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Abstract: The aim of this work was to develop an effective approach to improve the graphite dis-
persion and, consequently, the electrical conductivity of nanocomposites based on polycaprolactone
(PCL) and graphite nanoplates (GNP). With this aim, a polymeric additive was designed to be
compatible with the polymer matrix and capable of interacting with the graphite layers. Indeed, the
compound consists of a low molecular mass PCL ending with a pyrene group (Pyr-PCL). The ex-
ploitation of such a molecule is expected to promote from one side specific interactions of the pyrene
terminal group with the surface of graphite layers and from the other to guarantee the compatibility
with PCL, having a chain with the same nature as the matrix. The features of the nanocomposites
prepared by directly blending PCL with GNP were compared with those of the same systems also
containing the additive. Moreover, a neat mixture, based on PCL and PCL-Pyr, was prepared and
characterized. The specific interactions between the ad hoc synthesized compound and graphite
were verified by UV measurements, while SEM characterization demonstrated a finer dispersion
of GNP in the samples containing Pyr-PCL. GNP nucleating effect, proved by the increase in the
crystallization temperature, was observed in all the samples containing the nanofiller. Moreover, a
significant improvement of the electrical conductivity was found in the systems based on the pyrenyl
terminated PCL. This peculiar and interesting phenomenon was related to the optimized nanofiller
dispersion and to the ameliorated compatibility with the polymer matrix.

Keywords: PCL; nanocomposites; graphite nanoplates; compatibilization; melt blending; electri-
cal conductivity

1. Introduction

The combination of graphene and graphene-related materials (GRM) [1] with biopoly-
mers represents an appealing and effective approach to enlarge the exploitation of such
systems, which represent a valid alternative to polymers from fossil sources [2—4]. Indeed,
on one hand, the addition of the above nanoparticles could potentially improve the features
of the polymer matrix and disclose novel properties and on the other, the low environmen-
tal impact of both the components make the resulting composite/nanocomposites “green”.
Clearly, in the development of these materials it is necessary to consider the exploitation
of preparation methods capable of facilitating the nanoparticle dispersion, easily applica-
ble and sustainable. With regard to the latter aspect, the combination of GRM with the
biopolymers was generally carried out by using solution-mixing approaches [2] or via melt
blending [2,3], which is highly recommended for industrial viability. The layered carbon
filler dispersion, such as graphite nanoplates (GNP), which is the object of the present
work may be challenging and depends on the affinity towards the polymer matrix. Partial
oxidation of graphite using strong acids and oxidating agents was widely used to prepare
graphite oxide or graphene oxide (GO) [5,6], which may enhance the affinity towards polar
polymers. In the case of the investigated biopolymer, namely poly(e-caprolactone) (PCL),
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it was mainly combined with GO by applying the solution blending [7] or the in-situ poly-
merization method [8,9]. Thanks to the filler functionalities, by using the latter approach, a
direct grafting of the macromolecular chains onto the surface of GO was achieved, allowing
a strong interfacial interaction between GO and the PCL matrix. Moreover, studies on the
crystallization of PCL/GO nanocomposites, prepared by using the in-situ polymerization
method, showed that the crystallization temperature of the polymer was significantly
enhanced with respect to the neat polymer, without affecting the crystalline structure [8].
As demonstrated by Wang et al. [9], the direct PCL grafting improved not only graphene
dispersion in the polymer matrix, but also the mechanical properties of the resultant com-
posites. Electrospinning is another approach exploited to combine GO with PCL: in a
pioneering work, describing the preparation of PCL/GO nanocomposites by applying
the above method, a significant increase in the mechanical strength by the incorporation
of GO was found, which phenomenon was directly related to the changes in the fiber
morphology [10]. Furthermore, the composite nanofiber mats turned out to be suitable
scaffolds, showing high bioactivity [11,12]. Despite the potentialities of such materials, it
is worth underlining that in order to restore high electrical and thermal conductivity, re-
duction of GO has to be accomplished, which requires the use of strong chemical reducing
agents and/or extremely high temperature [13]. As such, thermally reduced graphene
oxide (TRGO) was incorporated in a PCL matrix via the conventional solution casting
method [7]. The developed nanocomposites were characterized by a fine dispersion of
TRGO throughout the PCL matrix, which lead to a significant improvement in the storage
modulus. The combination of GRM with PCL was also used in the development of blends
with polylactic acid (PLA) [14-17]. Indeed, nanoparticles were found to be capable of
decreasing the surface tension between the two polymers, thus acting as a compatibilizer.
In particular, using GNP, the electron microscopy measurements indicated a predomi-
nant localization of nanoplates in the PCL phase [14]. It is worth underlining that GRM
dispersion represents a key issue for the above systems, as it is necessary to reach a fine
distribution to transfer the properties of the nanofiller to the polymer matrix. In this respect,
while the oxidation of graphite and possible subsequent organic functionalization may
allow better interaction with the polymer matrix, enabling easier nanofiller dispersion, the
chemical modification of GRM introduces disruptions of the sp? structure, thus affecting
their physical properties, particularly in terms of electrical and thermal conductivity. An
alternative approach to guarantee strong interactions between non functionalized GRM is
the modification of the chemical structure of the macromolecules to promote non-covalent
bonding with graphitic surfaces. As such, taking into account the specific interactions that
occur between pyrene molecules and the surface of the graphite lamellae [18,19], polymers
bearing these functionalities were developed and used for the preparation of composite sys-
tems [20-22]. In particular, considering biopolymers, in a recent work of ours we reported
on the development of nanocomposites based on poly(L-lactide) (PLLA) by synthesizing
initiators, constituted by a pyrene end group and a poly(D-lactide) (PDLA) chain, capable
of interacting with the surface of GNP layers as well as forming stereoblocks during the
ring opening polymerization of L-lactide [22]. Clearly, the application of the pyrene-based
functionalization to other biopolymers by using environmentally friendly routes with
sustainable and scalable processing to obtain graphite nanocomposites is of great interest.
Within this scenario, this work represents the first report on PCL-based pyrene (Pyr-PCL)
systems to be used as additives in the preparation of PCL/GNP nanocomposites. In order
to maintain the sustainability of the whole process, the synthesis of Pyr-PCL was carried
out without using solvents and the blends were prepared via a simple and industrially
viable melt blending procedure. The developed materials were characterized by using
DSC, TGA, FE-SEM and electrical conductivity measurements.
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2. Materials and Methods
2.1. Materials

From Sigma Aldrich® (Milan, Italy), e-caprolactone (purity > 97%), dimethylfor-
mamide (DMF) (purity > 99%), 1-pyrenebutanol (purity > 99%), 1-dodecanol (purity > 99%),
tin octanoate (Sn(Oct),) (purity > 96%), toluene (anhydrous, purity 99.7%), dichloromethane
(stabilized with 0.002% 2-methyl-2-butene), and methanol (99.9%) were purchased. GNP
was provided by Avanzare Innovacion Tecndlogica (Navarrete (La Rioja), Spain), pre-
pared according to a previously reported procedure [23]. Commercial PCL CAPA® 6500
(M, = 50,000 g/mol) was purchased from Perstorp (Malmo, Sweden). The e-caprolactone
was purified prior to use by vacuum distillation over CaH,. All the other reagents were of
analytical grade and used without purification.

2.2. Synthesis of Pyr-PCL and Dod-PCL

The synthesis of 1-pyrenyl terminated PCL (referred to as Pyr-PCL) was carried out
using the ring opening polymerization (ROP) reaction in bulk, a method widely reported in
the literature for the preparation of polycaprolactone [24-26]. Briefly, 3.650 g (31.978 mmol)
of e-caprolactone was placed in a 50 mL round bottom flask equipped with a magnetic
stirrer under argon atmosphere, then 0.500 g (1.822 mmol) of 1-pyrenebutanol was added
and the system was slowly heated to 80 °C and stirred until complete dissolution of
the initiator. The polymerization reaction was started by increasing the temperature
to 120 °C followed by the addition of the catalyst, namely 26 uL of a freshly prepared
100 mg/mL solution (6.417 umol) of tin octanoate (Sn(Oct);) in anhydrous toluene (ratio
[e-CL]/[Sn(Oct),] = 5000). The reaction mixture was maintained at 120 °C for 24 h under
stirring. After cooling, the warm crude product was dissolved in 2 mL of CH,Cl, and
precipitated by adding the viscous solution obtained dropwise into 200 mL of cold methanol
under slow stirring. After precipitation, the product was filtered on a Buchner funnel,
washed with small amounts of ice cold methanol and then dried at 40 °C under vacuum
for 72 h. 1-dodecyl terminated PCL (referred to as Dod-PCL) was synthesized by adjusting
the initiator amount, namely 1-dodecanol, to obtain a polymer characterized by the same
molecular mass as that of Pyr-PCL. The synthesis of Dod-PCL, with a theoretical M, of
2000 g/mol, was performed using the same method applied for the preparation of the
pyrenyl terminated PCL. In this case, the ROP was performed using 3.260 g (28.561 mmol)
of e-caprolactone and 0.304 g (1.631 mmol) of 1-Dodecanol. The polymerization reaction
was started by adding 23 pL of tin octanoate solution.

2.3. Preparation PCL/GNP Nanocomposites

Neat mixture (referred to as PCL/Pyr-PCL) was prepared by mixing a commercial
PCL (referred to as PCL) with the ad hoc synthesized 1-pyrenyl terminated PCL, using a
ratio PCL/Pyr-PCL of 80/20. Before blending at 120 °C for 30 min, the polymers were dried
overnight at 40 °C under vacuum. The mixture was prepared by using a laboratory internal
mixer equipped with a mechanical stirrer, type RZR1 (Heidolph Instruments GmbH & Co,
Schwabach, Germany), which was connected to a vacuum line and evacuated for 30 min
at room temperature, followed by purging with Argon for 30 min (the above operations
were repeated at least three times, to be sure to avoid humidity coming in contact with
the reagents). The reactor was heated at 120 °C and stirred for 5 min at 160 rpm under
inert atmosphere. GNP at two different concentrations (1 and 2 wt.-%) was added to the
80/20 blends to prepare composite systems, which were assigned names indicating the
quantity of the mixed graphite (as an example PCL/Pyr-PCL/G1 indicates a sample based
on a ratio PCL/Pyr-PCL 80/20 and a percentage of GNP of 1 wt.-%). Before mixing the
nanofiller with the polymer matrix, it was pre-dispersed into a round bottom flask with
toluene using a sonicating bath at 40 kHz for 60 min. Successively the solvent was removed,
using a rotavapor, and the sonicated material was collected. The same conditions were
applied for the composites, which were prepared by mixing the polymers and graphite.
The neat mixture and the composites were dried under vacuum at 40 °C for 72 h. In order to
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evidence the effect of the pyrenyl-based additive on the composite characteristics, samples
were prepared by adding the graphite directly to the neat commercial PCL, by using the
same equipment and conditions previously described.

2.4. Polymers Characterization

H-NMR measurements were recorded on a Varian “Mercury 300”(Palo_Alto, CA,
USA)operating at a frequency of 300 MHz. All the samples were dissolved in CDCl; in
10 mm NMR tubes at room temperature. The sample concentration used was 30 mg/mL.
The thermal properties were measured using a Mettler Toledo “DSC1 STARe System”
(Milan, Italy) differential scanning calorimeter (DSC) in the temperature range from —100
to 150 °C under a nitrogen flow of 20 mL/min and employing 40 uL aluminum crucibles
with pin. The heating and cooling rates were +10 (heating) and —10 (cooling) °C/min. The
thermogravimetric analysis (TGA) was performed using a Mettler Toledo “DSC1 STARe
System” in the temperature range from 30 to 800 °C, at a heating rate of 10 °C/min under a
nitrogen atmosphere. The FT-IR spectra were acquired with a Bruker “Vertex 70” operating
in ATR mode with a diamond crystal, from 400 to 4000 cm~ 1. UV-Vis measurement were
performed using a Shimadzu “UV-1800” (Milan, Italy) spectrometer equipped with short
path quartz cells (0.2 cm, slit: 1 nm, scan speed: very slow). In particular, in order to
evaluate the interaction between Pyr-terminated PCL and graphite, 0.1 mg of Pyr-PCL
was dissolved into a test tube with 2 mL of DMF, then different amounts of GNP (0, 0.5,
1, 2, and 5 mg) were added. The five samples were sonicated using a sonicating bath
(40 kHz, maximum power) for one hour. After sonication, the dispersed samples were left
to sedimentate at room temperature for one week. The solution surnatant was collected
and analyzed spectroscopically from 270 to 1100 nm to show the content of pyrenic units.

Surface conductivity tests were performed at room temperature by applying a picoam-
meter (Keithley Instruments, Solon, OH, USA) and by using films of 12 x 10 mm (with a
thickness of ca. 0.2 mm). Two rectangles of conductive tape (10 x 1 mm, 3M electrically
conductive “ECATT” adhesive tape 9707), spaced 10 mm apart, were deposited on the
films surface in order to form the electrical contact. For the measurements, a ddp. of 150 V
cc. was applied.

3. Results and Discussion
3.1. Synthesis and Characterization of Pyr-PCL
3.1.1. H-NMR Analysis

This work has been primarily focused on the fine-tuning of the synthesis of a pyrenyl
terminated PCL (Pyr-PCL), prepared by applying the ROP of e-caprolactone and by using
1-pyrenebutanol as initiator. In order to evidence the influence of the pyrenyl group on
the specific features of the above polymer, a dodecyl terminated PCL (Dod-PCL) was also
synthesized, adjusting the initiator /monomer ratio to obtain two polymers characterized by
the same molar mass, namely 2000 g/mol, but different end groups. It is worth underlining
that Dod-PCL was not applied in the nanocomposite preparation. In order to calculate the
molar mass (MpnMR), as well as to confirm the synthesized polymer structures, TH-NMR
measurements were performed. Figure 1 shows the 'H-NMR spectrum of Pyr-PCL. Indeed,
MnnMR Was calculated using the ratio between the intensities of the triplet peaks around
2.29 ppm and (E) 3.63 ppm. The value found for both the polymers was ca. 2000 g/mol,
which is in accordance with the theoretical number for the average molecular weight,
thus demonstrating the fine control of the polymerization reaction. It was also possible
to recognize the other signals correlated to the methylenic couples of protons in PCL
repetition units at 4.05 (t), 1.64 (m), 1.38 (m). The Pyr-PCL sample also displayed a distinct
pattern around 8 ppm (Pyr) given by the aromatic pyrene protons, along with the presence
of four butylic chain signals (A) 4.14 (t), (D) 3.37 (t), (B) 1.92 (quint), and (C) 1.80 (quint)
ppm. The chemical shift value of the signal A confirmed that all the initiators reacted to
form covalent links with PCL chains.
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Figure 1. "H-NMR spectra of Pyr-PCL in CDCls.
3.1.2. FT-IR Analysis

In order to further corroborate the chemical structure of the two polymers, FTIR
measurements were performed. The comparison of the Pyr-PCL and Dod-PCL spectra
is reported in Figure 2. For both samples, it is possible to recognize the signals typical of
PCL chains [27] at 3400 cm ™! (O-H hydroxyl moiety stretching); 2950 cm ™! and 2870 cm !
(symmetrical /unsymmetrical stretching Csp3-H bonds in methylenic unit); 1728 cm ™! (car-
bonyl stretching); 1296 cm ! (C-O and C-C stretching); and at 1241 cm ! and 1170 cm !
(unsimmetrical /simmetrical C-O-C stretching). In the pyrenyl terminated sample novel
bands appear at 3047 cm ! (Csp?-H stretching); 1600 cm ™! (breathing of the pyrenic unit);
845 cm~!, 820 cm™1, 684 cm 1 and 622 cm ™! related to the complex vibrational motions
of pyrene.
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Figure 2. FT-IR spectra of Dod-PCL (a) and Pyr-PCL (b).

3.1.3. DSC Measurements

In order to evidence the effect of the functionalization and molecular mass on the
polymer thermal properties, Dod-PCL, Pyr-PCL and a commercial PCL were analyzed by
means of DSC. Figure 3 shows the cooling and heating traces for the above three samples,
while the thermal data are summarized in Table 1. Differences in the thermal behavior can
be noticed by comparing the DSC traces of two polymers which hold similar molecular
mass, but different end groups. Indeed, while the melting temperature (Ty,) is similar for
both Dod-PCL and Pyr-PCL, ca. 50 °C (Figure 3a), Pyr-PCL holds a double melting peak.
This phenomenon is related to the crystal lamellae thickness distribution produced during
crystallization [28,29], which is possibly affected by the presence of bulky pyrene moieties
as chain ends on relatively short PCL chains. It is worth noting that the commercial PCL has
a higher melting temperature (ca. 56 °C), reflecting its high molar mass [30]. Furthermore,
Pyr-PCL shows a significantly lower crystallization temperature (T¢) and crystallinity (x.)
with compared with Dod-PCL. This result can be related to the steric hindrance of the
pyrenyl group, which may affect the polymer structuring. The specific effect of the initiator
on the crystallization behavior of PCL has also been reported in the literature for other
kind of systems [30,31]. In the case of the commercial PCL, the lower crystallinity and T,
can be ascribed to the higher molecular mass with respect to both Pyr-PCL and Dod-PCL.
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Figure 3. DSC thermograms of linear PCL, second heating (a) and cooling (b): (1) Pyr-PCL, (2) Dod-PCL, (3) PCL.

Table 1. DSC, TGA and surface conductivity measurement results.

Sample AH.[J/g]  T.I°Cl  AHm[/gl  Tml°Cl  xcI%] T°[':,sg]5% ng'aﬂ ngmca]xz o [Sm-1]
Pyr-PCL —79 20 83 51 60 298 367 - -
Dod-PCL —99 32 102 50 73 301 352 425 -
PCL —63 28 72 56 51 394 - 426 <1071
PCL/G1 —64 36 78 57 56 396 - 426 1.7-10710
PCL/G2 —59 37 69 57 51 395 - 426 8310711
PCL/Pyr-PCL —74 28 82 56 59 378 - 427 <10~1
PCL/Pyr-PCL/G1 —70 36 78 56 57 375 - 427 4.0-10°8
PCL/Pyr-PCL/G2 —79 38 87 56 64 376 - 429 5.0-1072

AH. = crystallization enthalpy, T, = crystallization temperature, AHy, = melting enthalpy, T, = melting temperature, x. = crystallinity
percentage, Tonset5% = temperature of 5% mass loss, Tymax1 = temperature of the maximum degradation rate (first step), Tymaxz =
temperature of the maximum degradation rate (second step), o = specific conductance.

3.1.4. TGA Measurements

The TGA curves of Pyr-PCL, Dod-PCL and PCL are reported in Figure 4. While Dod-
PCL shows two degradation steps, the TGA profiles of Pyr-PCL and PCL are characterized
by only one decomposition step. In order to elucidate this finding, it is necessary to consider
the specific degradation behavior of polycaprolactone. As reported in the literature [32-34],
the decomposition of this polymer follows two concurring mechanisms, namely unzipping,
which requires a nucleophilic terminal chain group such as hydroxyl functionalities, and
-elimination, which needs at least a hydrogen atom onto the 3-carbon in the alcoholic side
of the ester moiety. The commercial PCL decomposes in one weight loss step (400-450 °C),
suggesting the effect of terminal OH groups is negligible, in accordance with its high
molecular mass. On the other hand, in the case of the low molecular mass polymers, the
high concentration of hydroxyl groups is likely to promote the unzipping mechanism,
leading to an anticipation of the weight loss onset. However, while Pyr-PCL is completely
volatilized before 400 °C is reached, Dod-PCL also displays a second weight loss step at
higher temperature (ca. 425 °C), which may be related to the p-elimination, apparently
hindered for Pyr-PCL because of the pyrenyl end group.
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Figure 4. TGA (a) and DTG thermogram (b): Pyr-PCL (continuous line), Dod-PCL (dotted), PCL (dashed).

3.2. Study of the Graphite Dispersion

The capacity of the pyrenyl terminated polymer to disperse and stabilize GNP in
a liquid medium was primarily evaluated by comparing two dispersions in DMF, one
containing only GNP and the other GNP and Pyr-PCL. Figure 5 shows the photos of the
two dispersions after a sonication and centrifugation treatment. Indeed, the neat DMF
was not capable of stabilizing the GNP as evidenced by the transparency of the liquid.
Moreover, in the mild sonication conditions used, GNP is not expected to exfoliate in DMF
and leads to a poorly stable suspension which fully precipitates after several hours.

Figure 5. Pyr-PCL DMF solution + GNP (a), neat DMF + GNP (b); both after bath sonication for 1 h
and 24 h of sedimentation. Quantity used: 3 mL of DMF, 50 mg of polymer and 5 mg of graphite.

Conversely, the suspension containing Pyr-PCL, appears slightly grey even after
24 h, thus demonstrating that the polymer promoted stabilization of the GNP suspension.
A more detailed analysis of the specific interactions between graphite and the pyrenyl
terminated polymer was obtained by UV measurements. Figure 6 shows the UV spectra
of the surnatants, which were prepared by adding Pyr-PCL and different amounts of
graphite to DMF. In the acquired spectra it is possible to observe, in the range 310-350 nm,
strong adsorption bands characteristic of the pyrenic unit [35], whose intensity significantly
decreased by increasing the graphite amount. This finding suggests the adsorption of
Pyr-PCL onto the surface of graphite flakes, likely due to the pyrenic unit 7-stacking
interactions [36]. Another interesting piece of information comes from the shoulder of the
band at 280 nm, which can be ascribed to the absorption produced by the dispersed graphite
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flakes. This signal started to be noticeable in the sample containing 0.5 mg of graphite.
This phenomenon demonstrated that Pyr-PCL promotes the dispersion of graphite when
the ratio of Pyr-PCL/graphite reaches a critical value, which allows the adsorption of the
molecule on the surface of the flakes as well as maintaining the GNP dispersed in DMF,
thus avoiding its coalescence. The proven adsorbance of Pyr-PCL onto GNP suggests the
possibility to exploit this as a compatibilizer in PCL nanocomposites [22].

1.6

1.4 4
Increasing GNP

1o quantity

1.0

0.8 1

Absorbance [a.u.]

0.6 +

0.4 +

0.2 H

0.0 T T T 1 __I—-/\I T

270 280 290 300 310 320 330 340 350 360

Wavelength [nm]

Figure 6. UV-Vis spectra of Pyr-PCL DMF solution surnatant with different amounts of GNP, after
sonication and 7 days of sedimentation: neat, 0.5 mg, 1 mg, 2 mg, 5 mg from orange to brown.

3.3. Preparation and Characterization of PCL/GNP Nanocomposites

FE-SEM micrographs of the samples PCL/G1 and PCL/Pyr-PCL/G1 are given in
Figure 7. The former composite, prepared by adding directly GNP to the PCL, was
characterized by an inhomogeneous dispersion of the filler and by the presence of several
voids, formed by the GNP removal during the fracture (see insert in the Figure 7a).

This phenomenon can be related to the poor adhesion between the polymer matrix
and the filler. Conversely, a more homogeneous distribution of GNP was found in the Pyr-
PCL-based sample, whose micrograph evidenced the strong adhesion of the GNP with PCL
(see insert in the Figure 7b). This result clearly demonstrates that the previously mentioned
interactions, occurring between the pyrenyl terminated polymer and graphite, also promote
the filler dispersion in the molten system as well as the adhesion of the PCL to the GNP. It
is worth underlining that very similar morphologies were also found for the composites
based on 2 wt.-% of GNP. In Table 1, thermal data of the neat samples (Pyr-PCL, Dod-PCL
and PCL) are compared with the system based on PCL and Pyr-PCL (PCL/Pyr-PCL) as
well as with those containing GNP, prepared by directly adding the nanoplates to the PCL
or to the blended PCL/Pyr-PCL. Neat PCL/Pyr-PCL exhibited the same crystallization
temperature (T.) as PCL but was characterized by a higher crystallinity (x.). This result
can be related to the presence of the low molecular mass polymer, which might reduce the
viscosity of the molten system, thus helping the polymer structuring. For all the composite
samples, a significant increase in T. and a slight enhancement of the crystallization with
respect to PCL were observed. These phenomena, already reported in the literature [37],
indicate that GNP acts as a nucleating agent for the PCL structuring. Concerning the
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thermal decomposition of the prepared compounds, Topset Of the systems based on Pyr-
PCL showed a slight decrease with respect to the neat PCL, which phenomenon might be
accounted for by the presence of the low molecular mass polymer. Nevertheless, it is worth
underlining that Trax was found to be constant for all the analyzed systems.

Figure 7. FE-SEM micrographs at different magnifications of: (a,c) PCL/G1 and (b,d) PCL/Pyr-PCL/GI1.

The effect of GNP on the electrical properties of the prepared systems was evaluated by
comparing the conductivity (o) of the neat samples with those of the composites (Table 1).
While the polymer matrices are electrically insulating with o in the range of 10711 S-m~1,
the addition of GNP to PCL led to an increase in the electrical conductivity. In the case
of the samples prepared by directly adding GNP to PCL, o turned out to be similar, the
conductivity values only slightly decreasing by increasing the graphite content, passing
from 1.7-107 1% to 8.3-10~ ! in the samples containing 1 and 2 wt.-% of GNP, respectively.

On the other hand, samples based on Pyr-PCL showed a much higher o, thus con-
firming better dispersion of GNP. For these nanocomposites, the conductivity was found
to increase by increasing the amount of GNP, reaching a value of 5-102 for the sample
PCL/Pyr-PCL/G2. The different behavior found in the nanocomposites based on the neat
PCL with respect to those containing the additive, can be explained by taking into account
that Pyr-PCL renders GNP more compatible with the polymer matrix, allowing the addi-
tion of a greater quantity of the nanofiller before reaching its coalescence, a phenomenon
which generally leads to a reduction in the material final properties.

While conductive systems based on PCL were generally prepared by using reduced
graphene oxide (rGO) and by applying the solution mixing method [38,39], in this work, we
demonstrated an alternative approach. Indeed, the exploitation of the ad-hoc synthesized
additive on one hand avoids the use of oxidized forms of graphite, and on the other, allows
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preparation via melt blending, which is more easily scalable and environmental friendly
compared to solution processing. Moreover, the conductivity, which was 10~° in the case of
a system reported in the literature [38], based on PCL and containing comparable amounts
of graphite, turned out to be lower than the values found in our composites based on
Pyr-PCL (Figure 8). These relevant results corroborate the active role of the synthesized
pyrenyl terminated polymer in the graphite dispersion and consequently in the formation
of an effective percolative network.

107
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Figure 8. Surface conductivity of a commercial PCL, of our developed samples and of a PCL-based
system reported in the literature.

4. Conclusions

A novel polymer additive, consisting of a low molecular mass polycaprolactone end-
ing with a pyrene group (Pyr-PCL), to be applied in the preparation of composites based
on a commercial PCL and graphite nanoplates, was developed. The structure of the poly-
mer, synthesized by applying the ROP of e-caprolactone and by using 1-pyrenebutanol as
initiator, was confirmed by 'H-NMR and FT-IR analysis. The comparison of the thermal
behavior of Pyr-PCL with that of a dodecyl terminated PCL, characterized by the same
molecular mass, evidenced that the pyrenyl group limits the polymer crystallization. The
specific interactions, which occur between the pyrenyl terminated PCL and graphite flakes,
as confirmed by UV measurements, turned out to affect the GNP dispersion in the nanocom-
posites. Indeed, with respect to the systems prepared by directly adding GNP to the molten
polymer, the addition of Pyr-PCL allowed to obtain a finer dispersion and stronger adhe-
sion of GNP to the polymer matrix. Pyr-PCL-compatibilized nanocomposites exhibited
better electrical conductivity than that reported in the literature for other PCL/graphite
systems. This was obtained by the use of poorly oxidized forms of graphite, by the design
of Pyr-PCL as a compabilizer, and by exploiting an easily scalable melt blending process,
opening up the possibility to use this biopolymer in novel and attractive applications.

Author Contributions: Investigation, G.D. and A.V.; Writing—original draft preparation, G.D.,
Conceptualization, A.F. and O.M.; Writing—review and editing, A.F. and O.M.; Supervision, O.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Nanomaterials 2021, 11, 1385 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Huang, X;; Yin, Z,; Wu, S.; Qi, X;; He, Q.; Zhang, Q.; Yan, Q.; Boey, F; Zhang, H. Graphene-based materials: Synthesis,
characterization, properties, and applications. Small 2011, 7, 1876-1902. [CrossRef] [PubMed]

2. Huang, X;; Qi, X.; Boey, F.; Zhang, H. Graphene-based composites. Chem. Soc. Rev. 2012, 41, 666-686. [CrossRef] [PubMed]

3.  Gardella, L.; Colonna, S.; Fina, A.; Monticelli, O. A novel electrostimulated drug delivery system based on PLLA composites
exploiting the multiple functions of graphite nanoplatelets. ACS Appl. Mater. Interfaces 2016, 8, 24909-24917. [CrossRef] [PubMed]

4. Rouf, T.B.; Kokini, J.L. Biodegradable biopolymer—graphene nanocomposites. J. Mater. Sci. 2016, 51, 9915-9945. [CrossRef]

5. Hummers, W.S.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]

6.  Fathy, M.; Gomaa, A.; Taher, FA.; El-Fass, M.M.; Kashyout, A.E.H.B. Optimizing the preparation parameters of GO and rGO for
large-scale production. J. Mater. Sci. 2016, 51, 5664-5675. [CrossRef]

7. Zhang, J; Qiu, Z. Morphology, crystallization behavior, and dynamic mechanical properties of biodegradable poly(e-
caprolactone)/thermally reduced graphene nanocomposites. Ind. Eng. Chem. Res. 2011, 50, 13885-13891. [CrossRef]

8. Wang, R.; Wang, X.; Chen, S,; Jiang, G. In Situ polymerization approach to poly(e-caprolactone)-graphene oxide composites. Des.
Monomers Polym. 2012, 15, 303-310. [CrossRef]

9.  Wang, GS.; Wei, Z.Y,; Sang, L.; Chen, G.Y.; Zhang, W.X.; Dong, X.E; Qi, M. Morphology, crystallization and mechanical properties
of poly(e-caprolactone)/graphene oxide nanocomposites. Chin. J. Polym. Sci. 2013, 31, 1148-1160. [CrossRef]

10.  Wan, C.; Chen, B. Poly(e-caprolactone)/graphene oxide biocomposites: Mechanical properties and bioactivity. Biomed. Mater.
2011, 6, 1-8. [CrossRef]

11.  Song,].; Gao, H.; Zhu, G.; Cao, X,; Shi, X.; Wang, Y. The preparation and characterization of polycaprolactone/graphene oxide
biocomposite nanofiber scaffolds and their application for directing cell behaviors. Carbon 2015, 95, 1039-1050. [CrossRef]

12.  Bagheri, M.; Mahmoodzadeh, A. Polycaprolactone/graphene nanocomposites: Synthesis, characterization and mechanical
properties of electrospun nanofibers. J. Inorg. Organomet. Polym. Mater. 2020, 30, 1566-1577. [CrossRef]

13. Pei, S.; Cheng, H.M. The reduction of graphene oxide. Carbon 2012, 50, 3210-3228. [CrossRef]

14. Kelnar, I.; Kratochvil, J.; Kapralkova, L.; Zhigunov, A.; Nevoralova, M. Graphite nanoplatelets-modified PLA /PCL: Effect of
blend ratio and nanofiller localization on structure and properties. . Mech. Behav. Biomed. Mater. 2017, 71, 271-278. [CrossRef]

15. Kelnar, I; Kratochvil, J.; Fortelny, I.; Kapralkova, L.; Zhigunov, A.; Nevoralova, M. Effect of graphite nanoplatelets on melt
drawing and properties of PCL/PLA microfibrillar composites. Polym. Compos. 2018, 39, 3147-3156. [CrossRef]

16. Luyt, A.S,; Kelnar, I. Effect of blend ratio and nanofiller localization on the thermal degradation of graphite nanoplatelets-modified
PLA/PCL. ]. Therm. Anal. Calorim. 2019, 136, 2373-2382. [CrossRef]

17.  Forouharshad, M.; Gardella, L.; Furfaro, D.; Galimberti, M.; Monticelli, O. A low-environmental-impact approach for novel
bio-composites based on PLLA /PCL blends and high surface area graphite. Eur. Polym. ]. 2015, 70, 28-36. [CrossRef]

18. Zhang, Y.; Liu, C; Shi, W.; Wang, Z.; Dai, L.; Zhang, X. Direct measurements of the interaction between pyrene and graphite
in aqueous media by single molecule force spectroscopy: Understanding the 7-rt interactions. Langmuir 2007, 23, 7911-7915.
[CrossRef]

19. Duan, D,; Ye, H,; Meng, N.; Xu, C.; Han, B.; Chen, Y.; Zhong, M.; Xu, L. Efficient exfoliation of graphite in chloroform with a
pyrene-containing hyperbranched polyethylene as stabilizer to render pyrene-functionalized high-quality graphene. Carbon 2018,
136, 417-429. [CrossRef]

20. Luo, Z.; Ye, H,; Hu, J.; Hu, T;; Zhang, B.; Zhang, X.; Xu, L. Synthesis of a pyrene-functionalized hyperbranched polyethylene
ternary copolymer for efficient graphite exfoliation in chloroform and formation of ethylene-vinyl acetate/graphene nanocom-
posites. J. Appl. Polym. Sci. 2020, 137, 1-15. [CrossRef]

21. Gkermpoura, S.S.; Papadimitriou, K.D.; Skountzos, E.N.; Polyzos, I.; Pastore Carbone, M.G.; Kotrotsos, A.; Mavrantzas, V.G.;
Galiotis, C.; Tsitsilianis, C. 3-Arm star pyrene-functional PMMAs for efficient exfoliation of graphite in chloroform: Fabrication of
graphene-reinforced fibrous veils. Nanoscale 2019, 11, 915-931. [CrossRef] [PubMed]

22. Fina, A,; Colonna, S.; Maddalena, L.; Tortello, M.; Monticelli, O. Facile and low environmental impact approach to prepare
thermally conductive nanocomposites based on polylactide and graphite nanoplatelets. ACS Sustain. Chem. Eng. 2018, 6,
14340-14347. [CrossRef] [PubMed]

23. Colonna, S.; Bernal, M.M.; Gavoci, G.; Gomez, J.; Novara, C.; Saracco, G.; Fina, A. Effect of processing conditions on the thermal
and electrical conductivity of poly (butylene terephthalate) nanocomposites prepared via ring-opening polymerization. Mater.
Des. 2017, 119, 124-132. [CrossRef]

24. Labet, M.; Thielemans, W. Synthesis of polycaprolactone: A review. Chem. Soc. Rev. 2009, 38, 3484-3504. [CrossRef] [PubMed]

25. Duda, A. ROP of cyclic esters: Mechanisms of ionic and coordination processes. In Polymer Science: A Comprehensive Reference;
Elsevier: Amsterdam, The Netherlands, 2012; Volume 4, pp. 213-246. ISBN 9780080878621.

26. Dzienia, A.; Maksym, P.; Hachula, B.; Tarnacka, M.; Biela, T.; Golba, S.; Zieba, A.; Chorazewski, M.; Kaminski, K.; Paluch, M.

Studying the catalytic activity of DBU and TBD upon water-initiated ROP of e-caprolactone under different thermodynamic
conditions. Polym. Chem. 2019, 10, 6047-6061. [CrossRef]


http://doi.org/10.1002/smll.201002009
http://www.ncbi.nlm.nih.gov/pubmed/21630440
http://doi.org/10.1039/C1CS15078B
http://www.ncbi.nlm.nih.gov/pubmed/21796314
http://doi.org/10.1021/acsami.6b08808
http://www.ncbi.nlm.nih.gov/pubmed/27581486
http://doi.org/10.1007/s10853-016-0238-4
http://doi.org/10.1021/ja01539a017
http://doi.org/10.1007/s10853-016-9869-8
http://doi.org/10.1021/ie202132m
http://doi.org/10.1163/156855511X615696
http://doi.org/10.1007/s10118-013-1278-8
http://doi.org/10.1088/1748-6041/6/5/055010
http://doi.org/10.1016/j.carbon.2015.09.011
http://doi.org/10.1007/s10904-019-01340-8
http://doi.org/10.1016/j.carbon.2011.11.010
http://doi.org/10.1016/j.jmbbm.2017.03.028
http://doi.org/10.1002/pc.24322
http://doi.org/10.1007/s10973-018-7870-y
http://doi.org/10.1016/j.eurpolymj.2015.06.016
http://doi.org/10.1021/la700876d
http://doi.org/10.1016/j.carbon.2018.04.042
http://doi.org/10.1002/app.49320
http://doi.org/10.1039/C8NR06888G
http://www.ncbi.nlm.nih.gov/pubmed/30298899
http://doi.org/10.1021/acssuschemeng.8b03013
http://www.ncbi.nlm.nih.gov/pubmed/30416891
http://doi.org/10.1016/j.matdes.2017.01.067
http://doi.org/10.1039/b820162p
http://www.ncbi.nlm.nih.gov/pubmed/20449064
http://doi.org/10.1039/C9PY01134J

Nanomaterials 2021, 11, 1385 13 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Azizi, M.; Azimzadeh, M.; Afzali, M.; Alafzadeh, M.; Mirhosseini, S.H. Characterization and optimization of using calendula
officinalis extract in the fabrication of polycaprolactone/gelatin electrospun nanofibers for wound dressing applications. J. Adv.
Mater. Process. 2018, 6, 34—46.

Kong, Y.; Hay, ].N. Multiple melting behaviour of poly(ethylene terephthalate). Polymer 2002, 44, 623-633. [CrossRef]
Yasuniwa, M.; Tsubakihara, S.; Sugimoto, Y.; Nakafuku, C. Thermal analysis of the double-melting behavior of poly(L-lactic acid).
J. Polym. Sci. Part B Polym. Phys. 2004, 42, 25-32. [CrossRef]

Wang, J.L.; Dong, C.M. Physical properties, crystallization kinetics, and spherulitic growth of well-defined poly(e{lunate}-
caprolactone)s with different arms. Polymer 2006, 47, 3218-3228. [CrossRef]

Atanase, L.I; Glaied, O.; Riess, G. Crystallization kinetics of PCL tagged with well-defined positional triazole de-fects generated
by click chemistry. Polymer 2011, 52, 3074-3081. [CrossRef]

Persenaire, O.; Alexandre, M.; Degée, P.; Dubois, P. Mechanisms and kinetics of thermal degradation of poly(e-caprolactone).
Biomacromolecules 2001, 2, 288-294. [CrossRef]

Unger, M.; Vogel, C.; Siesler, HW. Molecular weight dependence of the thermal degradation of poly(e-caprolactone): A
thermogravimetric differential thermal fourier transform infrared spectroscopy study. Appl. Spectrosc. 2010, 64, 805-809.
[CrossRef]

Sivalingam, G.; Karthik, R.; Madras, G. Kinetics of thermal degradation of poly(e-caprolactone). J. Anal. Appl. Pyrolysis 2003, 70,
631-647. [CrossRef]

Duhamel, J. Pyrene florescence to study polymeric systems. Mol. Interfacial Phenom. Polym. Biopolym. 2005, 214-248. [CrossRef]
Zhang, J.; Xu, Y.; Cui, L.; Fu, A.; Yang, W.; Barrow, C.; Liu, J. Mechanical properties of graphene films enhanced by homo-telechelic
functionalized polymer fillers via 7-7t stacking interactions. Compos. Part A Appl. Sci. Manuf. 2015, 71, 1-8. [CrossRef]

Lv, Q.; Wu, D.; Qiu, Y.; Chen, J.; Yao, X.; Ding, K.; Wei, N. Crystallization of poly(e-caprolactone) composites with graphite
nanoplatelets: Relations between nucleation and platelet thickness. Thermochim. Acta 2015, 612, 25-33. [CrossRef]

Correa, E.; Moncada, M.E.; Gutiérrez, O.D.; Vargas, C.A.; Zapata, V.H. Characterization of polycaprolactone/rGO nanocomposite
scaffolds obtained by electrospinning. Mater. Sci. Eng. C 2019, 103, 109773. [CrossRef]

Vijayavenkataraman, S.; Thaharah, S.; Zhang, S.; Lu, W.E,; Fuh, J.Y.H. 3D-printed PCL/rGO conductive scaffolds for peripheral
nerve injury repair. Artif. Organs 2019, 43, 515-523. [CrossRef]


http://doi.org/10.1016/S0032-3861(02)00814-5
http://doi.org/10.1002/polb.10674
http://doi.org/10.1016/j.polymer.2006.02.047
http://doi.org/10.1016/j.polymer.2011.05.017
http://doi.org/10.1021/bm0056310
http://doi.org/10.1366/000370210791666309
http://doi.org/10.1016/S0165-2370(03)00045-7
http://doi.org/10.1533/9781845690830.2.214
http://doi.org/10.1016/j.compositesa.2014.12.013
http://doi.org/10.1016/j.tca.2015.05.005
http://doi.org/10.1016/j.msec.2019.109773
http://doi.org/10.1111/aor.13360

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Pyr-PCL and Dod-PCL 
	Preparation PCL/GNP Nanocomposites 
	Polymers Characterization 

	Results and Discussion 
	Synthesis and Characterization of Pyr-PCL 
	H-NMR Analysis 
	FT-IR Analysis 
	DSC Measurements 
	TGA Measurements 

	Study of the Graphite Dispersion 
	Preparation and Characterization of PCL/GNP Nanocomposites 

	Conclusions 
	References

