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Composite nanofibers of poly(ethylene terephthalate), PET, with multiwalled carbon nanotubes (PET/
MWCNT) were prepared by the electrospinning method. Confinement, chain conformation, and crys-
tallization of PET electrospun (ES) fibers were analyzed as a function of the weight fraction of MWCNTs.
For the first time, we have characterized the rigid amorphous fraction (RAF) in polymer electrospun
fibers, with and without MWCNTs. The addition of MWCNTs causes polymer chains in the ES fibers to
become more extended, impeding cold crystallization of the fibers, resulting in more confinement of PET
chains and an increase in the RAF. The fraction of rigid amorphous chains greatly increased with a small
amount of MWCNT loading: with addition of 2% MWCNTs, RAF increased to 0.64, compared to 0.23 in
homopolymer PET ES fibers. Spatial constraints also inhibit the folding of polymer chains, resulting in
a decrease in crystallinity of PET. For fully amorphous PET/MWCNT composites, MWCNTs do not affect
the chain conformation of PET in the ES fibers. For cold crystallized PET/MWCNT composite nanofibers,
more trans conformers were formed with the addition of MWCNTs. The increase of RAF (chain
confinement) is associated with an increase of the concentration of the trans conformers in the amor-
phous region as the MWCNT concentration increases in the semicrystalline nanofibers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A two-phase model (crystal and amorphous phases) fails
adequately to describe the structure of many semicrystalline
polymers, including poly(ethylene terephthalate), PET [1–3].
Instead, a three-phase model, comprising crystalline fraction (C),
mobile amorphous fraction (MAF), and rigid amorphous fraction
(RAF), has been applied in the study of well-crystallized bulk films
of PET [1–3], nylon 6 [4], isotactic polystyrene, iPS [5,6], poly
(etheretherketone), PEEK [7], poly(phenylene oxide), PPO [8],
poly(3-hydroxybutyrate), PHB, poly(carbonate), PC [9,10], and
poly(phenylene sulfide), PPS [7]. The RAF contributes neither to the
heat of fusion of the crystals nor to the heat capacity change at the
glass transition of the mobile amorphous phase. Layers of RAF are
considered to be very thin (normally 2–4 nm) compared with those
of MAF (normally 10–200 nm) and often suggested to be associated
with the lamella crystals as an interfacial layer [1,5]. Because RAF
makes its own contribution to the bulk properties of polymers,
increasingly, studies have been performed on characterization of
RAF [3,6]. However, the effect of nanoparticle fillers on RAF in
electrospun fibers, which have very high surface-to-volume ratio, is
All rights reserved.
still unknown. Since RAF has its own distinct properties, it is very
useful to realize the effect of nanoparticle fillers on RAF. In this
work, we focus on electrospun fibers of PET containing nanoparticle
filler.

Especially of interest as a filler material are multiwalled carbon
nanotubes (MWCNTs) which have received considerable attention
for use as reinforcing elements in polymer based nanocomposites,
due to their unique electrical, optical, thermal and mechanical
properties along with good thermal and chemical stability.
MWCNTs have extremely high elastic modulus which is close to
that of diamond [12–14]. Depending on the structure, MWCNTs
have a wide range of electrical conductivity. For metallic nanotubes,
the electrical current density can be far greater than metals such as
silver and copper. The mechanical and electrical properties as well
as thermal stability of polymer materials including electrospun (ES)
polymer fibers could be highly improved with the incorporation of
a very small amount of MWCNTs [15–17].

Since it was patented by Formhals [18–20] in 1934, electro-
spinning has become an attractive and simple method to produce
nanoscale to microscale fibers. It has been used to create drug
delivery vehicles, protective clothing, and artificial blood vessels,
and in tissue engineering scaffolds, and filtration media. In the
electrospinning process, a high voltage is applied to polymer
solution or melt. When the electrical force at the surface of
a polymer solution or melt overcomes the surface tension, an
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electrically charged jet of fibers from polymer solution or melt is
ejected from the tip of the needle and deposits on the collector
[21,22]. These kinds of fibers have several important properties
such as high surface-to-volume ratio and good flexibility.

In the present work, we investigate the impact of mutliwalled
carbon nanotubes on the properties of PET electrospun fibers. PET is
a commercially important engineering thermoplastic with good
thermal and mechanical properties. It is used for example in
bottles, containers, food packaging, textile fibers, engineering
plastics in automobiles, electronics and blood vessel tissue engi-
neering. PET is a typical semicrystalline polymer with a compara-
tively large amount of RAF. It has been reported that RAF in
semicrystalline PET homopolymer films could range from 11% to as
high as 44% [1,2]. PET nanocomposite films filled with carbon
nanotubes have been studied recently for their potential applica-
tion in conductive fibers [23], flexible vapor sensors [24] and fuel
cells [25,26]. However, the characterization of PET electrospun
fibers with CNTs is still unexplored. Here, the chain conformation
and crystallization of PET electrospun fibers with the addition of
MWCNTs were analyzed. This is the first time that confinement
effects, i.e., formation of RAF, have been characterized in polymer
electrospun fibers with and without MWCNTs.

2. Experimental section

2.1. Materials

PET films were obtained from the former Allied Signal Corp.
with intrinsic viscosity of 0.92 dl/g, measured in 60/40 phenol/
trichloroethylene solution, giving a molecular weight of 25,000
g/mol calculated from the Mark-Houwink equation with a¼ 0.640
and K¼ 14�10�4 dl/g. MWCNTs were purchased from MER
Corporation. The diameter of the MWCNT is about 140 nm, while
the lengths range from 5 mm to 9 mm. The surface of the MWCNT
was modified by attaching carboxylic acid functional groups [27–
29]. This was done by first suspending the MWCNTs in a mixture of
concentrated sulfuric acid and nitric acid (3:1 vol. ratio). Then this
solution was sonicated in a Misonix water bath sonicator for several
hours at ambient temperature. The resultant suspension was then
diluted with 400 mL of deionized water and filtered through
a 400 nm pore PTFE membrane until the water passing through the
filter had a pH between 6 and 7. The MWCNTs had a purity of 95%
after this treatment.

A three-step method was used to disperse the MWCNTs into the
polymer solution. Initially the MWCNTs were dispersed in hexa-
fluoro-2-propanol (HFIP) and sonicated 24 h to minimize possible
agglomerates. After these treatments, the resulting nanotubes were
examined using scanning electron microscopy (SEM). The diame-
ters of MWCNTs remained nearly the same, whereas the lengths of
MWCNTs were shortened from 7�2 mm to 5� 2 mm. Meanwhile,
the PET films were separately dissolved in HFIP and sonicated
overnight. Then PET/MWCNT solutions were prepared by mixing
these stock solutions to achieve the following weight ratios of
MWCNT to PET: 0%, 0.1%, 0.5%, 1% and 2%. PET concentration in
homopolymer and 0.1% MWCNT solution is about 20% (w/v) and
that of the others is about 10%. The PET/MWCNTs solutions were
sonicated overnight before electrospinning.

2.2. Electrospinning process

ES was carried out at room temperature using a 0.5 mm inner
diameter glass syringe with a 6 cm working distance. The applied
voltages were 15 kV, driven by a high voltage power supply from
Gamma High Voltage Research, Inc. model No. ES30P-5W. ES fibers
were dried on a heated metal plate at a temperature around 50 �C
under a fume hood overnight to effect removal of residual HFIP. The
typical bands of HFIP, related to OH stretching vibrations located at
3626 cm�1 and 3667 cm�1 [30], were not observed in any of the ES
fibers.

2.3. Scanning electron microscopy

Morphology of the electrospun fibers was examined using an
FESEM Ultra 55 SEM at Harvard University. Samples were fixed to
the SEM holder by conducting tape, and were coated with platinum
by plasma deposition.

2.4. Thermal analysis

DSC studies were carried out using a TA Instruments tempera-
ture modulated DSC (TA Q100). Indium was employed for the
temperature and heat flow calibration. The heat capacity was
evaluated with respect to sapphire standard. Dry nitrogen gas was
purged into the DSC cell with a flow rate of 50 mL/min. DSC
measurements were performed at a heating rate of 10 �C/min.
Endotherms are presented with downward deflection in our scans.

Three runs were taken to obtain the heat capacity of ES fibers
after annealing at 130 �C for 1 h [5,7]. The first run is empty Al
sample pan vs. empty Al reference pan to obtain baseline correc-
tion. The second run is sapphire standard vs. empty Al reference
pan to calibrate heat flow amplitude. The third run is sample vs. the
empty reference pan. All the empty Al reference pans and sample
pans were kept the same in weight.

To determine the crystallinity of the sample at a given temper-
ature, the sample was heated up to melt at 10 K/min. The crystal-
linity wC can be obtained from:

wC ¼ DHðmeasÞ=DHf (1)

where DH(meas) is the measured heat fusion of the semicrystalline
polymer and DHf¼ 140 J/g is the heat fusion of 100% crystalline PET
[31].

2.5. Wide angle X-ray scattering

WAXS patterns of PET/MWCNT electrospun fiber mats were
obtained at room temperature on a Bruker AXS from 2q¼ 8–30�

(for q the half-scattering angle) at wavelength l¼ 0.1545 nm.
Scattered intensity was corrected for air background, and the two-
dimensional isotropic pattern was converted to a one-dimensional
pattern by integrating over a sector.

2.6. Fourier transform infrared spectroscopy

FTIR absorbance spectra of all ES fibers were collected using
a JASCO 6200 spectrometer in attenuated total reflection (ATR)
mode. For each measurement, 64 scans were co-added with reso-
lution 4 cm�1 in the wavenumber region of 400–4000 cm�1. Curve
fitting was performed using the JASCO software.

3. Results and discussion

3.1. Morphology and properties of electrospun fibers

Morphology of the electrospun fibers was examined by SEM,
and images are shown in Fig. 1a–e. Only rarely were a few tiny PET
beads observed in any of the electrospun fibers. For elimination of
PET beads, the solution concentration for homopolymer PET and
PET/0.1%MWCNTs required 20% (w/v) of PET to HFIP. Nano-
composites of higher percentages of MWCNTs could be electrospun



Fig. 1. (a–e) SEM images of untreated, as-spun PET/MWCNT electrospun nanofibers. The weight percent of MWCNTs in the PET/MWCNT composite nanofibers is: (a) 0, (b) 0.1, (c)
0.5, (d) 1.0, and (e) 2.0. (f) Histogram of fiber diameters for ES homopolymer PET nanofibers (top) and 2.0% composite nanofibers (bottom). (g) SEM images of MWCNTs after
centrifugation. (h) SEM images of bare MWCNTs.
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from solutions of 10% (w/v) of PET to HFIP. The distribution of the
diameters of PET ES fibers is displayed in Fig. 1f for 0% (upper frame)
and 2% (lower frame) MWCNTs. The diameters of PET homopoly-
mer electrospun fibers ranged from 120 nm to 500 nm, with most
fibers around 280–320 nm (see Fig. 1f), compared to the manu-
facturer’s listed average diameter of 140 nm for the MWCNTs. The
diameter of electrospun fibers decreased with the addition of
MWCNTs from the larger diameter of the homopolymer PET ES
fibers. Average diameters of PET ES fibers with 0.5%, 1% and
2% MWCNTs were similar; for 2% the diameters ranged from
100 to 360 nm, and with most fiber diameters around 180 nm
(see Fig. 1f).



Fig. 3. Heat flow vs. temperature of PET/MWCNT electrospun fibers during DSC
heating from 80 �C to the melt at 10 �C/min. The weight percent of MWCNTs in PET/
MWCNT composite nanofibers is indicated. Curves are displaced vertically for clarity.
The dashed lines are guides to the eye.
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To demonstrate that the ES fibers contain nanotubes, ES fibers of
PET/2%MWCNT were re-dissolved in HFIP and the MWCNTs were
recovered by centrifugation. The solution was centrifuged at a rate
of 16,000 rev/min for 15 min, and then the HFIP with dissolved PET
was decanted, leaving a residue of MWCNTs and some PET. The
MWCNT centrifuged deposits were examined by SEM and verified
to contain MWCNTs. Results are shown in Fig. 1g. MWCNTs are
coated by very thin layers of PET, compared with bare MWCNTs
shown in Fig. 1h. Since the length of the nanotubes is much greater
than the diameter of the PET ES fibers, they cannot be located
transverse to the ES fiber axis. To incorporate the nanotubes into
the ES fibers, the nanotube length axis aligns along the PET ES fiber
axis, a placement that has been observed previously in other
nanocomposite samples using TEM [34–37].

A few ES fibers are too thin to contain a nanotube. These fibers
exist in very small number; most fibers have diameters greater than
the diameter of the nanotubes themselves. However, since the
weight fraction of MWCNTs is small compared to the PET fraction,
while their densities are comparable (rPET¼ 1.37 g/cm3 [32];
rCNT¼ 1.4 g/cm3 [33]), the length of the ES fiber is not filled entirely
with the nanotubes.

Fig. 2 is an example of a wide angle X-ray diffraction pattern
from untreated homopolymer PET ES fibers, also typical of other
compositions which are all nearly amorphous after spinning. The
WAXS peak from the multiwalled graphene layers could not be
seen in the ES fiber patterns, because the concentration of MWCNTs
is low. When the purified MWCNTs themselves were examined in
WAXS, the graphene layer spacing was observed at 2q¼ 26.2�

(d002¼ 0.34 nm [38]), indicating that the purification treatments
did not alter the multiwall spacing.

Thermal properties of as-spun ES fibers were assessed using
standard DSC. Fig. 3 shows the normalized heat flow vs. tempera-
ture for different compositions of ES fibers during DSC heating.
Equality of the crystallization exotherm and melting endotherm
areas also confirms the amorphous nature of the as-spun fibers.
Results for crystallization and melting temperatures during heating
at 10 �C/min are listed in Table 1. The curves are presented with the
same scaling, but are displaced vertically for clarity. The heat flow
has been normalized for total sample mass. The crystallization
temperature, Tc, decreases from 126 �C for pure PET ES nanofiber to
112 �C for PET/2%MWCNT composite ES nanofiber. In PET/MWCNT
composite films MWCNTs act as nucleating agent in crystallization
Fig. 2. WAXS intensity vs. scattering angle, 2q, for untreated, as-spun homopolymer
PET electrospun nanofibers. Wavelength l¼ 0.154 nm.
[39], resulting in acceleration of the crystallization of PET. More-
over, the melting temperature, Tm, of ES fibers also modestly
decreased with an increase of MWCNT concentration. The decrease
of Tm results from the decrease of Tc, caused by MWCNT addition.

As shown in Table 1, addition of MWCNTs causes the glass
transition temperature of remaining mobile chains to be depressed
only slightly suggesting that the mobile amorphous fraction retains
the same distribution of relaxation times for the glass to rubbery
transition. For polymer/CNT composite films, increase, decrease, or
constancy of Tg have all been reported [40–43].
3.2. Characterization of RAF in ES fibers

To crystallize the ES fibers, they were heat treated to 130 �C and
cold crystallized for 1 h. Thermal properties of semicrystalline ES
fibers, including the glass transition temperature and the crystal-
line, mobile amorphous, and rigid amorphous fractions, were
determined from heat capacity studies (outlined below), and are
listed in Table 1. The specific heat capacity of PET/MWCNT elec-
trospun fibers after cold crystallization at 130 �C for 1 h is shown in
Fig. 4a–f. We chose this particular temperature to assure that the
PET would crystallize quickly and completely. The solid lines
represent the values of Cp

solid and Cp
liquid, taken from the ATHAS data

bank [31], which values agree well with the measured data for the
heat capacity for homopolymer PET below Tg, and above the
melting point, respectively. This close agreement (to within �2% of
homopolymer PET data, which is within the experimental error on
the heat capacity measurement) indicates that the heat capacity of
PET/MWCNT electrospun fibers is largely unaltered by the small
addition of the carbon nanotubes. In Fig. 4, all ES fibers show a tiny
lower endotherm, termed an ‘‘annealing peak’’, at about 140 �C,
which was formed during cold crystallization at 130 �C.

The PET component is modeled as comprising three portions:
a crystal mass fraction, wC, rigid amorphous fraction, wRA, and
a mobile amorphous fraction, wMA. The dashed lines in Fig. 4
represent the calculated heat capacity, Cp

calc, for these samples,
under the assumption that above Tg all the mobile amorphous
fraction, MAF, has relaxed to the mobile liquid state, and only the
crystals and RAF remain in the solid state. That is:



Table 1
Thermal properties of PET/MWCNT electrospun nanofibers: crystallization, melting, and glass transition temperatures, and crystal (C), mobile amorphous (MA) and rigid
amorphous (RA) fractions.

MWCNT (wt.%) Tc
a (�C)� 0.1 Tm

a (�C)� 0.1 Tg
b (�C)� 0.1 wC

b,c� 0.01 wC
b,d� 0.01 wRA

b� 0.01 wMA
b� 0.01

0 126.1 251.3 86.5 0.27 0.27 0.23 0.50
0.1 123.2 250.2 85.8 0.24 0.24 0.26 0.50
0.5 120.2 248.6 85.1 0.14 0.14 0.53 0.32
1.0 118.1 246.8 84.5 0.13 0.13 0.62 0.25
2.0 112.3 247.0 84.3 0.11 0.11 0.64 0.25

a Untreated, amorphous ES nanofibers.
b ES nanofibers cold crystallized at 130 �C for 1 h.
c wC obtained from Eq. (1).
d wC obtained from Eq. (4).
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wS ¼ wC þwRA ¼ 1�wMA (2)
where wS is the solid fraction.
The calculation of the heat capacity uses:

Ccalc
p ðTÞ ¼ wSCsolid

p ðTÞ þwMACliquid
p ðTÞ (3)
Fig. 4. Specific heat capacity vs. temperature obtained from standard DSC of PET/MWCNT e
MWCNTs in PET/MWCNT composite nanofibers is: (a) 0, (b) 0.1, (c) 0.5, (d) 1.0, and (e) 2.0.
of 100% solid, using data taken from the ATHAS data bank [30]. Dashed lines are the calcu
indicated.
From Fig. 4 we see that there is good agreement between the
calculated heat capacity (dashed line) and the measured data curve
just above the glass transition heat capacity step, and furthermore,
the slope of the calculated heat capacity lies between the slopes of
the (solid) lines for Cp

solid(T) and Cp
liquid(T). The agreement between

Cp
calc and experimental Cp allows the solid fraction of all ES fibers at

a temperature just above the glass transition to be determined by
lectrospun nanofibers after cold crystallization at 130 �C for 1 h. The weight percent of
CP

liquid (solid) is the heat capacity of 100% liquid, while CP
solid (solid) is the heat capacity

lated baseline heat capacity determined from Eq. (3) using the solid fractions, wS, as
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using Eq. (2) from knowledge of wMA. Since wS does not change
during the traditional glass transition process, wS remains constant
from below the glass transition temperature to just above (50–
110 �C). The solid fraction of ES fibers was 0.5 for homopolymer PET,
and 0.75 for PET/2%MWCNT from 50 �C to 110 �C, shown in Table 1.

To determine the rigid amorphous fraction using Eq. (2), the
crystallinity must also be known. Euler’s equation was used to
calculate the change of crystallinity with temperature from [44,45]:

Cexp
p ðTÞ ¼ wCCsolid

p ðTÞ þ ð1�wCÞCliquid
p ðTÞ � ðdwC=dTÞDHf ðTÞ

(4)

where Cp
exp(T) is the experimental measured specific heat capacity

and DHf(T) is the temperature dependent heat of fusion corrected
for undercooling by the factor f¼ 2 T/(Tþ Tm

0 ) [44,45] using 280 �C
as the infinite crystal melting point of PET, Tm

0 . Crystallinity as
a function of temperature results are presented in Fig. 5 for the ES
fibers and show that wC generally decreases through the melting
region. The crystallinity at 220 �C is greatest in PET homopolymer
ES fibers, and decreases with an increase of MWCNT concentration.
The slight increase in wC above 220 �C seen in samples with 1% and
2% (curves d and e in Fig. 4) occurs as a result of the simplification to
a two-phase model, made in the Euler equation [46].

The Euler results for crystallinity at 220 �C match well with the
wC obtained from heat of fusion by Eq. (1), as shown in Table 1. The
area of the tiny annealing peak (occurring just below 220 �C) is less
than 2% of the area of the main melting peak, and therefore we
excluded the annealing peak from the Euler analysis of crystallinity.
An error bar was added to the results of wC to account for the
possible tiny contribution of the annealing peak to crystal melting.
Assuming wC remains constant at temperatures below 220 �C,
within the error limits, then RAF from low temperature (50 �C,
below Tg) to just above glass transition temperature (110 �C) can be
determined directly from Eq. (2). Constancy of the crystallinity and
the solid fraction from 50 �C to 110 �C result in wRA remaining
constant over this temperature interval, and the RAF content at
50 �C is shown in Table 1. wRA increases with an increase of MWCNT
concentration. wRA of homopolymer PET ES fibers is close to that
seen in cold crystallized PET films [1], which indicates that the fiber
morphology in homopolymer PET ES fibers (having diameters of
hundreds of nanometers) does not induce any confinement nor
does it increase RAF. For PET/2%MWCNT ES fibers, wRA increased to
Fig. 5. Crystalline fraction, calculated from Eq. (4), vs. temperature for PET/MWCNT
electrospun nanofibers after cold crystallization at 130 �C for 1 h. The weight percent
of MWCNTs in PET/MWCNT composite nanofibers is indicated.
0.64 which is about three times than that of homopolymer PET ES
fibers.

The devitrification of RAF was also assessed from the heat
capacity data of Fig. 4. The region from the start of the annealing
peak up to the end of the major melting endotherm has usually
been examined to determine at what point the RAF relaxes. Along
with PET [1,47], other polymers like PPS [11], PPO [8], PHB and PC
[9,10] and iPS [48,49] show similar low temperature endotherms
after isothermal crystallization or annealing at a temperature
between Tg and the melting temperature. For PET film [47], Song
stated that the relaxation of RAF occurs between the glass transi-
tion and the annealing peak (which Song called the ‘‘premelting
peak’’), i.e., the lowest endotherm seen in the DSC curve. For PPO
[8], and iPS studied by rapid scan calorimetry [49], the rigid
amorphous fraction was considered to relax (devitrify) only after
melting of the crystals. For PHB, PC [9,10], and iPS studied by
traditional heating rate DSC [34], the RAF formed at the crystalli-
zation temperature and was considered to relax at the lowest
endotherm (annealing peak).

In Fig. 4, the calculated heat capacity baseline for ws of all
samples matches well with the measured heat capacity in between
the annealing peak and the start of the main crystal melting region.
Unchanging solid fraction and unchanging crystallinity mean that
the RAF in ES fibers does not devitrify before the start of the main
crystal melting. This result is different from that reported in
homopolymer PET films, for which RAF totally devitrified at
a temperature between the glass transition and the start of main
crystal melting [47,50]. The different devitrification kinetics of RAF
in the ES fibers, compared to PET bulk films, could be due to the
nanoscale fiber morphology which results in differences in
molecular chain conformation, as discussed later.

Fig. 6 shows a hypothetical model for the PET/MWCNT elec-
trospun composite nanofiber shown in side view. The dotted line
represents the outer diameter of the electrospun fiber and shaded
rectangles represent two MWCNTs. In between the two MWCNTs,
there are regions of the ES fiber containing only PET chains, rep-
resented by the solid lines. The increase of RAF is due to the
alignment effect of the MWCNTs: PET chain alignment is enhanced
by the co-spinning of MWCNTs with the PET. One possible location
for confined chains of PET is at the outer ‘‘skin’’ region, where
polymer coats the MWCNTs, whose outer diameter is about
140 nm. The outer diameters of PET/2%MWCNT electrospun fibers
range from 120 nm to 240 nm, for a simple average of 180 nm. The
close outer diameters will decrease the free volume of polymer
chains, resulting in confinement of the polymer chains. The
increase in RAF and decrease of wC might be related to the close
diameters of ES fibers and MWCNTs; the narrow space might
inhibit the folding of PET chain to form lamellar crystals, which we
are presently investigating with small angle X-ray scattering.

Another possibility to explain the increase in RAF is the exten-
sion of polymer chains even in the region between the MWCNTs, as
depicted in Fig. 6. The impact of MWCNT co-spun with PET may be
similar to the impact of rigid-rod molecules. Pan and Liang [51]
reported that liquid crystal polymers with rigid-rod segments serve
as ordered domains for PET fibers, and these ordered domains
increase the degree of orientation of the PET chains. In a similar
Chain Extension

Fig. 6. Schematic representation of the side view of a PET/MWCNT electrospun fiber.
Dashed line represents the outer diameter of the electrospun nanofiber and shaded
rectangles represent two MWCNTs. Solid lines represent PET polymer chains.
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way, rigid-rod-like MWCNTs could serve as oriented domains to
enhance the orientation of polymers [52,53]. During the ES process,
flexible polymer chains are elongated by the high voltage and will
tend to follow the direction of the inflexible oriented domain.
Within the ES fiber, the polymer chains might be extended along
the axial direction of the MWCNTs embedded in the fiber. The
presence of MWCNTs will enhance the extension of each fiber,
resulting in a decrease of the mobility of polymer chains, reduction
in the degree of crystallinity, and a concomitant increase in RAF.

To investigate the extension of polymer chains, two PET/
MWCNTs ES fiber mats were heated to above 200 �C freely floating
on oil. The surface area of the ES fiber mat after heating decreased
compared to its original surface area, A0, while the thickness
remained constant. Relaxation of the PET chains to a more random-
coil conformation occurred after heating. The surface area
decreased to 0.48A0 for PET ES fiber mat, and decreased to 0.20A0

for PET/2%MWCNTs. That means the polymer chains of PET/
2%MWCNTs ES fibers were more extended (by more than a factor of
two) compared to the chains in PET ES fibers. So the presence of
MWCNTs did enhance the extension of polymer chains in ES fibers,
resulting in the increase of constrained chains. However, the degree
of the chain extension was not high enough to yield strain-induced
crystallization, and the crystallinity of the ES fibers decreases with
MWCNT addition.
Fig. 7. FTIR absorbance vs. frequency of PET/MWCNT electrospun nanofibers. (a)
Untreated, as-spun nanofibers. (b) Nanofibers after cold crystallization at 130 �C for
1 h. The weight percent of MWCNTs in PET/MWCNT composite nanofibers is listed. The
CH2 wagging vibration of trans (1340 cm�1) and gauche (1370 cm�1) conformations,
and phenyl ring vibration (1174 cm�1) are indicated.

Table 2
Relative infrared absorbance ratioa of trans-to-gauche conformations of PET/
MWCNT electrospun nanofibers.

MWCNT (wt.%) 0 0.1 0.5 1.0 2.0

A1340/A1370
b 0.46 0.47 0.45 0.47 0.46

A1340/A1370
c 1.21 1.32 1.94 2.01 2.35

a Trans conformational band at 1340 cm�1; gauche conformational band at
1370 cm�1 [29,46].

b Absorbance ratio for untreated, amorphous ES nanofibers.
c Absorbance ratio for ES fibers cold crystallized at 130 �C for 1 h.
3.3. Chain conformation of ES fibers

Next, we used infrared spectroscopy to examine the confor-
mational isomers present in the PET. There are two kinds of
conformational isomers in the PET chain, trans and gauche [39,54–
59]. Normally, trans conformers of PET refer to the rotational
motions of ethylene diol around the C–C bond. In the crystalline
regions of PET, ethylene glycol only shows trans conformers, while
in the amorphous region, it mainly shows gauche conformers with
a small amount of trans [39]. By using FTIR, Cole and Ajji suggested
existence of an intermediate phase in PET linking the crystalline
phase to the amorphous phase and mainly constituted of trans
conformers [60,61]. Various NMR studies [62–69] on both oriented
and unoriented PET have also indicated that there are at least three
structures termed the mobile amorphous (characterized mainly by
gauche conformers), constrained amorphous or RAF (mainly trans),
and crystalline (all trans). Recently, it was reported that for PET/
MWCNT nanocomposite films, the presence of MWCNTs induced
trans conformers, and the amount of trans conformers in amor-
phous region decreased with an increase of the MWCNT concen-
tration [39]. They indicated that the addition of carbon nanotubes
into PET increased the crystallinity with assistance of trans
conformers in amorphous regions, resulting in the overall decrease
of trans conformers within amorphous region [39]. We used FTIR
spectroscopy to investigate the relative ratio of trans and gauche
conformers in PET/MWCNT electrospun fibers.

Fig. 7a and b shows the FTIR results of the untreated, as-spun ES
fibers and semicrystalline ES fibers, respectively. The absorption
peak at 1174 cm�1 has been assigned to the phenyl ring vibration
associated with the amorphous region of PET [60,70]. The absorp-
tion peak at 1174 cm�1 of cold crystallized ES fibers is extremely
weak (Fig. 7b) when compared with that of fully amorphous fibers
(Fig. 7a). This is related to the decrease of amorphous fraction after
cold crystallization.

The absorption peaks at 1340 cm�1 and 1370 cm�1 are attrib-
uted to the CH2 wagging vibration of the trans ethylene glycol and
gauche ethylene glycol, respectively [39]. The relative absorbance
ratio of trans conformers at 1340 cm�1 to gauche conformers at
1370 cm�1, A1340/A1370, is listed in Table 2.
The equation recently suggested by Zhang and Qian [59,71] to
calculate the trans fraction in PET (which included a factor to
account for difference in absorptivity of the two vibrations) could
not be used in the present work, possibly because of the differences
in morphology between their film study and our electrospun fibers.
In our work, the trans fraction calculated from the equation of
Zhang and Qian was found to be less than the degree of crystallinity.
On the assumption that there are only trans conformers within the
crystalline region [39,54–59], the fraction of trans conformers
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should not be less than the crystalline fraction. Therefore, we
elected to use the simple ratio of A1340/A1370 to characterize the
trans-to-gauche ratio. For untreated, as-spun ES fibers, A1340/A1370

is almost constant with MWCNT addition. As mentioned before, the
crystallinity of all the untreated, as-spun ES fibers is practically zero
from X-ray scattering. This means that for fully amorphous PET/
MWCNT electrospun fibers, the MWCNTs do not affect the chain
conformation of the amorphous phase of the PET.

However, for semicrystalline ES fibers, A1340/A1370 increases
with an increase of MWCNT concentration; for example, A1340/A1370

of PET/2%MWCNT is two times larger than that of pure PET. The
presence of MWCNTs will induce more trans conformers during
cold crystallization or annealing, although the presence of MWCNTs
does not affect the chain conformation of PET during the electro-
spinning process (as shown above in Fig. 5).

DSC results show that the crystallinity and mobile amorphous
fractions of ES fibers after annealing are smaller, and rigid amor-
phous fraction is larger, as MWCNT concentration increases. On the
other hand, FTIR results show that higher MWCNT concentrations
result in formation of more trans conformers. Trans conformers are
located in both crystalline and amorphous regions, whereas gauche
conformers are only located in amorphous regions. Combining DSC
and FTIR results on the cold crystallized ES sample, an increase in
MWCNT loading results in an increase of trans conformers, which,
because the overall level of crystallinity has decreased with MWCNT
addition, can only come from an increase of trans conformers
within the amorphous fraction. Since the mobile amorphous frac-
tion is also decreased with MWCNT addition, the increase in trans
conformers comes from the RAF itself. In electrospun fibers of PET
with multiwalled carbon nanotubes, the confinement of the PET
chains results in a large increase in RAF, and a concomitant increase
in the relative trans-to-gauche conformer ratio.

Regardless of nanotube content, the oriented fiber just after
electrospinning is amorphous, and also has no RAF. So, upon
heating, the amorphous phase can have complete mobility at Tg and
the ratio of trans-to-gauche conformers in the mobile amorphous
phase is 0.45–0.47. After cold crystallization, the crystals act as
thermoreversible crosslinks to prevent shrinkage: only when the
fiber mat is heated to the melt does the area shrinkage occur
signaling the PET chain molecular retraction has occurred. Once
these crystals are formed, the RAF also forms with the implication
that now some of the amorphous fractions cannot express its Tg

relaxation. This results in a different distribution of the trans-to-
gauche conformers, with ratio now ranging from 1.21 to 2.35,
increasing systematically as the RAF fraction increases.

4. Conclusions

Composite nanofibers of poly(ethylene terephthalate), PET, with
multiwalled carbon nanotubes were prepared by the electro-
spinning method using HFIP, which is a good solvent to obtain PET
ES nanofibers. Control of solution concentration allows PET
composite nanofibers to form with diameters about 1.3 times larger
than the diameters of the carbon nanotubes themselves, leading to
strong chain confinement effects, and large amount of RAF. Spatial
constraints and chain orientation inhibit the folding of polymer
chains, resulting in a decrease in crystallinity of PET and an increase
of RAF. FTIR was used to examine the chain conformation in PET/
MWCNT composite nanofibers. For fully amorphous PET/MWCNT
composites, MWCNTs do not affect the chain conformation of PET
in the ES fibers. However, once the PET/MWCNT composite nano-
fibers are cold crystallized, in spite of a reduction of crystallinity,
the concentration of trans conformers increased with the addition
of MWCNTs. We suggest that the increase of RAF (chain confine-
ment) is associated with the increase in concentration of the trans
conformers in the amorphous region, and RAF may be the same as
the ‘‘intermediate phase’’ reported previously in PET [62–69].
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