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ABSTRACT: Among the physical and chemical attributes of the
nanocomposite components and their interactions that contribute
to the ultimate material properties, nanoparticle arrangement in the
matrix is a key contributing factor that has been targeted through
materials choices and processing strategies in numerous previous
studies. Often, the desired nanocomposite morphology contains
individually dispersed and distributed nanoparticles. In this
research, a phase-segregated morphology containing nanoparticle
networks was studied. A model nanocomposite system composed

of calcium phosphate nanoparticles and a poly(3-hydroxybutyrate)

matrix was produced to understand how polymer crystallization and crystal structure can facilitate the formation of a phase-
segregated morphology containing nanoparticle networks. Two chemically similar calcium phosphate nanoparticle systems with
different shapes, near-spherical and nanofiber, were synthesized for use in the nanocomposites. The different shapes were used
independently in nanocomposites in an attempt to understand the effect of the nanoparticle shapes on crystallization-mediated
nanoparticle network formation. The resulting nanocomposites were characterized to establish the effects of component
interactions on the polymer structure. Additionally from the viscoelastic properties, structure—property relationships in these
materials can be defined as a function of nanoparticle shape and concentration. The results of this research suggest that when the
nanocomposite components are not strongly interacting, polymer crystallization may be used as a forced assembly method for
nanoparticle networks. Such a methodology has applications to the design of functional polymer nanocomposites such as
biomedical implant materials and organic photovoltaic materials where judicious choice of nanoparticle—polymer pairs and
control of polymer crystal nucleation and growth processes could be used to control the length scale of phase segregation.
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B INTRODUCTION

The complementary length scales of the components in
polymer nanocomposites, particles and polymer chains, have
the potential to produce properties beyond those predicted for
a mixture based on the component bulk properties. The
potential component synergism has served as the impetus for
many studies in the area of polymer nanocomposites. The
research results to date suggest that for some experimentally
measured properties, such as the glass transition temperature
(Tg) and modulus, observed increases and decreases with the
addition of nanoparticles may often be correlated to the level of
nanoparticle dispersion in the matrix and the particle/polymer
interfacial interactions.'™® This useful, generalized under-
standing applies most readily to amorphous matrix polymer
nanocomposites, where interfacial interactions can have a long-
range impact on polymer chain conformation and entangle-
ment density.>”® However, semicrystalline matrices have a
greater level of structural complexity and inhomogeneity with
respect to amorphous polymers and have been shown to be
affected nonuniformly by nanoparticle addition. In some
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nanocomposite systems such as carbon nanotube/polyethylene
terephthalate, attractive interfacial interactions have increased
crystallinity,” whereas in other matrices such as polyethylene
oxide, strong interfacial interactions with multiple nanoparticle
systems have hindered crystallization.'®™'* However, in many
reported studies of semicrystalline matrix nanocomposites, the
change in matrix crystallinity caused by nanoparticle addition is
less dramatic with differences less than or equal to 5%, which is
difficult to differentiate from systematic experimental error and
impedes a fundamental understanding with this information
alone.> ™!

A further complication to understanding the structure of
nanocomposites with a semicrystalline matrix is that commonly
encountered polymer crystal morphologies have features at
multiple length scales.*>*> Spherulites are generally the largest
scale structures with sizes on the order of micrometers to
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centimeters. The lamellar crystals making up the spherulites
have thicknesses on the order of 5—50 nm, with unit-cell
dimensions on the order of Angstroms. Such a hierarchical
morphology is challenging to understand in terms of the
properties. However, this structure also provides an oppor-
tunity to assemble nanoparticles at crystal interfaces depending
on the size of the nanoparticles. Nanoparticles with sizes that
are large relative to the crystal lamella and its corresponding
amorphous layers would preferentially segregate to spherulite
boundaries provided that they do not have strong nucleating
tendency. Nanoparticle assembly in semicrystalline matrices has
functional applications in areas such as degradable hard tissue
scaffolds and organic photovoltaics (OPVs). A cocontinuous
morphology optimizes the performance in both applications,
although the scale of the phase segregation needed to promote
cell ingrowth or charge transport is different by orders of
magnitude.>*~** This assembly methodology is distinct from
assembly efforts in amorphous matrix nanocomposites where
nanoparticle assembly has been used to produce micro-
structures with defined phase segregation. Nanoparticle
assembly techniques have been used to achieve low electrical
percolation thresholds with conducting fillers. Top-down and
bottom-up assembly approaches have been used to deliberately
segregate conductive fillers to polymer—particle interfaces™~*
and interfaces in polymer blend materials.**° Other assembly
approaches have included: polymer/polyhedral oligomeric
silsesquioxane (POSS) hybrids,”" polymer-sgzrafted nanoparticles
as amphiphiles in an amorphous matrix,”” and nanoparticles
confined to specific phases in ordered block copolymer
structures.”> >3

In this paper, the processing of polymer nanocomposites
containing chemically similar nanoparticles with two different
shapes and a semicrystalline matrix with a relatively high degree
of crystallinity are discussed. This has led to an understanding
of how the polymer matrix structure influences the arrangement
of the nanoparticles in the matrix and the resulting nano-
composite structure and properties. Specifically, calcium
phosphate with near-spherical (NS) and nanofiber (NF) shapes
were synthesized and blended into a poly(3-hydroxybutyrate)
(PHB) matrix. The aspect ratio of the particles were at values
shown theoretically to produce similar levels of mechanical
reinforcement so that the impact of any synergistic component
interactions could be studied explicitly.”® The results show that
nanoparticle clustering and network formation was influenced
by the matrix structure as well as the particle shape. Overall,
these results provide evidence that polymer matrix structure
may be used as a means to facilitate nanoparticle clustering, and
the specific nanoparticle shape influences the critical particle
loading for network formation.

B EXPERIMENTAL SECTION

Nanocomposites containing NS and NF particles in a PHB matrix
were processed and characterized in this study. Particle loadings of up
to 20 wt % were used for the NS composites, and particle loadings up
to 10 wt % were used for the NF composites. NS and NF calcium
phosphate nanoparticles were synthesized to provide two chemically
similar but morphologically different nanoparticles for study in
composites.

The NS nanoparticles were synthesized using a procedure modified
from Sun et al.>” Aqueous calcium (0.5 M) and phosphorus precursor
(0.3 M) solutions were prepared using deionized water and calcium
nitrate tetrahydrate (Alfa Aeser) and diammonium hydrogen
phosphate (Sigma Aldrich), respectively. The oil phase of the reverse
micelle system for the near-spherical calcium phosphate particles was
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formed using cyclohexane (Fisher Scientific), n-pentanol (Aldrich)
and Triton X-100 (Alfa Aesar). Relative to cyclohexane, the
concentration of Triton X-100 was 0.5 M and that of n-pentanol
was 1M. N-pentanol was used here as a cosurfactant for the NS
nanoparticle synthesis instead of the n-butanol used by Sun et al. N-
butanol was used because it has a stronger interaction with the
surfactant which in turn helps to control size and stability of the
nanoparticles.** % Initially, the calcium precursor was added slowly to
the oil phase with continuous stirring for 30 min to form the reverse
microemulsion. The phosphorus precursor was then added, and the
pH of the solution was adjusted to 10.5 by addition of ammonium
hydroxide (Mallinckrodt Chemicals). The solution was then trans-
ferred to a Teflon-lined autoclave and heated in an oven without
stirring at 160 °C for 12 h. The solution was allowed to cool down
gradually to room temperature in the oven and then centrifuged. The
solids collected were washed with deionized water to remove the
solvent and surfactant. The resulting white powder was subsequently
dried in an oven at 60 °C for 24 h.

The NF nanoparticles were synthesized using a protocol modified
from published work, Wang et al.®! In this system, calcium chloride
(Sigma Aldrich) was used as the calcium precursor, and diammonium
hydrogen phosphate (Sigma Aldrich) was used as the phosphorus
precursor. Aqueous solutions of the calcium and phosphorus
precursors were prepared using deionized water at concentrations of
1 and 0.6 M, respectively. The microemulsion’s organic phase was
prepared from a mixture of cyclohexane (Fisher Scientific), n-pentanol
(Aldrich) and cetyltrimethylammonium bromide (CTAB) (Sigma
Aldrich). The CTAB concentration was 0.1 M, and the ratio of
cosurfactant to surfactant (n-pentanol/CTAB) was 3:1. The water to
surfactant ratio was kept at 10. The organic phase was divided into two
halves. One half of the organic phase was combined with the calcium
precursor solution under continuous stirring, and the second half of
the organic phase was combined with the phosphorus precursor under
continuous stirring. After stirring the two resulting reverse micro-
emulsions for 30 min, they were combined and stirred for an
additional 30 min. The solution was transferred to a Teflon-lined
autoclave and heated without stirring in an oven at 100 °C for 10 h.
The solution was allowed to cool down to room temperature in the
oven. The product was centrifuged, and the solids were washed with
ether and ethanol to remove the organic solvent and surfactant. The
white powder obtained was dried at 60 °C in an oven for 24 h.

After synthesis, the nanoparticles were characterized using trans-
mission electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FT-IR), and X-ray diffraction. The TEM images were
collected using a JEOL 100CX-2 TEM with an accelerating voltage of
100 kV. To account for nanoparticle breakage during subsequent
nanocomposite processing, we imaged the NF particles after the
nanoparticles were sonciated in ethanol for 1.5 h at a power of 130 W,
not in the as-synthesized state. FT-IR measurements were made with a
Bruker Vector 22 spectrometer. Solid samples in the form of FT-IR
pellets were prepared by compressing mixture of 2 mg of the
nanoparticle powder with 100 mg of KBr (EMD Chemicals). The
spectra were recorded at room temperature in the range of 4000 to
400 cm™' using 32 scans and a resolution of 4 cm™'. The X-ray
diffraction patterns were collected using a PANalytical X'Pert PRO
Alpha-1 over a 26 range of 17—55° with a step size of 0.03° and a scan
rate of 1°/min. The densities of the nanoparticle powders were also
measured using a glass pycnometer and a sample mass of
approximately 0.5 g.

The PHB matrix polymer in all of the nanocomposites was obtained
commercially (Sigma Aldrich) and reported to have a weight average
molecular weight of 426 000 g/mol. Before use, the polymer was
purified by refluxing in chloroform at 65 °C and subsequently filtering
the solution to remove undissolved matter. The filtered solution was
precipitated into cold methanol and dried to obtain the purified PHB.
Following purification, nanocomposites were produced using a
solution processing technique where a polymer solution and a
nanoparticle dispersion were produced separately and then combined.
The polymer solution was prepared by dissolving the purified PHB in
chloroform by stirring for an hour at room temperature and then for
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Figure 1. TEM images of (a) NS and (b) NF particles. Nanofiber particles also contained 7% platelet particles based on TEM observations.

an additional 15 min at 45 °C. The polymer concentration in the
solution was S wt % PHB. The NS and NF nanoparticles were
dispersed in ethanol by sonication at a power of 130 W for 2 and 1.5 h,
respectively. A thermostatically controlled circulating bath was used to
keep the ethanol dispersions at room temperature during sonication.
The individual nanoparticle dispersions were added to polymer
solutions under continuous stirring for 10 min, followed by sonication
at a power of 87 W for 45 min again maintaining the solution at room
temperature by using the circulating bath. Finally, the nanocomposite
materials were collected by precipitation in cold methanol and dried in
a vacuum oven at S0 °C for 24 h. A neat PHB sample was processed
using the same processing conditions for comparison.

Neat PHB and nanocomposite powders were subsequently melt
pressed into solid sheets at 180 °C under a force of 4 tons for 8 min.
All samples were cooled from the melt to room temperature in the
press using an integrated water cooling system in approximately 14
min. NS composites were prepared at nanoparticle concentrations of
0.5, 1, 5, 10, 1S, and 20 wt.%. NF composites were prepared at
nanoparticle concentrations of 0.5, 1, 5, and 10 wt %. The neat PHB,
NS composites, and NF composites were characterized using scanning
electron microscopy (SEM), differential scanning calorimetry (DSC),
wide-angle X-ray scattering (WAXS), small-angle X-ray scattering
(SAXS), and thermomechanical properties using dynamic mechanical
analysis (DMA).

SEM imaging was conducted using a LEO 1530 SEM at a voltage of
S kV on surfaces produced by cryo-fracturing the melt-pressed films.
The materials were coated with gold prior to imaging to prevent
charging. The level of dispersion and distribution attained by the
processing protocol was qualitatively assessed by observing the fracture
surfaces at multiple locations. In this research, the dispersion level
related to the disruption of particle aggregates, and the distribution
level related to the arrangement of particles or aggregates on the
fracture surface.

DSC measurements were performed using a TA Instruments Q200
DSC using a nitrogen gas purge. In the thermal protocol employed,
the specimens were heated from —40 to 190 °C at a rate of 10 °C/
minute, held at 190 °C for 3 min, cooled to —40 °C at a rate of 10 °C/
min. This cycle was then immediately repeated, without an isothermal
step at —40 °C. Thermal transition and percent crystallinity data were
obtained from the first and second cycles. The melting and
crystallization temperatures were reported as the peak maxima. The
percent crystallinity were obtained by integrating the area under the
melting peak to obtain the heat of fusion values for the samples and
dividing these values by the heat of fusion value for completely
crystalline PHB (AH,,° = 146 J/ g).62 For the nanocomposite samples,
the heat of fusion values were normalized by the PHB weight fraction
to remove the weight of the particles from the calculation. The thermal
transitions and percent crystallinity values for each cycle were reported
as the average result of two separate DSC experiments on two samples
of the same composition.

Two types of X-ray scattering experiments, WAXS and SAXS, were
performed on the nanocomposites to understand the crystalline
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morphology beyond the percent crystallinity. WAXS measurements
were performed using the same instrument as described above to
characterize the nanoparticles after synthesis. The neat PHB and the
nanocomposite films were attached to glass slides and then attached to
the sample holder. The pattern was collected at 26 values from 10 to
50° using a step size of 0.02° and a scan rate of 1°/min. The crystallite
size was calculated using Scherrer’s equation. SAXS experiments were
performed at the DND-CAT beamline SID-D at the Advanced Photon
Source (APS; Argonne National Laboratory, Illinois, USA). The
beamline was tuned to operate at a beam energy of 17 keV (giving a
wavelength of 0.73 A). The 2D area detector was calibrated using a rat-
tail collagen sample. The raw 2D scattering data were corrected for
parasitic scattering and reduced to an absolute intensity scale. Because
the scattering data were isotropic, they were radially averaged to give
1D plots and were analyzed after making a Lorentz correction.

Shear deformation DMA tests were performed using a Mettler
Toledo DMAS861° using a double shear sandwich fixture. The samples
had nominal thicknesses of 0.5 mm and diameters of 3.2 mm. The
tests were conducted over a temperature range of —30 to 100 °C at a
frequency of 1 Hz. All tests were conducted in the linear viscoelastic
range of the samples with a limiting force amplitude condition used
below T, and a limiting displacement amplitude condition used above
T, The neat PHB was tested at limiting force and displacement
amplitudes of 1.0 N and 0.1 um, respectively, and the nanocomposites
were tested at limiting force and displacement amplitudes of 1.5 N and
0.1 ym. Force and deformation amplitude limits were within the linear
viscoelastic range of the samples, as established through strain sweep
measurements at —25 and 80 °C. Results were reported as the average
result of two separate DMA experiments on two samples of the same
composition.

B RESULTS

The synthesis protocols produced nanoparticles with different
shapes: near-spherical (NS) and nanofiber (NF), as shown in
Figure 1. The average dimensions of the particles obtained by
analyzing TEM images of 106 NS particles and 160 NF
particles, the densities of both particle systems, and their
resulting specific surface areas are given in Table 1. The NS and
NF particles had aspect ratios of approximately 2 and 27,
respectively. The NF particles also contained about 7% platelike
particles with lengths similar to the NF particles, based on
observation of 2894 particles in TEM images. No platelike

Table 1. Nanoparticle Attributes

major minor
dimension dimension densitgr specific surface
particle (nm) (nm) (g/em?) area (m?/g)
NS 76 + 28 34+£38 2.81 54 £ 10
NF 599 + 438 22+9 222 96 + 37
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particles were seen in any of the TEM images of the NS
particles.

The FT-IR spectra of the NS and NF particles shown in
Figure 2 are normalized to the phosphate peak at ~1030 cm™".
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Figure 2. FT-IR spectra of NS and NF particles normalized to the
highest intensity phosphate peak (~1030 cm™"). Absorbance peaks for
NS particles were consistent with calcium-deficient hydroxyapatite and
OCP, and absorbance peaks for NF particles indicated that multiple
phases were present including: chlorapatite, monetite, and OCP.

For the NS particles, absorption bands at 465, 563, 602, 961,
1034, and 1090 cm™" were associated with the PO, group. The
latter two peaks were attributed to the triply degenerate
asymmetric stretching mode vibration, v;, whereas the band at
961 cm™' was assigned to the nondegenerate symmetric
stretching mode, v}, of the P—O bond in the PO, group. The
bands at 563, 603, and 465 cm™" were associated with the triply
and doubly degenerate bending modes v, and v, of the
phosphate group, respectively. Additionally, bands were
observed at 631 and 3570 cm™', indicating —OH groups.
These features were consistent with sgectra for stoichiometric
and calcium-deficient hydroxyapatite.®>~%®

For the NF particles, absorption bands were observed for the
phosphate groups at 467, 521, 559, 604, 957, 1028, and 1042
cm™", These were attributed to stretching and triply degenerate
vibration modes of the PO,*” ions. Additionally, absorption
bands at 1126 and 1175 cm™'indicated the presence of HPO,*
ions. These features have been observed previously in the IR
spectrum for monetite.*>”° The difference in the peak shapes of
the O—P—0 bending modes between 900 and 1250 cm™" also
indicated HPO,> ions were present.”> The presence of
octacalcium phosphate (OCP) in the powder was shown by
the shoulder at 864 and the peak at 899 cm™.”" Absorbed
water was indicated by the broad peaks at 1629°*°*%*7 and
3443 cm™7% Carbonate ion peaks were observed in both the
NS and NF spectra between 1320 and 1500 cm™!6¢5677%973
These ions were likely present because of absorption of carbon
dioxide from the air during synthesis.

X-ray diffraction was used to further clarify the calcium
phosphate phase(s) present in the NS and NF particles. The
diffraction patterns for the NS and NF particles are given in
Figure 3. Nearly all of the peaks (indicated with a star)
observed for the NS particles correspond to calcium-deficient
hydroxyapatite. From the X-ray diffraction pattern, the
hexagonal unit cell dimensions were a = b = 9.451 A and ¢ =
6.882 A, similar to the dimensions given in the PDF card file for
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Figure 3. X-ray diffraction patterns of NS and NF particles. Peaks in
the NS pattern corresponded to calcium-deficient hydroxyapatite ().
Peaks in the NF pattern indicated monetite (V¥), chlorapatite (¢), and
OCP (A) phases were present.

calcium deficient hydroxyapatite (a = b = 9.441 A and ¢ = 6.881
A). The NF particles demonstrated a more complicated phase
composition with peaks consistent with chloroapatite (56 wt
%), monetite (44 wt %), and OCP (trace). The weight
percentage of the phases was estimated using the Rietfield
quantitative phase analysis method. Additionally, the assign-
ment of chloroapatite as one of the phases present in the NF
particles was supported by energy-dispersive X-ray (EDX)
analysis, which indicated that chlorine was present in the NF
particles. EDX analysis of the NS particles did not show
chlorine in the spectrum.

Following synthesis, the nanoparticles were added to the
PHB matrix according to the processing procedure described,
and the resulting nanocomposites were characterized. Cluster-
ing of the particles in both nanocomposite systems was
observed at all particle loadings greater than 0.5 wt %. Figure 4
shows representative SEM images of nanocomposites from
both particle systems at loadings of 0.5 and 10 wt %. Images of
the 0.5 wt % NS and NF nanocomposites show dispersed and
distributed nanoparticles which appear largely dispersed to the
individual level. At particle loadings of 10 wt %, particle clusters
containing varying numbers of particles were observed in the
NS and NF nanocomposites.

Although nanoparticle dispersion changed as a function of
nanoparticle loading, polymer crystalline morphology as
observed from X-ray diffraction and DSC experiments did
not change substantially. Table 2 contains the d-spacings and
crystallite sizes associated with the 110 peak for the neat
polymer and composites. In both composite systems, d-spacing
increased with increasing particle loading, but the maximum
increase observed was less than 4%. The trends in crystallite
size with nanoparticle loading were not the same between the
two nanocomposite systems. The NS composites only showed
appreciable increases in crystallite size at the three highest
particle loadings, ie, at 10, 15, and 20 wt %; while at lower
loadings, limited changes were observed. In the NF composites,
an appreciable increase in crystallite size was seen only at a
particle loading of 0.5 wt %. Measurements of the long period
from SAXS data on the NS and NF composites at particle
loadings of 0.5 and 10 wt % showed no change with the
addition of nanoparticles. The four nanocomposite samples and
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Figure 4. SEM images of nanocomposites containing (a) 0.5 wt % NS, (b) 10 wt % NS, (c) 0.5 wt % NF, and (d) 10 wt % NF. The scale bar in all

images represents 1 ym.

Table 2. X-ray Data for the (110) Diffraction Peak

conc. (wt %) d (A) crystallite thickness (nm)
0 52 18.8
0.5 NS 5.2 21.5
1 NS 52 19.6
S NS 53 19.7
10 NS 54 24.0
15 NS 54 26.9
20 NS 54 24.2
0.5 NF 52 26.5
1 NF 5.2 19.2
S NF 5.3 19.3
10 NF 52 19.9

the neat PHB sample had long period lengths between 7 and 8
nm.
As shown in Table 3, the changes in d-spacing and crystallite
size were not accompanied by appreciable changes in the %
crystallinity or the first order thermal transitions of PHB. The
addition of nanoparticles did not significantly impact the peak
melting temperatures during the first or second heating cycle.
During the first heating cycle, the peak melting temperatures of
the composites from both nanoparticle systems were within —2
°C to +1 °C of the value for neat PHB (173 °C). During
second heating, the composite systems showed a more
systematic trend with the peak melting temperatures generally
decreasing as the particle content increased in both systems.
However, the overall change in melting temperature at the
highest nanoparticle loadings was small, approximately —3 °C.
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Table 3. Melting and Crystallization Temperatures from
DSC Experiments.”

first cycle second cycle
conc. (wt %) T, (°C) T.(°C) % cyst T, (°C) % cryst
0 173 109 68 173 68
0.5 NS 173 109 67 172 68
1 NS 173 110 67 173 67
S NS 171 107 67 170 67
10 NS 172 110 68 171 68
1S NS 171 110 67 170 67
20 NS 171 106 67 170 67
0.5 NF 174 110 66 172 68
1 NF 173 111 69 173 68
S NF 172 109 68 172 68
10 NF 172 109 68 171 67

“Numbers shown are the average values obtained from two separate
tests. The spread in the experimental data was <1 °C for the transition
temperatures and <1% for the crystallinity measurements.

Crystallization temperatures of the nanocomposites, measured
as the peak of the exotherm, were also similar to the neat PHB.
The overall variation was —3 °C to +2 °C with respect to the
neat PHB. As expected, similar results were seen during the
second cooling cycle (not shown). The % crystallinity values of
the NS and NF nanocomposites also showed no appreciable
change with respect to the neat PHB during the first and
second heating cycles.

Conversely, the DMA results indicated striking differences in
the G’ reinforcement behavior of the nanocomposites with
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respect to the neat PHB. The G’ data for both nanocomposite
systems are shown in Figure 5. These reinforcement trends
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Figure 5. Storage modulus values for the (a) NS and (b) NF
nanocomposites. Both systems showed similar reinforcement trends
with nanoparticle loading.

were consistent with the nanoparticle dispersion observed with
SEM and could be grouped into four categories: individually
dispersed and distributed, distributed aggregates, transitional
aggregates, and networked particle aggregates. Nanocomposites
containing both particle systems showed the same reinforce-
ment trends, but the transitions between the different behaviors
occurred at different nanoparticle loadings, consistent with the
particle shape differences. At a loading of 0.5 wt % in both
nanoparticle systems, G’ increased at all temperatures in the
measurement range with respect to the neat PHB. SEM images
of nanocomposites with this particle loading showed nano-
particles dispersed and distributed largely individually in the
matrix. Higher nanoparticle loadings, 1 and S wt % for the NS
composites and 1 wt % for the NF composites, experienced a
decrease in G’ relative to the 0.5 wt % composites, and at these
particle loadings, the storage modulus values were approx-
imately equal to those for the neat PHB across the measured
temperature range. SEM images for these particle loadings
showed aggregated nanoparticles distributed in the matrix. As
the nanoparticle loadings increased further, both nano-
composite systems showed a transitional behavior. While
aggregation was still present at loadings of 10 and 15 wt %
for the NS composites and 5 wt % for the NF composites, the
values of G’ increased relative to the neat PHB. In the case of
the NS nanocomposites, the values of G’ at particle loadings of
10 and 15 wt % were approximately equal to the NS composite

3116

containing 0.5 wt % particles. At the highest particle loadings
studied here, 20 wt % for the NS composites and 10 wt % for
the NF composites, the reinforcement behavior changed again.
While the value of G’ at temperatures less than T was similar to
nanocomposite morphologies containing dispersed and dis-
tributed particles in both particle systems, the nanocomposites
containing 20 wt % NS particle or 10 wt % NF particles showed
higher G’ values at temperatures above T, with respect to the
corresponding 0.5 wt % nanocomposites. This change in the G’
trend suggested that an additional reinforcement mechanism
was induced at these nanoparticle loadings.

The G” data were used to analyze reinforcement trends
further as shown by the selected data in Figure 6 as well as to

50 -
¢ Neat PHB
45 | 0.5 wt.% NS
40 + A 20 wt.% NS
% 0.5 wt.% NF
237 %10 wt.% NF
& L
s 30 l§
625 -
20 L%
T
10 fﬂ
5 .

25
Temperature (°C)

100

Figure 6. Loss modulus data for the NS and NF nanocomposites.

Table 4. Glass Transition Temperatures of the Neat PHB
and Nanocomposites from DMA Data

conc. (wt %) T, (°C)
0 17.1 £ 24
0.5 NS 13.8 + 0.1
1 NS 132 +£ 0.9
S NS 11.0 £ 0.8
10 NS 11.3 £ 3.7
1S NS 93 £ 0.7
20 NS 9.1 + 0.9
0.5 NF 154 + 1.5
1 NF 11.7 £ 0.4
S NF 156 + 1.3
10 NF 129 + 0.7

measure T, of the materials as shown in Table 4. In the NS
nanocomposites, particle addition increased the modulus values
relative to the neat PHB. G” reinforcement was seen at all
temperatures except those on the high temperature side of the
G"” peak. The amount that the modulus increased was similar
for low particle loadings (0.5, 1, and S wt %), and a slightly
larger level of G” reinforcement was seen for higher particle
loadings (10, 15, and 20 wt %). No decrease in G” was seen in
the NS composite system. Additionally, the difference in the
reinforcement levels was larger at temperatures above T,.
Conversely, the NF nanocomposites showed trends consistent
with the G’ data. Thus, the G” data suggested differences in
dynamics of the nanoparticle systems when the particles were
aggregated but not networked. The T, values obtained from the
peak of the G” data showed different trends in the two
composite systems. In the NS composites, Tg decreased
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Figure 7. Storage modulus values compared to modeling predictions for nanocomposite with (a) dispersed and distributed nanoparticles and (b)

networked nanoparticles.

systematically with increasing nanoparticle loading. In the NF
composites, the trend in G” behavior was similar to the G’ data.
Overall, these data suggested that the interactions between the
particles and the polymer were different in the two composite
systems, NS and NF, at higher nanoparticle loadings.

B DISCUSSION

Overall, the experimental results indicate that nanoparticle
networking occurs at sufficiently high loadings and that this
networking behavior is facilitated to some extent by polymer
crystallization in the matrix. We have undertaken studies to
understand the particle morphology and chemistry, the
polymer morphology, and the way these nanocomposite
components interact with each other to impact the viscoelastic
properties at temperatures below and above T,. Beginning with
the particle synthesis and characterization, the nanoparticles
were produced with the intent of studying nanoparticle shape at
low aspect ratios. Low aspect ratios nanoparticles were targeted
so that the amount of inherent reinforcement provided by the
particle would be approximately equal when individually
dispersed and distributed. In this study, nanoparticles with
average aspect ratios of 2 and 27 were used, meeting this
criterion. However, to study shape explicitly, the modulus and
surface chemistry of the particles should be the same. Through
our synthesis, we produced calcium phosphate nanoparticles,
but the two systems were not composed of the same calcium
phosphate phases. The NS particles were primarily calcium
deficient hydroxyapatite, and the NF particles were composed
mainly of monetite and chloroapatite. The differences in phases
likely had a negligible impact on the modulus of the
nanocomposite because the particle aspect ratios were relatively
low, but the surface chemistry would be impacted, as was
indicated in the FT-IR spectra for the nanoparticles. The NS
particles contained hydroxyl surface chemistry, and the NF
particles did not. Because PHB is a polyester, it was possible
that hydroxyl surface chemistry on the particles could interact
with carboxyl groups in the matrix. Additionally, these
differences in nanoparticle surface chemistry could have
impacted the nanoparticles tendency to cluster.

To understand the differences the nanoparticle surface
chemistry played in the component interactions, we examined
the data concerning polymer matrix thermal transitions. These
transitions represent interactions with the amorphous polymer
chains (T,) and crystalline polymer chains (T, and T,,). Ty, as
measured by the G” peak from the DMA experiments, showed
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some changes with respect to the neat PHB in both particle
systems and at all nanoparticle loadings studied here. These
changes likely result from differences in the component
interactions caused by the chemical differences in the NS and
NF nanoparticles. The NS nanoparticles appeared to have a
repulsive interfacial interaction because the value of T,
decreased with increasing nanoparticle loading. The values of
T, in the NF composites did not show the same behavior and
instead followed the G’ reinforcement trend, suggesting that the
arrangement of particles had a physical effect on the amorphous
polymer chains. However, negligible change in T, was observed
from the DSC measurements, indicating that the NS and NF
particles had limited impact on the nucleation of the polymer
crystals. Ty, data for the nanocomposites also showed negligible
change with respect to the neat polymer, indicating that the
bulk crystal morphology was not appreciably impacted by the
addition of nanoparticles. Taken together, the thermal
transition data suggested that there were differences in the
component interactions and that these differences were
manifested primarily in the amorphous polymer chains. An
increased level of interaction with the amorphous chains was
also consistent with nanoparticles being excluded from the
polymer crystals. Since the amorphous polymer fraction was
lower than the crystalline polymer fraction in PHB and the G’
data showed similar trends in the two nanoparticle systems, the
impact of the chemical differences in the NS and NF
nanoparticles were considered to be minor in the overall
nanocomposite system behavior.

Another important aspect of the nanocomposite system to
understand with regard to the viscoelastic reinforcement trends
is the matrix morphology. Unfilled semicrystalline matrices
provide a complicated basis system, so characterization of the
matrix structure with and without nanoparticle addition was
needed in order to interpret the viscoelastic data. From the X-
ray scattering and DSC results, the bulk PHB morphology was
found to be similar in all of the materials studied here, i.e., both
of the nanocomposite systems and the neat polymer. In some
systems, the crystallite size was larger with nanoparticle
addition, but the overall amount of matrix crystallinity was
the same in the nanocomposites and the neat PHB. Therefore,
changes in the viscoelastic properties were not likely due to
nanoparticle-induced changes in the polymer crystal structure
but rather attributable to the addition of the nanoparticle phase.

Corroboration between the SEM images and DMA results
suggested that the nanoparticle arrangement in the matrix was
the main factor influencing the G’ reinforcement trends.
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Examining the two extremes in nanoparticle loading used here
provided an understanding of how these morphologies
impacted the reinforcement. As seen from the DMA results,
both nanocomposite systems showed increased G’ values at a
nanoparticle loading of 0.5 wt % where the nanoparticles were
individually dispersed and distributed, and the increase in G’
was seen across the temperature range studied. The amount of
reinforcement attained at 0.5 wt.% was modeled well by a
Guth-Gold type model’”® where the modulus of the neat
polymer is magnified by a multiplier related to the interfacial
interaction. The classical form of the Guth-Gold model for G” is
shown below in eq 1

G'.=G (1 +25p + 14.1¢9%)

(1)
where G’ is the composite shear modulus, G', is the matrix
shear modulus, and ¢ is the volume fraction of the filler. We
used a modification of this model to fit the 0.5 wt %
nanocomposite data. Because the particle loadings were quite
low, the second-order term was removed, and the first-order
prefactor was used as an adjustable fitting parameter, changing

the form of the model to that shown in eq 2

G.=G_(1+ Xp) (2)

This form of the model is similar to that proposed by Sternstein
et al. for understanding the reinforcement behavior of
nanofilled polymer melts above Tg.75 In that work, the constant
obtained for a given nanocomposite system was shown to be
related to the strength of the interfacial interaction, and the
value approached that contained in the Guth-Gold model when
the interfacial interaction was weak. A comparison between the
experimental data and the model given in eq 2with a prefactor
value of 112 is shown in Figure 7a. The value of 112 was
obtained as the optimum value across the temperature range for
both nanocomposite systems through the use of Microsoft
Excel’s Solver add-in tool. The tool was set to minimize the
sum of the differences between the experimental and predicted
values across the temperature range. In both nanocomposite
systems, the maximum difference between the experimentally
measured G’ value and the predicted G’ value was 4.5%. Most
values agreed within 1%. The quantitative agreement between a
single model and the experimental results for both systems was
consistent with our assumptions from the characterization
results that the NS and NF particles had the same inherent
reinforcing capabilities and that the systems had similar levels of
interfacial interactions. Additionally, the applicability of this
type of model to fit the experimental results indicated that the
particles were acting merely as rigid inclusions that amplified
the matrix properties by a roughly constant percentage value
with respect to the matrix value at a given temperature. Thus,
the particle properties themselves were not being leveraged at a
loading of 0.5 wt % but rather reinforcement occurred through
hydrodynamic interactions. Because the NS and NF particles
were chemically similar, these interactions would be expected to
be similar, as indicated by the common prefactor value in the
model.

At the highest loadings used in this study, the reinforcement
pattern changed. These G’ data, 20 wt % for the NS particles
and 10 wt % for the NF particles, were offset by an
approximately constant amount from the neat PHB G’ values
across the full temperature range studied. These data were fit to
a rule of mixtures (ROM) model, shown in eq 3

G/C = G/mq}m + GP§0P (3)
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where G'. and Gy, represent the storage modulus values for the
composite and the matrix, respectively, G, represents the shear
modulus of the particles, and ¢,, and @, are the matrix and
particle volume fractions, respectively. Using this type of model,
the experimental data for the 20 wt % NS composite and the 10
wt % NF composite were fitted by adjusting the value of G,.
Good fits, where the difference between the experimental and
predicted values was less than 8.4%, were obtained with values
of 1425 and 2361 MPa for G, in the NS and NF composites,
respectively. These values for G, were also obtained using
Microsoft Excel’s Solver tool and minimizing the sum of the
differences between the experimental and predicted values
across the temperature range.

To understand if the particles were behaving as a network at
these high loadings, the experimental results were analyzed in
another way by applying a modified ROM model where the
particles’ contribution to the modulus was included as a
constant value, approximating a continuous phase and adding
directly to the neat polymer modulus following eq 4 below

! ’

G.=G,+Y (4)
where G'; and G, represent the storage modulus values for the
composite and the matrix, respectively, and Y}, is the particles’
contribution to the composite modulus. Comparisons between
the experimental data and this model where Y} is used as an
adjustable parameter are shown in Figure 7b. The maximum
difference between the experimental data and the predicted
values was 5.8% when values of 113 and 127 were used for Y}, in
the NS and NF nanocomposites, respectively. This representa-
tion was not completely consistent with ROM because the
modulus contribution associated with the particles was not
scaled with the particle volume fraction; however, it was more
representative of networked particle reinforcement, which
would not show temperature dependence or concentration
dependence if the network acted effectively as a continuous
phase. Additionally, the similarity in the values for Y, for the NS
and NF systems would be expected in such a situation because
the particle systems are chemically similar.

In this system, we believe that the relatively high degree of
crystallinity played a role in the formation of a particle network.
Similar to research in other polymer nanocomposite systems
where a network explanation of the reinforcement behavior is
invoked, the reinforcement was increasing with increasing
temperature. In amorphous matrix nanocomposites, this
behavior has been attributed to rheological percolation where
a particle network was mediated by interfacial polymer chains
to produce modulus improvements that do not have the same
temperature dependence as the neat matrix. Typically, this
behavior is seen in composites displaying homogeneous particle
dispersion and distribution which would minimize the particle
loading needed to entropically constrain polymer chains at
length scales corresponding to the particle spacing. In our
previous research with hydroxyapatite particles in a matrix with
40% crystallinity, polycaprolactone, similar reinforcement
trends to amorphous matrices were seen and attributed to
rheological percolation because nanoparticle clustering was not
observed in SEM images of surfaces prepared by cryogenic
fracturing.”® In these nanocomposites, the particles were
observed to be dispersed and distributed up to particle loadings
of 10 wt %. Additionally, the reinforcement trends in the PCL
nanocomposites showed little reinforcement at temperatures
below T, compared to the neat matrix, indicating that the
particles alone did not form a continuous phase. These data

C
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could not be fitted with a Guth-Gold or ROM type model as
described in this paper. Overall, these results indicate that a
different type of nanocomposite morphology has been formed
in the current nanocomposite system.

Nanoparticle rearrangement and clustering during matrix
phase changes have been seen in other nanocomposite systems.
In studies concerning semidilute gelatin solutions containing
polyoxometalate clusters and gelatin hydrogels containing
polyoxometalate clusters or silica nanoparticles, a thermally
activated change in polymer conformation (random coil to
triple helix) caused the inclusions to cluster.”””® In some
instances, the clustering was nearly thermoreversible, though
the same result is not anticipated in this system. Also, results in
another semicrystalline nanocomposite system, poly(methyl
methacrylate) grafted silica particles in a polyethylene oxide
matrix, showed that matrix crystallization impacted nanoparticle
spatial distribution and polymer crystal size was not decreased
until the nanoparticle loading was quite high (>20 wt %).””

In the current nanocomposite system, these results show
distinctly different reinforcement behavior from amorphous
matrix polymer nanocomposite and semicrystalline matrix
polymer nanocomposites with lower amounts of crystallinity,
which suggests a general structure—property relationship in
semicrystalline matrix polymer nanocomposites with relatively
high levels of crystallinity. Matrices with sufficiently high levels
of crystallinity can aid in the formation of a nanoparticle
network when the nanoparticles do not have a strong
nucleating effect on polymer crystallinity. The results of this
research are complementary to efforts where polymer crystal
nucleation is supported by the presence of a fibrous
nanoparticle and larger changes in the matrix structure were
seen. For example, carbon nanotubes have shown an ability to
aid nucleation in polymer matrices in quiescent condi-
tions.**~** Additionally, carbon nanotubes have been shown
effective in 8promoting shear induced crystallization of polymer
matrices,>*® and this effect has been related to the nano-
particle’s structure through comparison studies with graphite.®”
Carbon nanotubes have also been shown to facilitate the
formation of templated crystal structures® including shish-
kebab crystal structures®* *> and support the growth of
different crystal structures.”® Considering such results where
the crystallization behavior of the polymer matrix is impacted
greatly by nanoparticle addition and comparing them to the
current results suggests that the microstructures available in
semicrystalline polymer nanocomposites are diverse, and the
preference to form one over another can be related to
component interactions, physical and chemical, as well as
processing history. However, these relationships are likely
distinct from those understood for amorphous matrix nano-
composites because the matrix structure is more complex.

These results show that in these nanocomposites, the particle
arrangement is impacted to a greater extent than the matrix
structure is, leading to microstructures containing clustered
particles. As discussed in the Introduction, directing the
formation of cocontinuous morphologies in polymer nano-
composites is important for functional applications such as
biomedical implant materials for tissue engineering and OPV.
The majority of degradable polymer matrices for tissue
engineering are semicrystalline. When employed as carriers
for ceramic particles which are chemically similar to human
bones, a degree of mechanical stability is desired as the polymer
degrades and the injury heals. A networked morphology
provides such behavior.**™*' In OPV materials, many of the
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bulk heterojunction films currently investigated are comprised
of a conducting polymer and a fullerene derivative at
approximately equal loadings. These systems are essentially
highly loaded polymer nanocomposites. To optimize perform-
ance, the donor and acceptor materials are arranged in an
interpenetrating morphology to olzatimize exciton generation
and prevent charge recombination.*” Though the optimum size
scales of the phases are different in these applications, it is
feasible to consider that judicious choice of nanoparticle—
polymer pairs and control of polymer crystal nucleation and
growth processes could be used as means to design such
functional architectures with nanoparticles segregated to crystal
boundaries. Thus, understanding morphologies and developing
strategies for structural control in nanoparticle/semicrystalline
matrix composites provides a platform for achieving functional
properties of emerging importance in applications for polymer
nanocomposites.

B CONCLUSIONS

In this research, polymer nanocomposites containing calcium
phosphate nanoparticles and PHB were prepared and
characterized. Two different nanoparticle shapes, near-spherical
and nanofiber, were used independently to produce two
nanocomposite systems for study. The results of these
experimental activities showed a correlation between the
morphology of the nanocomposites and the mechanical
reinforcement behavior. As nanoparticle concentration in-
creased, the nanoparticle arrangement in the matrix transi-
tioned between individually dispersed and distributed, dis-
tributed aggregates, transitional aggregates, and networked
particle aggregates. The transitions between these arrangements
occurred at different nanoparticle loadings in the NS and NF
composites, consistent with the native particle shape. The
reinforcement behaviors corresponded with these nanoparticle
arrangements in both the NS and NF composites. Comparisons
of the reinforcement behavior with different models suggested
that at sufficiently high nanoparticle loadings when the
nanoparticles were assembled into networked aggregates, the
nanoparticles acted effectively as a continuous phase. This
nanoparticle arrangement was facilitated by the high level of
matrix crystallinity. Overall, these results provide the
foundation for a nanoparticle assembly technique in nano-
composites where polymer crystallization is used as the driving
force for assembly. Using polymer crystallization as a method to
assemble nanoparticles has possible application as a processing
scheme in functional polymer nanocomposites such as
biomedical implant materials and OPV materials because the
nanoparticles are segregated from the crystal structure, similar
to the desired cocontinuous morphology in both applications.
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