
1. Introduction
In recent decades, green biodegradable polymeric
materials, including polycaprolactone (PCL) [1],
poly(L-lactic acid) (PLLA) [2], poly(glycolic acid)
(PGA) [3, 4], and their composites [5–7] have been
applied extensively in biomedical materials fields,
particularly in the tissue engineer scaffolds. Howev-
er, the behavior of these biomaterials after implan-
tation cannot be monitored because such materials
are unable to respond to in-situ non-destructive

detection techniques. Bioimaging, such as computed
tomography (CT), magnetic resonance imaging
(MRI), and optical imaging, has become a crucial
approach for non-invasively monitoring [8]. How-
ever, MRI is more suitable for determining soft tis-
sues and limited accessibility for hard structures,
while long-time CT detection has potential harm to
human bodies due to ionizing radiation [9]. The flu-
orescence imaging technique, as a type of optical im-
aging, has become one of the most useful ways for
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in-situ detection because of its high sensitivity, real-
time feedback, and cost-effectivity [10].
Because of the ready availability of fluorescence im-
aging, enhancing the fluorescence response of bio-
materials so that they can be detected by fluores-
cence imaging has become a focus of research.
Generally, the purpose of luminescing bio-materials
is achieved by the combination of marker molecules
[11], inorganic luminescent nanoparticles with ma-
trix [12, 13], or by grafting the luminescent groups
in prepolymers [14–16]. However, for physical blend-
ing, labeled molecules easily leach from the scaf-
folds due to their micromolecular structure and weak
interaction with the matrix, meanwhile, inorganic lu-
minescent nanoparticles, such as perovskite, are usu-
ally too expensive to manufacture on a large-scale.
As for the chemical modification, there is always a
long and not eco-friendly process from designing the
luminescent molecules to anchoring them to the pre-
polymers. And the mechanical performances of bio-
materials modified by the above methods are not
comparable to the commercial ones. Therefore, it is
important to develop a new ‘green’ approach to ac-
quiring luminescent biomaterials with biocompati-
bility and good mechanical performance.
Hyperbranched polymers (HBPs), a class of topo-
logical polymers, can be prepared in different gen-
erations with readily scalable quantities based on the
different feed ratios of core and arms [17]. They are
typical three-dimensional architecture and non-en-
tangled for their relatively short chains. Therefore,
HBPs exhibit low viscosity, good solubility, compat-
ibility, etc. [18–21]. In the previous studies, the
HBPs could greatly reduce the viscosity of the poly-
mer matrix, which basically improves the process-
ability while maintaining the thermal stability and
mechanical strength compared to low molecular
weight flow modifiers [22]. In addition, HBPs that
contain carbonyl groups (C=O) and hydroxyl groups
(–OH) is a class of bulk luminescent polymers be-
cause of the aggregations and electron transitions
from C=O and –OH. Thus the HBPs have been uti-
lized in broad photoluminescent applications, such
as biosensors [23], fluorescence imaging [24], and
drug delivery area [25].
On the other hand, furan and furan-based derivatives
are a kind of rigid heterocyclic compounds widely
found in natural products, which can be extracted
from agricultural wastes such as rice husks and oat
husks as well as wood chips, thus they are considered

as a class of environmentally friendly bio-based ma-
terials [27, 28] with good biological [29] and phar-
macological activities [30, 31], including antioxidant
[32], antiviral and antibacterial, etc. [33]. Consider-
ing HBPs possess a large number of end-group,
which could react with other functional groups for
further modification, the furan group could be easily
introduced into HBPs to prepare furan-terminated
hyperbranched polymers (HBPFs) with biocompat-
ibility. In this way, the interactions between the bio-
based HBFPs and the biopolymer matrix can be en-
hanced to prevent HBPFs from leaking from the
biomatrix and releasing toxicity to human bodies.
Therefore, blending the luminous bio-based HBPFs
with bio-polymers is expected as an effective way to
fabricate the labeled biomaterials. However, the flu-
orescence characteristics of furan-terminated hyper-
branched polymers (HBPFs) and of their blends
have not been reported.
Based on the above analysis, cost-effective and flu-
orescence-emitted furan-terminated hyperbranched
polymers (HBPFs) have been synthesized through
step-growth polymerization reactions and terminal
modifications with a degradable citric acid (CA) as
a monomer [26], a bio-based primary amine furfuryl
amine (FA) as terminated groups in this paper [27,
28]. Through controlling the feeding ratios of mono -
mers, the as-synthesized HBPFs with different de-
grees of branching (DB) were prepared. The struc-
tural and fluorescent characteristics of HBPFs were
investigated. Furthermore, considering PCL is the
most used biomaterial not only due to its biodegrad-
ability and biocompatibility but also the desired me-
chanical strength, HBPFs/PCL blends have also been
prepared. A comprehensive study on the effect of dif-
ferent generations of HBPFs on luminescent prop-
erties, rheological, crystallization behaviors, and me-
chanical properties of PCL composites was also
examined. It is anticipated to develop a feasible route
by blending with bio-based hyperbranched polymers
to acquire potential luminescent biomaterials for in-
situ non-invasive detection applications.

2. Experimental section
2.1. Materials
Citric acid (CA), p-toluenesulfonic acid (PTSA),
1,2,4-benzeneticarboxylic anhydride (TMA), epi -
chlorohydrin (ECH), furfuryl amine, and sodium hy-
droxide (NaOH) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). Sodium sulphate
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(Na2SO4) was purchased from General-Reagent
(Shanghai, China). Linear thermoplastic polycapro-
lactone (PCL, Mw = 80 000 g/mol) was purchased
from Energy Chemical (Shanghai, China). All of the
chemicals were used as received.

2.2. Synthesis of furan-terminated
hyperbranched polymers with different
generations

Furan-terminated hyperbranched polymers with dif-
ferent generations (HBPF-n, n means generation) 
were synthesized based on three steps. Firstly, vari-
ous generations of carboxyl-terminated hyperbranched 
polyesters were prepared by an esterification reac-
tion with various molar ratios of TMA and CA. Then 
epoxy-terminated hyperbranched polymers were 
prepared by the reaction of HBPC-n and ECH. Fi-
nally, furan-terminated hyperbranched polymers 
were synthesized by a ring-opening reaction between 
HBPE-n and furfuryl amine.

2.2.1. Synthesis of carboxyl-terminated
hyperbranched polymers (HBPC-n) 

HBPC-n (n = 1, 2, 3) were synthesized by the ester-
ification reaction between TMA and CA with various 
molar ratios. The typical process for the synthesis of 
HBPC-1 with a molar ratio of TMA and CA of 1:3 
was followed. 7.68 g (0.04 mol) TMA, 23.05 g 
(0.12 mol) CA, 0.31 g PTSA, 150 ml 1,4-dioxane, 
200 ml toluene were added consecutively to a three-
necked round-bottomed flask equipped with a nitro-
gen inlet, a condenser, and a water trap. The reaction 
was first carried out at 105 °C for 6 h, then heated to 
125 °C for 6 h. A yellow solid was obtained after the 
solvents were removed under reduced pressure. A 
similar synthetic process for HBPC-2, and HBPC-3 
could be obtained by the molar ratios of TMA and 
CA of 1:12 and 1:39, respectively.

2.2.2. Synthesis of epoxy-terminated
hyperbranched polymers (HBPE-n)

HBPE-n (n = 1, 2, 3) were synthesized by a two-step 
method. The typical process for the synthesis of 
HBPE-1 was followed. First, 5.86 g (0.008 mol) 
HBPC-1 and 50 g ECH were added to a three-neck 
flask equipped with a condenser, a thermometer, and 
a nitrogen inlet. The mixture was stirred for 3 h at a 
temperature of 115 °C. The excess ECH was re-
moved under reduced pressure. About 200 ml ethyl 
acetate was added to dissolve it entirely after the

mixture cooled to the ambient temperature. Then
27 g NaOH was introduced, and the reaction was
stirred for 5 h at room temperature. After the com-
pound was washed by 75 ml of ultrapure water and
the organic phases were combined. The obtained or-
ganic layer was washed with 10 ml of ultrapure water
three times, then Na2SO4 was added to remove water.
A yellow, low viscosity transparent liquid with a
yield of 46% was obtained after the solvent was re-
moved by rotary evaporation. HBPE-2 and HBPE-3
were synthesized by a similar process with a yield
of 43 and 40%, respectively.

2.2.3. Synthesis of furan-terminated
hyperbranched polymers (HBPF-n)

HBPF-n (n = 1, 2, 3) were synthesized by reacting
HBPF-n with furfuryl amine. The typical process for
HBPF-1 was followed. Briefly, 0.003 mol HBPE-1
was dissolved in 50 ml DMF in a three-necked
round-bottomed flask equipped with a nitrogen inlet,
and 0.054 mol furfuryl amine was added into the so-
lution. After the mixture was stirred for 12 h at 50°C,
the excess furfuryl amine and DMF were removed
under reduced pressure, and a viscous brownish-
black liquid was obtained.

2.3. Preparation of HBPF-n/PCL blends
The HBPF-n/PCL blends were obtained by mechan-
ically mixing HBPF-n (n = 1, 2, 3) with PCL using
Haake torque rheometer (Potop, RTOI-30/10,
Guangzhou, China) at a temperature of 100 °C for
10 min. Before blending, PCL and HBPF-n were
dried in a vacuum oven at 40 and 60°C for 24 h, re-
spectively. Then the polymer blends were com-
pressed into the mold to confer flat or other specific
shapes for testing. Three PCL-based different com-
posites were prepared with HBPF-n (n = 1, 2, 3) from
5 to 25 wt% and expressed as 5, 15, 25HBPF-n/PCL
(n =1, 2, 3) in all the figure for simplicity.

2.4. Characterizations
Nuclear magnetic resonance (NMR), 1H NMR spec-
tra were recorded on AVANCE III 400 MHz spec-
trometer (400 MHz, Bruker, Karlsruhe, Germany)
with dimethyl sulfoxide-d6 (DMSO-d6) as the sol-
vent.
Fourier transform infrared (FTIR) spectra were per-
formed using a FTIR spectroscopy (Thermo Nicolet
Nexus 670, USA) from 400 to 4000 cm–1 in trans-
mission mode and attenuated total reflectance (ATR)
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mode for the samples of hyperbranched polymers
and blends with matrix, respectively. The phased mi-
crostructures were characterized by micro-FTIR spec-
troscopy with imaging microscopy (Thermo Fisher,
USA) at room temperature. The absorption spectra
were collected on a 200 μm×200 μm square rectan-
gle. For the sample preparation, the mixture was
dropped on an aluminum plate, and a thin film was
obtained after solvent evaporation. Before micro-
FTIR experiment, the common FTIR spectra of sam-
ples of PCL, HBPF, and HBPF/PCL were collected
to select the marked peak.
Rheological measurements were carried out in oscil-
latory mode on a rheometer (Kinexus pro+, Malvern
Instrument, UK). (a) For the HBPF-n, parallel plate
geometry with a diameter of 40 mm and a gap of
1 mm was employed for temperature sweep (25–
80 °C) at the strain of 10% and the frequency of
1 Hz. (b) For the HBPF-n/PCL blends, all the sam-
ples were hot-compressed to prepare the disc shape
with a diameter of 20 mm and a thickness of 1 mm.
Parallel plate geometry with a diameter of 20 mm
and a gap of 1 mm was employed. Temperature
sweeps were carried out from 60 to 150 °C at a heat-
ing rate of 2 °C/min under the frequency and strain
of 1 Hz and 0.1%, respectively. A dynamic strain
sweep was conducted to determine a strain within the
linear viscoelastic region (LVER) before all the tests.
The Tg of HBPF-n and the crystallization behavior
of the HBPF-n/PCL composites were carried out
using differential scanning calorimetry (DSC 4000,
PerkinElmer, USA). (a) For Tg of HBPF-n, 3.0–
5.0 mg HBPF-n were first heated up to 100 °C and
kept at this temperature for 5 min. Then, it was cooled
to -60°C for 3 min at a rate of 10°C/min. Afterward,
a heating scan was taken from –60 to 100°C. (b) For
the HBPF-n/PCL blends, the crystallization behav-
iors of the samples were performed in the tempera-
ture range of –50 to 150 °C at heating rates of
10 °C/min. The second run of these processes was
used to analyze the crystallization degree. The
weight of the blends was kept between 5.0–6.0 mg
and all the tests were performed under N2 atmos-
phere at a flow rate of 30 ml/min.
The visualization of HBPF-n/PCL composites crys-
tallization was recorded on polarized optical mi-
croscopy (DM2700P, Leica, Germany) equipped
with a hot stage (LTS420, Linkam, UK) to investi-
gate the HBPF-n’ effects on the PCL crystallization.
The samples were sandwiched between two glass

slides, heated to 100 °C for 10 min, then rapidly
cooled to 40 °C for isothermal crystallization to ob-
serve heterogeneous nucleation.
The morphology of the HBPF-n/PCL blends was ob-
served by scanning electron microscopy (SEM)
(S-4800, Hitachi, Japan). The surfaces of the blends
were sputter-coated with gold before observation.
The luminescence spectra of both HBPF-n and com-
posites were collected with a fluorescence spectro -
photometer (F-4600, Hitachi, Japan) equipped with
monochromatic Xe lamp as an excitation source.
The samples of the composites were compressed
with a thickness of 0.5 mm. The slits of both excita-
tion and emission were set at 5 nm, and the scan
wavelength speed was 1200 nm/min.
Fluorescence visualization of blends was observed
by fluorescence microscopy (Axio Observer, Carl
Zeiss, Germany) under UV excitation to obtain flu-
orescent images. For the sample preparation, the mix-
ture was dropped on a glass slide, and a thin film was
obtained after solvent evaporation.
The tensile tests of dumbbell-shaped HBPF-n/PCL
composites were done on a universal testing machine
(WD-5A, Guangzhou, China) at a speed of
50 mm/min and at room temperature, for each sam-
ple was repeated five times.

3. Results and discussion
3.1. Preparation, structure, and properties of

HBPF-n (n means generation, n = 1, 2, 3)
3.1.1. Structural characterization of HBPF-n
The preparation process of HBPFs through step-
growth polymerization reactions are shown in
Figure 1a. Fourier transform infrared spectroscopy
(FTIR) spectra of the first generation of carboxyl-
terminated hyperbranched polymer (HBPC-1), epoxy-
terminated hyperbranched polymer (HBPE-1), furan-
terminated hyperbranched polymer (HBPF-1) are
shown in Figure 1b. For the HBPC-1, the peak at
1218 cm–1 is attributed to the vibration of C–O–C
groups. The strong absorption peak at 1729 cm–1 cor-
responds to the C=O bonds. The wide absorption
peak at 3000–3480 cm–1 belongs to the vibration of
the –OH from –COOH groups. The absorption peaks
around 1850 cm–1 of anhydride groups from 1, 2, 4-
benzeneticarboxylic anhydride (TMA) have not been
found, which shows that the anhydride groups have
reacted completely. For the HBPE-1, the narrowed
absorption peak around 3300 cm–1 and the appearance
of the absorption peak at 911 and 849 cm–1 suggests
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that the end groups of –COOH of HBPC-1 have re-
acted and the epoxy groups have generated. For the
HBPF-1, the new formation of absorption peaks at
695, 1012, 1505 cm–1 are ascribed to the furan hete-
rocycles.
Different generations of HBPFs have similar chem-
ical groups but different topological structures, as
shown in Figure 1c. Degree of branching (DB) is
one of the most useful structural parameters to

characterize the topology of HBPs, which can be de-
fined as (Equation (1)):

(1)

where D, T, L are the dendritic, terminal, and linear
units in hyperbranched polymers, respectively, which
can be integrated from 1H NMR or 13C NMR spectra
[29, 30]. Figure 2a shows the 1H NMR spectra of

DB D T L
D T= + +
+
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Figure 1. (a) The synthesized process of HBPF-n; (b) The FTIR spectra of HBPC-1, HBPE-1, HBPF-1; (c) The generation,
molar ratios of [TMA]/[CA]/[F] and degree of branching (DB) of HBPF-n (n = 1, 2, 3).



HBPF. The characteristic peaks of 6.2–6.7 and
7.7 ppm are assigned to the resonance of the protons
of furan rings, and the peaks around 2.53–3.05 ppm
are the protons of –CH2 from CA, which can be used
to calculate the DB of HBPFs. The assignments of
dendritic, linear, and terminal units of HBPF-n de-
termined by 1H NMR are shown in Figure 2b–2d
[31]. The calculated DB values based on Equa-
tion (1) are 0.47, 0.50, 0.55 for HBPF-1, HBPF-2,
HBPF-3, respectively, suggesting that more branch-
ing units exist in higher generations of HBPFs,
which are coordinated with the higher molar ratios
of furfuryl amine/CA/TMA (Figure 1c).

3.1.2. Thermal behaviors and rheological
properties of HBPF-n 

Hyperbranched polymers usually exhibit low glass
transition temperature (Tg) values because of their
unique three-dimensional, highly branched topolog-
ical structure without chain entanglement. The re-
sults of differential scanning calorimetry (DSC)
measurement show that all the generations of HBPFs
are amorphous polymers with Tg of –21.88, –26.60,

–23.91 °C for HBPF-1, HBPF-2, HBPF-3, respec-
tively (Figure 3a). The HBPF-2 has the lowest Tg
values, indicating that it has well chain-flexibility
due to relatively long chains and appropriate inter-
molecular interaction compared to HBPF-1 com-
posed of short chains, while HBPF-3 is rich in hy-
drogen bonds, resulting in stronger molecular
interactions and higher Tg [32].
Figure 3b shows the function of temperature on
melt viscosity of HBPF-n (n = 1, 2, 3). All types of
HBPFs exhibit a decrease in viscosity with increas-
ing temperature. It is well-known that the viscosity
of most polymers decreases with the increase of
temperature because of input heat energy. Generally,
the DB of hyperbranched polymers has a significant
influence on their rheological properties, showing
that the viscosity would decrease with increasing
the DB [33]. However, the viscosity of the HBPF-3
with higher DB is higher than that of HBPF-2. This
may be attributed to the stronger molecular interac-
tions because more H-bonds exist in HBPF-3 struc-
ture, causing a higher shear viscosity at low temper-
atures.
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Figure 2. (a) The 1H NMR spectra of HBPF-1; (b–d) the 1H NMR spectra for dendritic, linear and terminal units of HBPF-
1, HBPF-2, HBPF-3, respectively.



3.1.3. Fluorescent behaviors of HBPF-n
HBPFs contain multiple ester groups, secondary
amine, hydroxyl, and furan groups, which are con-
sidered the source of non-traditional intrinsic lumi-
nescence due to the electronic transitions and the ag-
gregation of these groups. The UV-vis absorption of

HBPF-n in solutions is measured (Figure 4a). It is
found that HBPFs with different generations have
similar UV-vis absorption peaks at around 255 and
295 nm, showing the absorption intensity is decreas-
ing with an increase of DB at the same concentration.
The peak at 255 nm is associated with π-π* and n-σ*
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Figure 3. (a) DSC curves of HBPF-n; (b) dependence of HBPF-n viscosity on temperature.

Figure 4. (a) UV-vis spectra and (b) fluorescence spectra of HBPF-n in DMF solution with the same concentration of
0.5 mg/ml. (c) Fluorescence spectra of HBPF-1 in DMF solution with varying concentrations (λex = 415 nm) (inset:
fluorescence images of HBPF-1 in DMF solution at different concentrations in daylight (top) and 365 nm UV light
(below)). (d) Fluorescence spectra of HBPF-1 in DMF solution with the concentration of 1.0 mg/ml excited with
varying UV wavelength (inset: normalized fluorescence intensity).



electron transitions from furan rings, C=O and –OH.
The peak at around 295 nm is attributed to the n-π*

electron transition of the C=O and –NH– groups
(Figure 4a) [21]. Furthermore, the photoluminescence
behavior of HBPF-n is measured in Figure 4b. It is
noteworthy that the fluorescence spectra of HBPF-n
exhibit the same emission behaviors, suggesting that
these three hyperbranched polymers have analogous
emission mechanisms. The fluorescence intensity of
HBPF-n is decreasing with the DB increased at the
same concentration of 0.5 mg/ml, which is consis-
tent with the results of UV-Vis absorption spectra.
This could be attributed to the π-π stacking interac-
tions of the peripheral furan groups, that increasing
efficient conjugated length easily generates excimers
by more π-π stacking, resulting in luminescence de-
creasing [34]. The photoluminescence properties of
HBPF-1 dissolved in N,N-dimethylformamide (DMF)
with varying concentrations are also investigated.
Figure 4c shows that the HBPF-1 exhibit apparent
fluorescence intensity enhancing with the concentra-
tions increased looks transparent under daylight, and
emits brighter fluorescence under 365 nm UV light
irradiation (Figure 4c inset), suggesting a typical
cluster-inducing emission (CIE) property [35]. More-
over, to investigate the excitation-dependent emis-
sion (EDE) behavior, the emission behavior of
HBPF-1 dissolved in DMF is carried out under dif-
ferent UV exciting wavelengths. The emission peaks
present a gradual red-shift as the excitation wave-
length varies from 415 to 575 nm while the emission
intensity begins to decrease (Figure 4d), which is
consistent with the results reported in the previous
research [20, 21, 36].

3.2. Morphology and properties of
HBPF-n/PCL blends

3.2.1. Luminescence behaviors of HBPF-n/PCL
blends

The fluorescence emission spectra of PCL films
blended with different contents of HBPF-n (n =1, 2,
3) from 0 to 25 wt% are shown in Figure 5. It is wor-
thy to note that the fluorescence intensity of blends
excited at 365 nm relates to the DB (According to
the above results, different DB and different gener-
ations can be used in the same way for describing
HBPFs.) and the contents of HBPF-n. Specifically,
the films are prone to exhibit higher fluorescence in-
tensity with the increase of DB at the same content
of 5 wt%, as HBPF-3 shown in Figure 5a. However,
when the content is up to 25 wt%, the fluorescence
intensity of blends tends to decrease (Figure 5b). It
is found that a small amount of HBPFs imparts high-
er fluorescence luminescence to PCL than the high
loading of HBPFs. Furthermore, pure PCL film has
shown weak blue fluorescence emission under the
excitation of 365 nm UV light (Figure 5c). This phe-
nomenon may be attributed to the clustering behav-
iors of C=O from the main linear chains of PCL, ac-
cording to previous research [37, 38]. On the other
hand, HBPF-n/PCL blends exhibit fluorescence emis-
sion as that of HBPFs even at a low loading of
5 wt% HBPFs (Figure 5c), which might originate
from the electron transition and aggregation of ester,
–C=O, –OH, –NH- and furan groups. It is inferred
that the content-dependent and DB-dependent fluo-
rescence intensity of HBPFs/PCL may be correlated
with the influence of interaction between HBPFs and
PCL on the morphology of blends.
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Figure 5. (a) Fluorescence spectra of HBPF-n/PCL (n = 1, 2, 3) films with the same contents of 5 wt%; (b) fluorescence
spectra of HBPF-3/PCL with the HBPF contents of 5, 15, 25 wt%; (c) the photo of HBPF-3/PCL films with varying
compositions excited at UV light. (Thickness of the films: 0.5 mm, λex = 365 nm.)



3.2.2. Morphology of HBPF-n/PCL blends 
In order to investigate the luminescence mechanism
of HBPFs/PCL, fluorescence microscopy observa-
tion is conducted (Figure 6) to study the morphology
of blends [39, 40]. It is shown that all the films can
emit fluorescence under UV excitation, which coor-
dinates with the results of fluorescence spectra.
Specifically, the films with 5 wt% HBPF-n show no
significant black agglomerated areas in fluorescent
images while presenting more evenly bright domains
with the increase of DB (comparing Figure 6a with
Figure 6b). On the other hand, both fluorescent im-
ages of PCL blends with 25 wt% HBPF-1 and
HBPF-3 present the dark agglomerated regions dis-
tributed in the continuous-bright matrix domain
(Figure 6c and 6d). Moreover, it is found that the
films blended with HBPF-3 appear to have more sig-
nificant phase separation phenomena (comparing
Figure 6c with Figure 6d) [41]. For the HBPF-n con-
tent of 5 wt%, there are more –OH, C=O, and –NH–
existing in HBPF-3 with higher DB. Figure 7 shows

the FTIR spectra of PCL and its blends with HBPF-n
(n =1, 2, 3) at the same content of 5 wt%. For the
blends, two new peaks of 1652 and 1544 cm–1 are
seen and assigned to the C=O and –NH– groups from
HBPFs, while the –OH absorption region of 3500–
3100 cm–1 is increased gradually with the increase
of DB for HBPF-n, thus possessing highly branching
structure would improve the probability of electron
transition and aggregation of C=O from both HBPF
and PCL; moreover, HBPF-3 generate more H-bonds
which can play a role of rigidifying the molecular
chains which will greatly decrease the non-radiative
activation and facilitate the fluorescence emission.
As for the HBPF-n contents up to 25 wt%, the gen-
erated agglomerated HBPFs would transfer the en-
ergy and further quench fluorescence due to the in-
teraction with excited molecules under the UV exci-
tation [42, 43]. On the other hand, more π-π stacking
existing in HBPF-3 would further decrease the fluo-
rescence intensity, according to the previous research
[44]. Therefore, as for the fluorescence intensity of
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Figure 6. Fluorescence images of PCL blended with HBPF-1, HBPF-3 with the contents of 5 wt% (a and b) and 25 wt% (c
and d) under UV light excited.



blends with HBPF-3, there has been a decreasing the
tendency with an increase of contents as shown in
Figure 5b.

To further confirm the content and DB effects of 
HBPFs on the morphology of blends, the blends are 
also observed through polarizing microscopy (POM)
(Figure 8) and scanning electron microscopy (SEM)
(Figure 9). Both Figure 8a and 8b and Figure 9a and 
9b show that with the low content of 5 wt% HBPF-n, 
blends show a homogeneous appearance, indicating 
HBPF-n is well dispersed in the PCL matrix. The 
agglomerated HBPF-n phases can be seen by in-
creasing the contents of HBPF-n up to 25 wt% while 
the phase separation is more pronounced in blends 
of HBPF-3 with high DB (comparing Figure 8c with 
Figure 8d and Figure 9c with 9d). The micro-FTIR 
images also confirm the morphology that blends 
with 25 wt% HBPF-3 have a more obvious mi-
crophase separation than that with 25 wt% HBPF-1 
(Figure 8e and 8f), which is consistent with the re-
sults of fluorescence microscopy as mentioned above
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Figure 7. FTIR spectra of PCL and its blends with HBPF-n
at the same content of 5 wt% (n = 1, 2, 3).

Figure 8. POM images of PCL blended with HBPF-1, HBPF-3 with the contents of 5 wt% (a and b) and 25 wt% (c and d).
Micro-FTIR spectroscopy of PCL blended with HBPF-1 (e) and HBPF-3 (f) with the content of 25 wt%. Compar-
ison of FTIR spectra of HBPF-n, PCL, and 25 wt% HBPF-n/PCL, n = 1 (g), n = 3 (h). The gray boxes are the char-
acteristic peak for furan groups that is on the spectra of HBPF-n and is absent in PCL, thus this peak can serve as
the marker for micro-FTIR analysis.



and can be ascribed to stronger molecular interaction
of HBPFs. More H-bonds and π-π stacking exist in
high contents HBPFs with higher DB leading to eas-
ily agglomerating in the blends, further increasing
the phase separation and decreasing the fluorescence
intensity.

3.2.3. Rheological properties of HBPF-n/PCL
blends 

Aiming to further explore the effects of content and
DB of HBPFs on the interaction between HBPF-n
and PCL, rheological measurements were carried out.
As shown in Figure 10, the viscosity, the storage
modulus (G'), and loss modulus (G'') of neat PCL and
all the blends decrease with increasing temperature
and show viscous behavior at the test temperature.
After the incorporation of HBPFs, the melt viscosity
of PCL decreases further owing to the special topo-
logical structure of hyperbranched polymers with
multiple end-groups providing more free volume for
chain movement, which is typically considered as a
type of flow modifier [20]. It is worth noting that the

flowability of blends with higher DB HBPF-n tends
to get better (Figure 10a and 10b). Higher DB
HBPF-n with more branching chains of lateral groups
(–OH) and end-groups (Furan) could disentangle
and penetrate into the long linear chains of PCL, thus
improving the flowability of the blends and enhancing
the interaction between matrix and HBPFs. Howev-
er, as for the content of HBPFs up to 25 wt%, the vis-
cosity, G′ and G″ of the blends markedly reduce,
meaning that the internal friction is decreased dras-
tically as adding excessive flow modifier (Figure 10c
and 10d), which cannot be dispersed evenly in the
matrix. It is further confirmed that the low content
of HBPFs can interpenetrate with PCL and facilitate
the electron transition, resulting in high fluorescence
emission.

3.2.4. Crystallization behavior of HBPF-n/PCL
blends

For the blends composed of amorphous hyperbranched
polymers of HBPFs and semi-crystalline polymers
of PCL, it is needed to investigate the crystallization
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Figure 9. SEM images of PCL blended with HBPF-1, HBPF-3 with the contents of 5 wt% (a and b) and 25 wt% (c and d).



behaviors which can substantially affect the proper-
ties of blends. The results of DSC measurements of
HBPFs/PCL with different contents and DB of
HBPFs are listed in Table 1.
From Table 1, it can be seen that the degree of crys-
tallinity (Xc) of PCL increases with the DB increased
at low content of HBPF-n. Moreover, for the blends
with the increased contents of HBPF-3, the Xc tend
to decrease gradually. Figure 11 confirms that
5 wt% HBPF-3/PCL has a higher crystallization

density at a shorter time compared to 5 wt% HBPF-1/
PCL, and both are faster than PCL as shown in the
process of isothermal crystallization. It is demon-
strated that low contents and well-distributed HBPFs
have heterogeneous nucleation effects on PCL, and
HBPFs with higher DB could provide more crys-
talline nucleation sites, resulting in a higher value of
Xc. The blends with 25 wt% HBPF-3 have the lowest
Xc, and it is confirmed the agglomeration of amor-
phous phases of HBPFs from the other side would

S. Q. Huang et al. – Express Polymer Letters Vol.16, No.11 (2022) 1128–1144

1139

Figure 10. Dependence of PCL and PCL/HBPF-n blends complex viscosity, storage modulus (G'), and loss modulus (G'')
on temperature. (a) and (b) blends with different DB at the same content of 5 wt%. (c) and (d) blends with HBPF-3 
of different contents (from 0 to 25 wt%).

Figure 11. Isothermal crystallization process of PCL (a), 5 wt% HBPF-1/PCL (b), and 5 wt% HBPF-3/PCL (c) at the early
stage.



restrict the regular arrangement of PCL chains under
the crystallization process [41]. Furthermore, the
higher Xc would further contribute to preparing
robust HBPFs/PCL materials with considerable me-
chanical strength (Figure 12).
According to previous research, the luminescence
behaviors of blends can be affected by the matrix’s
amorphous or crystalline state [46]. When the matrix
is in the crystalline state, the intramolecular motions,
such as vibrations and rotations, of luminescent mol-
ecules would be strongly restricted, resulting in less

non-radiative energy decay but more fluorescence
emission, which is a pathway of radiative energy
decay for excited molecules. Therefore, fluorescence
microscopy can be used to in-situ investigate the re-
lationship between fluorescence and crystallization
behavior. Figure 13 shows that the fluorescent re-
gions of 5 wt% HBPF-1/PCL increase with time,
which is consistent with the change in the crystalline
region.

3.3. Discussion on luminescence mechanism of
HBPFs/PCL

Based on the above analysis, a schematic drawing to
illustrate the effects of contents and DB of HBPFs
on the morphology and luminescence properties of
blends is given in Figure 14. At the low contents,
HBPFs is well-distributed in the PCL, and the branch-
ing short chain of hyperbranched polymer could be
fully extended (Figure 14a), thus the interactions be-
tween HBPFs and PCL are conducive to the forma-
tion of the electron transmission network and lumi-
nescent aggregated ‘clusters’, further enhancing the
fluorescence emission of blends under UV excitation
(Figure 6a and 6b). With an increase of DB at low
content, more heterogeneous nucleation and interac-
tions exist in HBPF-3 and PCL, which would play a
role in restricting non-radiative activation and facil-
itating fluorescence emission (Figure 6b). Mean-
while, more free volume and branching points
brought by HBPF-3 are prone to disentangle linear
PCL (Figure 14a), leading to an increase in rheolog-
ical and crystalline properties compared to low DB.
At the high contents, HBPFs tend to agglomerate in
the PCL, owning to strong hydroxyl-hydroxyl bonds
and π-π stacking, resulting in microphase separation
(Figure 14b, Figure 8c–8f, Figure 9c and 9d), which
would lead to energy transfer and dissipation for ex-
cited molecules, in addition, more π-π stacking would
also decrease the fluorescence emission (Figure 6c
and 6d).
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Figure 12. The mechanical properties of the blends with 0,
5, 15, 25 wt% HBPF-3.

Table 1. Crystallization and melting characteristics of
HBPF-n/PCL blends.

aTm denotes the melting temperature of samples in the second run;
bΔHm represents the fusion enthalpy of samples in the second run;
cThe degree of crystallinity (Xc) of the crystalline component can
be calculated based on the following equation: Xc = ∆Hm/∆Hm

θ,
where ∆Hm denotes the melting endothermal peaks of samples,
and ∆Hm

θ is the melting enthalpy of the 100% crystalline PCL
(136 J/g) [45].

Component Tm
a

[°C]
ΔHm

b

[J/g]
Xc

c

[%]
Pure PCL 56.18 82.01 60.3
5 wt% HBPF-1/PCL 55.62 82.98 61.0
5 wt% HBPF-2/PCL 55.42 87.87 64.6
5 wt% HBPF-3/PCL 56.44 97.77 71.9
15 wt% HBPF-3/PCL 55.11 84.93 62.4
25 wt% HBPF-3/PCL 55.12 80.33 59.1

Figure 13. Fluorescence images of in-situ observing the change of luminescence area of 5 wt% HBPF-1/PCL under crystal-
lization at room temperature. a) 0 min; b) 5 min; c) 10 min; d) 60 min.



4. Conclusions
In conclusion, bio-based furan-terminated hyper-
branched polymers (HBPFs) containing C=O, –OH
and –NH– groups have been firstly synthesized
through green polymerization mostly based on bio-
mass materials including citric acid (CA) and fur-
furyl amine (FA) and the degrees of branching (DB)
increase with the increase of generations of HBPF-n
(n = 1, 2, 3). All resultant HBPFs exhibit strong yel-
low fluorescence in solutions under 365 nm UV light
and low Tg with better fluidity. The effects of concen-
tration and DB of HBPFs on its luminescence inten-
sity are also investigated, showing that the fluores-
cence intensity of HBPFs solution is increasing with
the increase of concentrations, indicating a CIE phe-
nomenon. Meanwhile, with the DB increased, the
fluorescence intensity of HBPFs tends to decrease
owing to the π-π stacking from furan groups.
The HBPFs/PCL bio-blends are prepared by com-
mon melt mixing. It is found that the films of blends
emit bright white fluorescence in the solid-state, and
the fluorescence intensity of blends tends to have a
close relationship with the contents and DB of HBPFs.
Fluorescence microscopy is used to study the lumi-
nescence behavior and morphology of the blends,
showing that low content HBPFs with higher DB
would enhance the luminescence of PCL because of
the better compatibility and enhanced interface in-
teraction from entanglement between more branch-
ing chains and matrix chains, as well as the hydrogen
bonds caused by –OH and –NH– on HBPFs. While
the high content of HBPFs would inhibit the fluo-
rescence emission of the blends owing to π-π stack-
ing caused by the agglomeration of HBPFs in PCL

matrix, which is also observed by POM and micro-
FTIR spectroscopy. Studies on rheological and crys-
talline behaviors also show that the addition of low
content of HBPFs would decrease the melt viscosity
of PCL and improve the degree of crystalline, indi-
cating HBPFs can be a flow modifier in the process-
ing of PCL-based materials while maintaining the
mechanical properties of PCL materials. The method
of blending bio-polymers with the appropriate amount
of bio-based hyperbranched polymers through con-
ventional melting processing to endow bio-based
materials with fluorescence properties is simple and
environmentally friendly.
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