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Much of the research on biodegradable polymers is currently aimed at developing alternative materials to
fossil fuel plastics. Among the biodegradable polymers, the bio-based aliphatic polyesters (e.g. poly-e-
caprolactone, PCL) have had important success in replacing single-use plastics as well as durable
consumer goods, mainly in the packaging and biomedical sectors. In other sectors, like electronics, the
use of bio-based plastics has received little attention, despite e-waste (pollutant and difficult to handle)
being the fastest growing solid waste stream in the world. In this work, P(CL-DL)/carbon black and
P(CL-DL)/carbon nanofiber composites with enhanced thermal and electrical properties were prepared
and studied. P(CL-DL) copolymers were synthesized via ring opening polymerization (ROP) at CL/DL
molar compositions of 95/5, 90/10, 80/20, and 70/30. Their number-average molecular weight (M,)) and
dispersity index (D) lie between 17.5 and 21.8 kDa, and 1.72 and 1.99, respectively. They are thermally
stable to up to 300 °C, and show a melting temperature (T,,,) and a crystalline degree (X.) that decrease
with increasing contents of DL in the polymer chains. The thermal (k) and electrical (¢) conductivities of
copolymers were enhanced by adding, through melt blending, carbon black (CB) or carbon nanofibers
(CNF) at 1.25, 2.5, and 5.0 wt%, reaching a maximum value of 055 W m™* Kt and 1077 S cm™?,
respectively. The frequency-dependence of the dielectric constant (¢/) and dielectric losses (tan é) was
also measured. Two of the composites showed a marked increase of ¢ near percolation whereas their
tané remained low. The thermal and electrical conductivity performances, as well as the increment
found in ¢ near percolation, are discussed in terms morphology changes produced by variations in both
the DL mol% and the nanoparticles wt%. Finally, biodegradable composites with heat and electron
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a sustainable electronics industry, for instance, by including
bio-based polymers (pristine or modified) with the appropriate
characteristics and properties.>*

Aliphatic polyesters synthesized from renewable sources like
biomass, organic oils and terpenes, are biodegradable polymers
that can be used in electronics.>® Among the variety of aliphatic
polyesters, polycaprolactone (PCL) is attracting great attention
because it is a long-standing material that fully degrades in 2-4
years at natural soil conditions or in few weeks at specific
biodegradation or hydrolytic conditions.”® Its easy processing (e.g
injection molding) and shaping (e.g. 3D printing) allow the
fabrication of almost any polymer-based electronic component.®™
PCL by itself can be used as a cost-effective flexible substrate for
electronic circuitry.”” It can also be used as a binder in graphene
nanoplatelet (GNP) nanopapers to create heat spreaders showing
a higher mechanical resistance than those based on neat GNP.****

1. Introduction

In the last decades, the electronics industry has experienced fast
growth due to extraordinary advances in e-technology and
materials that have permitted the creation of a wide variety of
items of practical use in our daily lives. However, the expo-
nential growth in the consumption and disposal of such items
has led to a rapid increase of e-waste, with the consequent
impact on the environment.* It is worth mentioning that poly-
mers or plastics account for 20 to 30 wt% of the total e-waste.>
Unfortunately, they are mostly non-biodegradable fossil fuel-
based polymers whose complex mix with metals and
hazardous components makes their recycling challenging and
frequently unaffordable. There is thus a need to develop
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PCL-based nanocomposites have been developed with specific
properties to work as photo-thermal absorbers," temperature-
dependent switch materials,”® electromagnetic interference
shielding composites,'® etc. Other applications may be envisaged
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for the electro conductive PCL-based nanocomposites taking
advantage of its biocompatibility."”**

PCL-based nanocomposites with enhanced thermal and/or
electrical conductivity capacities have potential use in flexible
electronics.>'**® A classical approach to increase the thermal
and electrical conductivities of polymeric materials (tradition-
ally insulators) is through the incorporation of small amounts
of high conductive nanoparticles, either inorganic, metallic,
ceramic, or carbon-based.”*?* The carbon-based ones like
carbon nanotubes (CNT), carbon nanofibers (CNF), and GNP
stand out by their own thermal (k) and electrical (¢) conduc-
tivities that surpass those of any other conducting nano-
particle.” Carbon black (CB) is another carbonaceous particle
that has been traditionally used to enhance the electron trans-
port in polymers.>**

In the preparation of polymer nanocomposites, homoge-
neous dispersion and good polymer-particle interaction are
critical issues as they determine the final properties and
potential applications.”* From the different mixing or
dispersing methods (melt processing, solution, in situ, etc.),
melt processing (e.g. extrusion) is often preferred. Its perfor-
mance may not be as good as that of the others, but is cheap,
not pollutant, and can afford the required dispersion and inter-
particle contacts to create the conduction networks through
which electrons move.* The transport of phonons also depends
on the content and dispersion of particles,” although the
crystalline degree of samples and the characteristics (resistance,
charge trap, etc.) of the polymer-particle interface are critical
factors.”® Nanoparticles having a high aspect ratio like CNT,
CNF and GNP are able to provide inter-particle contact at low
loadings,*** although in economy terms, CNFs are preferred by
their low cost, low tendency to self-aggregate, and capacity to
confer to polymers the required thermal/electrical conductivity
properties.****

PCL and PCL-based copolymers and blends have been
selected by some research groups as base polymers to develop
thermal and electrical-conducting nanocomposites through
different methods and wusing different types of nano-
particles.*>** Most reports in this concern involve multiwall
carbon nanotubes (MWCNT), which provide high electrical and
thermal conductivities at low particle contents (between 0.1 and
2 wt%).**** Good interaction between MWCNT and the matrix
allows the formation of homogeneous dispersions. Adding
a third component® or introducing (grafting) polymers on the
surface of the MWCNT are two of the various strategies to
improve interaction and/or dispersion, although thin polymer
films over nanotubes may result in a poor inter-particle
contact.”” CNF, GNP, CB, and reduced graphene oxide (r-GO)
have also been used in the preparation of conductive PCL-
based nanocomposites with satisfactory results.”*** Small
amounts of a co-monomer like e-decalactone (DL) can decrease
the polymer stiffness while the crystalline structure is partially
retained, making thus the P(CL-DL) copolymer suitable as
a base polymer for flexible electronics.

In the present study, P(CL-DL)/CNF and P(CL-DL)/CB
composites were prepared and their thermal and electrical
properties were studied. Results are discussed in terms of
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morphology and interaction changes produced by variation in
DL and nanoparticle contents.

2. Experimental part
2.1 Regents, solvents and nanoparticles

e-Caprolactone (e-CL), e-decalactone (e-DL), benzyl alcohol
(BzOH), trioxane (all four from Sigma-Aldrich, St. Louis, MO
USA), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (from TCI
chemicals, Portland, OR, USA), and methanol (from J. T. Baker,
Radnor, PA, USA) were used as received. Toluene (from J. T.
Baker, Radnor, PA, USA) was washed with H,SO,, neutralized
with a NaHCO; solution (10 w%), dried with CaCl,, and distilled
using a sodium/benzophenone complex. Conductive grade
carbon black XC68 was supplied by Cabot Corporation (Can-
ada). Carbon nanofibers (CNF) HHT grade (PR-24-XT-HHT)
were provided by Pyrograf Products, Inc., with an average
diameter of 100 nm, length from 50 to 200 p, and purity of 95%.

2.2 Synthesis of the P(CL-DL) copolymers

Copolymers were prepared at CL-DL contents of 95-5, 90-10,
80-20 and 70-30 mol%. &-CL, &-DL and toluene were first
introduced in a 1 L batch reactor and the reaction (polymeri-
zation) conditions were set to 400 rpm, 100 °C and N, atmo-
sphere before adding dropwise a solution of BzOH, trioxane,
and TBD in toluene (20 mL), according to data listed in Table 1.
Trioxane was used as a NMR standard to monitor the reaction
conversion (yields = 80% for all reactions). A 1 L stainless steel
batch reactor Delta Reactory (Fig. 1), equipped with mechanical
stirring, internal coil cooling system, and electric resistance
heating system, was used for polymerizations. Each copolymer
was precipitated in 1.5 L of cold methanol (~0 °C) while stirring
the solution at 300 rpm for 1 h. Solutions were filtered and the
recuperated white solids (copolymers) were dried overnight in
a vacuum oven set at 35 °C and 30 mm Hg. A schematic
representation of the polymerization reaction is shown in Fig. 2.
The Greek letter ¢ was omitted in labels of polymers and
composites to make them shorter.

2.3 Preparation of the P(CL-DL)/CB and P(CL-DL)/CNF
composites

Polyesters and nanoparticles (1.25, 2.5, and 5.0 wt% of CB or
CNF) were introduced into a beaker. Polyesters are fine

Table 1 Molar amounts of chemicals used in the synthesis of
polyesters”

Polyester e-CL (mol) &-DL (mol) TBD (mol) BzOH (mol) T (h)
PCL 6.0 0 0.05 0.01 5
P(CLys-DL;) 5.7 0.3 0.05 0.01 48
P(CLgp-DLyy) 5.4 0.6 0.05 0.01 48
P(CLgy-DLy,) 4.8 1.2 0.05 0.01 72
P(CL,4-DL3,) 4.2 1.8 0.05 0.01 96

“ In all cases trioxane (0.05 moles).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the reactor used for polymerization.

BzOH | 1o1uene
TBD | 100°C

/\/\/\rH

Fig. 2 Ring opening polymerization of ¢-CL and g-DL into P(CL-DL)
copolymer. Both monomers are randomly distributed in the polymer
chain. m and n correspond to the mol% of each monomer in
copolymers.

powders, so they were first hand-mixed (spatula) with CB or CNF
particles up to observe a homogeneous black colored mixture.
The homogeneous mixture was then introduced into an Xplore
MC 15 co-rotating twin-screw micro compounder through
a hopper, consisting of a funnel, a plunger and a hollow pipe.
When the micro compounder was full, the hopper was removed
from the Barrel to further attach a seal plug in place. The micro
compounder was operated at a screw speed of 60 rpm,
a temperature ranging between 50 and 70 °C and a residence
time of 10 min. No inert gas (N,) was supplied during pro-
cessing because polycaprolactone is thermally stable to up to
260 °C under atmosphere conditions (air), as it was demon-
strated by thermogravimetric analysis (ESI, Fig. S17).

Fig. 3 shows a scheme of the configuration of the twin-screw
micro compounder in which the processing conditions for the
preparation of one the composites (PCL/CNFs () are displayed.
The conical form of screws provides an effective compacting
and high pressure at the exit. The six heating zones in the barrel
are independently adjustable. The recycle channel allows the
mixed materials be pumped around, in such a way that the
compounding process can be extended to any desired time. This
may correspond to the increase of L/D in a continuous twin-
screw extruder. Some features of the micro compounder are:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Xplore 15 MC
Speed
Eront 60 RPM 1 SCTEWS Rear
65°C =0 65°C
66°C =0 66 °C
65°C =0 65°C
Recycle channel
Force Melt
110 N 62 °C

Fig. 3 Schematic representation of the configuration of the twin-
screw micro compounder.

length of screws 172 mm, total volume 16.5 mL, net volume 15
mL, revolutions 5 to 250 rpm, and number of heating zones 6.
Easy and fast recuperation of the all composite (no material is
lost) as well as easy cleaning are some advantages of the Xplore
15 MC micro compounder. It is noteworthy to mention that this
equipment was designed for fast and efficient compounding/
mixing of small quantities of material, and therefore its use is
convenient for the development of new materials at lab scale.

In order to avoid hydrolytic degradation, polyesters were
dried during 24 h in a vacuum oven (set at 45 °C) prior to the
extrusion blending. For sake of clarity, composites were classi-
fied into three series (Table 2) and labeled as follows: series I:
PCL/CByt9, and PCL/CNFyyyo, series II: P(CLgs~DLs)/CByto, and
P(CLg5-DL5)/CNFyyo, and series III: P(CLgo~DL;()/CByto, and
P(CLgy-DL;()/CNFy, Neat polyesters PCL, P(CLgs-DL;) and
P(CLg(-DL;,) were processed under similar conditions. It can be
noted that P(CLgy-DL,,) and P(CL,,-DL3,) are not listed in
Table 2. These copolymers (soft and sticky) were difficult to
handle during both the melt processing and the preparation of
test samples by mold compression.

2.4 Instruments

2.4.1 Characterization of copolymers. '"H NMR and **C
NMR experiments were performed in a 400 MHz Advance III
spectrometer from Bruker (Billerica, MA, USA), using CDCl; as
solvent. Size exclusion chromatography (SEC) experiments were
done with an Alliance 2695 from Waters (Milford, MA, USA),
equipped with a refraction index detector, a set of two columns

Table 2 Labels of neat polymers and composites

Series I Series II Series IIT

PCL P(CLg5-DLs) P(CLgo-DLy,)
PCL/CB; »5 P(CLo5-DLs)/CB, 25 P(CLog-DL1)/CB1 5
PCL/CB, 5 P(CLos-DLs)/CB, 5 P(CLgo-DLy,)/CB, 5
PCL/CBs o P(CLo5-DL5)/CBs o P(CLgp~DL14)/CBs 0
PCL/CNF; ,5 P(CLogs-DL5)/CNF; 55 P(CLog-DL1,)/CNFy 55
PCL/CNF, 5 P(CLo5-DL;)/CNF, g P(CLg)-DL;,)/CNF, 5
PCL/CNFs o P(CLg5-DLs)/CNF; P(CLgo-DLy,)/CNF5 o

RSC Adv, 2025, 15, 16955-16967 | 16957
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PL-gel 5 um Mixed-C 300 x 7.5 mm, and calibrated with poly-
styrene standards (0.58-3250 kDa) using THF (HPLC grade) as
eluent.

2.4.2 Characterization of copolymers and composites. The
thermal stability of samples was studied by thermogravimetric
analysis (TGA), using a Q500 TGA from TA Instruments (New
Castle, DE, USA) at a heating rate of 10 °C min™" from 30 to
600 °C under N, atmosphere. Glass transition (T), crystalliza-
tion (7.), and melting (7y,) temperatures were obtained from
thermograms recorded in a differential scanning calorimeter
DSC-2500 from TA Instruments, operated at a heating and
cooling rate of 10 °C min~' from —70 to 100 °C under N,
atmosphere. The degree of crystallinity (X.) was calculated from
DSC experiments, using the eqn (1), where AH,, is the experi-
mental enthalpy at the melting transition and AHy, is the
theoretical melting enthalpy of a 100% crystalline PCL (139.5 ]
27 1).3° All X, calculations are referred to PCL because no data is
available for the PCL-DL copolymers.

AH,,

B filler wt%
100

X.(%) = x 100 (1)

m

AH, (1

X-ray diffraction (XRD) studies were performed with an X-ray
diffractometer D8 Advance ECO from Bruker, operated at 40 kv
and 25 mA, and using the k,; radiation of Cu (1.5406 A). XRD
patterns were recorded from 3 to 110° at a rate of 0.04° per
second. Microscopic studies were done with a field emission
scanning electron microscope (SEM) JMS-7401F from Jeol at
a voltage of 6 kV and using a secondary electron detector at
a working distance (target lens to sample) of 6 mm. Samples
(cross-section obtained by cryogenic fracture) were coated with
Au-Pd prior to observation. Thermal conductivity was deter-
mined from experiments done with a temperature modulated
differential scanning calorimeter (TMDSC) 2500 Discovery
series from TA instruments. The thermal conductivity (k) of
samples was calculated according to the ASTM E1952-11 stan-
dard test. The apparent (C) and specific (Cp,) heat capacities were
measured at 27 °C and recorded in mJ K" and J g~* K,
respectively. The amplitude of the temperature modulation was
+0.5 °C and the modulation period (P) was 60 s. k was calcu-
lated with the eqn (2), where L, m, and d, are the specimen
length (mm), thick specimen mass (mg), and thick specimen
diameter (mm), respectively. Test specimens were obtained by
compression molding.

L 2)
- Cymd*P

Disk-shaped specimens (70 mm diameter and 2 mm thick)
for volume resistivity (VR) experiments were prepared by
compression molding (Carver Hydraulic Presses) at 15-20 MPa
(during 5 min) and a temperature ranging between 50 and 70 °©
C. VR measurements were carried out in a Keithley 6517B
electrometer/high resistance meter - Keithley 8009 resistivity
test fixture according to the D-257 ASTM standard test. The
electrical conductivity (¢) was taken as 1/VR. In the present
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study, impedance measurements were done with a Keysight
Technologies E4980A Precision LCR Meter in the frequency
range of 20 Hz to 2 MHz, and by applying a sinusoidal stimulus
of amplitude 0.1 or 2 V for specimens above or below the elec-
trical percolation threshold (EPT). All electrical measurements
were carried out at room temperature.

3. Results and discussion
3.1 Composition and molecular weight of copolymers

The synthesized P(CL-DL) copolymers were first studied by
"H/"*C NMR and SEC to determine their experimental DL mol%
and M, respectively. The "H NMR spectra of the copolymers are
depicted in Fig. 4A. The chemical shift (6) of protons of the
P(CL-DL) copolymer is reported elsewhere.*® The experimental
DL mole%, which varies from one copolymer to the other, was
calculated from integrals at 6 4.07 ppm (O-CH, of CL) and ¢ 0.86
(CH; of DL), and results are listed in Table 3. It can be seen that
for all copolymers the experimental DL mol% is lower than the
theoretical one. This result is to certain point expected as &-DL is
less reactive than &-CL and, for conversions lower than 100%
(from 80 to 90% in this case), its incorporation into the growing
chains might be more limited than that of &-CL.**

On the other hand, the "*C NMR spectra (Fig. 4B) confirm the
chemical structure of copolymers and corroborate that the

A no,r\ N “" PN NN

PCL

o (ppm)
B C=0 (PCL) C—-0O(PCL)

C=O(PDL) C-O (PDL) -

’ 4

1
P(CLy0-DLsg) J
P(CL80~DL20L R
P(CLQO-Dme

P(CLgs-DLs) J

PCL l

174

2
/ T T T

173 72 68 64
S (ppm)

Fig. 4 'H (A) and *C (B) NMR spectra of PCL and P(CL-DL) copoly-
mers. CDClz was used as solvent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Experimental composition and thermal properties of the PCL and P(CL-DL) copolymers

Polyester &-CL (mol%) e-DL (mol%) M, (kDa) b Tm (°C) T, (°C) AH, (Jg ™) X, (%)
PCL 100 0 21.8 1.80 57.8 37.2 73.5 52.7
P(CLg5-DLs) 97.1 2.9 17.7 1.99 52.3 30.1 57.7 42.6
P(CLgo-DLy0) 93.5 6.5 18.9 1.91 51.1 23.9 48.3 37.0
P(CLgo-DLyg) 87.7 12.3 17.5 1.78 41.9 8.0 421 34.4
P(CL,-DLy,) 78.7 21.3 18.1 1.72 23.7 —28.1 33.5 30.5

—_PCL
— P(CLgg-DLyg)
—— P(CLgg-DLy)
- P(CL70-DL30)

12 13 14 15 16
Elusion time (min)

Fig. 5 SEC chromatograms of the PCL and P(CL-DL) copolymers.

DL mol% increases from one polymer to the other (see chemical
shifts at 73.8 and 173.25 ppm). The difference between the
theoretical and experimental DL mol% in copolymers suggests
us to change labels, however, it is more practical and less
confusing to retain them unchanged. For instance, retain
P(CLgs-DLs) instead of using the experimentally obtained
P(CLg71-DL; ). On the other hand, SEC showed monomodal
chromatograms (Fig. 5) from which M, and D were calculated to
range between 17.5 to 21.8 kDa and 1.72 to 1.99, respectively.
The measured M, values are higher than those (4 to 14 kDa) of
the P(CL-DL) copolymers obtained in a previous work, also by
ROP reactions catalyzed with TDB but in which e-DL (first step)
and &-CL (second step) were sequentially added.*

3.2 Thermal properties and morphology of PCL and P(CL-
DL) copolymers

The thermal properties of the PCL and P(CL-DL) copolymers
were studied by TGA and DSC. The TGA thermogram of PCL
(homopolymer) shows an initial decomposition temperature
(Tyq) of 364 °C (Fig. 6). For the P(CL-DL) copolymers, Tig
decreases from 351 °C for P(CLg5-DLs) to 315 °C for P(CL,o-
DLjo). Such decrease is also appreciated in the differential
curves (inset in Fig. 6), which display a second curve (or
maximum) of decomposition rate between 300 and 350 °C, and
that may be associated to the decomposition of decalactone
segments.*

On the other hand, the heating and cooling DSC traces of
PCL show one single thermal transition with a melting (7,,,) and
a crystallization (T,.) temperature of 57.8 and 37.2 °C, respec-
tively (Fig. 7). For copolymers, the increasing content of DL
makes the endotherm and exotherm move toward a lower

© 2025 The Author(s). Published by the Royal Society of Chemistry

temperature while they become wider and less intense (see
Table 3). This result is associated with a decrease in the crys-
talline order (X. changes from 52.7% for PCL to 30.5% for
P(CL,(-DL3,)) caused by the lateral butyl groups (n-C4Hy), which
are randomly distributed along the polymer chain and that
hinder the close packing of backbones.*** Crystals in the P(CL-
DL) copolymers might thus be less perfect and thinner than
those formed in PCL. Complementary studies by XRD corrob-
orate the decline of the crystalline order by showing a progres-
sive vanishing of the sharp diffraction peaks (111 and 200 at
21.3 and 23.6° in 26, respectively) with increasing contents of
DL (Fig. 8). The effect of the lateral groups on the packing of
polymer chains is similar to that reported for poly(ethylene-
octene) copolymers whose X. declines from 70 to 23% with
increasing contents from 0 to 6.4 mol% of 1-octene.*

3.3 Thermal properties and morphology of composites

The thermal properties of composites (series I, IT and III) were
studied by TGA and DSC. The TGA thermograms (ESI, Fig. S27)
show that the thermal stability of composites is, in general,
higher by few degrees than that of the unfilled polymers. On the
other hand, the DSC traces show that the endotherms become
wider and less intense in going from series I to series III (Fig. 9).
They also show that CNF and CB have a different effect on the
thermal behavior of copolymers.

For P(CLg5s-DL5)/CNF and P(CLgy-DL,,)/CNF the endotherm
(one single peak) is shifted to a higher temperature as compared
with the pristine copolymers, suggesting that the polymer
crystals become thicker and/or more perfect.” In a different
way, the endotherm of P(CLg5-DLs)/CB and P(CLgo-DL;,)/CB

100
= \" S wt.%
80- —PCL
= " == P(CLgs'DLs)
3:—60- 20| —P(CLgg-DLyg)
< ; | —P(CLgp-DLyp)
K] = | *P(CL70-DL30)
; 40' .%"‘ 1.04
3' |
20{ & ‘
0.0 300 400 500
Temperature (°C) :
100 200 300 400 500 600

Temperature (°C)

Fig. 6 TGA traces of PCL and P(CL-DL) copolymers.
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60 -40 20 0 20 40 60

Temperature (°C)

P(CLo-DL3g) B

P(CLgo-DLyg)
PCLgy-DLso)

P(CLos-DLsg)

PCL
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\
{ O 20 0 20 40
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" 60

Fig.7 Heating (A) and cooling (B) DSC traces of the PCL and P(CL-DL)
copolymers.

— PCL

P(CLos-DLs)
—— P(CLgy-DLyp)
—— P(CLgy-DLyg)
—— P(CLyo-DLsg)

T T T T

10 20 30 40
26 (°)

Fig. 8 XRD patterns of PCL and P(CL-DL) copolymers.

displays two maxima; the low-temperature one indicates that
less perfect and/or thin crystals are formed. Thermograms also
show that the CNF have a strong nucleation effect, which is
reflected in a marked up-shift of T.. For some of the P(CL-DL)/
CNF nanocomposites, 7. is around 10 °C higher than that
shown by the neat polymer (Table 4). For polymers filled with
CB, the nucleation effect is rather limited with T, up-shifts of
only 2.5 °C or less. In Table 4, it can be seen that the crystalli-
zation degree of the composites remained similar to that of the
neat polymers, except for the PCL/CB composites for which X,
decreases by around 20%. It should be reminded that the
thermal diffusivity depends on the crystalline order in the bulk
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and around nanoparticles, as will be discussed later in this
manuscript.

One of the most relevant characteristics of nanoparticles is
their high surface-to-volume ratio, which may allow the transfer
of properties to polymers at low particle contents.*® Such
transfer occurs when the polymer-particle interaction is good
and, also, when particles are fully distributed and homoge-
neously dispersed in the polymer matrix. In this work, melt
processing has shown to be a suitable mixing method for the
distribution and dispersion of nanoparticles. By SEM studies, it
was observed that both CB and CNF are fairly well dispersed in
the continuous phase. Of the all captured SEM micrographs,
only two were selected as representatives: one for polymers fil-
led with CB (Fig. 10A) and other for those filled with CNF
(Fig. 10B). In both micrographs, a good contact between poly-
mer and particles is observed. The first shows “CB particles”
and some “aggregates of few CB particles” in contact and
enveloped with the matrix, whereas the second one shows
single fibers entering and embedding in the polymer phase.
Three additional SEM images, showing that carbon nanofibers
are well dispersed in the polymer matrix, are included in ESI
(Fig. S3).T A comparative analysis was made with reported SEM
micrographs of polypropylene/CNF nanocomposites (images
not shown here) that show cavitation as a consequence of poor
compatibility.”” PP is no-polar whereas the P(CL-DL) copoly-
mers possess polar groups that can make the polymer-particle
interaction possible. It should be reminded that both CB and
CNF have structural and chemical defects to which the polymer
chains can adhere.** One possible mechanism may involve
oxygen-containing functional groups of particles interacting
with the ester groups of the polymer chains. Also, structural
defects of particles could be anchoring sites for polymer chains.
It is to point out that the co-rotating twin-screw micro extruder
(Xplore model MC 15) is widely used for research at lab-scale,
but it has some limitations as compared with other mixing
machines. For future works some strategies might be imple-
mented to improve dispersion, like using ultrasound during
mixing, modify the nanoparticles with functional groups
increase polymer-particle compatibility, and use performed
mixing machines, among others.

3.4 Thermal and electrical properties of composites

The thermal and electrical conductivities of materials of the
series I, IT and III are listed in Table 4. It can be noticed that, the
thermal conductivity of composites is, in general, higher than
that of the unfilled polymers. Series I show a remarkable value
of 0.55 W m ™" K, which is ~160% higher than that measured
for the unfilled PCL (0.21 W m ' K ). Series Il reaches
a maximum k value of 0.49 W m™* K™ *, whereas series III attains
only 0.31 Wm™" K™, Apart from these particular data, one can
see that k increases with increasing the content of nano-
particles, although for some of the composites with 5 wt% of
nanoparticles this tendency is inverted by a possible re-
agglomeration of particles.*® It can also be noticed in Table 4
that & of the P(CL-DL)-based composites is smaller than that of
the PCL-based ones. This difference might be due to extended

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amorphous zones in the P(CL-DL) matrix through which
phonons can hardly move.* Another observation is that for
series I and II, CNF are clearly superior to CB nanoparticles to
enhance the thermal conductivity of polymers. The high aspect

Table 4 Thermal and electrical properties of composites

60 20 40
T(°C) T(°C)

P{CLgg-DLig)

Fig.9 DSC endo (up) and exotherms (down) for the composites of the series |: PCL/(CB or CNF), series II: P(CLgs—DLs)/(CB or CNF), and series Il
P(CLgp—DL40)/(CB or CNF). The endo and exotherms of the neat or unfilled PCL, P(CLgs—DLs) and P(CLgg—DLjo) polymers are included (bottom).
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ratio of CNF facilitates the particle-particle contact that, in
combination with crystalline zones in the bulk and around
nanoparticles (CNF showed a good nucleation effect), makes the
heat transfer easier. A possible additional reason is that

T. (°C) Tm (°C) AH, (Jg ) X. (%) o (mm?s™) FWm K™ VR (Q cm) g(Sem™)
Series I
PCL 37.2 57.8 73.5 52.7 0.06 0.21 1 x 10 1x10° "
PCL/CBy »5 35.8 57.1 57.8 41.9 0.13 0.23 3 x 10" 4x10 "
PCL/CB, 5 36.7 57.6 58.6 43.1 0.17 0.34 4 x 10" 2 x 103
PCL/CBs o 37.8 57.0 58.8 44.4 0.19 0.40 3 x 10" 3x10° "
PCL/CNF; ,5 43.8 58.0 70.8 51.4 0.20 0.34 6 x 10'? 2 x 10713
PCL/CNF, 5 45.1 57.7 70.7 51.9 0.24 0.45 3 x 10" 4x10"
PCL/CNFs_ 45.9 58.1 66.0 49.8 0.30 0.55 5 x 10'? 2 x 103
Series 11
P(CLo5-DLs5) 30.1 52.3 57.7 42.6 0.13 — 2 x 102 6 x 10"
P(CLo5-DL5)/CB; 55 30.2 51.9 54.9 41.0 0.16 0.35 2 x 10" 5x 107"
P(CLos-DL;)/CB, 5 29.5 51.7 53.5 40.5 0.19 0.37 3 x 10" 3x10° "
P(CLy5-DL5)/CBs 31.2 51.9 52.4 40.7 0.16 0.33 4 x 10 3 x10°*
P(CLg5-DL5)/CNF; 55 371 53.6 53.7 40.2 0.17 0.37 4 x 10" 3x10° "
P(CLos-DL5)/CNF, 5 39.5 54.2 56.4 42.7 0.22 0.45 4 x 10" 2x10° %
P(CLg5-DL5)/CNFs o 41.1 54.4 57.1 44.3 0.15 0.49 3 x 10° 4x10° %
Series III
P(CLgg-DLy) 23.9 45.3 48.3 37.0 0.15 0.17 3 x 10** 3x10° %
P(CLgg-DLy4)/CBy 5 25.3 45.7 47.5 36.8 0.13 0.29 4 x 10" 3x107"
P(CLgy-DL44)/CB, 5 26.2 46.1 46.4 36.4 0.16 0.30 5 x 10 2 x 1072
P(CLogg=DLy4)/CBs 0 26.1 46.5 44.2 35.6 0.13 0.29 3 x 10" 3x10° "
P(CLgg=DLy,)/CNF; 55 29.4 49.3 44.8 34.6 0.11 0.28 2 x 10 6 x10 %
P(CLgo-DL,,)/CNF, 5 28.4 49.3 45.1 35.3 0.14 0.31 9 x 108 1x10°°
P(CLoo-DL1,)/CNFs5 33.2 49.8 454 36.6 0.11 0.29 1 x 107 1x1077
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Fig. 10 SEM micrographs of P(CLgp—DL;0)/CBs5 (A) and P(CLgg—DL4g)/
CNFs (B).

polymer crystals are more perfect (according to Ty, up-shift in
the DSC traces, Fig. 9) in the CNF-based composites than in the
CB-based ones, and therefore phonons may be less dispersed in
the former. For series III, no real difference in k between the CB
and CNF-based composites is appreciated; the abundant
amorphous zones in the P(CLgy-DL;o) copolymer might be
impeding the heat transfer across the samples.

The electrical conductivity showed a different scenario
(Table 4). For the CB-based composites, no enhancement in o
was observed, whereas for the CNF-based ones, significant
differences were found between the three series. For series I, o
remained low and similar to that of the unfilled PCL
(107"* S em™") and for series I and 111, o reached a value of up to
10 *°and 1077 S em !, respectively. The last one is six orders of
magnitude higher than that shown by the neat P(CLyy—DL;()
copolymer. This result seems to indicate that the content of DL
is in favor and not against ¢, which is contrary to what was seen
with k results. The electron transport occurs only when
conductive particles are connected to each other into contin-
uous networks (percolation), allowing electrons to move across
the matrix. The high aspect ratio of CNF is favorable to the
formation of conducting networks at low particle contents. The
main electrical conduction mechanism in polymer nano-
composites consists of the transport of electrons through con-
ducting particles placed close enough to allow electron
tunneling happen.**** Electron conducting networks are likely
to be formed only in the P(CL-DL)/CNF nanocomposites (series
II and III), which, according to DSC and XRD results, are less
crystalline than the PCL/CNF ones (series I). The dependence of
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o on crystallinity in nanocomposites is not so simple to explain
as both direct and inverse effects have been reported. Crystals
homogeneously nucleated can push the conducting particles to
the amorphous zones, allowing them to concentrate and
develop percolated structures. This is known as crystal-induced
volume exclusion effect.”> However, nanoparticles with high
nucleation capability develop polymer crystal structures on
their surface, increasing thus the contact resistance, which is
detrimental for the transport of charge carriers.* For PCL/CNF
nanocomposites, it is possible that thick crystalline zones,
growing from the surface of CNF, form barriers for the electron
transfer, whereas for P(CL-DL)/CNF nanocomposites, thin and
imperfect crystalline zones around CNFs, makes the CNFs
approach each other (tunneling distance), making possible the
electron tunneling.®® From these results it is clear that the
higher electrical conductivity of the copolymer P(CL-DL)/CNF
compared to P(CL-DL)/CB is due to the high aspect ratio of
CNFs, which can form a conductive network at lower concen-
tration than CB, although the conductivity is likely to be
dependent on the crystallinity at the polymer-CNF interface.
The higher electrical conductivity in P(CL-DL)/CNF is also due
to the fact that electrons move along the nanofiber before being
transferred to a neighboring CNF in the percolated network.

When a sinusoidal or time-varying electric field is applied
across a dielectric material, permittivity becomes a complex
number. The real part of the relative permittivity (dielectric
constant) is related to the energy stored in the material whereas
the imaginary part (dielectric losses) is associated with the
polarization and orientation of dipoles.>® Nanocomposites
showing high ¢ and low tan¢ are desired in applications
involving charge transport and storage, like capacitors, actua-
tors and sensors. These two conditions (high ¢ and low tan 6)
can be observed when the concentration of particles is near
percolation.* It was proposed that the marked increase of ¢
near percolation is due to the formation of a large number of
mirco capacitors, which are thought to be formed of conducting
particles separated by a thin polymeric layer.>® In this work, &
and tan 6 were measured in a 20 Hz to 2 MHz frequency range
and results are plotted in Fig. 11 and 12, respectively. In each
plot, the type (CB or CNF) and amount (1.25, 2.5 or 5wt%) of
nanoparticles are maintained constant. This allows us to
appreciate the effect of the DL mol% on ¢ and tan é. In the ¢
versus frequency plots (Fig. 11) a slight increase of ¢’ is observed
when the DL mol% in the copolymer increases. This may signify
that in the P(CL-DL)-based nanocomposites more charge
carriers (energy) migrate and accumulate at the filler-matrix
interface, as compared with the PCL-based ones whose ¢ value
remains unchanged in the all-frequency range. From one plot to
the other, it can be noted that ¢’ of the P(CL-DL)-based nano-
composites increases with the content of nanoparticles. A
marked rise is observed only for the P(CLos-DL;5)/CNF5 and
P(CLyy-DL;,)/CNF5 nanocomposites, which, at low frequency,
reached an ¢’ value of ~35. These two nanocomposites are near
the percolation threshold (see Table 4) where a marked
enhancement of ¢ is expected to occur.”

For the CB-based composites, ¢ remained rather low (<6)
because they are far from percolation. It should be mentioned

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Dielectric constant — frequency plots of composites of the series 1 (solid lines), series Il (dash lines) and series (lll, dash dot lines).

that for the unfilled or neat polymers (not included in plots) &
remained low (~1.8) in all the frequency range; their curves
were omitted in Fig. 11 because most of them appeared over-
lapped with those of the nanocomposites containing 1.25wt%
of nanoparticles. On the other hand, the tan ¢ - frequency plots
showed almost no-variation neither on the DL mol% nor on the
content of nanoparticles (Fig. 12). Only a slight increase (up to
0.37) was observed for the P(CLy,—DL,,)/CNF5 nanocomposite.
The sudden enhance of ¢’ (up to 35) while the tan é remains low

(<0.4) suggests us that this sample is near percolation. The
introduction of the e-decalactone comonomer in PCL is there-
fore a good strategy to tune the thermal and electrical properties
of PCL-based nanocomposites.

There is a range of commercial products especially designed
for the thermal management of modern electronic devices.
Most of them are high thermal conductive composites prepared
either with high amounts of nanoparticles (10 to 60 wt%) or

using elaborated processing techniques.*® However, not all
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Fig. 12 Dielectric losses — frequency plots of composites of series 1 (solid lines), series Il (dash lines), and series (lll, dash-dot lines).
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polymer composites need to be high thermal conductive
materials to be used for this purpose. For instance, acrylic-
based materials with k values of 0.5 to 0.8 W m~" K ' are
being used as adhesives and pads in electronic components.*
The thermal performance of the PCL-based composites here
prepared and studied is comparable to such commercial prod-
ucts used in electronic components. Aliphatic polyesters, like
PCL, are in general more expensive (twice as much or more)
than conventional plastics but, in modern times, the cost of
polymers for the electronic industry may also consider the
environmental impact as well as the economy gains in the end-
of-life management of the e-waste.®® Despite their higher cost,
aliphatic polyesters have potential use in the electronic
industry, especially in the light of the green chemistry and
sustainability concepts.

Finally, the PCL/CNF, st composite was exposed to
a composting environment to evaluate its degree of disinte-
gration. Pure PCL was also tested as reference. Tests were per-
formed using the 1SO20200:2015 standard testing for plastic
disintegration under a compositing environment (thermophilic
incubation process at 58 =+ 2 °C).

In this biodegradation test, the degree of disintegration is
measured as wt% loss of a material at different time intervals
(30, 60 and 90 days). Composting is a biological decomposition
of biowaste in the presence of oxygen and under controlled
conditions by the action of micro- and macro-organisms.*
Results show that, after 90 days, the registered weight loss for
PCL and PCL/CNF; sy, Samples are 95.5 and 90%, respectively.
This result is comparable to that reported by Kalita et al
(~90wt% in 90 days) for the disintegration of PCL under
a composting environment.® The slightly lower weight loss
registered for the polymer composite suggests that the CNFs
have almost no effect on the polymer disintegration.

4. Conclusions

PCL and PCL-DL copolymers were synthesized via ring opening
polymerization. They were then combined (melt mixing) with
low contents of carbon black or carbon nanofibers and resulting
composites showed enhanced thermal (with both CB and CNF)
and electrical (only with CNF) conductivities that reached
avalue of up to 0.55 Wm ™" K ' and 1077 S em ™', respectively.
The DL monomer had a detrimental effect on the thermal
conductivity due to the increase on the amorphous phase,
which is unfavorable for the transport of phonons. A contrary
effect of the DL monomer was observed for the electrical
conductive and it was explained in terms of thin crystalline
zones around nanofibers that allow the formation of a perco-
lated or near percolated network for the electron transport. The
dielectric constant of polymers was enhanced with increasing
both the DL and nanoparticles contents. A marked enhance-
ment was observed only for the P(CLg,-DL;,)/CNF, 5 and
P(CLgo-DL,,)/CNF5, nanocomposites which attained (or are
near) percolation. One of the nanocomposites showed a sudden
enhance of ¢ (up to 35) while its tan 6 remained low (<0.4)
suggesting that this sample is near percolation. Results on both
thermal and electrical properties are quite satisfactory,
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although much work is still needed to overcome limitations
such as lack of control over the CL/DL molar ratio and poor
particle dispersion. Future works may involve some new
synthesis strategies of polymers and the use of more performed
processing machines (compounders). Modification of particles
to improve compatibility may perhaps be considered. For
industrial applications, it would be necessary to do pilot plant
experiments for both polymer synthesis and polymer/particle
mixing. The molar composition control in copolymers can be
achieved by controlling the monomer addition along the poly-
merization reaction (semi-continuous reaction), taking into
account that the reactivity of CL is much higher to that of the DL
monomer. Concerning the particle dispersion, performed
industrial mixing machines (intensive mixing extruders) need
to be used. Finally, some of the nanocomposites here prepared
have thermal and electrical conductive (or dissipative) capac-
ities that may be useful for heat dissipation and electrostatic
charges releasing in sustainable flexible electronic devices.
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