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Thermoresponsive AIE polymers with fine-tuned
response temperature†
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A series of thermoresponsive AIE polymers were synthesized through the free radical copolymerization
of the thermosensitive N-isopropylacrylamide (NIPAM) monomer, the regulative oligo(ethylene glycol)
methacrylate (OEGMA) monomer or methyl methacrylate (MMA) monomer, and the fluorescent
tetraphenylethene monomer. By adjusting the loading ratio of NIPAM and OEGMA/MMA, the
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hydrophilicity of the copolymers can be fine-tuned, which enables further modulation of the lower

DOI: 10.1039/c5tc03298a

hydrogen bonds are formed between the polymer chain and water molecules, which leads to good

critical solution temperature (LCST) as well as the detection temperature range. Below the LCST,
solubility and weak emission of the polymers. Above the LCST, interchain or intrachain hydrogen bonds
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within polymers are favored to form emissive polymer aggregates.

Introduction
Fluorescent probes have attracted much attention, owing to
their high sensitivity, fast response, easy accessibility, and noninvasive detection. Among them, thermoresponsive fluorescent
probes with high temperature and spatial resolution in in situ
detections are highly desired.1,2 They have been widely used
in the study of hydrogen bonding systems,3 protein folding
and denaturation,4–6 drug delivery,7 etc.8 Thermoresponsive
polymers with lower critical solution temperature (LCST) are
representative materials for temperature sensing and mapping,
owing to their heating/cooling-driven reversible morphology
transition in solution.9 Materials such as organic compounds
and polymers, molecular beacons, quantum dots, metal-doped
nanomaterials and doped MOFs are developed as fluorescent
thermometers.10–13 Of all the widely studied thermoresponsive
polymers such as poly(N-isopropyl acrylamide) (PNIPAM), poly(Nn-propyl acrylamide), poly(N,N-diethyl acrylamide), poly(N-ethyl
acrylamide), poly(vinylcaprolactam), and oligo(ethylene glycol)
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methacrylate, PNIPAM shows a drastic swelling transition at its
LCST of 32 1C, attributed to the hydrophilic–lipophilic balance
of the polymer.14 In the fluorescent PNIPAMs, the temperature
induced fluorescence variation is generally caused by thermal
activation of nonradiative deactivation pathways. However, the
nonradiative decay rate is generally enhanced with increasing
temperature and thus leads to diminished luminescence intensity.15
Aggregation-induced emission (AIE) materials, in comparison
to the traditional fluorophores with the aggregation-caused
quenching problem, are a promising type of ‘‘light-up’’ fluorescent
probes.16 AIE compounds are generally propeller-shaped
compounds with no or weak luminescence in dilute solution,
but they show enhanced fluorescence from a single molecular
state to an aggregated state or after interaction with analytes.17
The AIE phenomenon was attributed to the restriction of
intramolecular motions (RIM), including rotation and vibration.18
In dilute solution, AIE molecules undergo active intramolecular
motions which provide a non-radiative decay pathway of the
excited state; in the aggregated states when the molecules are
close to each other, the intramolecular motions are restricted
which block the non-radiative decay and induce emission. Owing
to the high emission eﬃciency of the aggregated states, AIE
materials have been extensively studied by a large number of
research groups all over the world in organic light-emitting diodes,
chemosensors, bioprobes and bioimaging.19
A few studies have been reported to incorporate AIE structures
into thermoresponsive polymers, which have demonstrated great
advantages of such fluorescent temperature sensors. For example,
a tetraphenylethene (TPE)-modified PNIPAM-based thermometer
was reported with the fluorescence-response temperature range of
25–34 1C.20 TPE was also incorporated into oligo(ethylene glycol)s
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to combine AIE properties and thermosensitivity in a class
of compounds.21,22 When heated above the phase-transition
temperature, the compounds start to aggregate, which results
in the restricted intramolecular rotation of TPE moieties as
well as strong emission. A tetraphenylthiophene-functionalized
PNIPAM was also reported to show complete emission quench
when heated at temperatures above LCST.23 Recently, a series of
temperature sensitive TPE-containing PNIPAM/poly(methacrylic
acid) interpenetrating polymer networks were reported to
show fluorescence enhancement in the temperature range of
20.0–27.5 1C and a stable fluorescence intensity region from
27.5 to 35.0 1C.24 Some other studies have also utilized AIE
features in thermoresponsive materials and the fluorescence
was generally decreased by heating which show ‘‘light-off’’
behaviour.25–27 However, few studies have been reported focusing
on the fine-tuning of the temperature sensitive range as well as
the LCST of the polymer. In this work, a series of tunable
thermoresponsive copolymers were prepared from the thermosensitive N-isopropyl acrylamide (NIPAM) monomer, the regulative
oligo(ethylene glycol) methacrylate (OEGMA, Mn = 500) or
methyl methacrylate (MMA) monomer, and the fluorescent
TPE monomer through free radical polymerization. By adjusting
the hydrophilicity of the copolymer, LCST as well as the detection
temperature range can be precisely controlled towards the
physiological temperature.
Scheme 1

Results and discussion
Synthesis and characterization
The synthetic routes of thermoresponsive AIE polymers are
shown in Scheme 1. The TPE-containing monomer A2TPE was
prepared through McMurry coupling reaction and the following
esterification according to our previously reported work,28
which was copolymerized with NIPAM to aﬀord temperature
sensitive polymers. Furthermore, more hydrophilic OEGMA or
less hydrophilic MMA compared with NIPAM was incorporated
into the polymers as a third component, respectively, to fine-tune
the hydrophilicity of the resultant polymers. The AIBN-initiated
free radical copolymerizations of the three components can
aﬀord water soluble polymers P1–2 in high yields and good
reproducibility.
In such a hydrophilic copolymer, trace amount of the
hydrophobic TPE moieties embedded in the polymer backbone
shows great influence to its temperature-fluorescence response.
The loading ratio of A2TPE was hence optimized first
(Fig. S1, ESI†). When it was tuned from 0.17–0.33 mol% in
the copolymerization of NIPAM, OEGMA, and A2TPE, the PL
spectra of aqueous solutions of each resultant polymer were
measured at 42 and 20 1C, respectively. The fluorescence
contrast of the polymer at 42 and 20 1C is large when the
feeding ratio of A2TPE is 0.17 mol%, suggesting the optimal
fluorescence sensitivity, water solubility, and phase transition
behaviour at varied temperatures. Two series of copolymers
P1a–f and P2a–d were then prepared with the fixed feeding ratio
of A2TPE of 0.17 mol%, and the varied feeding ratio of NIPAM
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Synthetic routes of thermoresponsive AIE polymers.

and OEGMA, or NIPAM and MMA, respectively (Table 1).
Generally, copolymers with good yield and high Mw of about
20 000 were obtained.
The UV-vis and 1H NMR spectra of each copolymer
were used to characterize the structure and the ratio of the
three components. The UV absorption spectra were used
to quantify the amount of the fluorophores existed in each
polymer. A calibration absorption–concentration curve was first
established using A2TPE as a standard compound (Fig. S2,
ESI†). The absorption spectra of THF solutions of the polymers
with identical concentrations were then measured. The absorbance
of the polymers all fell into the calibration curve, which could
reveal the exact fluorophore concentrations in each polymer as
calculated in Table 1. Furthermore, from the 1H NMR spectra of
the monomers and polymers shown in Fig. S3 (ESI†) as the
example, the absorption peaks for the acrylate vinyl protons all
disappeared, while the CH proton from NIPAM emerged in the
polymer spectra, suggesting the expected structure. From the
integration ratio of the peaks at 3.83 ppm and 3.23/3.55 ppm,
the molar ratio of NIPAM and OEGMA/MMA can be calculated,
respectively, which is in accordance with the feeding ratio of the
three monomers (Table 1).
Contact angle measurements
Through the subtle structural variation, the hydrophilicity of
the polymers can be modulated, which was characterized by the
contact angle measurement of their thin films (Fig. 1). The
polymers have more hydrophilic surfaces compared with the
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Entry
1
2
3
4
5
6

P1a
P1b
P1c
P1d
P1e
P1f

Entry
7
8
9
10

Paper

P2a
P2b
P2c
P2d

Molar ratioa
[NIPAM] : [OEGMA] : [A2TPE]

Yield (%)

Mwb

PDI

Molar ratioc
[NIPAM] : [OEGMA] : [A2TPE]

10.0 : 0.0 : 0.017
9.9 : 0.1 : 0.017
9.8 : 0.2 : 0.017
9.7 : 0.3 : 0.017
9.6 : 0.4 : 0.017
9.5 : 0.5 : 0.017

90
80
80
85
78
77

18
19
19
21
21
21

1.50
1.49
1.55
1.31
1.43
1.49

10.0 : 0.0 : 0.013
9.9 : 0.1 : 0.018
9.8 : 0.2 : 0.017
9.7 : 0.3 : 0.012
9.6 : 0.4 : 0.013
9.2 : 0.8 : 0.014

500
400
800
000
900
900

Molar ratioa
[NIPAM] : [MMA] : [A2TPE]

Yield (%)

Mwb

PDI

Molar ratioc
[NIPAM] : [MMA] : [A2TPE]

9.5 : 0.5 : 0.017
9.0 : 1.0 : 0.017
8.5 : 1.5 : 0.017
8.0 : 2.0 : 0.017

95
95
92
97

18
19
21
24

1.49
1.69
1.71
1.68

9.3 : 0.7 : 0.008
9.0 : 1.0 : 0.011
8.6 : 1.4 : 0.013
8.0 : 2.0 : 0.015

900
100
800
500

a
The feeding ratio of NIPAM, OEGMA (or MMA) and A2TPE. b Mw and PDI are determined by GPC. c The ratio of NIPAM and OEGMA (or MMA) was
calculated from the integration ratios of 1H NMR peaks at d = 3.83 and d = 3.23 (or d = 3.55). The ratio of A2TPE was calculated from the UV
absorption spectra at 310 nm.

Fig. 2 (A) Temperature-dependent transmittance of aqueous solutions of
P1a–f and P2a–d at 650 nm. (B) LCST of P1a–f and P2a–d. Concentration:
3 mg mL1.
Fig. 1 Photographs of contact angles of (A) glass, (B) P2c, (C) P2a, (D) P1a,
(E) P1d, and (F) P1f. Thin film of P1d at (G) room temperature and (H) 50 1C,
respectively.

glass and P1a–f with OEGMA moieties is more hydrophilic
compared with P2a–d with MMA moieties. When the ratio of
MMA increases, the contact angle increases with increased
hydrophobicity; when the ratio of OEGMA increases, the contact
angle decreases with increased hydrophilicity. Furthermore,
take P1d for example, the contact angle of the polymer thin
film at room temperature is 121, representing a very hydrophilic
surface. When the thin film was heated to 50 1C, the contact
angle increased to 381, indicating a polymer conformation
transition at different temperatures.
Temperature-dependent transmittance
The temperature-dependent transmittance of the copolymers
was then studied to measure the LCST which was the temperature
with 90% transmittance of the original solution (Fig. 2A).29 In the
dilute aqueous solutions at room temperature, all the polymers are
transparent with P1d as the example shown in Fig. 3. When the
solution was gradually heated up to 50 1C, the polymer turned to
be turbid. Such change in solution transmittance can be reversibly
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Fig. 3 Photographs of aqueous solution of P1d upon heating and
cooling taken under daylight (left) and UV irradiation (right). Concentration:
1 mg mL1.

repeated. In the transmittance spectra of the polymers, a sharp
drop was observed above a threshold temperature. The polymers
with subtle structural diﬀerence showed diﬀerent temperaturedependent transmittance. The LCSTs of the polymers are
summarized in Fig. 2B. From P1a–1f with increasing amount
of OEGMA in the polymer structure from 0 to 5 mol%, the LCST
gradually increased from 31 1C to 37 1C, representing a linear
relationship of the LCST with the amount of OEGMA. It can be
estimated that each increase of 1 mol% of OEGMA may result in
1.33 1C increase in LCST. Similarly in P2a–2d with increasing
MMA amount from 5 to 20 mol%, the LCST gradually decreased.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (A) Emission spectra of P1d in THF/hexane mixtures with diﬀerent
hexane contents, (B) plots of emission intensity of P1d versus the
volume fraction of hexane at 478 nm. I is the emission intensity of P1d
in THF/hexane mixtures with diﬀerent hexane contents. I0 is the emission
intensity of P1d in THF solution. Concentration: 1 mg mL1. Excitation
wavelength: 310 nm.

Fig. 5 (A) Temperature-dependent emission spectra of aqueous solution
of P1d from 32 to 50 1C. (B) Emission intensity of P1d at 478 nm versus the
temperature. Inset: The plot of linear fitting of I/I0 of P1d from 36 to 42 1C.
I is the emission intensity at diﬀerent temperatures. I0 is the emission
intensity at 25 1C. Concentration: 0.02 mg mL1. Excitation wavelength:
310 nm.

Aggregation-induced emission

A similar phenomenon was observed for other polymers
and their temperature-dependent emission enhancements are
shown in Fig. S6 (ESI†). The emission intensities of all polymers
were raised dramatically after a threshold temperature. The
temperature-sensitive ranges of P1a–f and P2a–d, covering from
23 1C to 47 1C, are summarized in Fig. 6, demonstrating the
precise modulation and a continuously fine-tuned temperaturesensitive range within the biologically important temperature
range. P1a–f generally respond at higher temperatures compared
with P2a–d and the average linear responsive temperature range
is about 6 1C. For P1a–f, with increasing amount of OEGMA and
hydrophilicity, the polymer generally starts to respond at a
higher temperature. Similarly for P2a–d, with increasing amount
of MMA and hydrophobicity, the polymer starts to respond at
lower temperatures. In general, the threshold temperature in the
temperature-dependent PL enhancement spectra is consistent
with the LCST of each polymer determined by transmittance.
Moreover, as can be seen from Fig. 5B and Fig. S6 (ESI†), unlike
the reported temperature-sensitive fluorescent polymers, the
AIE polymers can provide more details in the early stage of
the morphological change. Most of the copolymers possess a

The photophysical properties of the polymers were then investigated.
The UV absorption spectra of P1d and P2d were first studied as
examples in aqueous solutions (Fig. S5, ESI†). The absorption
maxima of both polymers were located at about 310 nm, corresponding to the absorption maximum of the A2TPE units. The
emission spectra of P1d in THF/hexane mixtures with diﬀerent
hexane fractions were then investigated as shown in Fig. 4.
The dilute THF solution of P1d emits almost no light upon
photoexcitation, because the A2TPE fluorophores can undergo
intramolecular rotations in solution which consume excited
state energy non-radiatively. With less than 50 vol% hexane, a
poor solvent of the polymer, was added into the solvent system,
the emission is still weak. The emission intensity gradually
increases afterwards and reached about 20 fold of that in pure
THF solution when 90 vol% hexane was added. In such a medium,
the polymer aggregated and the intramolecular motions of the
A2TPE units were restricted by the steric constraint which boosted
the emission, demonstrating typical aggregation-induced emission
characteristics. Other polymers also possess similar AIE features.
Temperature-dependent fluorescence
The fluorescence of the AIE polymers is dependent on the
polymer conformation, which can be tuned by temperature in
the cases of thermoresponsive polymers. The temperaturedependent fluorescence of the polymers was then investigated
using P1d as an example (Fig. 5A). The aqueous solution of P1d
was slowly heated from 32 1C to 50 1C and the PL spectra were
recorded. The emission peak at about 480 nm was gradually
enhanced with increasing temperature. The temperaturedependent fluorescence enhancement of P1d was summarized
in Fig. 5B, demonstrating a linear relationship between the
temperature range of 36–42 1C. It is worth noticing that there is
a small peak at about 30 1C before the LCST of the polymer,
suggesting that such fluorescence response can provide higher
sensitivity with more details on the temperature-dependent
variations of polymer conformation, which can hardly be
achieved by other methods.

This journal is © The Royal Society of Chemistry 2016

Fig. 6 Linear response temperature range of the aqueous solutions of
P1a–f and P2a–d. Concentration: 0.02 mg mL1. Excitation wavelength:
310 nm.
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Fig. 7 (A) Temperature-dependent fluorescence of aqueous solution of
P1d in a heating–cooling cycle. (B) Fluorescence intensities at 478 nm
recorded at 43 1C and 33 1C at each heating–cooling cycle. I is the
emission intensity at different temperatures. I0 is the emission intensity at
27 1C. Concentration: 0.05 mg mL1. Excitation wavelength: 310 nm.

fluctuation below LCST, indicating the multiple influences of
temperature on the fluorescence. For example, the thermally
activated molecular motion may quench the emission, while the
intermolecular and intramolecular hydrogen bonding is favored
at different temperatures, which may cause reduced or enhanced
emission, respectively.
The repeatability and reversibility of the heating–cooling
cycle were investigated by alternatively heating the aqueous
solution of P1d to 50 1C and cooling it to 27 1C (Fig. 7A). The
fluorescence intensities were recorded at 43 1C and 33 1C for
each cycle as shown in Fig. 7B, suggesting good consistency.

Paper

Fig. 8 Image of time-resolved two-photon excitation fluorescence
of aqueous solution of P1d at (A) 27 1C, (B) 30 1C, (C) 33 1C, (D) 36 1C, (E)
39 1C, and (F) 42 1C. The field of view is 100 mm  100 mm. Resolution is
128  128 pixels. Concentration: 1 mg mL1. Excitation wavelength: 720 nm.

Fluorescence lifetime imaging and cell imaging
Of all the temperature-dependent fluorescence parameters,
fluorescence lifetime is independent of the concentration, size
or geometry of molecules. It also was not aﬀected by light
scattering, reflection or the intensity fluctuation of the excitation
source.1 The fluorescence lifetime images of the aqueous
solution of P1d at diﬀerent temperatures were hence recorded
as shown in Fig. 8. The intensity of each pixel in the images is
proportional to the exact photon counts and the pixels in red
represent the aggregated polymers with saturated intensity, or
photon counts more than 200. The fluorescence lifetime and
aggregated area both show dependence on the temperature
(Fig. 8 and Fig. S7, ESI†).
The water-soluble thermoresponsive AIE polymers were then
investigated in cell imaging. For example, HeLa cells were
incubated with P2c for 1.5 h. The fluorescence image was
shown in Fig. S9 (ESI†), which proved the biocompatibility
and cell permeability of the polymers.
Variable-temperature 1H NMR
1

H NMR of P1d was then conducted at varied temperatures to
elucidate the molecular morphology change of the polymer
(Fig. 9). As can be seen, all aliphatic protons in the NIPAM
moiety, OEGMA moieties, as well as the polymer backbone, are
continuously shifted to the lower field upon heating from 26 1C
to 50 1C. For example, the methyl groups in NIPAM units have
shifted from 1.21 ppm to 1.43 ppm, demonstrating a shielding
eﬀect at high temperature. The polymer chains shrink and

2968 | J. Mater. Chem. C, 2016, 4, 2964--2970

Fig. 9 1H NMR spectra of P1d at (A) 26 1C, (B) 35 1C, (C) 45 1C, and
(D) 50 1C in D2O.

form compact particles at high temperature, which provide a
more crowded environment for the protons and the shielding
eﬀect hence took place to move the 1H NMR peaks toward the
lower field.
Below LCST, the amide groups of the polymers can form
hydrogen bonds with water molecules and the polymers are
well-dissolved with stretched molecular conformation in the
aqueous solutions. The TPE moieties lie in a flexible environment
and can undergo intramolecular rotation to consume the
excited state energy, which results in low fluorescence intensity.
Above LCST, the intermolecular hydrogen bonding with solvent
molecules is replaced by the intrachain hydrogen bonding
which is favored at such temperature. The polymer molecules
shrink to form compact nanoparticles instead of swelling coils,
evidenced by the SEM microscopic image of the nanoparticles of
P1d with diameters ranging from 100 to 200 nm formed in the

This journal is © The Royal Society of Chemistry 2016
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aqueous solution at 50 1C (Fig. S8, ESI†). Meanwhile, hydrophilic
parts of the polymer have formed intramolecular hydrogen bonds
and hold the polymer chains closely, which left the hydrophobic
parts of the polymer exposed to the environment. In another word,
heating reduces the hydrophilicity of the polymer surface. In the
compact polymer nanoparticles, the TPE moieties are rigidified
and the intramolecular rotations are restricted, rendering the
polymer emissive. When the polymer solution is further cooled
below LCST, the intermolecular hydrogen bonds of the polymer
with water molecules are recovered and become dominant again,
completing a reversible cycle.

Conclusions
In this work, water-soluble thermoresponsive AIE copolymers
with fine-tuned LCST and response temperature were synthesized
by free radical polymerization of NIPAM, OEGMA or MMA,
and A2TPE monomers. By adjusting the hydrophilicity of the
copolymers, LCST as well as the detection temperature range
can be precisely controlled towards the physiological temperature.
AIE moieties are weakly emissive in aqueous solutions when the
copolymers are well-dissolved at low temperature, but emit
intensely when the copolymers shrink as particles at temperature
above LCST. These water-soluble thermoresponsive AIE copolymers
are promising in a series of biological studies such as cell imaging.

Experimental section
Materials
N-Isopropyl acrylamide (NIPAM), 4-hydroxybenzophenone,
benzophenone, and acryloyl chloride were obtained from TCI.
Oligo (ethylene glycol) methacrylate (OEGMA, Mn = 500 g mol1)
was purchased from Aldrich. 2,2 0 -azobisisobutyronitrile (AIBN)
and methyl methacrylate (MMA) were received from Damao
Chemical Reagent Factory. A2TPE was prepared according to
our published work.28 NIPAM, AIBN, and A2TPE were recrystallized
prior to use. Tetrahydrofuran was distilled with sodium and
benzophenone under nitrogen immediately prior to use. All
other commercially available reactants and reagents were used
as received without further purification.
Instruments
The FT-IR spectra were recorded on a Brucker Vector 33 FT-IR
spectrometer using KBr as a carrier. The 1H NMR spectra were
measured on a Brucker Avance 600 MHz NMR spectrometer
using deuterium oxide or deuterated dimethylsulfoxide as
a solvent. The UV-vis spectra were recorded on a Shimadzu
UV-2600 spectrometer. Temperature-dependent transmittance
was determined by monitoring the optical transmittance at
650 nm on a Shimadzu UV2600 spectrophotometer with a
thermal controller. Number (Mn) and weight-average (Mw)
molecular weights and polydispersity indices (PDI = Mw/Mn)
of the copolymers were estimated by a Waters Associates
515 gel permeation chromatography (GPC) system. THF was
used as an eluent at a flow rate of 1 mL min1. A set of

This journal is © The Royal Society of Chemistry 2016
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monodispersed linear polystyrenes covering the Mw range of
103–107 g mol1 were utilized as standards for molecular weight
calibration. The photoluminescence (PL) spectra were measured
on a Perkin-Elmer LS 55 spectrofluorometer with a thermal
controller. The Temperature-dependent PL spectra were
recorded by monitoring the PL intensities at 478 nm at different
temperatures. The SEM image was taken on a SEM instrument
(Merlin ZEISS) at an accelerating voltage of 5 kV. Water contact
angles were measured on a contact angle meter (OCA 40 Micro).
Contact angles were read after liquid drop extending on the
substrate for 10 s. Time-resolved fluorescence imaging was
recorded on a home-built instrument equipped with a timecorrelated single photon counting module and the sample was
excited with two-photon excitation wavelength at 720 nm at
different temperatures. Data were analyzed by setting a threshold value to extract the polymer aggregates in the fluorescence
images, applying the bi-exponential fitting of the fluorescence
lifetime of the extracted pixels, and calculating the areas of the
polymer aggregates.
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