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Abstract

Organic/Inorganic hybrid materials have been attracting much attention since
they combine the advantages of inorganic materials with the properties of or-
ganic polymers. Titanium dioxide nanoparticles (TiO,) present good thermal
stability, accessibility and catalytic properties. Polycaprolactone (PCL) is a
biocompatible and bioresorbable material, which is being examined as biode-
gradable packaging materials, controlled drug release carriers and other med-
ical applications. Hybrids based on PCL containing different amounts of tita-
nium dioxide nanoparticles, ranging from 0.05% to 0.35% w/w, were prepared
using the solution cast method. These systems were characterized by X-ray
diffraction (XRD), infrared spectroscopy (FTIR), low-field nuclear magnetic
resonance (NMR), thermogravimetric analysis (TG) and differential scanning
calorimetry (DSC). The FTIR analysis confirmed that there was an interaction
between the PCL chains and the TiO, nanoparticles. The XRD and DSC anal-
ysis showed that the PCL crystallization was affected by TiO, incorporation,
modifying its semi-crystalline structure to a less ordered structure. When
TiO, nanoparticles were added the values of T H and T,pH increased for all
hybrids, therefore, their addition produced a new material with less molecular
mobility. In the TG analysis, it was observed that the introduction of TiO,
nanoparticles decreased the thermal resistance of PCL. In DSC analysis, the
PCL/TiO, hybrids presented a reduction in the crystallization temperature
and degree of crystallinity, except for PCL hybrids containing 0.15% w/w of
TiO, nanoparticles.
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1. Introduction

The combination of organic and inorganic structures within a single material at
nanoscopic level is one of the most effective approaches for producing new class
of hybrids materials with advanced properties. A wide range of nanoparticles
such as: clays, carbon nanotubes, graphites, polyhedral oligomeric silsesquioxane
and metal oxides are currently available and they are used to prepare these sys-
tems [1]. Moreover, the uniform dispersion of these nanofillers produces a large
interfacial region between the nanofiller and polymer, due to its high surface
area, leading to peculiar characteristics [2].

Thus, organo-inorganic hybrids are defined as complex materials containing
both organic and inorganic constituents intimately mixed. The scale of the mix-
ture or the degree of homogeneity may influence the properties of the hybrids,
especially when the mixture of the components is adequately achieved on the
nanometer scale. These new systems require a detailed characterization of their
structure and molecular dynamics, as these factors influence the behavior, prop-
erties and stability of these new materials. One of the techniques that can be used
to study the molecular dynamics of the polymeric systems is the nuclear mag-
netic resonance in the solid state through measures of protons relaxation [3] [4].

NMR relaxometry technique has been used by several researchers to measure
the nuclear relaxation times, such as: spin-lattice relaxation time in the labora-
tory frame, spin-lattice relaxation time in the rotating frame and spin-pin relax-
ation time in the laboratory frame, which gives insight into the molecular dy-
namics of the nanostructured systems [5] [6] [7]. The spin-lattice relaxation time
in the laboratory frame promotes evaluation of the samples in the MHz scale.
The spin-lattice relaxation time in the rotating frame is sensitive to the move-
ments in the tens of kHz and the spin-spin relaxation time in the laboratory
frame comes from the loss of phase coherence among nuclei in the xy plane,
which affects the relaxation of the component perpendicular to the main mag-
netic field (Bo). The spin-lattice relaxation parameters involve changes in ther-
mal equilibrium of spin systems and the responses of them are intrinsically re-
lated to the system’s molecular dynamics that is derived from the morphology of
the system [5] [6] [7].

Hence, the relaxation parameters are a good tool to understand the changes in
the molecular interaction, the molecular dynamics of the hybrid components,
the molecular domains in an organic material, the chain organization after the
nanoparticles are incorporated into the polymer systems, and the dispersion of
the nanoparticles in the polymer matrix. Normally, when spherical nanoparticles
such as: titanium dioxide and silica are well dispersed and distributed in the po-
lymer matrix, the proton-spin lattice relaxation times increases because of the
rigid behavior of these particles in the polymer matrix [2] [8].

In the past decades, titanium dioxide nanoparticles (TiO,) have received a fair
amount of attention because of its good thermal stability, accessibility and cata-

lytic properties. It is generally used for various applications, such as paints,
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coatings, plastics, papers, inks, medicines, pharmaceuticals, food products, cos-
metics, implants, toothpastes and solar energy conversion, photocatalysis, UV
detection, ultrasonic sensing and as a promising material in applications such as
water or wastewater treatment. Its environmental compatibility, non toxicity and
low price are some of its advantages [9] [10].

Polycaprolactone (PCL) is a linear semi crystalline aliphatic polyester (~50%
crystallinity), considered as a biocompatible, and bioresorbable material. Its po-
tential use is currently being examined as biodegradable packaging materials,
controlled drug release carriers and other medical applications, such as suture
filaments. Moreover PCL is approved by Food and Drug Administration (FDA)
for biomedical applications. The PCL has a low glass-transition temperature of
—60°C, a melting point of 60°C, and exhibits high decomposition temperature
around 350°C. In comparison to other biodegradable polyesters, an in vivo de-
gradation of PCL is considerably long. Another important fact is that the addi-
tion of nanofillers such as hydroxyapatite, clays, titanium oxide, graphite and si-
lica does not affect the bioactivity of PCL. However, its low melting temperature,
modulus, abrasion resistance, and its relatively high cost are the major disad-
vantages [11] [12].

Most of the works that developed PCL/TiO, nanocomposites used the sol-gel
process in situ or melt mixing. The sol gel process allows obtaining the polymer
chains into an inorganic network and it involves a series of reactions of hy-
drolysis and polycondensation from the precursor to the inorganic domain.
However, there are some drawbacks of this method, such as: high cost of pre-
cursors, residual porosity and shrinkage of a wet gel upon drying [13]. The
melt mixing process is a solvent free technique that utilizes heat and pressure
to disperse the polymer and nanoparticle. Although, there are some limitations,
as the cost of equipment, both of the components must be in the molten state
and the large difference in the melt viscosity of the components difficult the
mix [14].

In this context, the present study had two main objectives the first one was to
prepare PCL/TiO, hybrids through the cast solution method, to produce a good
system at the molecular level. The polymer and nanoparticles were solubilized in
a solvent and applied on a glass plate using casting device'. The other objective
was to use nuclear magnetic resonance relaxometry (NMR-relaxometry) to eva-
luate the molecular dynamic of the samples and to understand the behavior of

the new material.

2. Materials

Polycaprolactone (PCL) pellets (Mw: 80,000 - 100,000 g/mol), obtained from
Sigma Aldrich, was used as the polymer matrix. Titanium dioxide particles (TiO,)
were supplied by DuPont (Brazil), having specific surface area of 50 mg?*/g and
average primary particle size of 25 nm. Chloroform was purchased from Tedia

Brazil.
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2.1. Preparation of Hybrids

The PCL film was produced using a solvent casting technique. Briefly, the PCL
granules were dissolved in chloroform at room temperature overnight with vi-
gorous stirring to obtain a concentration of 5% w/v. The solution was poured
into a glass Petri dish, which was covered and placed at room temperature for
slow evaporation. The dried film was collected and vacuum dried for 48 h.
Chloroform was chosen as solvent according to the PCL solubility parameter,
obtained in a previous study. Solvent elimination was confirmed by disappear-
ance of chloroform bands at 3034 cm™, 1220 cm™, 774 cm ™" and 680 cm ™' using
infrared spectroscopy.

The PCL/titanium dioxide hybrids were also prepared through the solvent
casting technique, using chloroform as the solvent. The solutions of PCL and ti-
tanium dioxide were stirred separately at room temperature for 24 hours to pre-
pare the nanomaterials with different titanium dioxide ratios, ranging from 0.05%
w/w to 0.35% w/w in relation to PCL concentration. The titanium dioxide dis-
persions were subjected to ultrasound for one hour. The flasks with the isolated
solutions were sealed with glass cover and stirred at room temperature for 24 h.
After that, the solutions were mixed and left for 24 h under stirring. The result-
ing mixture was poured into Petri dishes and kept at room temperature. The
hybrids films were further dried under vacuum for 48 h and all the samples were

stored in desiccators until use [6] [15].

2.2. Characterization Techniques

2.2.1. FTIR Analysis

The infrared spectra were recorded with a Nicolet, Magna FR 760, Fourier
transform infrared (FTIR) spectrometer capable of both mid-infrared (mid-IR)
and far-infrared (far-IR) measurements, was used to spectroscopically examine
inorganic filler, polymer and hybrids. An integral Diamond Attenuated Total
Reflectance (ATR) accessory was used for all measurements. Far-IR Attenuated
Total Reflection (ATR) measurements were made using a built-in Diamond
ATR accessory, solid substrate beamsplitter and standard IR source. Mid-IR
ATR measurements were made using a built-in Diamond ATR accessory, potas-
sium bromide (KBr) beamsplitter and standard IR source. All spectra were ob-
tained using 64 scans at 4 cm™' resolution; total analysis time was three minutes
per sample. The data were collected and processed using Thermo Scientific™
OMNIC™ software. For the TiO, and PCL enough powder was placed onto the
Diamond surface to cover it (1 to 3 miligrams) and the pressure device used to
force the sample into contact with the Diamond crystal. The hybrids films were
placed over the Diamond surface and pressure applied in the same manner as

the powder samples.

2.2.2. X-Ray Diffraction
The crystalline structure of the PCL and PCL/TiO, hybrids were investigated by
X-ray diffraction (XRD) using a Rigaku D/Max 2400 diffractometer, with nick-
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el-filtered CuKa radiation of wavelength 1.54 A, at room temperature. The 26
scanning ranged from 2° to 70°, with 0.02° steps, operated at 40 KV and 30 mA.
The degree of crystallinity of the samples was calculated from the integrated area
of X-ray diffraction data, using the Ftk software, for which were assumed Gaus-
sian profiles for crystalline and amorphous peaks. Linear background correction
was applied separately to the observed peaks before obtain the area under each
peak. The areas under the crystalline and amorphous phase were determined in
arbitrary units and the degree of crystallinity (X.) was obtained using the fol-
lowing relationship (Equation (1)) [2] [6] [15].

X =7 @)

where 7, and /_ are the integrated intensities corresponding to the crystalline and

amorphous phases.

2.2.3. NMR Relaxation Measurements

All measurements of spin-lattice relaxation times (T,H and T,pH) were per-
formed using a low-field NMR spectrometer, Resonance Maran Ultra 23, oper-
ating at 23.4 MHz (for protons) and equipped with an 18 mm variable tempera-
ture probe. The pulse sequence used for T H determination was an inver-
sion-recovery (recycle delay 180°-7-90° acquisition). The 90° pulse, 4.6 ps, was
calibrated automatically by the instrument’s software. The amplitude of the FID
was sampled for twenty 7 data points, ranging from 0.1 to 5000 ms, with four
scans each and 5 s of recycle delay. The equipment’s precision is £2%. The re-
laxation values were calculated employing the following equation (Equation (2)).
The temperature of the analysis was 25°C. The 7,/ values and relative intensi-
ties were obtained by fitting the exponential data with the aid of the program
WINFIT. Distributed exponential fittings as a plot of relaxation amplitude ver-
sus relaxation time were performed by using the WINDXP software [5] [15].

Mo = Mz (1— exp’“Tl) (2)

where, Mo is an equilibrium value, Mzis a time period during which spin-lattice
relaxation occurs causing Mz to go from value of —Mo through zero to its equi-
librium value of Mo, 7is time period delay and 7] is a spin-lattice relaxation
time [5] [15].

The T,pH values were measured with ordinary spin-lock pulse sequencing,
with was 90° x-(pin-lock pulse) y-(acquisition). The amplitude of the FID was
sampled for 32 T data points, ranging from 25 to 100,000 ps, with four scans each
and 5 s of recycle delay. The T,pH values and relative intensities were obtained
also by fitting the exponential data with the aid of the WINFIT program and the
distributed exponential fitting of plots of relaxation amplitude versus relaxation
time was performed by using the WINDXP software. The spin-lock field was
12.5 kHz [2] [16].

The Equation (3) is used to calculate the T, pH values:

DOI: 10.4236/anp.2018.71002

15 Advances in Nanoparticles


https://doi.org/10.4236/anp.2018.71002

M. S. de S. B. Monteiro, M. I. B. Tavares

y= yo 4 Ae—(x—xo)/tl (3)

where, yis the total magnetization intensity; Y; is the intensity of the magnetiza-
tion at the initial time; A, is the time constant; Xis the signal weight at the initial
point; X; is thesignal weight at the initial time and ¢ is time interval between
180° and 90° pulses [5].

2.2.4. Thermal Analysis

The thermal properties of PCL and its hybrids were investigated using a Rigaku
TAS 100 differential scanning calorimeter. Dry nitrogen gas with a flow rate of
20 ml/min was purged through the cell during all measurements and thermal
treatments, the instrument having been calibrated with an indium standard. The
thermograms were recorded between —70°C and 150°C, with heating rate of 10
°C/min"". The analysis involved the first heating from —70°C and 150°C followed
by fast cooling (100 *°C/min™"), followed by another heating cycle of 10 *C/min™",
from —70°C and 150°C. The fraction X % of material crystallized after an inter-
val t was evaluated by the ratio of the crystallization area at the time, # over the
total area, according to the Equation (4), and the crystallinity degrees (X,) were
determined by measuring the enthalpy of fusion of the PCL in the crystalline
state, using the literature data of 139.6 Jg™' [2] [16]:

AH

c
100%

The Thermogravimetric analysis (TGA) was carried out on TA instruments
Q500 (USA) apparatus from 25°C to 500°C under nitrogen flow (50 mL/min) at
10 °C/min heating rates [2] [16].

3. Results and Discussion

3.1. Hybrids’ Structural Characterization

The chemical structure of the PCL/TiO, hybrids can be identified by FTIR.
Consequently, this technique is widely used to establish the formation of new
materials. In addition, an infrared analysis in the distant region is useful for in-
organic studies since the stretching vibrations and angular deformation between
organic/inorganic compounds occurs at frequencies lower than 650 cm™ [17].

The FTIR spectra of the PCL/TiO, hybrids are shown in Figure 1 and Figure 2.
In Figure 1, the two narrows signals located at 2870 cm™ and 2954 cm™" are at-
tributed to C-H stretching vibrations of the PCL’s hydrocarbon and the narrow
peak centered at 1734 cm™ is derived from the stretching vibration of the PCL's
carbonyl groups (C=0) [18]. The peaks around of 850 cm™" and 1125 cm™ cor-
respond to the Ti-O-Ti and Ti-O-C stretching, respectively [19] [20].

The FTIR spectra of the hybrids formed by PCL and TiO, (Figure 2) pre-
sented the characteristic signals of TiO, in the far infrared region at 600 cm™
and 100 cm™'. The broadband over the range of 400 - 700 cm™' is related to
bending and stretching mode of Ti-O-Ti, and the signals at 450 cm™' and 620
cm™' are due to the Ti-O-Ti bond of rutile spectrum [21] [22]. Besides that, the
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Figure 1. The FTIR spectra of PCL/TiO, hybrids, in the mid region.
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Figure 2. The far FTIR spectra of PCL/TiO, hybrids.

FTIR in the far region is able to distinguish the titanium dioxide anatase from
titanium dioxide rutile. The titanium dioxide anatase shows peaks at 630 cm™,
510 cm™' and 140 cm™ and the titanium dioxide rutile presents peaks at 600 cm™
and 450 cm™ [23]. The FTIR analysis confirmed the presence of titanium dio-
xide rutile in the samples.

Moreover, in hybrids systems the broader bands in the region of 450 cm™ and
915 cm™" can be related to the TiO, vibrations, indicating that there was an inte-

raction between the PCL chains and the nanoparticles [18].

3.2. XRD Analysis

The hybrid materials were submitted to wide-angle X-ray diffraction measure-
ment and the XRD curves are shown in Figure 3. The XRD technique is based

on the elastic scattering of X-rays from structures that have long-range order. It
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Figure 3. XRD curves of TiO, and PCL/TiO, hybrids.

is an efficient analytical technique to identify and characterize crystalline mate-
rials. The spectra of TiO, exhibited sharp signals, indicating its crystalline nature.
Sharp signals signify good crystallinity of nanoparticles [24] [25]. The X-ray dif-
fraction showed that the TiO, nanoparticles were a mixture of anatase and rutile
form. The TiO, nanoparticles in the anatase form presented diffractions peaks at
36°, 54° and 57°, while the TiO, in the rutile form presented peaks at 29°, 42°
and 45° [26].

Figure 3 also shows the diffratograms for PCL/TiO, hybrids. The strong and
sharp signals located at 21.3° and 23.8° are attributed to the [110] and [200]
crystallographic planes of the PCL orthorhombic crystal, respectively [6] [15]
[16]. From the X-ray diffraction spectra, it was observed that the incorporation
of TiO, nanoparticles did not affect the crystalline structure of PCL because its
strong and sharp signals were maintained after the TiO, introduction. These re-
sults are in agreement with the work of Nandagopal et al (2016) [27], where it
was also observed that a higher concentration of titanium dioxide nanoparticles
reduced the PCL crystallinity.

The PCL/TiO, hybrids containing 0.25% and 0.35% w/w of TiO, showed an
increase in the intensity of the diffraction peaks related to PCL when compared
to hybrids containing 0.05% and 0.15% w/w of TiO,. Consequently, the increase
in TiO, concentration may have modified the PCL crystallization pattern [18]
[28]. Nevertheless, nonappearance of any new peak in the plots for the hybrids
shows that no new phase was formed during the process of synthesis.

The crystallinity degree of all hybrids developed was obtained by curve fitting
to calculate the area of each peak. Linear background correction was applied
separately to the observed peaks before obtain the area under each peak, for
which it was assumed a Gaussian profile. The crystalline values for PCL and
PCL/TiO, hybrids are shown in Table 1.

Table 1 shows that the incorporation of TiO, nanoparticles decreased the PCL

crystallinity in all hybrid systems, compared to pure PCL. The concentration of
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Table 1. Crystalline values for PCL and PCL/TiO, hybrids.

Sample X (%)
PCL 56.78
PCL/TiO, 0.05% 42.38
PCL/TiO, 0.15% 43.42
PCL/TiO, 0.25% 41.72
PCL/TiO, 0.35% 41.06

0.35% of TiO, showed a major reduction in the PCL crystallinity. Probably, the
TiO, nanoparticles hindered the PCL crystallization, leading to some changes in

the semi-crystalline PCL structure, resulting in a less ordered compound.

3.3. NMR Measurements

As mentioned before, the NMR relaxometry can be used to study the molecular
dynamics of the new systems. The proton relaxation times are very sensible to
molecular motions, in different frequency ranges. The spin lattice relaxation
time, in the laboratory frame, T H, detects the fast molecular motions, in the
MHz scale, and the domains between 25 to 50 nm. The spin lattice relaxation
time, in the rotating frame, 7;, detects the slow molecular motions, in the kHz
scale, between 10 to 50 kHz and shows that the material is homogenous in the
range of 4 to 25 nm [5] [6] [7].

So, the T \H provides information’s on the presence of different mobility do-
mains, homogeneity, miscibility, interaction among the components. Since a
higher value of proton spin lattice relaxation time, T,H, represents a more re-
strict environment, with less molecular motions. While a lower value of proton
spin lattice relaxation time, T H, represents a more flexible environment, with
more molecular motions [4] [5] [7]. The spin lattice relaxation time in the ro-
tating frame, 7), provides information’s about the segmental motions and the
slow molecular motions of the polymer chains. This parameter also allows ob-
serving the homogeneity of the polymer systems, since it is sensitive to the spa-
tial proximity of the polymer chains [2] [5].

According to Table 2 and Figure 4 the neat PCL presented two domains with
different T H values. The first domain presented T ,H value around 30 ms and it
is correlated to the more mobile region of PCL (amorphous region). The second
domain presented values around 142 ms and it is related to the less mobile re-
gion of PCL (crystalline region) [6] [15]. Generally the semi-crystalline polymers,
such as PCL, present at least two types of molecular organization: the amorph-
ous phase, where the protons presented less relaxation time values since it has
more mobility; and the crystalline phase, where the protons presented higher re-
laxation time values because it has less molecular mobility [2] [16].

In Table 2, the PCL/TiO, hybrids systems showed a higher T\H values than
the neat PCL, indicating that the addition of TiO, nanoparticle’s promoted the
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Figure 4. Distribution curves obtained by low field NMR for PCL
and PCL/TiO, hybrids.

Table 2. Proton spin-lattice relaxation times of PCL and PCL/TiO, hybrids determined
by low field NMR, with 2% error.

Sample TlHlExp TIHZExp T,pH
(ms) (£2%) (ms) (£2%) (ms) (£2%)
106 30 6.7
PCL
142
115 31
PCL/TiO, 0.05% 7.5
154
116 26 7.9
PCL/TiO2 0.15%
154
118 33 7.6
PCL/TiO, 0.25%
165
115 27 7.6
PCL/TiO, 0.35%
149

formation of a new material with less molecular mobility of the polymer chains
due to the formation of newer and strong interactions between the TiO, nano-
particles and the PCL chains, increasing its rigidity. This may occur because of
the formation of the new molecular rearrangement of the PCL chains.

In addition, the increase of TiO, concentration did not show a significant dif-
ference in the T,H value, suggesting that there was no change in the molecular
dynamics, up to 0.25% concentration of TiO, nanoparticles. However, with 0.35%
of TiO, nanoparticles in the PCL matrix there was a slight reduction in T,H val-
ue and it can indicate a phase separation. Since a higher concentration of TiO,
nanoparticles may hinder its dispersion in the polymer matrix and did not
change the PCL molecular mobility.

Figure 4 shows the domain distribution curves of proton spin-lattice relaxa-
tion times obtained for PCL and PCL/TiO, hybrids. All samples presented two
well defined domains, related to the domains of PCL, as described above. Con-
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sequently, the two regions maintained its molecular dynamics. The Bi-exponential
analysis of the spin lattice relaxation time was used because there was a signifi-
cant correlation between the measured of NMR constant (T,H) and the domain
curve, confirming that the samples have two domains, when analyzed in a spec-
trometer operating at 23.4 MHz.

The second domain of all samples presented higher T H values than the neat
PCL, indicating that there was an increase in the PCL rigidity, in the crystalline
phase, with the introduction of TiO,. However, these results are not in accor-
dance with the results obtained by the XRD analysis. Since a decrease in the
crystallinity degree of the samples should decrease de T ,H values of the second
domains. Besides that, the DSC analysis indicated the opposite behavior, show-
ing higher crystallinity values with the increase of TiO, concentration. Neverthe-
less, the DSC values are greater than those determined from XRD profiles, since
part of the material in amorphous state at room temperature is able to crystallize
during the heating process and contribute to the final degree of ordering [3].

In our previous studies using the fast field cycling NMR relaxometry, the PCL
hybrids presented three distinct environments: crystallites, rigid amorphous and
flexible-amorphous regions, with three distinct spin-lattice relaxation times, T,
T, T,s The dispersion of TiO, nanoparticles in the PCL matrix affected with
greater intensity the protons mobility in the rigid amorphous region. The rigid
amorphous region represents the slower PCL chain modes [6].

In the system with 0.05 % of TiO, there was a great interaction with PCL since
the two domains presented a peak base wider than the PCL peak base.

Table 2 and Figure 5 show the T pH values and the T, pH decay for PCL and
all samples, respectively. The T pH curves show the same pattern and their fits
gave a higher value of this parameter. The T,pH values increased for all systems,
compared to pure PCL. Thus, the molecular motions of PCL chains became
more restricted and promoted a reorientation of PCL chains, in the 4 to 25 nm
scale, with TiO, introduction. The T pH data confirmed the T ,H results, indi-
cating that the TiO, nanoparticles restricted the PCL mobility.

3.4. Thermal Degradation

Thermogravimetric analysis is commonly used to identify the maximum tem-
perature supported by a material, and it is characterized through mass loss due
to volatilization with increasing temperature. The thermal stability of PCL and
PCL/TiO, hybrids materials were studied by analyzing the TGA curves. Figure 6
show the mass loss (TG%) curves of PCL and PCL/TiO, hybrids.

For PCL, the initial degradation temperature was 383°C, as can be seen in Ta-
ble 3. The addition of TiO, nanoparticles decreased the initial degradation tem-
perature and the maximum temperature degradation when compared to the neat
PCL. Therefore, the TiO, nanoparticles decreased the PCL thermal resistance.
However, it can be considered that the systems containing different concentra-
tions of TiO, presented a good thermostability, since no mass loss occurred be-
fore 370°C.
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Figure 5. T, pH decay for PCL and PCL/TiO, hybrids.
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Figure 6. Mass loss (TG%) curves for PCL and PCL/TiO, hybrids.

Table 3. Temperature onset of degradation (T,,,) and the maximum temperature (T,,,,)
of PCL and PCL/TiO, hybrids.

Samples Tonset ("C) Ty ("C)
PCL 383 409
PCL/TiO, 0.05% 370 397
PCL/TiO, 0.15% 376 400
PCL/TiO, 0.25% 375 400
PCL/TiO, 0.35% 372 397

Figure 6 shows the results related to the thermal stability of the PCL/TiO,
hybrids. Looking at the curves achieved under a nitrogen atmosphere, it can be
said that the degradability was almost not affected by the incorporation of TiO,

nanoparticles. Moreover, the decomposition seems to occur in a unique stage.
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Only, the onset temperature of decomposition was slightly moved to a lower
temperature. In addition, the presence of TiO, nanoparticles slightly favored the
degradability and the temperature of maximum degradation was shifted towards
lower values than the neat PCL.

Addition of TiO, has displayed different effects depending on the polymeric
matrix in which it is incorporated: a considerable catalytic effect in nanocompo-
sites based in ethylene-vinyl alcohol (EVOH) copolymer or an almost null action
in polypropylene. Mufioz-Bonilla et al. (2013) also verified that the presence of
TiO, nanoparticles slightly favored the degradability of the PCL matrix’.

3.5. Differential Scanning Calorimetry

The melting temperatures (Tm) of the first and second heating, and transition
enthalpy (AH) of the first and second heating of PCL and PCL/TiO, hybrids
were investigated by DSC. Figure 7 shows the DSC curves for PCL and
PCL/TiO, hybrids. Table 4 shows the enthalpy values and the melting and crys-
tallization temperatures (AHf, AHc; 7,, and T), as well as the degree of crystal-
linity (X, %). The glass transition temperature has not been described because
the objective of the DSC analysis was to verify the influence of titanium dioxide

nanoparticles in the crystallization process.

PCL/TIO,0.35 %
——PCL/TiO,0.25% Endothermic
PCL/TIO,0.15%
——PCL/TIO, 0.05%

B J

Heat Flow (a.u)

T T T T T T T T
-50 0 50 100 150

Temperature (°C)

Figure 7. DSC curves of PCL and PCL/TiO, hybrids, second heating.

Table 4. Transition temperatures and enthalpies obtained in the second and third heating
cycles (DSC) of PCL and PCL/TiO, hybrids.

Samples T.(°C) AH_(J/g) T, (°C) AH,, (J/g) X. %
PCL 32.0 71.1 53.0 73.4 52.7
PCL/TiO, 0.05% 24.5 51.0 55.3 54.2 38.8
PCL/TiO, 0.15% 26.3 72.9 55.2 72.8 52.1
PCL/TiO, 0.25% 23.0 59.8 55.8 63.8 45.0
PCL/TiO, 0.35% 334 60.3 55.9 67.6 48.4
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The pure PCL showed a AH, of 71 J/g while PCL/TiO, 0.05% hybrids showed
a AH_ of 51 J/g, indicating a reduction in the enthalpy value of crystallization.
The addition of 0.05%, hindered the crystallization process by drastically lower-
ing the related enthalpy of crystallization. This system also showed a decrease in
the AH,, which could be related to a restriction in the PCL crystallization kinet-
ics. Probably the multiple interactions formed in the organic-inorganic hybrids,
using 0.05% of titanium dioxide, caused a highly restricted segmental motion,
hindering crystallization [2].

However, the hybrids of PCL with 0.15% of TiO, nanoparticles showed a AHc
of 73 J/g, indicating that this nanoparticles concentration increased the enthalpy
value of crystallization.

The PCL/TiO, hybrids presented a reduction in the crystallization tempera-
ture, in the enthalpy of crystallization and in the melting enthalpy, except for the
system with 0.15% w/w of TiO, nanoparticles, compared to the neat PCL. So, the
TiO, nanoparticles interfered in the crystallization process. The melting temper-
atures of the hybrids systems were higher than the neat PCL. The degree of crys-
tallinity was also lower than the PCL, except for the system containing 0.15%
w/w TiO,, indicating that the TiO, particles restricted the PCL mobility. Conse-
quently, the 0.15% w/w concentration was able to distribute between the PCL
chains and act as nucleating agent for the crystallization process, increasing the
PCL crystallinity.

Bajsi¢ et al. (2014) also demostrated that the melting point of the PCL/TiO,
composites was slightly higher with the increase of TiO, concentration. When
the content of TiO, nanoparticles increased the crystallization temperature of
the composites decreased. Only in PCL/TiO, composites prepared with 2 wt% of
TiO, particles the crystallization temperature increased [29]. It was observed the
same pattern for the nanocomposite containing 0.35% of TiO,.

Excluding the results of crystallinity calculated for the PCL sample with 0.15%
of TiO,, the XRD analysis showed a decreasing trend in the crystallinity degree
with the increase of TiO, content, whereas the DSC indicated the opposite beha-
vior, showing an increase in the values of crystallinity with the increase of TiO,
concentration. Nevertheless, the crystallinity values determined by DSC are
more accurate than those determined from XRD profiles, since part of the ma-
terial in amorphous state at room temperature is able to crystallize during the

heating process and contribute to the final degree of ordering [3].

4. Conclusion

In this study, the PCL/TiO, hybrids were successfully prepared by solvent cast
technique. It was possible to produce homogenous PCL/TiO, hybrids, by solvent
cast technique, with nanoparticles effectively dispersed. The FTIR analysis indi-
cated that there was an interaction between the PCL chains and the TiO, nano-
particles. The XRD analysis showed an increase of the amorphous halo and this
can be the result of the interaction of the TiO, with the PCL chains. The PCL/TiO,
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hybrids systems showed a higher T H values than the neat PCL, indicating that
the addition of TiO, nanoparticle’s promoted the formation of a new material
with less molecular mobility. The T,pH data confirms the T H results, indicating
that the TiO, nanoparticles restricted the PCL mobility. In the thermal degrada-
tion analysis, it is observed that the TiO, nanoparticles decreased the PCL ther-
mal resistance. In DSC analysis, the PCL/TiO, hybrids presented a reduction in
the crystallization temperature, in the enthalpy of crystallization, in the melting
enthalpy and crystallinity degree, with the exception of 0.15% w/w of TiO, na-
noparticles. These hybrids have a great potential for applications in many fields,
especially in the biomedical and pharmaceutical area, since they are formed by
biocompatible and biodegradable polymer, PCL, and titanium dioxide nanopar-

ticles, which is used as pharmaceutical excipient.
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