to the reactivity improvement from phenylcarboxylic
acid to BPO, the Barbier polymerization conditions are simpli-
fied, i.e., without an activator and room temperature. Through
the Barbier SAP, a series of PTPMs have been prepared, where
the carboxylic acid resource acts as a carbon source to contrib-
ute only one carbon atom for the construction of the polymer
main chain. This Barbier SAP also exhibits intriguing struc-
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ture-specific PIE characteristics, where the luminescence type
can be adjusted from ACQ to AIE by simply adjusting the con-
nection modes of the phenyl ring of monomers. When all
phenyl rings of PIEgens are rotatable, they exhibit AIE beha-
viours. When all phenyl rings of PIEgens are rotation forbid-
den, they exhibit ACQ behaviours. TD-DFT calculations reveal
the nonconjugated PIE mechanism, where through-space con-
jugation and an intramolecular charge transfer effect under
the constraint of polymer chains play important roles. Further
applications of AIE type PIEgens are illustrated for the fabrica-
tion of artificial light-harvesting systems with an antenna
effect of up to 18.5 and sensitive TNT detection at the ppm
level in solution and ng level on test paper. This work therefore
expands the monomer library of the polymerization method
and opens a new avenue for the design of nonconjugated
luminescence by utilizing Earth’s monofunctional carboxylic
acid resources functionally and sufficiently.
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