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Abstract

Specific interfacial interactions in multi-component systems such as composites improve the chemical compatibility between the filler and
the matrix, prevent the filler from aggregating and strengthen the interface. Carbon nanotube (CNT) based polyacrylonitrile (PAN) composites
were prepared either by extrusion or electrospinning to yield fibers with diameters on two different scales — micro- and nanometric. Introduction
of a third component, ethylene carbonate, a plasticizer which is capable of forming strong dipolar interactions with the nitrile group of the poly-
mer, had a four-fold effect. It enabled melt-processing of the polymer, caused a structural transition in the crystalline matrix, improved the uni-
formity and decreased the diameter of the electrospun fibers. It also indirectly revealed a preferred interaction between the t-electrons of the
CNT and the nitrile groups of PAN, as was identified based on synchrotron microbeam WAXD, DSC, '*C NMR and FTIR of CNT-filled and
unfilled PAN fibers. The nature of CNT and PAN interaction was modeled by charge-transfer of CNT 7t-electrons from the highest occupied

molecular orbital to the empty nitrile 7t* orbital of PAN.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Electrospun fibers; Carbon nanotubes; Polyacrylonitrile

1. Introduction

The importance of interfacial properties and stress transfer
in classical fiber composite technology has been recognized
long ago due to their strong effect on strength, stiffness and
fracture toughness of fiber composites in various failure modes
[1]. Particularly with respect to nano-reinforcement, the reali-
zation of an effective stress transfer mechanism has been the
subject of extensive research, in an attempt to achieve disag-
gregation of the nanosize particles and to improve the disper-
sion quality [2]. The issue of tailoring of interfacial properties
is of utmost importance in view of the extremely large interfa-
cial region typical of composites containing nanofillers.
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Carbon nanotubes (CNT) have a unique set of properties
that suit them for a wide range of possible applications in sus-
pensions and polymer based solutions, melts and composites
[3—6]. Their outstanding characteristics include excellent me-
chanical properties, high thermal and electrical conductivities,
low percolation thresholds and high aspect ratios; this last
characteristic provides the nanotubes with an additional ad-
vantage over spherical fillers in obtaining advanced compos-
ites [7]. On the other hand, large aspect ratios combined
with high structural flexibility [8] increase the possibility of
nanotube entanglement and close packing [9]. Disaggregation
and uniform dispersion are critical challenges that must be met
to successfully produce such advanced materials. Various dis-
persion techniques have been suggested previously in order to
overcome the intrinsic van der Waals attraction of carbon
nanotubes [10—12]. Our approach relies on the development
of interfacial interactions between the mt-electronic system of
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CNT and the polymer functional groups. This approach was
shown to be effective when stable uniform dispersions of
carbon nanotubes were obtained with the aid of surfactants
having multiple unsaturated carbon bonds [13].

Polyacrylonitrile is not extrudable in a straightforward way
because upon heating the polymer tends to char rather than
melt. Therefore, a (fugitive) plasticizer, such as ethylene car-
bonate (EC), has to be mixed with the polymer at low temper-
atures in order to avoid charring [14]. Due to strong dipolar
interactions between the nitrile groups of PAN and the car-
bonyl (—C=0) groups of the plasticizer, a solvated complex
is formed with morphological characteristics that are different
from those of the original polymer [15,16]. On their own, the
polymeric chains form a rod-like helix due to the intramole-
cular dipolar repulsion of the nitriles [17]. The nitrile—nitrile
interactions also limit the ultimate draw ratio of PAN fibers
[18] and control the polymer viscosity [19]. Potentially, the
polymer performance, as controlled by the nitrile groups,
could be adjusted according to specific requirements by intro-
ducing a filler that would interact with the —C=N groups and
consequently reduce the nitrile intrinsic repulsion. Our previ-
ous study on multi wall carbon nanotubes (MWNT)—PAN ex-
truded filaments showed that embedding the nanotubes almost
doubled the ultimate draw ratio of the filaments and improved
the degree of orientation relative to the filament axis [20],
effects which were attributed to the newly formed interactions
with CNT.

While melt-mixing/extrusion of CNT—PAN composites has
been investigated only to a limited extent [20], studies on elec-
trospinning of those composites have been carried out by
a number of research groups [21—24]. Among the parameters
studied, the electrical conductivity of the solvent was found to
be the dominant factor controlling the diameter and uniformity
of the electrospun fibers [25]. Ethylene carbonate, known as
a fairly conductive reagent (¢ ~ 107> S/m), was shown to
successfully either wet or dissolve [15] acrylonitrile polymer
depending on the polymer—plasticizer ratio. Therefore the dis-
solution of PAN in EC prior to electrospinning would gener-
ally be expected to yield finer fibers with a narrow diameter
distribution. Moreover, the polymer morphological transition
shown to be induced by melt-mixing of PAN and EC could
be tested also in the case of electrospinning.

During melt-mixing with EC, a reversible change occurs in
the molecular packing of PAN, namely a hexagonal-to-ortho-
rhombic transition [20,26]. The insertion of a polar additive
can ‘“neutralize” a fraction of the —C=N groups [17] and inter-
fere with the intermolecular interactions. Since the forces effec-
tive in PAN under stress are believed to predominantly result
from intramolecular interactions of the polar —C=N groups
[17], ethylene carbonate will have a strong plasticization effect
on PAN; i.e. in its presence the resistance of the polymer fiber to
an imposed stress is reduced. As the solvated complex has a dif-
ferent unit cell from that of the original polymer, information on
the effect of the filler on PAN could be obtained indirectly by
tracking the temperature at which the transition from ortho-
rhombic to hexagonal lattice occurs during heating. The re-
establishment of the hexagonal unit cell at comparatively low

temperatures would attest to weakening of —C=O and
—C=N dipolar interactions since they are partly replaced by
the interactions of nitrile groups with the nanotubes.

This paper aims to monitor the interaction between the
m-electrons of CNT and the nitrile groups of PAN by using
synchrotron microbeam WAXD analysis of both extruded fila-
ments and electrospun nanofibers. As the orthorhombic struc-
ture of PAN relates specifically to the nitrile interactions with
EC, we intend to utilize it as a measure of the CNT effect. A
comparative morphology—temperature study of PAN/EC and
CNT—PAN/EC composites could provide indirect evidence
of significant interaction between the m-electrons of CNT
and the nitrile groups of PAN. The influence which those inter-
actions have during heating on the orientation of the polymer
chain, tacticity, crystal size and glass transition temperature
will also be discussed in detail.

2. Experimental
2.1. Materials

Multi wall carbon nanotubes (length: 1—5 pum, diameter:
20—50 nm, nominal purity: 95%) prepared via chemical vapor
deposition (CVD; iron-based catalyst, 700—800 °C, acetylene
as a precursor) were purchased from NanoLab Inc. (Newton,
MA). Polyacrylonitrile ([C3H3N],, M, = 150,000) was ob-
tained from Scientific Polymer Products Inc. (Ontario, NY).
Ethylene carbonate (C3H4O;, purity: 98%) was purchased
from Sigma—Aldrich. Dimethylformamide (C3H,;NO, JT Baker)
was used to dissolve the polymer prior to electrospinning.

2.2. Extrusion process

Melt-mixing of EC with 60 wt.% of PAN, or PAN filled
with 1 wt.% of MWNT, was carried out in a twin-screw micro-
compounder (DSM, Netherlands). Mixing was performed at
170 °C for a period of 6 min at 100 rpm, according to the
procedure published elsewhere [14]. This was followed by
extrusion and drawing of fiber-like filaments with diameters
decreasing from 900 to 325 um and 250 um for unfilled
PAN and CNT—PAN filaments, respectively.

2.3. Electrospinning process

The electrospun PAN hybrid fibers with 0, 1 and 2 wt.% of
as received MWNT were prepared as follows. Typically 0.5 g
of PAN powder was dissolved in dimethylformamide (DMF)
at 90 °C to obtain a 9.5 wt.% PAN—DMF solution. A given
weight of nanotubes (0, 5 or 10 mg) was then added to
a PAN solution and the nanotubes were dispersed by ultraso-
nication (Sonics, Vibra-cell) for only 5 min, to avoid the pos-
sibility of tube fragmentation. The hybrid fibers obtained had
a broad distribution of diameters ranging from 0.3 to 1.2 pum.

To compare the extruded filaments and electrospun fibers,
40 wt.% EC/PAN solutions with and without nanotubes were
prepared in a manner similar to that used for unplasticized
electrospun fibers. Thus 0.2 g of ethylene carbonate was
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Fig. 1. Four step preparation method of PAN/EC electrospinning solutions with different CNT contents.

dissolved in 10.5 wt.% PAN—DMEF solution to eliminate the
solution viscosity effect (Fig. 1, II), followed by addition of
0, 1 or 2 wt.% of MWNT (Fig. 1, III) and further ultrasonica-
tion according to the method described above.

In a typical electrospun run, a positive high voltage (20 kV)
was applied through a copper wire to the solution with a DC
power supply (Glassman High Voltage Inc.). The solution
was loaded in a plastic syringe equipped with a G32 stainless
steel needle (Techcon Systems). The gap (distance between
the needle tip and the grounded collector) was kept at
20 cm. The pressure applied to the polymer solution was
0.05 bar. The electrospun fibers were collected on aluminum
foil as a randomly distributed fiber mat and left in the hood
to remove residual solvent.

2.4. Characterization techniques

2.4.1. Electron microscopy

To investigate the diameter and homogeneity as a function
of processing conditions (solution viscosity and conductivity,
humidity and CNT content) the electrospun hybrid fibers
were viewed with an environmental scanning electron
microscope (ESEM, FEG XL30, FEI). To assess nanotube
orientation with electrospinning, a high resolution trans-
mission electron microscopy (HR-TEM, Tecnai F20 G2,
FEI) was used to image the as received samples. Note that
SEM and TEM images of the extruded fibers were published
previously [20].

2.4.2. In situ synchrotron microbeam WAXD analysis
Synchrotron microbeam wide angle X-ray diffraction
(WAXD) measurements were performed at the European Syn-
chrotron Radiation Facility (ESRF) on the Materials Science
Beamline (ID-11). The X-ray microbeam was monochromat-
ized at a wavelength of 0.5436 A and collimated to dimensions
of 2 um (vertical) by 50 um (horizontal). The exposure time
for each sample varied from 20 s to 30 s. The extruded fila-
ments were inserted into 0.5 mm or 1 mm diameter Li—glass
capillaries (with the sample long axis parallel to that of the
capillary). The electrospun nanofibers were randomly wrapped
around 0.5 mm diameter capillaries and subsequently inserted
into 1 mm capillaries. The samples were mounted in a hot
stage (Linkam Scientific Instruments, THMS600, Waterfield,
UK). The distance between the sample and the detector was
set at approximately 143 mm. Each sample was scanned dur-
ing heating at 10 °C/min from 25 to ~350°C. Data were
taken at 10 °C intervals. The one-dimensional diffraction pro-
files were calculated from two-dimensional X-ray diffraction

patterns using the image analysis programs Fit2D (ESREF,
Dr. Hammersley) and Polar (SUNY, Stony Brook, NY).

2.4.3. Differential scanning calorimetry (DSC)

DSC (Mettler 822° Toledo, Switzerland) thermograms of
the electrospun fibers were measured in the temperature range
25—350 °C at a heating rate of 10 °C/min.

244. BCarbon nuclear magnetic resonance ( 3¢ NMR)
spectroscopy

NMR experiments were carried out at 353 K (80 °C) using
a Bruker DRX-400 spectrometer equipped with a BGUII
z-gradient. The materials (up to 25 mg) were dissolved in deu-
teriated dimethyl sulfoxide (DMSO-dg). Typically 1000 scans
were accumulated to obtain the spectrum.

2.4.5. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the electrospun fibers were measured with
an Equinox 55 spectrophotometer (Bruker, Germany). The fol-
lowing parameters were used: DLATGS detector with KBr
window, typical scans 64, data analysis by Opus 3.2.

3. Results and discussion

The electrospun hybrid fibers were first visualized by
means of scanning and transmission electron microscopy.
SEM and TEM micrographs of the extruded filaments were
presented and discussed in detail in our previous work [20].
In the case of the electrospun fibers, the addition of ethylene
carbonate to the DMF solution of the polymer appears to re-
duce the average diameter and improve the uniformity as
seen in Fig. 2. This results from the higher dielectric constant
of the electrospinning solutions generated by partial replace-
ment of PAN with EC [25]. The dielectric constants of the in-
dividual components were reported to be 2.7—4.5, 36.7 and
90.5 for PAN, DMF and EC, respectively [25,27,28]. Appar-
ently, the high draw ratios, typically obtained with electrospin-
ning, help to align the nanotubes along the fiber direction
(Fig. 3a). However, the overall smooth surface of the electro-
spun fibers can be altered by curved CNT (Fig. 3b), attesting
to good wetting of the nanotubes by the PAN matrix.

Synchrotron WAXD 2-D images were recorded in situ
within a selected temperature range for the extruded, drawn,
unfilled and CNT-filled PAN filaments. The temperature range
was chosen to include the melting (37 °C) and decomposition
(from 170 to 245 °C) of the plasticizer [20], as well as the
characteristic stabilization process (200—300 °C) of PAN. Ex-
tensive research has been devoted in the past to the elucidation
of the stabilization reaction of PAN, which results in
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Fig. 2. SEM images of: (a) and (b) PAN electrospun fibers; (c) and (d) PAN/EC electrospun fibers at two different magnifications. Note the improvement in

uniformity and decrease in diameter upon addition of ethylene carbonate.

a “ladder” structure, formed by cyclization of the nitrile
groups [29—32]. These structural changes are expected to be
sensitive to the presence of CNT and hence they are of partic-
ular interest to this study.

Fig. 4a and b show selected 2-D WAXD images of extruded
PAN and CNT—PAN filaments, respectively, with a draw ratio
of 5 (an equal draw ratio is essential for valid comparison).
The strong diffraction ring corresponds to the doublet

da00220, and the weak ring to the dgpg of the orthorhombic
polymorph. An increase in polymer orientation with CNT em-
bedding was previously reported by our group [20] based on
comparative analysis of the Herman’s factors [18] for unfilled
and CNT-filled PAN extruded filaments. The present results
support the previously published findings of the effect of
CNT on orientation, which is shown here to persist to a higher
temperature. Note a minor fiber rotation with heating.

(b) ?

Fig. 3. Transmittance electron microscopy images of 2 wt.% CNT—PAN/EC electrospun fibers supported on a holey carbon film.
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Fig. 4. Selected 2-D WAXD patterns of extruded drawn (a) PAN and (b) 1 wt.% CNT—PAN filaments at different temperatures. The X-ray beam was directed
perpendicular to the filament, which was held horizontally. Note a minor fiber rotation with heating. The strong diffraction ring corresponds to the doublet

dao0/220, and the weak ring to the dgy of the orthorhombic polymorph.

Heating has a complex effect on the crystallinity of plasti-
cized PAN as the diffraction rings become diffuse twice dur-
ing the thermal treatment. The final disappearance of the
diffraction rings, corresponding to the formation of the “lad-
der” polymer [29], occurs for PAN fibers at 270 °C. Diffrac-
tion rings from CNT—PAN fibers disappear at 300 °C. Our
previously published DSC analysis of the extruded filaments
support this 30 K shift with respect to the temperature
measured for PAN fibers [20].

To obtain a better understanding of the structural changes
caused by the thermal treatment, 1D histograms of the angular
dependence of the diffracted intensity as a function of temper-
ature for filled and unfilled PAN filaments were calculated
from the corresponding 2-D WAXD images (Fig. 5). The ex-
pected formation of the orthorhombic complex was found
with ethylene carbonate and polyacrylonitrile melt-mixing
regardless of CNT presence. The characteristic diffraction

doublet dyg0=15.3 A and dro=5.1 A appears at 20 =5.8°
and 6.05°, respectively. The hexagonal crystallinity, typical
of the original PAN, is re-formed at a certain temperature as
a result of the plasticizer dissociation from the crystals fol-
lowed by its decomposition. Fig. 5a clearly demonstrates the
formation of a noncrystalline intermediate state in the temper-
ature range 180—220 °C for unfilled PAN filaments. The hex-
agonal lattice, identified by the diffraction peak d;go = 5.3 Aat
260 =5.8°, is finally formed at 230 °C. The CNT-filled fila-
ments demonstrate a different behavior with heating (Fig. 5b
and c): there is no noncrystalline transition state, and the dif-
fraction at 190° clearly shows the establishment of a hexagonal
lattice.

The diffraction patterns of PAN and CNT—PAN electro-
spun fibers were also recorded during heating and 1D profiles
calculated (Fig. 6a and b, respectively), revealing a hexagonal
lattice of polyacrylonitrile crystals. For PAN nanofibers the
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Fig. 5. Histograms of X-ray intensity as a function of temperature for extruded filaments with draw ratio of 5: (a) PAN, the blue lines represent a noncrystalline
transition state. Note that due to resolution limitation the doublet could only be detected above 130 °C; (b) and (c) 1 wt.% CNT—PAN.

100 diffraction peak (20 =5.8°) is barely detectable at low
temperatures (up to almost 80 °C), while the 110 diffraction
peak (20 =9.9°) is not seen at all, attesting to poor crystallin-
ity in the unfilled samples. In this paracrystalline polymer, line
narrowing and intensity increase of the diffraction peaks occur
due to larger crystallite size and smaller lattice distortion [33].
Apparently, the crystallite size and perfection of the electro-
spun fibers increase on heating. The apparent crystallite size
(L) was estimated by the Scherrer equation, L. =
K2/Bcosf, where K is the Scherrer constant (to which a value
of 1 was assigned [18]), 6 is the Bragg angle and A = 0.5436 A
is the wavelength of the X-rays. The breadth at half height B
was measured in radians from the broadening of the peak at
20100 = 5.8°. The variation of crystallite size with temperature
in unfilled and filled PAN nanofibers is plotted in Fig. 7. The
graph demonstrates larger crystallite size (L;og) for CNT—
PAN samples. There is a sharp rise in crystallite size with

heating around 100 °C corresponding to the glass transition
region of the polymer.

To investigate the effect of EC addition, the diffraction
patterns of electrospun unfilled (not shown) and of 1 wt.%
and 2 wt.% CNT—PAN/EC fibers were recorded during heat-
ing and 1D profiles were calculated (Fig. 8). Apparently, the
EC-plasticized electrospun nanofibers do not exhibit ortho-
rhombic crystallinity, and the hexagonal polymorph of the
original PAN is preserved. An intense amorphous halo at
26 =17.4° probably indicates that the plasticizer is mainly lo-
cated in the amorphous (disordered) region of the polymer, as
opposed to the co-crystallization of EC and PAN in the case
of melt-extrusion (Fig. 5). The amorphous halo strengthens
with increasing temperature while increasing CNT content
has an inverse effect on the amorphous halo intensity.

As mentioned above, the response of the PAN fibers to ap-
plied tensile stress depends on the intermolecular interactions
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Fig. 6. Histograms of X-ray intensity vs. temperature of electrospun fibers: (a) PAN and (b) 1 wt.% CNT—PAN. The intense diffraction peak corresponds to the
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Fig. 7. Crystallite size perpendicular to the {100} planes vs. temperature for
CNT-filled (1 wt.%) and unfilled electrospun nanofibers. Note that for the un-
filled samples crystallinity was only detectable at 80 °C and above.

of the polar —C=N groups. Adjacent nitriles of the same mac-
romolecule repel each other. This intramolecular repulsion
compels the individual macromolecules to adopt a somewhat

(a)

Kysuyup

2-Theta

irregular helical configuration, fitting within a cylinder of dia-
meter about 6 A [17]. However, some of the —C=N groups
can extend beyond the boundary of the cylinder, which makes
them potentially available for intermolecular dipole—dipole
interactions. The insertion of a polar additive and/or CNT
can “‘neutralize” a fraction of the —C=N groups [17] thereby
interfering with the intramolecular interactions, and changing
the helix diameter.

A priori, the helix diameter in PAN depends on the draw
ratio [26]. Thus, SEM observations (Fig. 2) attest to reduction
in electrospun fiber diameter with EC addition probably as
a result of increased draw ratio. Measured helix diameter
can be correlated with the observed diameter of fibers drawn
to a different extent depending on additives. For a hexagonal
lattice the helix diameter (Dy) is given by 2d,00/\/3 [26].
Fig. 9 shows the change of D;, with temperature for as received
PAN powder and a variety of electrospun fibers. The helix dia-
meter decreases with electrospinning, and further narrowing
occurs with EC incorporation. The embedding of carbon nano-
tubes reduces the effect obtained by the plasticizer. The helix
diameter increases as a function of temperature, with or with-
out additives, since this is an inherent property of the polymer,

Kysuayug

2-Theta

Fig. 8. Histograms of X-ray intensity vs. temperature of EC-plasticized electrospun PAN fibers with different CNT contents: (a) 1 wt.%; (b) 2 wt.%.
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Fig. 9. Change of helix diameter (D;) with temperature for as received PAN
powder and a variety of electrospun fibers.

being related to the lattice spacing increase with temperature
[34]. The narrowing effect becomes less important from
~200°C, partly because the decomposition of EC com-
mences at 170 °C.

As seen from Fig. 9, the helix diameter increases with tem-
perature in a discontinuous way: there are one or two major
transition regions, depending on sample type. Previous
WAXD studies showed that the lattice spacings of stretched
PAN increase in a discontinuous way with temperature [34].
This was taken as evidence that the motions related to the tran-
sition in the range 80—120 °C are localized in the more or-
dered regions of PAN. Commonly the lower glass transition
of PAN (around 100 °C) is ascribed to thermal motions of
the backbone, while the intermolecular dipole—dipole interac-
tions remain intact at this point. The higher glass transition re-
gion (around 140 °C), which sometimes merges with the lower
one, is then ascribed to the weakening of the nitrile interac-
tions [17]. DSC analysis of the electrospun fibers was per-
formed to correlate the discontinuous change in Dy, with the
glass transition temperature (7). It is usually found that sol-
vents and plasticizers have a large depressive effect on T, of
PAN [35]. Variation in crystallinity, molecular weight [36],
sample form (film or fibers), initiators, comonomers [37] of
acrylonitrile polymer may bring further changes in the glass
transition temperature.

Electrospinning has a plasticizing effect on the glass transi-
tion (Table 1), probably because the measurements were af-
fected by the presence of residual DMF. It is known that
removal of solvents, especially those having high dipole mo-
ment such as DMEF, is difficult in the case of polyacrylonitrile
[17]. The traces of the solvent in the electrospun fibers were
confirmed by '"H NMR analysis (not shown). The cyclization
reaction of nitrile groups was found to occur for CNT-filled
electrospun fibers at somewhat higher temperatures than that

Table 1
DSC glass transition temperatures of as received PAN powder and various
electrospun fibers (EF)

Sample T, [°C]
PAN powder 91, 139
EF PAN 96, 131
EF 1 wt.% CNT—PAN 108, 140
EF PAN/EC 85

EF 1 wt.% CNT—PAN/EC 96

EF 2 wt.% CNT—PAN/EC 110

for the unfilled samples (Fig. 10). This shift was also shown
previously for extruded CNT—PAN filaments [20]. The glass
transition temperatures are presented in Table 1, showing
that with plasticizer addition, the transition at higher tempera-
tures merges with that of the lower region. However, the em-
bedding of carbon nanotubes raises T, thereby diminishing
the EC-induced plasticization effect.

Finally, tacticity of PAN of the extruded and electrospun fi-
bers was evaluated using '*C NMR spectroscopy in DMSO-dj
solutions. The practical significance of tacticity rests with its
correlation to the physical properties of the polymer. The ste-
reoregularity of the macromolecular structure influences the
degree to which it has rigid, crystalline long range order or
a flexible, amorphous structure. The tacticity affects the poly-
mer melting temperature, its solubility and even its mechanical
properties. Dissolution of isotactic acrylonitrile polymer
occurs with difficulty with no evidence of swelling below
90 °C [38]. However, the isotactic configuration is energeti-
cally unfavorable compared with the syndiotactic form due
to significant repulsive interactions between nearby and paral-
lel —C=N groups pointing in the same direction [39]. The
mechanism of tacticity conversion is proposed in Ref. [40].

'3C NMR spectra reflect the differences in the stereoregu-
larity of PAN in the regions of the methine (CH) and nitrile
carbons [41,42]. Within the methine carbon region (27—

17.5 -0.25
15049 — -0.35
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z
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_ 12.5 g
0 = 055 -
E 10.0 — E
5 75 -0.65
=
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Fig. 10. DSC traces of PAN and 1 wt.% CNT—PAN electrospun fibers, show-
ing the characteristically high exothermic peak of nitrile cyclization reaction
around 300 °C; plotted in the inset is a magnified view of the glass transition
region.



L. Vaisman et al. | Polymer 48 (2007) 6843—6854 6851

H H
H H
|
I
I
I
S § S
S
T 3 T * T T - T L T T ¥ T % T T * T i T
29 28 27 121 120 119 29 28 27 121 120 119
(a) (b) (c) (d)

Fig. 11. 13C NMR spectra of PAN (a, b) and 2 wt.% CNT—PAN/EC electrospun fibers (c, d) in DMSO-dg at 80 °C: (a) and (c) methine carbon region; (b) and (d)
nitrile carbon region. Symbols S, H and I indicate syndiotactic, heterotactic and isotactic triad units.

29 ppm), the isotactic peak appears at a lower magnetic field,
while in the nitrile carbon region (119—121 ppm) it appears at
a higher field (Fig. 11). In this case isotacticity is determined
by three monomer units, denoted triad tacticity. The triad tac-
ticity of various samples is summarized in Table 2 based on
the methine carbon spectra.

The measured isotacticity of different PAN samples (Table
2) is in good agreement with values generally obtained by radi-
cal polymerization of acrylonitrile [41]. In general, the experi-
mental factors produce only small configurational variations.
The embedding of carbon nanotubes into electrospun
fibers seems to have a moderate effect on the polymer tactic-
ity: the content of isotactic sequences slightly increases at the
expense of both syndiotactic and heterotactic units. The frac-
tion of heterotactic units actually increases with plasticizer
addition.

The interaction of the —C=N group with CNT was also
studied by FTIR (Fig. 12). The inset of Fig. 12a demonstrates
a small bathochromic shift of the C=N peak following CNT
embedding compared with the neat PAN fiber. The nitrile
band, originally appearing at 2248 cm™', is slightly shifted
to 2241 cm ™! for 1 wt.% CNT—PAN fibers. Fig. 12b shows

Table 2

Triad tacticity of as received PAN powder and various fibers — extruded (ExtF)
and electrospun (EF) — as measured by '*C NMR. Peak intensity was calcu-
lated based on the methine carbon

Sample Triad tacticity, %
S H I

PAN powder 22.12 51.38 26.49
ExtF PAN/EC 22.95 49.86 27.19
ExtF 1 wt.% CNT—PAN/EC 19.38 53.59 27.02
EF PAN 21.14 49.56 29.30
EF 1 wt.% CNT—PAN 20.83 46.75 3241
EF PAN/EC 19.23 54.31 26.46
EF 1 wt.% CNT—PAN/EC 21.32 49.90 28.77
EF 2 wt.% CNT—PAN/EC 20.45 49.73 31.82

FTIR spectra of electrospun plasticized PAN/EC and 2 wt.%
CNT—PAN/EC fibers. A few additional features, induced by
EC and CNT, can be observed. The C=N band, which ap-
peared at 2248 cm~' (Fig. 12a), is slightly shifted to
2241 cm™! for both CNT-filled and unfilled plasticized fibers,
since the plasticizer and CNT probably shift the nitrile band by
the same extent. The presence of the plasticizer EC is demon-
strated by two intense peaks at 1800 cm ™" and 1774 cm™". Its
high concentration (40 wt.%) and its strong affinity to the ni-
trile groups probably masks the additional effect of the inter-
action between CNT and the nitrile groups, based on a shift
of the C=N band. Moreover, the presence of EC seems to
have catalyzed some nitrile polymerization, exhibited by the
corresponding vibration of the conjugated imine. This vibra-
tion at 1596 cm™' is shifted by 30 cm™' towards a lower
stretching frequency as a result of carbon nanotube incorpora-
tion. This shift can be taken as evidence for interaction be-
tween CNT and the conjugated imine system. Since the
fibers were not thermally pretreated, and the FTIR spectrum
of the unplasticized electrospun fibers (Fig. 12a) shows no evi-
dence of the conjugated structure, it is reasonable to assume
that the cyclization reaction of the nitrile groups was initiated
by EC. Electrospinning of polyacrylonitrile in the presence of
Ag™" was reported to catalyze the cyclization reactions leading
to ladder polymer formation at ambient temperatures [43,44].
It is possible that the formation of strong interactions between
the plasticizer carbonyl and the polymer nitrile groups may
help to polymerize the nitriles by a similar mechanism.

4. Mechanism of CNT and PAN interaction

The discussion below addresses the issue of interactions be-
tween the m-electrons of CNT and the nitrile groups of PAN
with the additional “neutralizing” effect of EC, according to
the stated aim of this research.
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Fig. 12. FTIR spectra of electrospun fibers: (a) PAN and 1 wt.% CNT—PAN; (b) PAN/EC and 2 wt.% CNT—PAN/EC. Note the bathochromic shift of the C=N and

the conjugated C=N—C stretching vibrations due to CNT addition.

It is evident that a strong interaction occurs between
—C=N groups of the polymer and —C=0 groups of the plas-
ticizer, promoting the formation of an orthorhombic crystal
structure; the original hexagonal crystal structure is recovered
upon heat-induced removal of the plasticizer. This reversible
transition was also reported for water-plasticized polyacrylo-
nitrile films [26]. The temperature range in which the ortho-
rhombic to hexagonal transition occurs indicates the strength
of the intermolecular interactions between —C=N and
—C=0. Accordingly, in the unfilled PAN filaments the hexa-
gonal polymorph is recovered at 230 °C, whereas in the
CNT-filled filaments the corresponding temperature is lower
by 40 °C. It is suggested that the nitrile—carbonyl interactions
are perturbed by CNT, which probably compete with EC by
interacting with the —C=N. The formation of CNT—nitrile
interactions was also suggested by our previous study [20].
CNT were found to increase the polymer anisotropy upon
drawing and to increase the ultimate draw ratio of the extruded
filaments. Carbon nanotube embedding is also shown to in-
crease the crystallite size (L;o0) of PAN (Fig. 7) and the helix
diameter (Fig. 9), and to shift the cyclization to higher temper-
ature (Figs. 4 and 10, and also DSC results published in [20]).
All these point to CNT-induced ordering of the crystal
structure.

The observed effects of CNT can be explained in the frame-
work of the conventional two-phase structural model of
polyacrylonitrile fibers, i.e. a combination of amorphous (dis-
ordered) and crystalline (ordered helices) phases [45]. Accord-
ing to this model the nitrile cyclization reaction occurs more
readily in the disordered phase that contains fewer —C=N
group pairings [29]. This is compatible with the observed ef-
fect of CNT which increases the cyclization temperature by
pairing with —C=N groups and reducing their availability
in the disordered phase. In the crystalline phase, where the cy-
clization reaction is hindered a priori by the close-packed
structure, additional hindrance results from the CNT—polymer
interfacial interactions. While CNT have a positive effect on
the polymer crystallinity and order, the addition of EC facili-
tates the formation of the disordered phase, reflected in the ap-
pearance of an intense amorphous halo in the X-ray diffraction
profile (Fig. 10), the lowering of T, (Table 1) and the increase

in the relative amount of heterotactic units (Table 2) in the
electrospun fibers.

In view of the experimental results presented we suggest
a mechanism to describe the molecular interactions between
the —C=N groups and m-electrons of CNT. One 2s and two
2p atomic orbitals undergo hybridization in graphene, and
also in CNT, to form a hybridized sp? orbital that has a trigonal
planar geometry. These hybridized orbitals form ¢ bonds be-
tween neighboring carbon atoms to produce a hexagonal net-
work of carbon atoms within a graphene sheet. One of the 2p
atomic orbitals of each carbon atom overlaps with those of its
neighbors to form the 7 bonding system. It is the delocaliza-
tion of electrons within the 7t bonding system that is responsi-
ble for the CNT’s ability to conduct electricity. Another
manifestation of the nomadic nature of the m-electrons of
CNT is the m-orbital donation effect of large domains for de-
localized electrons [46], expressed by interfacial interactions
with potential acceptors.

Probably several different intermolecular forces contribute
to the mechanism of CNT 7r-electron bonding with polyacry-
lonitrile through its —C=N groups, such as dispersion and di-
pole-induced-dipole forces (particularly at long range). Our
previous study of extruded PAN filaments by polarized Raman
spectroscopy [20] showed that while carbon nanotubes are
predominantly aligned with the fiber direction, the orientation
of nitrile groups is perpendicular to the fiber axis. This perpen-
dicular orientation could arise from long range dipole-
induced-dipole interactions formed between the permanent
dipole of the nitrile group (u = 4 D) and the polarizable 7t-
electron density of CNT. Broughton and Bagus [47] showed,
for dipoles of finite length, that the interaction is stronger
when the negative end (which is the nitrogen atom in the
—C=N group) is closer to the polarizable medium. In analogy
to the CNT—PAN system, the polarizability of fullerene tu-
bules was shown to occur due to interaction with the polar
HF molecule, resulting in pushing away of the delocalized
electrons from the fluorine atoms [48]. On the basis of these
observations, we propose here to utilize the molecular orbital
(MO) theory for the charge-transfer mechanism, to explain our
experimental results and the obtained FTIR spectra (Fig. 12) in
particular.
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A number of facts pertaining to CNT, relevant to the pro-
posed model, are presented as follows. Depending on how
the graphene sheet is rolled up to form a carbon nanotube,
the latter can be either a 1D metal or semiconductor [49].
Moreover, the electronic structure of CNT was reported to de-
pend on the tube’s length [50] and diameter [51], showing that
the band-gap of semiconducting CNT decreases with increas-
ing tube length and diameter. The reactivity of carbon nano-
tubes was shown to depend qualitatively on the size of the
HOMO—-LUMO gap (HOMO denotes the highest occupied
and LUMO the lowest unoccupied molecular orbital) [52].
These orbitals generally correspond to the occupied and unoc-
cupied 7 bands near the Fermi level and closely resemble the
band structure of graphite. However, the rolling of a graphene
sheet into a cylinder interferes with the hybridization of the
carbon atoms. The radial states are expected to have a different
weight inside and outside the tube, i.e. a different reactivity
and polarization of the inner and outer surfaces. Thus, the in-
ner surface of a zigzag (n,0) nanotube will likely act as an ac-
ceptor and bind donor elements, while the outer surface should
have donor properties [52].

With respect to the —C=N group, theoretical studies of the
valence electronic levels of acrylonitrile oligomers are limited
to relatively short polymeric chains. Model isotactic and syn-
diotactic chains with 2,4 and 6 acrylonitrile units were inves-
tigated, particularly emphasizing the dependence of 7.CN
levels on increasing unit count and polymer tacticity [39,53].
The p, orbitals contributing to those levels are parallel to the
carbon backbone of the chain and the p, orbitals of two neigh-
boring —C=N groups interact strongly in the case of isotactic
oligomers, leading to a large energy level splitting between the
two 7,CN levels [39]. This 2 eV splitting means that the 7t,CN
levels require longer chain molecules before a converged
bandwidth can be claimed, in contrast to 7wCN and nitrogen
lone-pair levels, where the extension of the chain leads to rel-
atively narrow and rapidly converged bandwidths. In the syn-
diotactic case, owing to the weak interactions between nitrile
groups, the corresponding levels display almost no splitting.
Having that in mind, the exact energy level diagram of the
charge-transfer complex formed from the combination of the
highest level of polyacrylonitrile molecule (7,CN) and m-elec-
trons of CNT will vary in accordance with the PAN unit count,
its configuration, and the electronic structure of the tubes,
the latter being highly dependant on tube chirality, length,
diameter, structural distortion [54] etc.

The role of the —C=N group as electron donor in the for-
mation of stable electron donor—acceptor complexes with
a number of Lewis acids such as BCl;, SnCl, and AlCIl; was
discussed previously [55]. The donor character of the
—C=N group can arise either from donation of 7t-orbital elec-
trons of the —C=N triple bond [56], or the lone-pair localized
at the nitrogen atom [57]. For example, the coordination be-
tween nitrogen of nitrile group and Ag® was recently claimed
to yield electrospun PAN fibers with homogeneously dispersed
silver particles of nanometric diameter [43,44]. Considering
the strong metallic character of CNT, the mechanism of elec-
tron transfer from CNT HOMO having e,, symmetry

€2u Ty
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Fig. 13. Schematic correlation diagram of (a) HOMO of carbon nanotubes
having e,, symmetry (in agreement with calculations of Bulusheva et al. for
an infinitely long tube [52]) and (b) 7t.* of —C=N. The black and white lobes
indicate opposite phases of the molecular orbitals.

(according to Bulusheva et al. [52] calculations for an infi-
nitely long tube) into the empty 7.* orbitals on —C=N
(LUMO), seems feasible. Regardless of energy levels, the
interaction is favored due to overlapping of symmetry-like
orbitals (Fig. 13).

The behavior of the —C=N group as a 7 acceptor could be
supported by the well known example of carbon monoxide
(C=0), which is able to delocalize electron density from
metals with d orbitals having local 7 symmetry [58]. The
bonding model fits with trends in C=O bond lengths and
stretching frequencies obtained from FTIR spectra. Populating
the carbonyl m* orbital with electrons from metal d orbitals
results in weakening of the C=O bond and therefore in a
decrease in the stretching frequencies [59]. Accordingly, the
observed bathochromic shift in the C=N (and the conjugated
C=N) bond stretching frequency following CNT embedding
(Fig. 12) provides the experimental evidence for the occupying
of nitrile antibonding orbitals with the T-electrons.

5. Conclusions

The formation of specific interfacial interactions in ex-
truded and electrospun composite fibers of carbon nanotubes
as the filler and polyacrylonitrile as the matrix were studied
by means of in situ microbeam synchrotron WAXD analysis.
Following CNT embedding, the extruded filaments of plasti-
cized PAN were shown to exhibit a polymorphic transition
from an orthorhombic to hexagonal crystal structure at lower
temperature than in the absence of CNT. This finding corre-
sponds to a weaker intermolecular dipolar interaction between
the plasticizer carbonyl and PAN nitrile groups. The carbon
nanotubes helped to preserve chain orientation during heating.
The crystal size and helix diameter increased with CNT addi-
tion, whereas the plasticizer caused helix contraction due to
higher draw ratios obtained during electrospinning. While
competing to interact with the nitrile groups of the polymer,
ethylene carbonate and the filler had an opposite effect on
the glass transition of the polymer. Contrary to the amorphous
phase intensification found with plasticizer addition, the
aligned carbon nanotubes induce growth of more ordered
phase in the polymer.
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On the basis of the experimental observations a charge-
transfer model of Tt-electron delocalization from carbon nano-
tube HOMO to the empty nitrile 7t* orbital was proposed, in
analogy to charge-transfer CO—metal complexes.
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