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ABSTRACT: In this study, polycaprolactone/Ceqy (PCL/
Ceo) hybrids were prepared via a melt-blending method.
To enhance the compatibility between PCL and Cg, the
acrylic acid-grafted polycaprolactone (PCL-g-AA) was first
transformed to PCL—NH, by mixing with 1,6-diaminohex-
ane, while Cq was oxidized using a mixture of H,SO,/
HNO; and NaOH to derive Cqq fullerol (C¢g—OH). There-
after, Cqo—OH and PCL—NH, were used to replace PCL
and Cg, respectively. The resulting products were charac-
terized using FTIR, solid-state 13C- and 'H- NMR, TGA,
DMA, SEM, TEM, and Instron mechanical testing. Because
of the formation of —_NHCO groups through the reaction

between amino groups of PCL—NH,; and hydroxyl groups
of C¢—OH, thermal and mechanical properties of the
PCL—NH,/C¢—OH composite were significantly superior
to those of PCL/Cgy. The optimal blend was the 5 wt %
Ceo—OH with PCL—NH,, producing an 84°C increase in
initial decomposition temperature (IDT). Cq—OH in
excess of 5 wt % aggregated and caused separation of the
organic and inorganic phases, lowering their compatibility.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 115: 3489-3499,
2010
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INTRODUCTION

Because of its promising physical, thermal, mechani-
cal, and electrical properties, Cgqy fullerene has
attracted extensive scientific interest recently.'”
Moreover, applications of Cgy fullerene in structural
materials such as polymer composites become more
feasible as their mass production leads to price
reduction.®” Of particular interest is the use of Cg
in polymer/Cq, composites,®® as reports indicate
that matrix properties can be effectively enhanced
via its addition.'”!" However, aggregation and non-
uniform dispersion of Cg filler in common polymer
matrix can be an issue, and therefore two primary
conditions are required for the application of Cg
composites: the homogeneous dispersion of Cgo in
the host matrix and appropriate interfacial interac-
tion. Recently, various methods have been intro-
duced for functionalizing Cg to improve its
compatibility with monomers and polymers.'*'*® Of
these methods, most involve oxidation of the surfa-
ces of Cgo,'* 71 such as oxidation of Cgy in a mixture
of sulfuric and nitric acids or by treatment with pira-
nha (sulfuric acid/hydrogen peroxide). In a mixture
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of strong oxidizing acids such as HNO; or
H,S0,,'%18 C,y can be functionalized with carbox-
yls or quinines. The dispersion of oxidized Cgp in
solvents or polymer matrices can be further
enhanced by the graftingf’ of organic polymers onto
their surfaces. Ma et al."” described the efficacy of
functionalized phenolic resin blended with polyur-
ethane/Ce—OH copolymer. The various methods
proposed include either growing polymers from
negatively charged Cgy or anchoring polymers onto
chemically oxidized Cgp.

The use of nonrenewable petroleum-based chemi-
cals for the synthesis and manufacture of commer-
cial polymers has caused many environmental
problems associated with their disposal. The main
strategies to address these problems are the utiliza-
tion of polymeric materials from renewable sources
such as starch, cellulose, and wood flour, and the
development of biodegradable polymeric materials
such as polylactic acid (PLA), polycaprolactone
(PCL), and poly(3-hydroxybutyrate) (PHB). PCL is
one of the most important thermoplastics but its use
is restricted to certain applications by its low melting
point, low stability in hydrocarbons, and a tendency
to crack when stressed.””*' Attempts over many
years to mitigate these problems have focused on
grafting reaction, crosslinking reaction, and blending
with organic fillers.



3490

In this study, a PCL/Cgy composite was prepared
to combine the qualities of these materials. Further-
more, amino-grafted PCL (PCL—NH;) and hydroxyl
group-functionized Cgp (Csp—OH) were also synthe-
sized and covalently linked to obtain an even more
promising material (PCL—NH,/Cs—OH). There-
after, PCL/Cgy and PCL—NH,/Cs—OH were thor-
oughly characterized by Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy
(SEM), solid-state 'H- and "C-NMR, Instron me-
chanical testing, and thermal analysis techniques to
compare their performance.

EXPERIMENTAL
Materials

The commercial-grade PCL (CAPA 6800), with a
molar mass of 80,000 g/mol, was supplied by Solvay
Chemicals (Warrington, United Kingdom). The full-
erenes (Cgo, purity >98%), sulfuric acid (96%), nitric
acid (61%), and 1,6-diaminohexane were purchased
from Aldrich Chemical (Milwaukee, WI). Acrylic
acid (AA; Aldrich Chemical) was purified before use
by recrystallization from chloroform. The initiator
dicumyl peroxide (DCP; Aldrich Chemical) was
recrystallized twice by dissolving it in absolute
methanol. Other reagents were purified using the
conventional methods. The PCL-g-AA copolymer
was made in our laboratory according to the proce-
dures described in our previous work,” and its
grafting percentage was approximately 6.05 wt %.
The PCL-g-AA samples in a chloroform solvent and
the catalyst Sb,O; were mixed with 1,6-diaminohex-
ane at 100-110°C for 24 h under refluxing N, to con-
vert the carboxyls into amino groups, and this
produced the amino group-functionalized PCL
(namely, PCL—CONH—(CH,)¢s—NH,, designated as
PCL—NH,).
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Preparation of PCL—NH,/Cs—OH Hybrids

Scheme 1 illustrates the route for synthesizing
PCL—NH,/C¢—OH. The Cgq was first chemically
oxidized with a strong oxidizing agent (a 3 : 1 con-
centrated H,SO,/HNO3; mixture) at 120-130°C for
12 h to generate carboxyl groups. The acid-treated
samples were then quenched with ice made from
distilled water. The resulting mixture was filtered to
remove insoluble particles. It was subsequently neu-
tralized by slowly adding NaOH solution (2M). Dur-
ing this reaction, the solution turned from yellow to
dark brown, and a fine brown powder was formed
at pH 12-13. The powder was separated from the so-
lution by settling overnight and decanting, and it
was then washed with NaOH solution (1M) and cen-
trifuged. This washing was repeated three times,
and the powder was then washed for further three
times with methanol (99%; Aldrich) and dried under
primary vacuum for 24 h at 105°C. It was then puri-
fied by dissolving in HCl solution (0.2M). This acid
solution was neutralized by adding NaOH solution
(IM) (adjusted to pH 12-13). At this stage, no pre-
cipitation occurred. A precipitate was obtained by
treating the solution with acetonitrile (99.5%;
Aldrich). A final further washing of the precipitate
three times with methanol and drying for 72 h
under primary vacuum produced a brown powder
product. Before blending with PCL—NH,, the
Ceo—OH was dried again in a vacuum oven at
105°C for 2 days.

Having prepared PCL—NH, and Cg—OH sepa-
rately, the PCL—NH,/Cq—OH composites were
then blended using a Brabender “Plastograph”
200 Nm W50EHT mixer with a blade-type rotor. The
rotor speed was set at 50 rpm, and the blending
reaction was catalyzed by Sb,Oz and carried out at
100°C for 40 min. The mass ratios of C¢,—OH to
PCL—NH, were set at 1/99, 3/97, 5/95, 7/93, and
10/90. After blending, the composite was pressed

PCL-NH-Cs0
PCL PCL
blends I—I. NH{CH2)eNZ, {\_’9 N(CHZ6HN C—
a
Sinl -—(_ NH{CHz)e! v—N[CH WHNC
100-110"C/40min \L‘\. ‘g,(\t_}

Scheme 1 Reaction scheme for the modification of Cgy and PCL and the preparation of blends.
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into 1-mm-thick plates using a hydraulic press at
100°C and then put into a dryer for cooling. The
cooled plates were made into standard specimens
for further characterization. The relative humidity of
the desiccator was set at 50% + 5%, and then the
samples were conditioned for 24 h. We found that
24 h of conditioning was adequate for dehydrating
samples to appropriate water content and that a lon-
ger storage time did not have an appreciable effect
on composite properties.

Characterization of hybrids

FTIR spectrometry (BIO-RAD FTS-7PC type) was
used to investigate the grafting reaction of the amino
group onto PCL and to verify the incorporation of a
Ceo—OH phase to the extent that amide bonds were
formed in hybrids. For the FTIR tests, the sample
was ground into a fine powder by the milling
machine and then pressed into pellets with KBr. The
solid-state 'H- and '>C-NMR analysis was per-
formed using a Bruker AMX 400 NMR spectrometer
at the condition of 50 MHz. The NMR spectra were
observed under crosspolarization; magic antic angle
sample spinning and power decoupling conditions
with 90° pulse and 4s cycle time. For DSC tests, sam-
ple sizes ranged from 4 to 6 mg, and the T, and T,
values were obtained from the melting curves taken
at a temperature range of —30 to 120°C, scanned at a
heating rate of 10°C/min. To evaluate the compati-
bility of blends, the dynamic mechanical properties
of blends were assessed in a TA analyzer Model
2080 (New Castle, DE). The tests were performed at
a frequency of 1 Hz, a strain level of 0.075%, and a
temperature range of —100 to 100°C with a heating
rate of 3°C/min. The static force, which is in the lin-
ear region of elasticity and without causing drawing
effects, was specified via several stress—strain experi-
ments performed beforehand, and the ratio of static
force to dynamic force was kept constant during the
experiments. Thermogravimetry analysis (TA Instru-
ment 2010 TGA, New Castle, DE) was used to assess
whether organic-inorganic phase interactions influ-
enced thermal degradation of hybrids. The samples
were placed in alumina crucibles and tested with a
thermal ramp over the temperature range of 30 to
600°C at a heating rate of 20°C/min, and then the
IDTs of hybrids were obtained. An XL-40FEG SEM
(Philips, The Netherlands) was used to study the
morphology of the hybrids. Before testing, hybrids
were prepared as thin films with a hydraulic press,
and then the films were treated with hot water at
80°C for 24 h. Then, they were coated with gold and
observed under the SEM. Additionally, a micro-
graph of a microtome section of the hybrids of 60—
100 nm thickness, mounted in epoxy resin, was pro-
duced using a transmission electron microscope

(JEM-100CX 1I, Jeol Company, Japan) at an accelera-
tion voltage of 100 kV. Mechanical testing was per-
formed according to the ASTM D 638 method; an
Instron mechanical tester (Model LLOYD, LR5K
type) was used to measure the tensile strength and
strain at break. The films of test samples, which
were conditioned at 50% + 5% relative humidity for
24 h before the measurements, were prepared in a
hydraulic press at 100°C, and then the analysis was
performed at a 20 mm/min crosshead speed. Five
measurements were taken for each sample and the
results were averaged to obtain a mean value.

RESULTS AND DISCUSSION
FTIR/NMR analysis

Figure 1 shows the FTIR spectra of PCL (Line A)
and PCL-g-AA (Line B). In addition to the character-
istic peaks™?* at 3300-3700, 1725, 852-1480, and
720 cm ™! observed in both polymers, there exists an
obvious extra peak at 1710 cm ' for the modified
PCL. This extra peak, characteristic of —C=0, and
the broad —OH stretching absorbance at 3200-
3700 cm ™! indicates the presence of free acid in the
modified polymer. The FTIR spectrum of compound
obtained from the reaction of PCL-¢g-AA and 1,6-dia-
minohexane (namely, PCL—NH,) is also shown in
Figure 1(C). This spectrum shows additional unique
absorption peaks at 1660 c¢cm ™', and these are
assigned to —C=0O of —CONHR. This amide func-
tional group is formed via the reaction between
—COOH of PCL-g-AA and —NH, of 1,6-diamino-
hexane when the two compounds are blended. Fur-
thermore, in addition to the peaks characteristic of
C—N and NH, in —CONH, (at 1088 cm ' and
878 cm !, respectively), the PCL—NH, spectrum
identifies differences in absorbance intensity at 1628
cm ™! (amide I, secondary amide) and 1582 cm !
(nonacylated primary amino),” both of which fur-
ther illustrate the reaction between 1,6-diaminohex-
ane and PCL-g-AA. Additionally, spectrum C shows
that peaks at 3200-3600 cm ™' are much more intense
than the stretching absorbance at 3000-3600 cm ™' in
Spectrum B. It is proposed that these more intense
peaks are caused by the —NH, group of PCL—NHo..

Ceo—COOH was obtained from the chemical
oxidation of Cg by the strong oxidizing acid
[(96%)H,504/(65%)HNO; = 1/3], and the FTIR
spectrum is shown in Figure 2(B). Similar to the
findings of Huang et al.,*® all the characteristic peaks
of Cg—COOH appeared at 1181 cm ' and
1352 ecm ™! (C—0), 1600-1450 cm ' (aromatic ring),
1722 em™! (C=0), and 3396 cm ™' (—OH). The FTIR
spectrum of Cg [Fig. 2(A)] does not show the peak
at 1722 cm ™!, demonstrating the chemical oxidation
that cleaves the long ropes of Cgy into short open-

Journal of Applied Polymer Science DOI 10.1002/app



3492

(A)

1725

(€)

-OH
~NH Stretching 878
3198 -NH (NHz)
i 1088
C=0_i C-N
1660 | -Nii Bending
L1582
f T T T T T T T
4000 3000 2000 1000
Wavelength (cm™)

Figure 1 FTIR spectra for (A) PCL, (B) PCL-g-AA, and
(C) PCL-¢-NHo,.

ended pipes, producing tube ends and sidewalls
covered with the oxygen-containing functional
groups such as carboxyls (—COOH), carbonyls
(—C=0), and hydroxyls (—OH).?” These attached
functional groups enhance the reactivity of Cg. Acti-
vated Cgy was subsequently neutralized by NaOH to
produce more —OH groups, and thereafter formed
Ceo—OH,'® which was also subjected to FTIR. The
spectrum [Fig. 2(C)] shows all the characteristic
peaks of Cg—OH at 600-500 cm~ ! (aromatic ring),
1020 em™ ! (C—0O), 1063 cm ! (C—0), 1600-
1450 cm™' (aromatic ring), and 3426 cm~' (—OH),
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and is similar to that produced by Vileno et al.'” A
comparison with the FTIR spectrum of Cq—COOH
suggests that the peaks appearing at around 1020
cm ! and 1063 cm ™! in the spectrum of Cg—OH
could be from the stretching vibration of —C—O in
—Cg—OH. The results therefore confirm that
—COOH group is partially converted into Cg—OH
in the reaction involving NaOH. Further comparison
of the spectra of Cqy Cg—COOH, and Cz—OH
reveal that the hydroxyl-stretching band appeared as
a strong broad band at 3296 cm ™' for Cg but shifted
to 3396 and 3426 cm ™' for C4p—COOH and Cg—OH.
The band at 3426 cm ' was assigned to octahedral
vacancies and designated as Cqp—OH.

The FTIR spectra of PCL/Cq (5 wt %) and
PCL—NH,/Cs—OH (5 wt %) are shown in Figure
3(A,B), respectively. The spectrum of PCL/Cgy (5 wt
%) indicates strong absorption for aromatics in the
region of 1600~1450 cm™ and 600-500 cm™ and this
is due to the absence of a condensation reaction
between PCL and Cg2*% The spectrum of
PCL—NH,/Cs—OH (5 wt %), however, shows an
additional unique absorption peak at 1672 cm ',
similar to that seen in Figure 1(C), which is assigned
to —C=0 of —CONHR and is formed via the reac-
tion between the amino of PCL—NH, and —OH of
Ceo—OH when the two polymers are blended. Fur-
ther comparison of the spectra in Figure 3 reveals
that peaks caused by —NH, and —OH between 3200
and 3600 cm ' in PCL—NH,/Cg—OH (5 wt %) are
much more intense than the stretching absorbance at
3000-3600 cm ™' in PCL/Cg (5 wt %). In addition,
for PCL—NH,/Cs—OH (5 wt %) hybrids, the broad-
ened peaks appearing at around 3285 and 3178 cm ™"

31206 (A) C80 Arcautic Ring ] Aeeedin
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| O 576
1466 1352
(B) C60-COOH ]
| 0
-0OH li 1020
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Figure 2 FTIR spectra for (A) Cgp, (B) Ceo—COOH, and
(C) C(,O_OH.
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Wavenumber (cm™)

Figure 3 FTIR spectra for (A) PCL/Cg (5 wt %) and (B)
PCL-g-NHZ/Cé()_OH (5 wt 0/0).

are attributed to the stretching vibration of —OH
and —N—H groups in the C4p—OH and PCL—NHo,.
Another contribution to the broadening in wave
number is the presence of H,O formed from the
reaction between PCL—NH, and Cgz—OH.

To further confirm the grafting of —(CH)
CONH(CH;)¢NH; onto PCL-g-AA and to investigate
the compatibility between PCL—NH, and Cq—OH,
"H-NMR was used to examine the structure of PCL,
PCL—NH,, and PCL—NH,/C¢—OH, and the result-
ing spectra are shown in Figure 4. For the pure PCL
[Fig. 4 (A)], "H-NMR peaks occurred in five places
(1: A = 4.01 ppm; 2: A = 1.48 ppm; 3: A = 1.25 ppm;
4: A = 159 ppm; 5: A = 2.19 ppm), similar to the
findings of previous works.”>** The 'H-NMR spec-
trum of PCL—NH, [Fig. 4(B)] indicated five extra
peaks (6: A = 1.82 ppm; 7: A = 2.28 ppm; 8: A =
3.03 ppm; 9: A = 1.41 ppm; 10: A = 1.08 ppm). These
extra peaks confirmed that —(CH,),CONH(CH,)s
NH, had indeed been grafted onto PCL, and the cor-
responding structure is also presented in Figure
4(B).>"*  Finally, the spectrum of PCL—NH,/

Ceo—OH, shown in Figure 4(C), contains a further
extra peak [11: A = 3.4-3.5 ppm (aromatic carbon of
Ce0)]. This provides evidence of the condensation
between PCL—NH, and Cg—OH and suggests
that the original C¢t—OH was fully hydroxylated
and that the hydroxyl groups were converted
to —CONHR (also represented by FTIR peaks at
1670 cm ™).

Figure 5 shows the results of "C-NMR used to
examine the structure of PCL, PCL—NH,, and
PCL—NH,/Cs—OH to further confirm the grafting
previously proposed. For the pure PCL [Fig. 5(A)],
all the characteristic carbon peaks occurred in six
places (1: A = 64.21 ppm; 2: A = 28.88 ppm; 3: A =
2593 ppm; 4: A = 25.01 ppm; 5: A = 34.26 ppm; 6: A
= 173.36 ppm), and this was similar to the findings
of Spevacek et al?> The 'C-NMR spectrum of
PCL—NH, [Fig. 5(B)] showed six extra peaks (7: A =
26.32 ppm; 8: A = 36.03 ppm; 9: —C=0 A = 175.16
ppm; 10: A = 39.48 ppm; 11: A = 29.91 ppm; 12: A =
27.21 ppm). These extra peaks exactly demonstrate
the grafting of NHy(CH,)¢NH, onto PCL—NH,.>**
A comparison of the spectra of PCL—NH, and
PCL—NH,/Cs—OH [Fig. 5(C)] revealed an extra
peak in the latter at 6 = 142-147 ppm (aromatic car-
bon of Cgy) and this is due to the reaction between
PCL—NH, and Cg—OH. This also verifies the full
hydroxylation of Cg—OH and the condensation
between PCL—NH, and Cg—OH.

(A) PCL

i1 3 43
—OCHCH A HLHL H -y

[T

(B) PCL-NHz

PLI-Q £ % @ W9 3
g-c H, CHG € SHEH, CHLCH, CH.CH, CHOH,
o

M 1 B u W
M,

(C) PCL-NH2/Ce0-OH

PCL
3» CHy CH, © XHCH, CH, CH, CHLCH, CHL Mi-Coall
¢

L

40 33 kL] 5 wn 1.3 1.0

ppm

Figure 4 'H-NMR spectra for (A) PCL and (B) PCL-g-
NH2, and (C) PCL-g-NHz/Cé(]—OH (5 wt 0/0).
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Figure 5 13C-NMR spectra for (A) PCL and (B) PCL-g-
NH2, and (C) PCL-g-NHz/CGO_OH (5 wt 0/0).

DMA analysis

The dynamic mechanical properties of PCL—NH,
and PCL—NH,/Cs,—OH were measured and used
to evaluate the compatibility of hybrids. Figure 6
gives the variations of the loss tangent (tan &) with
temperature for the PCL—NH, and PCL—NH,/
Ceo—OH hybrids, and the results show that the tan &

wu

increases sharply at a particular temperature when
segmental motion starts. Additionally, in the case of
PCL—NH,/Cs—OH hybrids, the peak generally
broadens and decreases in intensity with an increase
of C4g—OH content. Moreover, because the network
hinders segmental motions of the polymer chains,
the damping temperature, at which a displaced max-
imum occurred due to the glass transition of
PCL—NH,, increased markedly from —41.8 to
—31.5°C as the C¢r—OH content was increased from
0 to 5 wt %. The shifts in tan 6 to higher tempera-
tures in the PCL—NH,/C¢—OH hybrids suggested
increased adhesion between the polymer and the
Ceo—OH in this system. It was also found that the
damping temperature of hybrids declined with
Cso—OH content 10 wt %, and this is because excess
Ceo—OH caused separation of the organic and inor-
ganic phases and lowered their compatibility. It is
concluded, therefore, that the most appropriate
interfacial interactions occurred at approximately
5 wt % Cgq—OH.

The glass transition temperatures (T,) of PCL/Cg
and PCL—NH,/C¢—OH hybrids are summarized in
Table I. As expected, both hybrids recorded a higher
T, than pure PCL or pure PCL—NH,. It was also
found that the enhancement in T, for PCL—NH,/
Ceo—OH hybrids was more significant than that for
PCL/Cgp hybrids. This is because the Cs—OH phase
was able to form chemical bonds on —NHj sites pro-
vided by PCL—NH,. These bonds are stronger than
the hydrogen bonds in PCL/Cg4y and therefore are
able to hinder the motion of the polymer chains.
Furthermore, it can be seen that T, increased with
Ceo—OH content up to 5 wt % and decreased at con-
tent above 5 wt %. The increase in T, is due to con-
densation between PCL—NH, and Cg—OH,
wherease the decrease is due to the separation of the
organic and inorganic phases, which lowers their
compatibility and T, value.

0.149
0.124 .
DSC/TGA analysis
A . —=PCL-NH2/Cs0-OH (0wt%) The thermal properties of hybrids with various Cg
s - - =-PCL-NH2/Cg0-OH {1wt%) or C¢o—OH contents were obtained via DSC and
s : PCL-NH2/Cso-OH (3wt%a)
S - PCL-NH2/Co0-OH (5w1%)
. PCL-NH2/Csg-OH { 10wt%) TABLE I
) Glass Transition Temperature of PCL/Cqy and
0.04 PCL—NH,/Cs—OH Hybrids
0.02 Cyo or Ceo—OH PCL/Cqo PCL—NH,/Cs—OH
(wt %) T, (°C) T, (°C)
0.00 rr.r,.r,.JrroD—mMTrTrTrTTTT
100 -50 0 50 0 —43.3 —41.8
B o 1 —42.9 —39.3
T'emperature ("C) 3 418 _368
. .. . 5 —40.8 -31.5
Figure 6 Variation of the tan  with temperature for 7 406 332
PCL-¢-NH, and its blends with different contents of 10 405 363
Ceo—OH.
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(A)PCL/Cga (0wi%) —
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Figure 7 DSC heating thermograms for PCL/Cq and
PCL-¢-NH,,Cp—OH and its blends with different contents
of C60 or C60_OH.

TGA tests, and the results are given in Figures 7 and
8. In addition, Tables II and III summarize the ther-
mal and mechanical properties (T,,, AH,,, and IDT)
of PCL/Cg and PCL—NH,/Cs—OH hybrids. In
Figure 7 and Table II, it is shown that the melting
temperature (T,,) decreased with increasing Cgy con-
tent for PCL/Cgo, whereas for PCL—NH,/Cs—OH,
the lowest T,, occurred at 5 wt % of C¢o—OH. More-
over, T,, values for all PCL—NH,/Cs—OH hybrids
were lower than their PCL/Cgy equivalents. This
lower melting temperature of PCL—NH,/Cs—OH
makes it a more easily processed blend.

Table II shows that the values of melting heat
(AH,,) of pure PCL and PCL-g-AA are 725 £ 1.1J/g
and 69.5 + 1.1 J/g, respectively. The lower melting
heat for PCL-g-AA, when compared with pure PCL,
increased the spacing between the chains probably
due to the grafted branches that disrupted the regu-
larity of the chain structures in PCL. It can be seen
from Table II that the corresponding AH,, values of
PCL/Cgp hybrids having Cey contents of 1, 3, 5, 7,
and 10 wt % are 64.8 = 1.0 J/g, 55.2 £ 0.9 J/g, 44.6

+09]/g,41.6 + 0.7 ]/g, and 38.3 £ 0.6 J/g. For the
PCL-g-AA/Cq—OH hybrids with 1, 3, 5, 7, and
10 wt % Cg—OH, the corresponding values of AH,,
are 67.6 £ 1.0J/g, 62.8 £ 1.0]/g, 57.8 +£ 0.9]/g, 53.6
+0.8]J/g and 49.3 £ 0.7 J/g. It is clear that the AH,,
values of PCL/Cgy and PCL-g-AA/Cg—OH, which
suggest the melting heat (AH,,) decreased as the Cq
or C¢o—OH content increased. These carbons inhibit
the movement of the polymer segments, and there-
fore increased levels probably acted to prevent crys-
tal formation, which in turn lowered the AH,,.
Another potential cause of changes in AH,, is the
condensation reaction character of C¢y and Cgq—OH,
increased levels of which lead to poor adhesion with
the polymer. Additionally, AH,, was about 3-13 J/g
higher with PCL—NH, in the composite in place of
PCL. This higher AH,, was caused by the formation
of the amide functional group from the reaction
between the —OH group of Cs—OH and the —NH,
group of PCL—NH,.

It is known that the defunctionalization of
Ceo—OH can be realized by thermal decomposition.
In this study, thermal gravimetry analysis (TGA)
was used to determine the effect of C4q—OH content
on the weight loss of hybrids, and the results are
presented in Figure 8 and Table II. Both PCL/Cq
and PCL—NH,/Cs—OH hybrids were seen to have
higher IDT values than pure PCL and pure
PCL—NH, (Table II). This raised IDT was probably
caused by increased difficulty in arranging the poly-
mer chain due to the already noted prohibition of
movement of polymer segments by Cgy or Cqo—OH.
Similarly, another potential cause is the condensa-
tion reaction, which leads to increased adhesion of
Ceo—OH with PCL—NH,. Xiao et al.*” studied the
properties of poly(phenylenevinylene)/Cqy compo-
sites and reported similar phenomena. Noticeably,
despite PCL—NH, having a lower IDT value than

1 (AIPCL /60 (owi%s) 333°C
. 80 (B)PCL-NH2 /C60-OH (0wt%)318°C
® 1 (C)PCL/C60 (3wr%) 349"C
,‘5 60 (D)PCL-NH2 /C60-OH (3wi%) 363°C
5 1 (E)PCL /C60 (5wi%) 377°C
= 40 (F)PCL-NH2 /C60-OH (5w1%) 402°C

T T T

I ]
0 100 200 300
Temperature ('C)

Figure 8 TGA curves for PCL/Cgy and PCL-g-NH,/
Ceo—OH and its blends with different contents of Cgy or
CGO_OH.
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TABLE II
Thermal Properties of PCL/Cgy and PCL—NH,/Csp—OH Hybrids

C60 or C60_OH PCL/C60 PCL_NHz/Cﬁo_OH
(wt %) IDT (°C) AH,, (/8) T (°C) IDT (*C) AH,, (1/8) T (°C)
0 333 725 £ 11 62.7 318 69.5 £ 1.1 61.6
1 340 64.8 £1.0 62.2 351 67.6 £ 1.0 60.7
3 349 552 £09 60.9 363 62.8 £ 1.0 58.9
5 377 44.6 £ 0.9 60.1 402 57.8 £ 0.9 57.1
7 381 41.6 £0.7 60.0 412 53.6 £ 0.8 57.5
10 385 38.3 £ 0.6 59.9 420 493 £0.7 57.9

PCL, the PCL—NH,/Cs—OH hybrids produced IDT
values higher than those of the equivalent PCL/Cgy.
This outcome is a result of the difference in interfa-
cial forces in the two hybrids: the weaker hydrogen
bonds of PCL/Cgy compared with the stronger coor-
dination sites associated with the amide groups of
PCL—NH,/C¢—OH. Table II also shows that the in-
crement of IDT for both hybrids was insignificant
with Cgg or Cg¢e—OH content above 5 wt %. For
example, the increment of IDT is about 84°C for
5 wt % Cg—OH but it is only 26°C as the Cq—OH
content is increased from 5 to 10 wt %. This was
because of the formation of agglomerates at higher
filler content and is a result that further confirmed
the optimal loading of C4p—OH as 5 wt %.

Residual yields of PCL—NH,/Cs—OH composites
were seen to increase with increasing Cqo—OH con-
tent (Fig. 8). This result may be attributed to a physi-
cal barrier effect, resulting from the fact that
Ceo—OH prevents the transport of decomposition
products in the polymer composites. This effect, pro-
duced by ablative reassembling of a Cgy layer, was
reported as improving the thermal stability of poly-
propylene/MWNTs nanocomposites.’® Furthermore,
residual yields were about 3-8% higher with
PCL—NH,/Cs—OH in the composite in place of
PCL/Cgp. Higher residual yields are caused by the
formation of an amide functional group. Hence, the
TGA results demonstrate that the incorporation of a
small quantity of Cq—OH can significantly improve
the thermal stability of the PCL—NH,/Cs—OH
composites.

TABLE III
Mechanical Properties of PCL/Csy and PCL—NH,/
C¢o—OH Hybrids

C60 or C60_OH % PCL_NHZ/C6O_OH

(wt %) TS (MPa) TS (MPa)

0 37.6 £ 0.7 35.8 £ 0.8

1 38.1 £ 09 415+ 1.0

3 393 £ 1.1 462 +1.2

5 405+ 1.2 53.6 £1.3

7 399 £ 1.1 505 £ 1.2

10 38.6 £ 1.0 435+ 1.0

Journal of Applied Polymer Science DOI 10.1002/app

Figure 8 also shows that neat Cqp—OH did not de-
grade even at temperatures above 500°C. This obser-
vation supports the conclusion that weight loss of
the composites is due to the decomposition of
PCL—NH, and confirms that weight loss percent of
PCL—NH,/Cs—OH decreases with increasing
Cgo—OH content.

Figure 9(A) shows an SEM image of PCL/Cg after
it was subjected to TGA up to 450°C. The amor-
phous PCL covering the Cqo (5 wt %) faded after

(A) UC “

(B)PCL-NH2/C60-OH

Figure 9 SEM micrographs of PCL/Cg (5 wt %) and
PCL-g-NH,/Cs—OH (5 wt %) subjected to TGA at 450°C.
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being heated to 450°C, although some residual was
observed, suggesting that the PCL was not cova-
lently bonded to the walls of C4. Conversely, there
was no degradation observed for PCL—NH, and
Ceo—OH [Fig. 9(B)], demonstrating that these mole-
cules were covalently bonded during the blending
process.

Hybrid morphology

It is necessary to study the morphology of PCL/Cg
and PCL—NH,/Cg—OH blends since the mechani-
cal properties depend on it. For the blends in this
study, the major component (PCL or PCL—NH,)
forms the matrix, whereas the minor component
(Coo or C4p—OH) is the dispersed phase. In general,
a good dispersion of filler (C4p or Cep—OH) in the
polymer matrix, effective functional groups of filler
(e.g. —OH of Cs—OH), and strong interfacial adhe-
sion between the two phases are required to obtain
a composite material with satisfactory mechanical
properties. SEM was used to study the tensile frac-
tured surfaces of PCL/Cgy (5 wt %) and PCL—NH,/
Ceo—OH (5 and 10 wt %) blends, and the SEM
microphotographs are shown in Figure 10. It may be
supposed that a lack of wettability may lead to some
agglomerated Cgp clusters. Figure 10(A) shows poor
wetting of Cgo for the PCL/Cgp hybrid, and the rea-
son for this is the large difference in the surface
energy between Cg and the PCL matrix. Conversely,
entangled clusters were not seen on the fractured
surface of the PCL—NH,/Cg—OH hybrid [Fig.
10(B)]. Also, smooth interfaces were observed
between the PCL—NH,-embedded Cg—OH, hence
Ceo—OH is considered to have good wettability with
PCL—NHo,. All these findings illustrate the wettabil-
ity of Ceo—OH in PCL—NH,. In terms of wt %,
Ceo—OH was easily dispersed well in the polymer
matrix for 5 wt % of C¢q—OH, whereas the forma-
tion of agglomerates was observed at 10 wt % [Fig.
10(C)]. Likewise, good dispersion of PCL—NH,/
Ceo—OH (5 wt %) and the formation of agglomerates
for PCL—NH,/Cgs—OH (10 wt %) is observable in
the TEM micrographics in Figure 11(A,B). The phe-
nomenon of agglomeration may be due to condensa-
tion of Cqp—OH at higher contents.

Mechanical properties of hybrids

The stress—strain curves of the PCL/Cg and
PCL—NH,/Csp—OH composites with different Cg
or C¢o—OH content are shown in Figure 12 and Ta-
ble III. In all cases the curves are linear at low strain
followed by plastic deformation in the region of
380% strain. At higher strains, up to 630% for the
PCL—NH,, the films yielded a breaking strain. This
breaking strain tended to decrease with increasing

(C) PCL-NH2/Cg0-OH (10 wt%)

Figure 10 SEM micrographs of tensile fracture surfaces
of (A) PCL/Cq (5 wt %), (B) PCL-¢g-NH,/Ce—OH (5 wt
%), and (C) PCL-g-NH,,Cs—OH (10 wt %).

Journal of Applied Polymer Science DOI 10.1002/app
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Ceo—OH content and occurred at approximately
400% for the 5 wt % composite followed by a stiffen-
ing of the material.’** Tensile strength of the com-
posites is shown in Table III and Figure 12. For
PCL/Cgp hybrids, it is clear that the effect of Cgp
content on the tensile strength is somewhat insignifi-
cant because of the relatively weak hydrogen bond-
mediated interfacial force between the PCL matrix
and the Cgp. PCL—NH,/Cs—OH hybrids exhibited
much better tensile strength than the equivalent
PCL/Cgp, despite PCL—NH, having a lower tensile
strength than pure PCL. The enhancement in tensile
strength was attributed to the presence of the
Ceo—OH and the consequent formation of chemical
bonds, through the condensation reaction with
amino groups in PCL—NH,. However, after increas-
ing rapidly with the increase of C¢t—OH from 0 to
5 wt %, the tensile strength of PCL—NH,/Cs—OH
hybrids declined with further increases in wt % (Ta-
ble III). In addition to chemical bonds formed in the
hybrids, the positive effect on tensile strength may
be due to the stiffness of the C4o—OH layers, which
contributes to the presence of immobilized or par-

(B)

Figure 11 TEM micrographs of (A) PCL-g-NH,/Cg—OH
(5 wt %) and (B) PCL-g-NH,/Cs—OH (10 wt %).
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PCL-NH2/C60-OH ———~~
0 T T T
200 400 600
Strain (%)
Figure 12 Representative stress—strain curves for PCL/

Ceo and PCL-¢g-NH,/C¢—OH-based composites for a
range of Cgp or C¢g—OH content.

tially immobilized polymer phases*’ and to high as-
pect ratio and surface area of the Cq—OH layers
dispersed in the polymer matrix. It is also possible
that Cqp—OH layer orientation as well as molecular
orientation contribute to the observed reinforcement
effect. The slight decline in tensile strength for the
Ceo—OH content above 5 wt % could be attributed
to the inevitable aggregation of Cg—OH in high
Ceo—OH content blends. These results support the
theoretical and molecular simulation predictions that
stress transfer, and hence strength, of Cg—polymer
composites can be effectively increased by the for-
mation of chemical bonding between them.'**!*2

CONCLUSIONS

In this study, we synthesized and characterized a
PCL/Cgp and PCL—NH,/Cg¢—OH composite. The
modification of Cgy involved a chemical oxidation to
cleave Cg and to open the Cg ends, creating
hydroxyl functionalities on the Cg. This provided
the Cq with a very effective side chain, enabling the
Ceo—OH to play a reinforcement role in the
PCL—NH, polymer matrix. FTIR and solid-state 'H-
and C-NMR spectra showed that the amino groups
had been grafted onto the PCL copolymer and that
amide bonds had formed in the PCL—NH,/Cs—OH
hybrid. The newly formed amide bonds may be pro-
duced through dehydration of amino groups in the
PCL—NH, matrix with hydroxyl groups in the
Ceo—OH. SEM microphotographs showed that the
wettability of Cq—OH in PCL—NH, was much bet-
ter than the wettability of Cgp in PCL, implying that
the compatibility between PCL and Cg had been
enhanced in the former. Moreover, the formation of
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agglomerates of C¢t—OH was observed for hybrids
with higher C4—OH content using TEM examina-
tion. TGA tests showed that the PCL—NH,/Cs—OH
hybrid with 5 wt % Cg—OH gave an increment of
84°C for the IDT. Maximum values of tensile
strength of hybrid occurred at about 5 wt % of
Ceo—OH. The compatibility of hybrid was reduced
above this wt % due to the inevitable aggregation of
C60'
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