Chinese Journal of

POLYMER SCIENCE

https://doi.org/10.1007/s10118-019-2230-3
Chinese J. Polym. Sci. 2019, 37, 428-436

Aggregation-induced Emission-active Hyperbranched Poly(tetrahydro-
pyrimidine)s Synthesized from Multicomponent Tandem Polymerization

Yuzhang Huang?, Ping Chen?, Bo Wei?, Rongrong Hu*", and Ben Zhong Tang®®*

2 State Key Laboratory of Luminescent Materials and Devices, Center for Aggregation-Induced Emission, South China University of Technology, Guangzhou
510641, China
Y Department of Chemistry, Hong Kong Branch of Chinese National Engineering Research Center for Tissue Restoration and Reconstruction, The Hong Kong
University of Science & Technology, Clear Water Bay, Kowloon, Hong Kong, China

@ Electronic Supplementary Information

Abstract Hyperbranched polymer with highly branched three-dimensional topological structure, a large number of end groups, and
multifaceted functionalities have gained much attention, while polymers with aggregation-induced emission (AIE) properties become a
group of popular luminescent materials recently. The design and synthesis of AlE-active hyperbranched polymers, which combine the
advantages of these two types of materials, are attractive but challenging. In this work, four hyperbranched poly(tetrahydropyrimidine)s
were synthesized from the metal-free room temperature multicomponent tandem polymerization of diester group-activated internal alkyne,
polyfunctional aromatic amines, and formaldehyde in methanol under the catalysis of acetic acid. Through different monomer
combination and controlling the monomer loading order, hyperbranched polymers with various topological structures as well as sequences
of different functional groups in the polymer backbone were obtained with high molecular weights (up to 3.0 x 10* g/mol) in high yields
(up to 98%). The hyperbranched poly(tetrahydropyrimidine) emitted faintly in solution, while its luminescence was notably enhanced in
the aggregated state, suggesting its typical aggregation-induced emission property. It is anticipated that the multicomponent
polymerization may provide a synthetic platform for the construction of hyperbranched polyheterocycles with diverse structures and

functionalities.
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INTRODUCTION

Hyperbranched polymers with many branching sites are a
special kind of three-dimensional macromolecules. Com-
pared with linear polymers, hyperbranched polymers enjoy
low viscosity, good solubility, good dispersion, high flow
denaturation, large number of terminal functional groups,
and facile modification of the numerous end groups.['l They
can find wide applications in various fields including self-
assembly, biomedicine, stimuli-responsive materials, and
chemosensors.>"12] The general strategy of constructing
hyperbranched polymers is to adopt AB, (n > 2) or A2 + B,
(n > 3) type monomers in an efficient polymerization to aff-
ord hyperbranched polymers with desired structures.[!’]
Extensive works about hyperbranched polyethers, polygly-
cerols, polythioethers, and conjugated hyperbranched poly-
(tetraphenylethene) have been reported, which generally
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involve efficient synthetic methods such as epoxide poly-
merization, click chemistry strategies, and the activated
monomer strategies.!!41°]

Polymers with aggregation-induced emission (AIE) beha-
vior have raised great interest recently and found various ap-
plications such as fluorescent sensors,[2022] optoelectronic
devices,[23725] and bioimaging.[26728] Unlike the traditional
luminescent polymers with concentration-caused fluores-
cence quenching effect, AIE polymers show no emission in
solution, but obvious luminescence in its aggregated form in
poor solvent or solid states.[2°] Although AIE polymers ex-
hibit large potential as functional luminescent materials,
AlE-active hyperbranched polymers are rarely reported due
to the shortage of synthetic approaches. For example, A,-
and Ay-type tetraphenylethene-containing diyne or tetrayne
monomers were used respectively to construct conjugated
hyperbranched polymers with aggregation-enhanced emis-
sion properties through polycyclotrimerization of alky-
nes.3931] In these AIE-active hyperbranched polymers, tet-
raphenylethene moieties are connected through 1,2,4- or
1,3,5-substituted benzene ring as branching site, which ex-
hibit enhanced fluorescence in the solid state and can be em-
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ployed for explosive detection and fluorescent photopattern.

Multicomponent polymerization (MCP), which utilizes
three or more monomers to directly afford polymer product
with complex structures, is a versatile synthetic approach and
an ideal tool for the construction of hyperbranched polymers.
MCP enjoys a series of advantages such as great structural
diversity, various monomer combination strategies, high effi-
ciency and convenience, mild condition, and environmental
benefit.32351 Among the reported MCPs, multicomponent
tandem polymerization (MCTP) which combines multiple-
step reactions in a one-pot synthetic procedure,397381 pos-
sesses great potential in the synthesis of functional polymer
materials. MCTP can apply to various reactions and mono-
mers, greatly extending the product structure scope to con-
jugated polymers and sequence-controlled polymers.[39:40]
Recently, we developed an efficient metal-free room temper-
ature MCTP of ester group-activated internal alkyne, aromat-
ic amine, and formaldehyde.[*!] By changing the feeding or-
der of different aromatic diamines, the amount of formalde-
hyde, and reaction temperature, a series of structure- and se-
quence-controlled polyheterocycles with unique lumines-
cence behavior were obtained (Scheme 1).

In this work, attracted by the unique advantages and
strong designability of MCTP, four hyperbranched polymers
containing in situ constructed tetrahydropyrimidine rings
were synthesized via the metal-free room temperature tand-
em polymerization of diester group-activated internal alkyne,
formaldehyde, and A,-, As-, or A4~ type aromatic amine
monomers. By controlling the different combination of mul-
tifunctional monomers and monomer loading order, hyper-
branched polyheterocycles with various topological struc-
tures and sequences of functional units were accessed. The
hyperbranched polymer also possessed typical aggregation-
induced emission property, which was faintly emissive in so-
lution but showed enhanced emission in the aggregated state.

EXPERIMENTAL

Materials

4,4'-Methylenedianiline (TCI), acetylenedicarboxylic acid
(Energy), tris(4-aminophenyl)amine (Energy), diethylene
glycol monomethyl ether (Energy), formaldehyde (Alfa
Aesar, 37% in aq. soln.), tetrakis(4-aminophenyl)methane
(Accela ChemBio), p-toluenesulfonic acid (Energy), cyc-
lohexane (Aladdin), n-hexane (Aladdin), acetic acid, and
methanol were used as received without further purification.

HzNNHZ
2

25 °C, 30 min
+

Tetrahydrofuran (Aladdin) was treated with sodium benzo-
phenone ketyl and distilled under nitrogen prior to use.

Characterization

FTIR spectra were measured on a Bruker Vector 33 FT-IR
spectrometer. All 'H- and '3*C-NMR spectra were measured
on Bruker Avance 500 MHz NMR spectrometer using
CDCI3 as solvent and tetramethylsilane (TMS, ¢ = 0) as
internal reference. UV-Vis absorption spectra were recorded
on a Shimadzu UV-2600 spectrophotometer. Fluorescence
spectra were recorded on a Horiba Fluoromax-4 fluorescence
spectrophotometer. Fluorescence quantum yields were
measured using a Hamamatsu absolute photoluminescence
quantum yield spectrometer C11347 Quantaurus-QY. The
weight-average (Mw) molecular weights and polydispersity
indices (PDI = Mw/Mx) of polymers were estimated by a
Waters advanced polymer chromatography (APC) system.
THF was used as eluent at a flow rate of 0.5 mL/min. The
molecular weight was calibrated by a set of monodispersed
linear polystyrenes standard samples covering the My range
of 103107 g/mol.

Synthetic Procedure of Bis[2-(2-methoxyethyoxy)-
ethyl]but-2-ynedioate (1)
Bis[2-(2-methoxyethyoxy)ethyl|but-2-ynedioate 1 was syn-
thesized according to the literature.[*!] Acetylenedicarboxy-
lic acid (2.28 g, 20.0 mmol), diethylene glycol monomethyl
ether (6.95 mL, 60.0 mmol), p-toluenesulfonic acid (0.34 g,
2.0 mmol), and cyclohexane (50 mL) were added into a two-
necked round-bottom flask. The mixture was stirred at 80 °C
in air for 24 h, which was then cooled down to room
temperature and extracted with water (50 mL) and ethyl
acetate (50 mL x 3). The organic layers were combined and
dried with MgSOs4. The solvent was removed under vacuum
and the crude product was purified through silica-gel column
chromatography (ethyl acetate:petroleum ether = 1:4, V:P).
Compound 1 was obtained as a yellow liquid in 62% yield.

General Synthetic Procedure and Characterization Data
of Hyperbranched Polymers (4#5-P1—4)

The general procedure for the synthesis of hyperbranched
poly(tetrahydropyrimidine)s is given below using the prepa-
ration of 4b-P1 as an example (Scheme 2). 4,4’-Methylene-
dianiline (2, 0.059 g, 0.3 mmol), and bis[2-(2-methoxy-
ethyoxy)ethyl]but-2-ynedioate (1, 0.191 g, 0.6 mmol) were
dissolved in 1 mL of methanol, which were stirred for 30 min
at room temperature in air. Aqueous solution of formal-
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Scheme 1 The synthesis of sequence-controlled linear polymer through multicomponent tandem polymerization of activated

alkyne, aromatic diamine, and formaldehyde
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Scheme 2 The synthesis of hyperbranched polymer /#b6-P1 through a one-pot MCTP

dehyde (3, 37 wt%, 136 pL, 1.8 mmol) and tris(4-amino-
phenyl)amine (4, 0.058 g, 0.2 mmol) in 1 mL of methanol,
and acetic acid (206 pL, 3.6 mmol) were then added into the
mixture and the reaction solution was stirred for 16 h at room
temperature in air. The mixture was diluted with 4 mL of
dichloromethane and was then added into 100 mL of »n-
hexane through a cotton filter to precipitate the polymer
product. The precipitates were allowed to stand for 3 h,
followed by filtering and washing with 10 mL of n-hexane.
The product was dried under vacuum at 25 °C for 12 h to
afford hb-P1.

Characterization Data of hb-P1—4

Characterization data for hb-P1

A brown solid was obtained in 98% yield. Mw = 1.72 x
10* g/mol, Mw/M, = 1.75. "TH-NMR (CDCl3, 500 MHz, TMS,
d, ppm): 7.12-6.90 (Ar—H), 6.90-6.70 (Ar—H), 6.58 (Ar—
H), 4.80, 4.26 (CHz), 4.16 (COO—CH2), 4.12 (COO—CH>),
3.86 (Ar—CH2—Ar), 3.68 (CHz2), 3.61 (CH2),3.51 (CH2),3.44
(CH2), 3.34 (CH3), 3.31 (CH3). 1*C-NMR (CDCl3, 125 MHz,
TMS, o, ppm): 165.44 (C=0), 163.99 (C=0), 145.85,
143.30, 143.05, 142.89, 141.95, 141.53, 138.75, 129.75,
125.20, 124.63, 118.74, 117.72, 103.36, 71.82, 70.43, 70.27,
69.23, 68.36, 64.63, 63.32, 59.02 (CH3), 48.12 (CH>), 40.74
(Ar—CH2—Ar). IR (KBr, v, cm!): 2881, 1741 (C=0),
1691 (C=0), 1587, 1506, 1450, 1394, 1261, 1211, 1107,
1033, 947, 823, 758, 719.

Characterization data for hb-P2

A brown solid was obtained in 84% yield. Mw = 1.17 x
10* g/mol, Myw/M, = 1.60. "H-NMR (CDCl3, 500 MHz, TMS,
J, ppm): 7.16-6.61 (Ar—H), 4.79, 422 (CH), 4.15
(COO—CHy), 3.81 (Ar—CH2—Ar), 3.70 (CHz), 3.63 (CHy),

3.53 (CH>), 3.44 (CH2), 3.37 (CH2), 3.29 (CH3), 3.26 (CHas).
IR (KBr, v, cm™!): 3124, 2877, 1737 (C=0), 1685 (C=0),
1581, 1506, 1456, 1389, 1259, 1205, 1105, 1028, 935, 727.
Characterization data for hb-P3

A yellow solid was obtained in 94% vyield. My = 2.24 x
10* g/mol, Myw/Mn = 2.08. "H-NMR (CDCl3, 500 MHz, TMS,
o, ppm): 7.15-6.67 (Ar—H), 6.56 (Ar—H), 4.97-4.64, 4.27
(CHa), 4.19 (COO—CH2), 4.13 (CHz), 3.84 (Ar—CH2—Ar),
3.63 (CHz), 3.53 (CHz), 3.48 (CHs), 3.32 (CHs). IR (KBr, v,
cm™): 3130, 2920, 1741 (C=0), 1687 (C=0), 1573, 1508,
1402, 1269, 1198, 1064, 923, 812.

Characterization data for hb-P4

A brown solid was obtained in 95% yield. Mw = 3.00 x
10* g/mol, Myw/Mn = 3.85. "TH-NMR (CDCl3, 500 MHz, TMS,
6, ppm): 7.19-6.46 (Ar—H), 4.78, 4.27 (CH2), 4.17 (COO—
CHz), 3.69 (CHz), 3.63 (CH2), 3.53 (CHz), 3.45 (CH>), 3.36
(CH2), 3.28 (CH3). IR (KBr, v, cm™'): 2893, 1739 (C=0),
1693 (C=0), 1579, 1502, 1259, 1207, 1080, 827, 723.

RESULTS AND DISCUSSION

Design and Synthesis of Hyperbranched Polymers

One of the unique advantages of multicomponent polyme-
rization is that through different monomer combinations,
hyperbranched polymers with different topological structures
can be obtained. Furthermore, through multicomponent
tandem polymerization, the sequence of the functional units
could be finely tuned in the polymer backbone. Attracted by
these features of MCTP, the polymerization of activated
alkyne, aromatic amine, and formaldehyde was utilized to
synthesize hyperbranched polymers with different topologi-

https://doi.org/10.1007/s10118-019-2230-3


https://doi.org/10.1007/s10118-019-2230-3

Huang, Y. et al. / Chinese J. Polym. Sci. 2019, 37, 428-436 431

cal structures and sequence of functional units. Firstly, ester
group-activated internal alkyne 1 was synthesized as the key
monomer, and its hydrophilic diethylene glycol monomethyl
ether chain was designed to significantly improve the solu-
bility of the product in methanol, ensuring the large mole-
cular weight of the soluble product. A>-type monomer 4,4'-
methylenedianiline (2), A3-type monomer tris(4-aminophenyl)
amine (4), and As-type monomer tetrakis(4-aminophenyl)-
methane (5) were then designed to polymerize with 1 and form-
aldehyde (3) through the above-mentioned MCTP with
various combinations and loading sequence to afford hyper-
branched poly(tetrahydropyrimidine)s with different topo-
logical structures and well-defined sequence of building
blocks (Schemes 2—4).

The four-component tandem polymerization of activated
alkyne 1, aromatic diamine 2, formaldehyde 3, and aromatic
triamine 4 was first investigated. As shown in Scheme 2, the
hydroamination of internal alkyne 1 and diamine 2 was first

NH,
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carried out in methanol at room temperature in air with a
molar ratio of [1]:[2] = 2:1 for 30 min to form the interme-
diate A, which was then reacted with the freshly added tri-
amine 4 and formaldehyde 3 in the presence of acetic acid at
room temperature for another 16 h to furnish hyperbranched
poly(tetrahydropyrimidine) #b-P1 in 98% yield and a mo-
lecular weight (M,,) of 1.72 x 10* g/mol with good solubility.
Through this tandem strategy, the diamine 2 and triamine 4
played different roles in the reaction and each contributed
one type of nitrogen atom to the newly formed tetrahy-
dropyrimidine rings. Hence, the chemical structure of #5-P1
is pre-designed and well-defined.

Through the tandem strategy, new hyperbranched poly-
mers with different sequences of functional units could be fa-
cilely obtained by simply changing the feeding order of the
monomers while keeping other reaction conditions and pro-
cedures unchanged. For example, if the internal alkyne 1 and
triamine 4 were first reacted to generate intermediate B un-
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Scheme 3 The synthesis of hyperbranched polymer /4b6-P2 through a one-pot MCTP
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Scheme 4 The synthesis of hyperbranched polymers (a) #b-P3 and (b) #b-P4 through a one-pot MCTP

der similar condition at room temperature in methanol in air,
the following reaction of newly added diamine 2 and formal-
dehyde 3 could produce hyperbranched poly(tetrahy-
dropyrimidine) hb-P2 in 84% yield and a M,, of 1.17 x
10* g/mol (Scheme 3). hb-P2 shared similar chemical struc-
ture, component, and topological structure with 4b-P1, but
possessed different sequences of the diamine/triamine units.
Similarly, if tetraamine monomer 5 was adopted to re-
place triamine monomer 4 in the first MCTP shown in
Scheme 2, hb-P3 with totally different topological structu-

res could be obtained with 94% yield and a M, of 2.24 x
10* g/mol (Scheme 4a). In addition, if triamine monomer 4
was used in both two steps, #b-P4 with a unique topological
structure could be gained with 95% yield and a M,, of 3.00 x
10* g/mol. Through simply tuning the monomer combina-
tion and loading sequence, a great diversity of hyperbran-
ched polymers with different topological structures and func-
tional unit sequences could be facilely accessed, demonstrat-
ing that this multicomponent tandem polymerization is a ver-
satile synthetic platform.
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Structure Characterization

Chemical structures of the hyperbranched poly(tetrahydro-
pyrimidine)s 4b-P1—4 were characterized by spectroscopic
techniques such as FTIR, 'H-NMR, and '*C-NMR spec-
troscopies through comparing with the spectra of monomers
and model compound 7 (Scheme S1 in electronic supplemen-
tary information, ESI), which was prepared according to the
literature.[*!1 For example, the FTIR spectra of 1, 2, 4, 7, and
hb-P1 are given in Fig. 1. The N—H stretching vibration
bands of aromatic amine monomers 2 and 4 at ~3321 c¢cm™!
were absent in the IR spectra of 7 and /b-P1, suggesting the
NH2 groups of 2 and 4 were completely consumed during the
reaction or polymerization. One significant evidence to prove
the product structure is that the C=O stretching vibration
band of 1 at 1726 cm™! had split into two different absor-
bance bands at ~1741 and 1691 cm™! in both the spectra of 7
and Ab-P1, which were originated from the two carbonyl
groups on the newly formed tetrahydropyrimidine rings of
the product with different chemical environments. A similar
change was observed in the IR spectra of #b-P2—4 as shown
in Fig. S1 (in ESI), confirming their expected chemical
structures.

0—CH, c=0

4000 3000 2000 1600 1200 800 400
-1
Wavenumber (cm )

Fig.1 IR spectra of (a) monomer 1, (b) monomer 2, (c) monomer
4, (d) model compound 7, and (e) #b-P1

The 'H-NMR and 13C-NMR spectra of 1, 2, 7, and hb-
P1 are shown in Figs. 2 and 3 for example. Tris(4-amino-
phenyl)amine monomer 4 could not be well-dissolved in
CDCl; and was not included. In the 'H-NMR spectrum of
hb-P1, the characteristic CH, resonance of 2 at 6 = 3.77 ppm
was observed at around 3.86 ppm, the CH; resonance of 1
at 0 = 3.37 ppm was split into two signals at 6 = 3.34 and
3.31 ppm, and two representative resonances emerged at § =
4.26 and 4.80 ppm, which were assigned to the two kinds of
newly formed CH, protons on the tetrahydropyrimidine
rings. Similarly, in the 13C-NMR spectrum of 45-P1, the CH,
carbon signal of 2 at 6 = 40.29 ppm was observed at J =
40.74 ppm. The carbonyl signal of 1 at 6 = 151.84 ppm was
split into two signals at 6 = 165.44 and 163.99 ppm, indica-

ting the change of chemical environment of the carbonyl
groups after polymerization. Meanwhile, two new signals as-
sociated with the newly formed CH, carbons of the tetrahy-
dropyrimidine ring emerged at 0 = 103.36 and 48.12 ppm.
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Fig. 2 'H-NMR spectra of (A) monomer 1, (B) monomer 2, (C)

model compound 7, and (D) 4#b-P1 in CDCIls. The solvent peaks are
marked with asterisks.
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Fig. 3 '3C-NMR spectra of (A) monomer 1, (B) monomer 2, (C)

model compound 7, and (D) 4b-P1 in CDCI3. The solvent peaks are
marked with asterisks.
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The characteristic signals all appeared in the TH-NMR spec-
tra of hb-P2—4 (Fig. S2 in ESI), and all these features
matched well with the spectrum of the model compound 7 as
well as the reported linear poly(tetrahydropyrimidine),*!]
suggesting the expected hyperbranched polymer structures of
hb-P1—4.

Aggregation-induced Emission Properties
Unique fluorescence behavior was reported for the model
compound and the linear poly(tetrahydropyrimidine)s, even
without any traditional luminophore with large conjugated
structures. The photophysical properties of hyperbranched
poly(tetrahydropyrimidine)s were hence investigated. The
absorption maximum of model compound 7 in solution was
reported at 316 nm, while its emission maximum in the
condensed phase was reported at 513 nm.[*!1 The UV-Vis
absorption spectra of THF solutions of /4b-P1-4 with a
concentration of 54 mg/L suggested that their absorption
maxima were located at 313 nm (#b-P1), 301 nm (hb-P2),
307 nm (hb-P3), and 317 nm (hb-P4), indicative of the
absorption from the diphenyl-substituted tetrahydropyri-
midine core structures (Fig. 4a). Both hb-P2 and hb-P4
exhibited an absorption shoulder at about 370 nm, because
their electron-rich triphenyl amine moieties were directly
conjugated with the electron-poor C=C double bonds on the
tetrahydropyrimidine rings, bringing extended conjugation
compared with the other two polymers.

The tris(4-aminophenyl)amine-containing hyperbranched
polymers hb-P1, hb-P2, and hb-P4 appeared as dark brown

and non-emissive powder, probably due to the energy trans-
fer between electron-rich triphenylamine moieties and the
diphenyl-substituted tetrahydropyrimidine moieties. On the
other hand, #b-P3 could be well-dissolved in THF and me-
thanol, while it possessed poor solubility in n-hexane. Under
UV irradiation, the THF solution of #b-P3 emitted faintly,
while its solid thin film exhibited enhanced emission with
the emission maximum located at 517 nm. The PL behavior
of hb-P3 was also studied in THF/hexane mixed solutions
with different contents of n-hexane (Fig. S3 in ESI). When
n-hexane was gradually added into the THF solution of Ab-
P3, the PL intensity was gradually enhanced and the emis-
sion maximum was red-shifted from 484 nm to 513 nm, ow-
ing to the formation of polymer nanoaggregates. The abso-
lute fluorescence quantum efficiency (@p) of hb-P3 was
measured by an integrating sphere, which suggested that
the low @g of the dilute #b-P3 THF solution (@r = 0.4%)
could be obviously enhanced in THF/n-hexane mixture with
90 vol% n-hexane content (Pr = 2.0%) or in its thin film
state (Pp = 3.0%). The typical aggregation-induced emis-
sion properties of #b-P3 could also be evidenced by naked
eye from the fluorescence images of the dilute THF solution,
nanoaggregates in THF/n-hexane mixtures, and solid powder
taken under UV irradiation. In this non-conjugated hyper-
branched polymer, the large number of carbonyl groups and
heteroatoms on the tetrahydropyrimidine rings were densely
packed in the aggregated states, which might form “hetero-
atom clusters” to serve as the luminophore and emit fluores-
cence.[42]

b1 b
e hb-P2
hb-P3

Absorbance (a.u.)
PL intensity (a.u.)

So (%) Pr
Film 3.0%

---- 90 2.0%

280 310 340 370 400 430 440
Wavelength (nm)

470 500 530 560 590

Wavelength (nm)

Fig. 4 (a) Absorption spectra of #b-P1—4 in THF solutions (concentration: 54 mg/L); (b) PL spectra of 4#b-P3 as a thin film
and /b-P3 in pure THF and THF/n-hexane solutions with 90 vol% n-hexane content and their fluorescence images under UV
illumination (concentration: 5.4 mg/L). Absolute fluorescence quantum yield (@r) was measured by an integrating sphere

(excitation wavelength: 307 nm, emission wavelength: 517 nm)

CONCLUSIONS

In this work, four hyperbranched poly(tetrahydropyrimi-
dine)s were designed and synthesized via a metal-free room
temperature multicomponent tandem polymerization of ester
group-activated internal alkyne, aromatic amine, and formal-
dehyde. Through different monomer combination strategies
and the control of monomer loading sequence in two-step

tandem processes, hyperbranched polymers with different
topological structures as well as sequences of functional units
were obtained in good to excellent yields and high molecular
weights. The good solubility of the hyperbranched polymers
enabled structural characterization by standard spectroscopic
techniques. Aggregation-induced emission property was ob-
served in one of the hyperbranched poly(tetrahydropyrimi-
dine)s, which showed weak emission in solution but en-
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hanced fluorescence in the aggregated states. The multi-
component tandem polymerization may serve as a new
synthetic method that provides a platform for developing
AlE-active hyperbranched polymers with unique chemical
and topological structures.
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