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ABSTRACT: Poly(trimethylene terephthalate) (PTT)
nanocomposites containing multi-walled carbon nanotubes
(MWNTs) were prepared using a melt-blending process.
Acrylic acid-grafted PTT (PTT-g-AA) and multihydroxyl-
functionalized MWNTs (MWNTs—OH) were used to
improve the compatibility and dispersibility of MWNTs
within the PTT matrix. The nanocomposites were charac-
terized morphologically by transmission electron micros-
copy and chemically using Fourier transform infrared
absorbance, '3C solid-state nuclear magnetic resonance,
and ultraviolet-visible spectroscopy. The thermal and me-
chanical properties of the blends were also evaluated. The

functionalized PTT-g-AA/MWNT-OH blend showed
markedly enhanced thermal and mechanical properties
due to the formation of ester bonds from the condensation
of the carboxylic acid groups of PTT-g-AA with the
hydroxyl groups of MWNT-OH. The optimal proportion
of MWNT-OH in the blends was 1 wt %. In excess of this
amount, compatibility between the organic and inorganic
phases was compromised. © 2009 Wiley Periodicals, Inc.
] Appl Polym Sci 114: 16331642, 2009
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INTRODUCTION

The substitution of biological materials for fossil
fuel-based materials has become an urgent goal.
Fully renewable resource-based materials have the
advantage of eco-friendliness but may not satisfy all
the performance requirements in industrial applica-
tions. Polymers and other materials derived from
mixed renewable and fossil fuel sources are effective
in alleviating fossil fuel dependency and can deliver
the desired performance using a more sustainable
stock material. Poly(trimethylene terephthalate)
(PTT) is a three-carbon glycol terephthalate (3GT)
and a condensation polymer (Scheme 1). It is manu-
factured from 1,3-propanediol, available from renew-
able corn sugar, and dimethyl terephthalate (DMT)
derived from fossil fuel.

PTT, along with poly(ethylene terephthalate)
(PET) and poly(butylene terephthalate) (PBT),
belongs to the thermoplastic aromatic polyester fam-
ily. Although PTT has been studied for decades, par-
ticularly within the textile industry, it has not been
commercialized due to its high cost."™ Studies have
suggested that manufacturing 1,3-propanediol from

Correspondence to: C.-S. Wu (cws1222@cc.kyu.edu.tw).

Journal of Applied Polymer Science, Vol. 114, 1633-1642 (2009)
© 2009 Wiley Periodicals, Inc.

renewable resources, such as corn, could expedite
the commercialization process. Given its high elastic-
ity and recovery characteristics, PTT fibers are appli-
cable in garments requiring good resilience and can
be used as a substitute for nylon in carpets and
other coverings.”® In addition, PTT has been used
as an engineering thermoplastic due to its excellent
thermal and mechanical properties. Multicomponent
polymer systems, incorporating PTT with materials
such as poly(ethylene naphthalate), poly(ether im-
ide), polgystyrene, and polycarbonate, have been
reported.” ! Although many studies have focused
on the crystal structure and chemical structure of
PTT, few have explored the mechanical properties
and processing of PTT composites reinforced with
inorganic fillers.'">'> Recent research has suggested
that inorganic fillers can significantly improve the
mechanical properties of PTT. Modifying the surface
of the inorganic filler could potentially enhance
adhesion with the polymer matrix.

In the past decades, inorganic clays such as mont-
morillonite and hectrite have been used as reinforce-
ment materials in polymers due to their nanoscale
size and intercalation/exfoliation properties.'* ' At
the nanoscale, inorganic fillers can dramatically
improve the macroscopic physical and mechanical
properties of the polymer blend, though the total
amount of filler material is small. Since the discovery



1634

H3-0, =, O-OHy CHy-CHy-CHa ,
SOC™ B ~topOpeorononon
o “o o 0
DMT 1,3-FDO PTT
3 el .
. e 2 o, o B ut Sn(iCrH000): grafting
2] a -] LY Duﬂ — o
95 9,9 + o o0s, . Condensaicpolymerization AA
o 09 ] :au% o reflux under M2 BPO
ollle % 190-230°C: 24h
MWNTs MWNTs—COOH MWNTs—COCl
o e @
C-ou [F4-f-a
HS0LHNG: . e q [ WOACH: -0
—e o 0-EL —— |- G
500-60°C/40 min ) 0-5°C/ M4k FEl 0 neze’crzah
L oM reflun mnder Wi d P.a

wu

PTT-COOH

COOH

o ol
Il F
! oipr-0-0 —FC

blends

She:
120-230°C
MWNTs—OH
il lc.i'on.'u.- 0K
f o
HO-CH l}{ r-"!
i : CAOHCH: by OH

Scheme 1 The synthesis and modification of PTT and MWNTs, and the procedure used to prepare the blends.

of carbon nanotubes (CNTs) by Iijima,'” extensive
research has been devoted to the application of CNTs
as inorganic fillers.'®2! However, obtaining a uniform
dispersion of CNTs in the polymer matrix is challeng-
ing due to the insolubility of CNTs and the inherently
poor compatibility between the two phases. Inhomo-
geneous nanocomposites often do not meet perform-
ance specifications. Consequently, several methods
have been proposed in which the phase compatibility
between the CNTs and the polymer matrix was
enhanced by functionalization of the nanotubes them-
selves, e.g., by anchoring to the matrix polymer. The
oxidative generation of carboxylic acid groups at the
surface of CNTs, followed by covalent linkage of
these groups to matrix oligomers or polymers, has
been shown to be effective.””*® Generally, covalent
linkage to CNTs is more stable and effective than non-
covalent bonds. Therefore, carboxylic acid groups
formed at the ends and in defect sites of CNTs are
most commonly used for precursor functionalization
to facilitate the formation of ester bonds and organo-
metallic structures.**°

The current study investigated the effects of func-
tionalized inorganic filler on the chemical and me-
chanical properties of PTT-based nanocomposite
materials. To our knowledge, multi-walled CNTs
(MWNTs) have not been systematically evaluated as
a reinforcement material in PTT to produce biode-
gradable nanocomposites. This report describes the
preparation and characterization of PTT/MWNT
nanocomposite materials.

EXPERIMENTAL METHODS
Materials

MWNTs (purity >95%, diameter = 20-40 nm) pro-
duced via chemical vapor deposition (CVD) were
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purchased from Seasunnano Pro. Co. (Nanjing,
China). Sulfuric acid (96%), nitric acid (61%), thionyl
chloride, ethylene glycol, 1,3-propanediol, dimethyl
terephthalate (DMT), and acrylic acid (AA) were
obtained from Aldrich Chemical Co. (Milwaukee,
WI). The AA was purified before use by recrystalli-
zation from chloroform. The initiator used in this
study was benzoyl peroxide (BPO; Aldrich Chemical
Co.), which was purified by dissolution in chloro-
form and reprecipitation in methanol. Other reagents
were purified using conventional methods.

Synthesis of PTT

The DMT, 1,3-propanediol (PDO) and Sn(C;H;5COO),
were mixed and autocalved by a weight ratio of 2 :
1 : 0.0005, respectively. Excess PDO (10 wt %) was
added to drive the reaction to completion and
Sn(C;H5CO0), was added as a catalyst. The reac-
tion mixture was heated to 190-200°C for 12 h and
stirred under a mild stream of nitrogen to generate
an ester-interchange reaction. In theory, over 95% of
the methanol should be released during the reaction
process, resulting in the formation of bis-hydroxy-
propyl terephthalate. The mixture was then heated
to 220-230°C for 2 h and the pressure was gradually
reduced to less than 1 Torr to remove excess PDO.
The polycondensation reaction was allowed to
proceed for 10 h with continual removal of the
PDO by-product. Molecular weigth (Mw) of PTT
is 336 x 10* estimated by gel permeation
chromatography.

Grafting reaction and sample preparation

A mixture of AA and BPO was added in four equal
portions at 2 min intervals to molten PTIT to allow
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grafting to take place. The reactions were carried out
under a nitrogen atmosphere at 45 + 2°C. Prelimi-
nary experiments showed that reaction equilibrium
was attained in less than 10 h, and reactions were
therefore allowed to progress for 10 h, at a rotor
speed of 60 rpm. The product (4 g) was dissolved in
200 mL of refluxing CF;COOD/CDCl; (80/20, v/v)
at 45 + 2°C, and the solution was then filtered
through several layers of cheesecloth. The
CF;COOD/CDCl;-soluble product in the filtrate was
extracted five times, using 600 mL of cold acetone
for each extraction.

Determination of grafting percentage

By means of a titration method, the acrylic acid
loading of the CF;COOD/CDCls-soluble polymer
was calculated from the acid number, and the result
was expressed as the grafting percentage. About 2
grams of copolymer was heated for 2 h in 200 mL of
refluxing CF;COOD/CDCl;. This solution was then
titrated immediately with a 0.03 N ethanolic KOH
solution, which had been standardized against a so-
lution of potassium hydrogen phthalate, with phe-
nolphthalein used as an indicator. The acid number
and the grafting percentage could then be calculated
using the following equations:>"

Acid number(mg KOH/g)
N VKQH(IIIL) X CKOH(N) x 56.1
o polymer(g)

1)

Grafting percentage (%)
_Acid number x 72
N 2 x 561

With BPO loading and AA loading kept at 0.3 wt
% and 10 wt %, respectively, the percentage grafting
was determined as 5.52 wt %.

x 100% (2)

Preparation of MWNT-OH

The modification of MWNT and PTT and the prepa-
ration of nanocomposite blends are illustrated in
Scheme 1. Approximately 500 mg of crude MWNTs
was stirred in 30 mL of a concentrated H,SO,/
HNO; (1 : 3) mixture at 50-60°C for 40 min to oxida-
tively generate carboxyl functional groups. During
this process, the MWNT volume expanded several-
fold, suggesting that many of the MWNT bundles
were exfoliated into individual nanotubes.” MWNTs
with pendant carbonyl chloride groups (MWNT-
COCl) were obtained by refluxing thionyl chloride
with the acid-treated samples (MWNT-COOH) at 0-
5°C for 24 h. The conversion of carboxylic acids into
acid chlorides was accompanied by the formation of

gaseous SO, and HCL SO, was continuously
removed to lower the extent of the reverse reaction.
After the reaction was complete, unreacted SOCI,
was evaporated with a rotary evaporator, and the
MWNT-COCl samples were dried in a vacuum
oven overnight. MWNT-COCI samples were highly
reactive and kept isolated from ambient air to pre-
vent unintentional hydrolysis of the —COCI groups
into carboxylate ions. MWNT-COCl was reacted
with ethylene glycol at 110-120°C for 24 h to yield
hydroxyl-functionalized ~MWNTs (MWNT-OH).
MWNT-OH was separated by vacuum filtration
through a 0.22-um polycarbonate membrane filter
(Millipore, Billerica, MA) and subsequently washed
with anhydrous xylene. After repeated washing and
filtration steps, the solid MWNT-OH was dried
overnight in a vacuum oven.

Preparation of hybrids

Blends were prepared using a “Plastograph” 200 Nm
W50EHT mixer with a blade-type rotor (C.W. Bra-
bender Instruments, Hackensack, NJ). Prior to blend-
ing, MWNT and MWNT—-OH samples were dried in
a vacuum oven at 60°C for 2 days. Blends of PTT/
MWNT or PTT-g-AA/MWNT—-OH hybrid blends
were prepared with 0, 0.5, 1.0, 1.5, and 2.0 wt % inor-
ganic filler. About 20 g of mixture (polymer and filler)
was mixed at 50 rpm and 220-230°C for 30 min with a
Sb,O3 catalyst. For PTT-g-AA/MWNT-OH, the
blended mixture was then placed in a vacuum oven
at 105°C for 8 h to continue the esterification reaction
between PTT-g-AA and MWNT-OH. Standard speci-
mens were prepared by pressing the hybrid blends
into plates 1 mm thick using a hydrolytic press at
220°C and 100 atm. After pressing, the plates were
placed in a dryer for cooling. Prior to characterization,
the specimens were conditioned at a relative humid-
ity of 50 & 5% for 24 h.

Characterizations of hybrid blends

Fourier transform infrared spectrometry (FTIR; FTIS-
7PC type; Bio-Rad, Hercules, CA) was used to inves-
tigate the grafting reaction of AA onto PTT and
to verify ester bond formation between the
MWNT-OH phase and the PTT matrix. Samples
subjected to FTIR analysis were ground into fine
powders in a milling machine and pressed into pel-
lets with KBr. Solid-state ">C nuclear magnetic reso-
nance (NMR) analyses were performed with an
AMX 400 *C NMR spectrometer (Bruker, Madison,
WI) at 100 MHz. "®C NMR spectra were acquired
under cross-polarization and magic angle sample
spinning. Power decoupling was employed with a
90° pulse and 4 s cycle time. Ultraviolet-visible (UV-
vis) absorption spectra were recorded on a UV2001-
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Figure 1 FTIR spectra for (A) MWNT, (B) MWNT-
COOH, and (C) MWNT-OH.

PC spectrophotometer (Hitachi, Tokyo, Japan). Glass
transition (T,) and melting temperatures (T,,) were
determined using a 2010 DSC system (TA Instru-
ments, New Castle, DE). Sample sizes ranged from 4
to 6 mg and melting curves were obtained between
-30°C and 250°C at a heating rate of 10°C/min. The
values of T, and T,, were determined from the tem-
perature and area of melting peaks in the differential
scanning calorimetry (DSC) heating thermograms. A
thermogravimetric analyzer (2010 TGA; TA Instru-
ments) was used to assess whether organic—inor-
ganic phase interactions influenced thermal
degradation in hybrid samples. Samples were placed
in alumina crucibles and subjected to a thermal
ramp from 30°C to 500°C at a heating rate of 20°C/
min. Initial decomposition temperatures (IDTs) were
obtained at the shoulder of the mass loss (TG%)
curve. To obtain transmission electron microscopy
(TEM) micrographs, samples were mounted in
epoxy resin and sliced on a microtome to create
specimens of 60-100 nm thickness. Micrographs
were acquired with a transmission electron micro-
scope (JEM-100CX II; JEOL, Tokyo, Japan) at an
acceleration voltage of 100 kV. In accordance with
method ASTM D638, an Instron mechanical tester
(Model Lloyd, LR5K type; Segensworth, Fareham,
UK) was used to measure the tensile strength and
strain at break using a 20 mm/min crosshead speed.
Five measurements were performed for each sample,
and the results were averaged to obtain a mean
value.

RESULTS AND DISCUSSION
FTIR analysis

Figure 1 shows FTIR spectra of raw and functional-
ized MWNT from 1000 to 4000 cm . Characteristic
peaks of MWNTs can be observed at 1350 cm™'
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(C—0), 1450-1600 cm ' (aromatic ring), 1643 cm™'
(C=C), and 3385 cm ' (—OH) in Figure 1(A). Two
additional peaks at 1182 cm ™" and 1722 cm™!, attrib-
utable to stretching vibrations of C=0O and C—O
groups of —COOH, respectively, are seen in the FTIR
spectrum of MWNT-COOH in Figure 1(B). This result
is in agreement with the findings of Huang et al.*®
and indicates that long ropes of MWNT were cleaved
into short, open-ended pipes and that ends and side-
walls of the short pipes were covered with oxygen-
containing functional groups, such as carboxyls
(—COQOH), carbonyls (—C=0), and hydroxyls
(—OH), following chemical oxidation.**

Hydroxyl groups (—OH) were grafted onto the
surface of MWNTs by a reaction of ethylene glycol
and MWNT-COCIL These hydroxyls were then
coupled to the —COOH group of PTT-¢g-AA by an
esterification reaction to yield high-performance
polymer nanocomposites, as shown in Scheme 1.
Theoretically, the distinctive stretching vibration of
—COClI should have been observed in the FTIR spec-
trum of MWNT-COCI. However, the characteristic
transitions of —COCI were difficult to detect since
the measurements were performed in air and the
high hydrolytic reactivity resulted in immediate con-
version of —COCl to carboxylate groups. Therefore,
FTIR evidence of MWNT-COC] was not directly
observed.

In the FTIR spectrum of MWNT-OH, shown in
Figure 1, the C=0 and —C—O stretching vibrations
of ester groups shifted from 1722 cm ' and 1182
cm ' to 1738 em ™! and 1203 cm ™!, respectively, as
compared with the same transitions in Figure
1(B).*>® This observation confirmed that the —COCI
group of MWNT-COCI reacted with ethylene glycol
to form MWNT-OH. The hydroxyl stretching band
appeared as a strong, broad band at 3385 cm ' in
crude MWNTs but shifted to 3441 cm ' and
3426 cm ' in samples of MWNT-COOH and
MWNT-OH, respectively. The band at 3426 cm ™'
was assigned to octahedral vacancies and designated
to MWNT—OH. This region at 3200-3500 cm™' is,
therefore, representative of non-hydrogen-bonded
hydroxyl groups (labeled as isolated or free
hydroxyl groups).

The FTIR spectra of PTT, PTT-g-AA, PTT/MWNT,
and PTT-g-AA/MWNT-OH are shown in Figure 2.
The characteristic peaks of PTT at 1700-1750 and
500-1500 cm ™' were observed in neat PTT and PTT-
¢-AA.¥ An additional peak at 1711 cm ™, assigned
to —C=O0, and a broad O—H stretching transition at
3218 cm ™' were observed in the modified PTT. The
shoulder near 1711 cm ™' was attributable to free
acid in the modified polymer. This pattern of dis-
tinctive peaks indicated successful grafting of AA to
PTT. Similar results have been reported previ-
ously.”* Figure 2 shows that the characteristic
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Figure 2 FTIR spectra for (A) PTT, (B) PTT-g-AA, (C)
PTT/MWNT (1 wt %), and (D) PTT-g-AA/MWNT-OH (1
wt O/o).

FTIR peaks of PTT and MWNT were practically
unchanged in the PTT/MWNT hybrid, indicating
only physically dispersion of the nanotubes in the
polymer matrix with no chemical interaction. In
contrast, the FTIR spectrum of the MWNT-

CO—0—(CH,),—O—OC—PTT hybrid in Figure 2(D)
shows that the peak at 1711 cm™' in Figure 2(B)
shifted to 1737 cm ™' as a result of condensation and
ester formation between the carboxylic acid groups
of PTT-¢g-AA and the hydroxyl groups of MWNT-
OH. The hydroxyl stretching band of the PTT-g-AA
copolymer appeared as a strong, broad band at
3218 ecm ! in Figure 2(B) but was shifted to 3176
cm ' in the PTT-g-AA/MWNTs-OH hybrid due to
the presence of H,O from the esterification of PTT-g-
AA and MWNT-OH.

NMR analysis

Further evidence for ester formation is provided by
the >C NMR spectra shown in Figure 3. The °C
NMR spectrum of neat PTT [Fig. 3(A)] was similar
to that measured by Kameda et al.*' and exhibited
five peaks: (a) 6 = 27.8 ppm, (b) & = 62.5 ppm, (c) &
= 129.7 ppm, (d) 6 = 133.8 ppm, and (e) 6 = 165.6
ppm. Relative to neat PTT, the '’C NMR spectrum
of PTT-g-AA [Fig. 3(B)] contained three additional
peaks: (g) 6 = 35.6 ppm, (f) 6 = 42.2 ppm, (h) 6 =
175.1 ppm. These peaks confirmed the grafting of
AA onto PTT as illustrated in Figure 3(B). The 3¢
NMR spectrum of the PTT/MWNT, shown in Figure
3(C), also exhibited peaks not observed in neat PTT,
corresponding to aromatic carbon atoms in the
MWNT (8 = 120-125 ppm). Peaks (i) and (j) [Fig.
3(D)], originating from the reaction between
—COOH in PTT-g-AA and —OH in MWNT-OH,
were found at 6 = 177.1 ppm and 6 = 178.7. These
results, combined with the presence of FTIR peaks at

PTT

(D) g—cH; -CE::O o

! SolcH—CHg-o-

XL m __J]L_,J‘i_

<) 't(ﬂ‘:m# Carbon
i
J"L : _)' 1?-”5 .J"ﬂll. _/Fk\_

PTT
(B) £ E

| g»c.ﬁ -
| L ﬁﬁm

& (OC&@—COCHQCHQCHQD)

_Jt__.ﬂk D N

T T T T 1
ppm Hﬂ] 160 LZLI ll]D BO I 40 it} (1]

Figure 3 13C solid-state NMR spectra for (A) PTT, (B)
PTT-g-AA, (C) PTT/MWNT (1 wt %), and (D) PTT-g-AA/
MWNT-OH (1 wt %).
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1737 cm ™' provide further evidence of ester group
formation via condensation of PTT-g-AA with
MWNTs-OH and support the hypothesis that the
original MWNT—-OH was fully hydroxylated and
converted to —COOR. The formation of these ester
linkages had a profound effect on the thermal and
mechanical properties of the hybrid composites and
are discussed below.

Solubility and UV-vis analysis

To further demonstrate covalent linkage between
PTT-g-AA and MWNT-OH, dispersibility of various
samples in a mixture of H,O and CF;COOD/CDCl;
was also tested. Note that the mixture would sepa-
rate into upper phase (H,O) and lower phase
(CF;COOD/CDCl,). In Figure 4(A), it was found the
pristine MWNT could not disperse in both solvents.
However, the dispersibility of MWNT-OH in water
was remarkably better due to the hydrophilic prop-
ertity of MWNT-OH [Fig. 4(B)]. Whilst for PTT-g-
AA/MWNT-OH, because its hydrophobic polymer
chains were soluble in CF;COOD/CDCl;, the cova-
lent-linked MWNT-OH could instead well disperse
in the organic phase [Fig. 4(C)].

Alternatively, in situ UV-vis absorbance spectra
and digital photos of MWNT-OH, PTT/MWNT (1
wt %). PTT-g-AA/MWNT-OH (1 wt %). and PTT-g-
AA/MWNT-OH (2 wt %) placed in the CF;COOD/
CDCl; solution were also shown in Figure 5. For
line A in Figure 5, it formed a clear solution due to
almost no absorption from 300 to 800 nm, indicating
MWNT-OH was practically insoluble in the
CF;COOD/CDCl;. For other composites (PTT/
MWNT or PTT-¢-AA/MWNT-OH), they become
increasingly soluble in the CF;COOD/CDCl;
because of the increasing binding ability between
PTT and MWNT or PTT-g-AA and MWNT-OH.
In situ UV-vis analysis showed apparent absorbance
intensity at about 380 nm for the composites (Lines
B, C, and D in Fig. 5). Moreover, PTT/MWNT (1
wt %) samples contained more precipitate, and
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exhibited a lower absorbance, than samples of PTT-
$-AA/MWNT-OH (1 wt %). The presence of cova-
lent links between constituents likely enhanced the
dispersibility of PTT-g-AA/MWNT-OH (1 wt %)
over that of PTT/MWNT (1 wt %). Additionally, the
2 wt % PTT-g-AA/MWNT-OH sample resulted in
more aggregation following hydrolysis in the
CF;COOD/CDClj; solution than the corresponding 1
wt % sample. This was likely due to greater disper-
sion in the 2 wt % sample.

Thermal properties of blends

The thermal properties of hybrid blends with vary-
ing MWNT-OH content were determined by DSC
and thermal gravimetric analyses (TGA). The results
are summarized in Figures 6 and 7. The T,s of PTT-
-AA/MWNT-OH were higher than those of the
PTT-g-AA copolymer (Fig. 6). The T, of the hybrid
composites can be associated with the cooperative
motion of long-chain segments. These results suggest
that the enhancement in T, of PTT-g-AA/MWNT-
OH hybrid blends was a result of ester formation
between the hydroxyl groups of MWNT-OH and
the carboxylic acid groups of PTT-¢g-AA, which hin-
dered the relative motion of the polymer chains.
Variation of T, for MWNT-OH loading above 1
wt % was somewhat less than that below 1 wt %.
This may have been due to low grafting percentages
in the PTT-g-AA copolymer (about 5.52 wt %)
because T, is dependent on the number of carboxy-
late groups in the copolymer matrix that are avail-
able to bind with hydroxyl groups on MWNT-OH.*
At greater than 1 wt % MWNT-OH, the carboxylate
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Figure 5 Absorption spectra for (A) MWNT-OH, (B)
PTT/MWNT (1 wt %), (C) PTT-¢-AA/MWNT-OH (1 wt
%), and (D) PTT-g-AA/MWNT-OH (2 wt %) in a
CF;COOD/CDCl; (80/20 v/v) solution for 50 min.
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groups of PTT-g-AA were effectively saturated and
the excess nanotubes physically dispersed in the
polymer matrix without a chemical interaction.
Excess MWNT-OH might have induced separation
of the organic and inorganic phases by lowering
compatibility, resulting in a slightly enhanced Tg.
Figure 6 also shows a marked decrease in T,, with
increasing MWNT-OH content up to 1 wt % above
which the T, increase slightly again. The decrease in
the T,, of PTT-g¢-AA/MWNT-OH was likely caused
by inhibited polymer motion, which would prohibit
the chain arrangement and reorganization required
for solidification. Whilst the increase of T,, at content
above 1 wt % was caused by the aggregation of
excess MWNT-OH. T, and T, of the PTT/MWNT
and PIT-g¢-AA/MWNT-OH  hybrid materials
were also summarized in Table I. As expected, both
PTT/MWNT and PTT-g-AA/MWNT-OH exhibited
higher Tgs than pure PTT. The enhancement in T,
was greater in PTT-g-AA/MWNT-OH than in PTT/
MWNT. This was likely due to ester bond formation,

100 = A
~ 80-
g
£ 60 AMWNTs-OH
.:_f B:PTT-g-AA/MWNTs-OH(1wi%)
z 407
PTT/MWNT( 1wi%)
20 JD:PTT-g-AA
U T 1 L] 1 L) =
0 100 200 300 400 500 600

Temperature (°C)

Figure 7 TGA analysis (in Ny) of (A) MWNT-OH, (B)
PTT-¢-AA/MWNT-OH (1 wt %), (C) PTT/MWNT (1 wt
%), and (D) PTT-g-AA.

as discussed above. Ester linkages are stronger than
the hydrogen bonds formed in PTT/MWNT and
therefore more effective in hindering the motion of
polymer chains. Moreover, T,, values for all PTT-g-
AA/MWNT-OH hybrids were lower than their
PTT/MWNT equivalents. This lower melting tem-
perature of PTT-g-AA/MWNT-OH makes it a more
easily processed blend. Conclusively, appearance of
lowest T, or highest T, at 1 wt % demonstrates that
an excess of MWNT or MWNT-OH content
occurred at >1 wt%, which dispersed physically in
the polymer matrix. Such excess MWNT or MWNT-
OH might cause aggregation between the organic
and inorganic phases, and lessen the compatibility
between PTT/MWNT and PTT-¢-AA/MWNT-OH.
Furthermore, prompted by the fact that CNTs can
be defunctionalized by thermal decomposition,
TGAs were performed to determine the effect of
MWNT-OH loading on the weight loss of hybrid
blends. The results are shown in Figure 7 and Table
I. The IDTs of PTT-g-AA and hybrid blends with 1.0
wt % MWNT-OH content were 362°C and 451°C,
respectively. MWNT-OH itself was not degraded at
temperatures up to 500°C. The increase in IDT was
likely caused by inhibition of molecular motion, as
described above. Another potential cause is conden-
sation reactions between MWNT-OH and PTT-g-

TABLE 1
Thermal Properties of PTT/MWNT and PTT-g-AA/MWNT-OH

MWNTs or PTT/MWNT PTT-g-AA/MWNT-OH
MWNT-OH (wt %) IDT (°C) T, (°C) T,, (°C) IDT (°C) T, (°C) T,, (°C)
0.0 379 492 219.1 362 45.1 2182
0.5 392 52.5 217.9 420 553 2159
1.0 410 53.9 2165 451 58.9 213.8
15 415 51.8 217.1 459 54.8 2148
2.0 421 50.5 217.8 466 52.9 215.6
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AA. Kong et al.*® studied the properties of polysty-
rene/MWNT nanocomposites and reported similar
phenomena. According to the TGA traces in Figure
7, the IDT of PTT-g-AA increased by 89°C with the
addition of 1 wt % MWNT-OH. The IDT was
enhanced only another 15°C as the MWNT-OH
content was increased from 1 to 2 wt %. This result
further supports the above conclusion that optimal
loading of MWNT-OH in PTT-g-AA occurs at 1
wt %. As previously noted, excess MWNT-OH
decreased the constituent compatibility in the hybrid
blends.

In addition, the residual mass of the PTT-g-AA/
MWNT-OH nanocomposites increased with increas-
ing MWNT-OH content. This may have been attrib-
utable to a physical barrier effect in which the
MWNT-OH prevented the transport of decomposi-
tion products. Similar results have been reported
whereby the thermal stability of polypropylene/
MWNT nanocomposites was improved by a physical
barrier effect and enhanced by ablative reassembling
of the MWNT layer.* The TGA results demon-
strated that the incorporation of a small quantity of
MWNT-OH can markedly improve the thermal sta-
bility of PTT-g-AA/MWNT-OH nanocomposites. As
to the results in Table I, the IDT values were higher
in both the PTT/MWNT and PTT-g-AA/MWNT-
OH hybrids. In addition, despite the lower IDT of
PTT-g-AA relative to PTT, the PTT-g-AA/MWNT-
OH hybrid materials exhibited higher IDT values
than those of the equivalent PTT/MWNT blends.
This outcome was a result of the difference in inter-
facial forces in the two hybrid materials: the weaker
hydrogen bonds of PTT/MWNT relative to the
stronger coordination sites associated with the car-
boxylic acid groups of PTT-g-AA and the -OH
groups of MWNT-OH. Table I further showed that
the change in IDT for both hybrid materials was not
significant at a MWNT or MWNT-OH content above
1 wt %, which was also attributable to agglomera-
tion at higher filler content (Fig. 8).

Hybrid morphology

The morphology of the MWNT-OH and polymer
blends can be directly related to their mechanical
properties. In general, good dispersion of MWNT-
OH throughout the polymer matrix, effective func-
tionalization of MWNT-OH, and strong interfacial
adhesion between the two phases are required to
obtain a composite material with satisfactory
mechanical properties. Tensile fractured surfaces of
PTT-¢-AA/MWNT-OH blends were imaged with
TEM. The resulting micrographs are shown in
Figure 8. Individual embedded MWNT-OH tubes
were difficult to locate in the polymer matrix when
there were insufficient dispersion and poor interfa-
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Figure 8 TEM micrographs for (A) PTT-g-AA/MWNT-
OH (1 wt %) and (B) PTT-g-AA/MWNT-OH (2 wt %).

cial adhesion between MWNT-OH and the polymer
matrix. This resulted in the formation of MWNT-
OH aggregates. As shown in Figure 8§, MWNT-OH
was evenly dispersed in the polymer matrix at a
loading of 1 wt % but formed aggregates at 2 wt %.

Mechanical properties of hybrids

The variation in tensile strength at break (TS), elon-
gation at break (EB) and initial modulus (IM), as a
function of MWNT or MWNT-OH content in PTT/
MWNT and PTT-g-AA/MWNT-OH, is shown in Ta-
ble II. Maximum (TS and IM) or Minimum (EB) val-
ues for both PTT/MWNT and PTT-g-AA/MWNT-
OH were realized at about 1 wt % MWNT and
MWNT-OH. In PTT/MWNT, the effect of MWNT
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TABLE II
Mechanical Properties of PTT/MWNT and PTT-g-AA/MWNT-OH
MWNT or PTT/MWNT PTT-g-AA/MWNT-OH
MWNT-OH (wt %) TS (MPa) EB (%) IM (GPa) TS (MPa) EB (%) IM (GPa)
0.0 50.6 £1.3 125+ 0.3 2.26 £ 0.03 458 £1.5 119 + 0.4 2.08 £ 0.06
0.5 56.8 £ 1.5 11.6 + 0.4 2.46 £ 0.04 70.6 £ 1.8 83 £ 05 2.86 £ 0.05
1.0 61.6 = 1.6 10.5 £ 0.5 2.65 + 0.05 82.6 £ 19 49 £ 0.6 3.32 + 0.06
15 571 £ 1.8 10.8 + 0.6 2.53 £ 0.07 723 £2.1 6.7 £0.7 2.98 £ 0.08
2.0 538 £ 19 112 £ 0.7 2.43 £ 0.08 65.6 £23 7.8 £0.8 2.78 £ 0.09

content on the tensile strength was slight due to the
lack of bonding between the PTT matrix and the
MWNT. PTT-g-AA/MWNT-OH, with the same
MWNT or MWNT-OH loading, exhibited a much
higher tensile strength than PTT/MWNT, despite
the lower tensile strength of the PTT-g-AA copoly-
mer relative to pure PTT. This enhancement may
have been attributable to the presence of MWNT-
OH and the formation of ester linkages, as discussed
above. Although the tensile strength of PTT-g-AA/
MWNT-OH increased to about 82.6 MPa at 1 wt %
MWNT-OH, it decreased considerably at higher
MWNT-OH loading, likely due to separation
between the organic and inorganic phases.

The positive effect on tensile strength may have
been due to several factors, including the stiffness of
the MWNT—-OH layers contributing to the presence
of immobilized or partially immobilized polymer
phases,* the high aspect ratio and surface area of
the CNTs, and the nanoscale dispersion of
MWNT-OH layers in the polymer matrix. In addi-
tion, the orientation of the MWNT-OH layer, as
well as the molecular orientation of individual
MWNT-OH, may have contributed to the observed
reinforcement effect. The slight decrease in tensile
strength at MWNT—OH loading above 1 wt % may
have been attributable to aggregation of
MWNT—-OH. These results support the theoretical
and molecular simulation predictions that stress
transfer, and hence the strength of the composites,
can be effectively increased by the formation of
chemical bonds between the nanotubes and the
polymer matrix.***

CONCLUSIONS

MWNTs were functionalized using a simple method
and used to prepare high-performance PTT nano-
composites. The MWNT—-OH was covalently incor-
porated into a PTT-g-AA copolymer through the
formation of strong ester bonds produced from con-
densation of the carboxylic acid groups of PTT-g-AA
and the hydroxyl groups of MWNT-OH. FTIR spec-
tra and “C solid-state NMR showed that the AA
moiety had been grafted onto the PTT copolymer
and that ester bonds had formed in the PTT-g-AA/

MWNT-OH hybrid material. PTT-g-AA/MWNT-
OH exhibited greatly increased suspendibility in the
CF;COOD/CDCl; due to the high solubility of poly-
mer chains and the covalent linkage between the
constituents. TEM micrographs of the nanocompo-
sites showed the formation of CNT aggregates at
high MWNT-OH loading. DSC analysis found that
the gap between T, and T, of the PTT-g-AA/
MWNT-OH hybrid was smaller than that of the
PTT/MWNT. This implies that the compatibility
between PTT and MWNT had been enhanced. TGAs
showed that the incorporation of 1 wt % MWNT-
OH into PTT-g-AA increased the initial decomposi-
tion temperature by 89°C. Maximum tensile strength
of all hybrid materials occurred at about 1 wt % of
MWNT-OH. Excess MWNT-OH reduced the com-
patibility of the hybrid due to the aggregation of
CNTs. Thus, MWNT—-OH can play a reinforcement
role in the PTT-g-AA polymer matrices.
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