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ABSTRACT: Although the multiwalled carbon nanotube (MWNT) is
a promising material for use in the production of high electrical
conductivity (6) polymer nanocomposites, its tendency to aggregate
and distribute randomly in a polymer matrix is a problematic issue. In
the current study, we developed a highly conductive and monoclini-
cally aligned MWNT-polyamide 6 (PA) nanocomposite containing
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(FMN) initially serves as a noncovalent aqueous surfactant for A P\ e | Vi ,ﬁﬁ?ﬁi

individualizing MWNTs in the form of FMN-wrapped MWNTSs (FMN-
MWNT), and then partially decomposed FMN (dFMN) induces
crystallization of the PA on the MWNTs. The results of experiments
performed using material subjected to partial dissolution of PA matrix show that the nanocomposite PA-dFMN-MWNT,
formed by melt extrusion of PA and dFMN-MWNT, contains a three-dimensional monoclinic MWNT network embedded in
an equally monoclinic PA matrix. An increase in monoclinic network promoted by an increase in the content of MWNT
increases ¢ of the nanocomposite up to 100 S/m, the highest value reported for a polymer-MWNT nanocomposite. X-ray
diffraction along with transmission electron microscopy reveal that the presence of dFMN induces the formation of
monoclinic PA on dFMN-MWNT. The high ¢ of the PA-dFMN-MWNT nanocomposite is also a consequence of a
minimization of defect formation of MWNT by noncovalent functionalization. Hierarchical structural ordering, yet
individualization of MWNTs, provides a viable strategy to improve the physical property of nanocomposites.
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ecause of its large electrical conductivity (¢), associated often introduced by using a harsh treatment with strong acids,
B with a 7-conjugated carbon honeycomb cylinder with a such as a mixture of sulfuric and nitric acids.">'® However,
high aspect ratio exceeding 100, the multiwalled carbon covalent functionalization unavoidably leads to deterioration of
nanotube (MWNT)' has been employed in electrical materials the intrinsic electrical properties of the MWNT. An alternative
for several purposes including electromagnetic shielding,2_7 approach, which avoids this issue, involves noncovalent
transparent conductive coating,8 and optoelectronic sens- functionalization of the MWNT with poly(ﬂuorene)

ing.g_11 However, fabrication of highly conductive MWNT
nanocomposites is a major challenge because it is difficult to
generate uniformly distributed individualized and aligned
MWNT networks in matrix polymers.'”"> To overcome the
low o issue created by bundling, a MWNT containing or
lacking covalent or noncovalent functionality is dispersed in
various solvents prior to mixing with the polymeric matrix.
Functionalization of either or both the MWNT or polymer
matrix is often employed to improve adhesion at interfaces.'*
Chemical sites for covalent functionalization of MWNT
include carboxyl, amine, and hydroxyl groups, which are

(PFO)."” This process leads to nanocomposites that have
enhanced electrical properties because the surfactants cause
strong interactions between the backbone of the polymer
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Figure 1. Schematics of the processes used to produce PA-dFMN-MWNT nanocomposites. (A) dFMN-MWNT preparation by sequential
ball milling, lyophilization, and annealing. (B) Photograph of dFMN-MWNT powder. (C) PA-dFMN-MWNT nanocomposite preparation by
using melt extrusion. (D) Photograph of PA-dFMN-MWNT sheets prepared using different wt % of MWNT.

matrix and sidewalls of the MWNT.'”'® In addition, when
adhesion of the surfactant to the matrix is poor, the MWNT
agglomerates into a bundle'” that leads to nanocomposites
with low o. Therefore, in ideal protocols for fabricating highly
conductive MWNT nanocomposites, the structure of the
individualized MWNT needs to remain intact not only during
the dispersion step but also in the polymer matrix after
surfactant-assisted processing.

Polyamides possess excellent heat resistance, chemical
resistance, abrasion resistance, moldability, lubricity, etc.
Their physical properties can be controlled by adjusting the
number of amide groups in the main chain. Especially,
polyamide 6 (PA), prepared by a ring-opening polymerization
of caprolactam, is one of most extensively used polyamide
derivatives™ because of its relatively low melting point (i..,
220 °C) and facile preparation. Therefore, it is easy to
manufacture lightweight materials, high-strength materials, and
functional materials through composites with nanofillers and
fibers that can be applied to various applications”' ~** such as
housings for electrical and electronic products, structural
materials, packaging materials, and high-strength fiber
materials. Especially, incorporation of carbon nanotube into
the PAs can lead to formation of nanocomposites having a o
sufficient for electromagnetic shielding materials and touch
screen films,' ' #*%°

Several approaches have been developed to fabricate highly
electrically conductive MWNT nanocomposites that focus
upon improving the hierarchical structure of MWNT in the
polymer matrix.”> Ordering of the hierarchical MWNT
structure is expected to greatly improve o by individualizing,
aligning, and even electrically connecting individual
MWNTs.>**” In one method, carbon nanotubes are aligned
by applying a strain by using protocols such as electro-
spinning.”® Another technique to improve surface o involves
the creation of a simple MWNT coating on an existing
structure.”” In contrast, utilization of typical process such as
melt extrusion leads to the production of randomly distributed
bundled MWNT in the matrix polymer.*~** From this
perspective, crystalline polymers such as polyethylene
(PE),>*** polyethylene-b-poly(ethylene oxide) (PE-b-

PEO),” and Nylon-6,6 (ref 34) are known to form a lamella
“shish-kebab” structure on MWNTs and serve as potential
frameworks for producing aligned MWNTSs by engineering a
matrix polymer phase.

On the other hand, flavin mononucleotide (FMN, see Figure
1A for chemical structure) is a phosphate analogue of
riboflavin (or vitamin B,) and is involved in various redox
reactions as a cofactor in flavoproteins.®® In the context of
nanomaterials, when used as a dispersing agent, FMN has
preferential affinity>’ ™’ with nanomaterials whose curvatures
vary in sin le-***" and multiwalled carbon nanotubes,*
graphene,*** and hexagonal boron nitride.*> Especially,
FMN is capable of helical wrapping a carbon nanotube by
three major driving forces:*’ (i) concentric 7—7 interactions
between an aromatic isoalloxazine ring and graphene sidewalls,
(ii) quadruple hydrogen-bonding (H-bonding) between
adjacent uracil moieties of antiparallelly running helical
wrapped isoalloxazine ribbons, and (iii) anionic phosphate
groups maintaining colloidal stability of dispersion. Based on
the colloidal dispersibility, FMN*" and its analogues*"** were
used to select specific a SWNT,* handed SWNT,*~*
semiconductor-enriched dispersion,” and single-layer gra-
phene**** for various applications such as a thin-film
transistor,”” transparent conductive film,"** photocatalyst,”">*
and thermoelectricity.”

In the study described below, which focused on developing a
strategy for fabricating conductive MWNT nanocomposites,
we developed a method to prepare a highly electrically
conductive monoclinic MWNT-PA, in which interfacing flavin
moieties induce both MWNT individualization and subse-
quent PA crystallization on the MWNT. MWNT individual-
ization was achieved by using a ball milling with FMN and
subsequent lyophilization and annealing. Thermal extrusion of
a mixture of PA and partially decomposed FMN (dFMN)-
MWNT, generated during annealing, produces the target PA-
dFMN-MWNT nanocomposite. Importantly, scanning elec-
tron microscope (SEM) analysis demonstrates that MWNT
forms a monoclinic ordering in the nanocomposite. The
greatest significance is the observation that the PA-dFMN-
MWNT nanocomposite has a high ¢ value of 100 S/m, the
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Figure 2. PA-dFMN-MWNT nanocomposites ¢ measurements. (A) Photograph of a circuit comprised of LED, 4.5 V AA batteries, and PA-
dFMN-MWNT as an electrical conductor. Inset: circuit diagram. (B) Photographs of A LED in circuits containing PA-dFMN-MWNT with
an increasing wt % of MWNT. Photographs were taken using a shutter speed of 1/250 s unless otherwise noted. (C) The & values of PA-
dFMN-MWNT-1, -3, -5, and -10 and those of previously prepared polymer-MWNT nanocomposites. Error bars in 6 were obtained from the
standard deviation using three separate measurements. Shaded parts are for the various applications.

highest value for a polymer-MWNT nanocomposite observed
thus far. The high o of the three-dimensional monoclinic
MWNT structure of PA-dFMN-MWNT is a consequence of
two important features: One is the dFMN promoted creation
of a monoclinic PA matrix interlocked with monoclinic PA on
MWNT. Second, the results of Raman spectroscopy show that
the high ¢ also results from the preservation of the sp’
hybridized structure of MWNT by noncovalent functionaliza-
tion.

RESULTS AND DISCUSSION

Preparation of Nanocomposites PA-dFMN-MWNT.
The two-step procedure developed for fabricating highly
electrically conductive NMNT nanocomposites is portrayed
in a schematic manner in Figure 1A—C. In the first step, the
water-soluble surfactant FMN is utilized in a previously
developed procedure*>* to individualize the MWNTs. In
this process, ball milling of MWNT with a diameter of 11 nm
in an aqueous FMN solution for 1 h (see Methods) leads to
production of a MWNT in a black slurry, which is separated by
filtration, washed with a copious amount of water, and
lyophilized to produce individualized FMN-MWNT as a
black powder. In the debundling process, the aromatic
isoalloxazine ring in FMN helically wraps around the
MWNT, and repulsion of the radially distributed anionic d-
ribityl phosphate group causes the modified MWNT to form a
good colloidal anionic dispersion.** Although the phosphate
group in the FMN side chain serves as the repulsive driving
force for individualization of the MWNTs, its hydrophilic
nature makes it incompatible with nanocomposite formation
owing to the presence of hydrophobic methylene chains in the
PA polymer. As a result, a second step involving annealing at
450 °C under an air atmosphere is performed to produce a
modified form dFMN-MWNT that is compatible with the PA
matrix (Figure 1B). Importantly, the annealing processes
promote partial decomposition of the highly polar and
negatively charged FMN side chain of FMN to mainly create
a modified N-pentadienyl isoalloxazine form (dEMN).* The
structures of MWNT and the isoalloxazine ring (orange color)
remain intact in the annealing step, as evidenced by the
observation of a quasi-periodic average 1 nm height of the
helical wrapping of dFMN on MWNT by using atomic force
microscopy (AFM) (see representative images in Figure S1A,B
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in the Supporting Information (SI)). This contrasts with the
average 2 nm height undulation observed for d-ribityl
phosphate containing FMN-MWNT.** The results of
thermogravimetric analysis (TGA) indicate that FMN displays
weight losses at 290 and 450 °C (Figure S2A) which are
attributed to dehydroxylation followed by dephosphorylation
of the d-ribityl phosphate group, respectively.*”** In contrast,
the findings show that dFMN remains unchanged below 350
°C but undergoes a 21% weight loss at 524 °C owing to the
decomposition of N-pentadienyl isoalloxazine group into an
alloxazine. This change, which is in good agreement with the
calculated weight loss (i.e., 20.9%), is employed to determine
that the 96.6 wt % of dFMN remains in dFMN-MWNT
(Figure S2B) and that dFMN-MWNT contains 16.3% of
dFMN.

MWNT containing nanocomposites PA-dFMN-MWNT-1,
-3, -5, and -10 were prepared by melt extrusion of mixtures of
PA and 1, 3, 5, and 10 wt % dFMN-MWNT, respectively.
Mixing was performed by utilizing a twin-screw melt extruder
at 250 °C (Figure 1C), which is approximately 30 °C higher
than the melting point of PA. Then, a hot press was employed
to generate nanocomposite sheets with thicknesses in the range
of 90—405 um for electrical and mechanical measurements. As
can be seen by viewing the photographs displayed in Figure
1D, the color of the PA-dFMN-MWNT nanocomposite
changes from oft-white to black as the MWNT content
increases.

Electrical Property Measurements of Nanocompo-
sites. The results of electrical conductivity studies showed that
the o values of PA-dFMN-MWNT sheets increase as the
MWNT content increases. This conclusion arises from
experiments in which the nanocomposites are connected in
series to a light-emitting diode (LED) connected to 4.5 V AA
batteries (Figure 2A). As can be seen by viewing the
photographs in Figure 2B, the light intensity of LED in this
system becomes progressively more intense as the wt % of
MWNT in the nanocomposite increases. The results of four-
probe electrical measurements (Figure 2C) demonstrated that
the composites have increasing o values that reach a maximum
of 104 S/m + 6 S/m for PA-dFMN-MWNT-10, which is
suitable for an electromagnetic shielding application. This
value is nearly 10 times higher than those observed to date for
various polymer-based MWNT nanocomposites, including
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Figure 3. MWNT morphology embedded in PA after hot xylene treatment. (A) Schematic illustration of crystalline PA on dFMN-MWNT-10
after hot xylene treatment. (B) OM image of nanocomposite surface after hot xylene treatment. Inset: Image of the nanocomposite prior to
the treatment. SEM images of monoclinic MWNT network with (C) low and (D) high magnifications. Inset: FT image of selected area (red
dash) of (C). (E) SEM image of PA-coated dFMN-MWNT (yellow arrow) and exposed dFMN-MWNT (white arrow) in a microcrack region.

poly(ether imide) (PEI),'” PEI-PFO,"” PA*"*° PA/poly-
(acrylonitrile-butadience-styrene) (ABS),”® epoxy resin,””>®
poly(ethylene-co-vinyl acetate) (PE-co-PVA),”” and polycar-
bonate (PC) (Figure 2C).60 Moreover, the ¢ of PA-dFMN-
MWNT-10 is 2 orders of magnitude higher than those of
similar PA-based nanocomposites having similar MWNT
contents.> Although nanocomposites with ¢ > 100 S/m
have been developed previously, their designs are based on
surface coating®' or an addition of conductive ionic liquid,**
which are different from PA-dFMN-MWNT-10 which is bulk
nanocomposite.

Investigation of MWNT Alignment in the PA Matrix.
To obtain information about the origin of the high o values,
surface morphologies of PA-dFMN-MWNT-1, -5, and -10
were assessed by using SEM (Figure S3A—F). The results
showed that the surface of PA-dFMN-MWNT-1 (Figure S3A)
contains an intermittent white MWNT-enriched domain
(indicated by the yellow enclosed area) surrounded by the
PA matrix. A closer inspection (Figure S3B) of the SEM image
reveals that the white domain contains uniform PA-MWNT
studs with a uniform diameter of ca. 100 nm. Considering the
diameter of the MWNTS, this finding suggests that a ca. 45
nm-thick layer of PA coats the MWNT surface in a sheath-core
structural manner during melt extrusion. This observation
shows that dFMN on MWNT enables a good adhesion to PA
because in the absence of adhesion, only a bare MWNT would
be seen protruding from nanocomposite surface. Inspection of
SEM images of the surfaces of PA-dFMN-MWNTSs containing
higher MWNT contents (Figure S3C—F) shows that they have
“coral”-like MWNT features and that nanocomposites become
a macroscopic continuous phase.

The next stage of this effort focused on how the structural
network of the MWNT in PA-dFMN-MWNT is oriented in
the PA matrix. For this purpose, PA-dFMN-MWNT-10 was
treated with p-xylene at 100 °C for 30 min, a condition which
is adequate to dissolve the surface PA matrix and expose the
MWNT skeleton. Inspection of the optical microscope (OM)
image (Figure 3B) shows that the exposed surface exhibits an
interference pattern which is generally associated with the

presence of a superlattice structure.”’ Importantly, the surfaces
of PA-dFMN-MWNT-10 before exposure to hot p-xylene
(inset) and that of PA and xylene-treated PA (Figure S4A—D)
do not display similar interference patterns. Interestingly,
viewing the SEM image given in Figure 3C shows that hot
xylene-treated PA-dFMN-MWNT-10 has a monoclinically
packed MWNT structure, which contrasts sharply with
entangled texture of individualized MWNT in dFMN-
MWNT (Figure SSA—D). A representative Fourier-transform
(FT) image (inset in Figure 3C) shows that this nano-
composite has a monoclinic pattern with a center-to-dense
spot spacing of ca. 33—34 nm, which originates from the
thickness of PA-dFMN-MWNT, and a contained angle of 64°,
suggesting the existence of a hierarchicall MWNT structure
embedded in PA. Other areas of the surface also display a
monoclinic spacing with spot spacings of ca. 33—46 nm and
contained angles of 64—83° (see FT images in Figure S6A—F).
This type of monoclinic packing of the MWNTs does not
occur in other PA-MWNT nanocomposites.z’l‘64 Moreover,
such structural anisotropy might cause a o difference in vertical
and horizontal directions. When anisotropic 6 measurements
of PA-dFMN-MWNT-10 with a two-probe method were
conducted, vertical ¢ is ca. 1.7 times higher than horizontal o,
showing a slightly anisotropic o.

Inspection of a large magnification image of a cracked region
(Figure 3D and Figure S7A—F for additional images) shows
that the MWNT's are covered with a PA sheath. In this region,
dFMN-MWNT (Figure 3E) has an ca. 11 nm diameter and a
thick and bumpy structure along its longitudinal direction.
SEM images (Figure S8A,B) show that hot xylene-treated PA
alone has a domain-like structure and that it does not exhibit a
similar monoclinic pattern. This finding suggests that dFMN-
MWNT induces crystallization of PA (see below). In addition,
the results strongly support the conclusions that PA on
MWNT has a higher solvent resistance and that it has different
crystalline structure(s) than that of matrix PA not interacting
with MWNTs, as color-coded in Figure 3A.

Confirmatory evidence for the existence of monoclinic PA
on MWNT was gained by using high-resolution TEM
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Figure 4. PA polymorph near MWNTs in PA-dFMN-MWNT-10. (A) HRTEM image of the surface of the nanocomposite dipped in hot p-
xylene for 1 h. (B—D) Corresponding magnified HRTEM images of various polymorphs of PA near MWNT's corresponding to yellow, green,
and blue squared regions of (A), respectively. Insets: FT image.
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Figure 5. Polymorphism of nanocomposite PA-dFMN-MWNT-10. (A) GIXRD patterns of PA alone (top), PA-dFMN-MWNT-10 (middle),
and hot xylene-treated PA-dFMN-MWNT-10 (bottom). Peaks have been deconvoluted by using color-coded Voight fitting (pink, gray,
orange, blue, and red colors denote reflections from @, mesomorphic f, y, NT-a’, and NT-a, respectively). Peaks marked by an asterisk
originate from a stainless-steel mount. (B) Top views of the a form of PA (left) and MWNT-derived , NT-a, and NT-a’ phases of PA-
dFMN-MWNT-10 from top to bottom (right). (C) Schematics of PA polymorph around MWNT.

(HRTEM). An overnight exposure of a thin film of (140 °C) resulted in microscopically swollen PA observed by
nanocomposite PA-dFMN-MWNT-10 to hot p-xylene vapor HRTEM (data not shown). This observation encouraged us to
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Figure 6. Raman and FT-IR spectra of nanocomposites. (A) Normalized Raman spectra of MWNT (black), dFMN-MWNT (red), PA-dFMN-
MWNT-1 (green), and PA-dFMN-MWNT-10 (blue). Laser excitation: 532 nm. (B) Normalized FT-IR spectra of dFMN-MWNT (black),
PA-dFMN-MWNT-10 (red), PA-dFMN-MWNT-1 (green), and PA (blue). Normalizations were conducted against the intensity of N—H
stretch near 3436 cm™'. Red and blue shades indicate increased and decreased band intensities, respectively, occurring upon addition of
dFMN-MWNT. (C) The 900—1050 cm™' range of the FT-IR spectra, which is related to the polymorph of PA.

conduct a TEM measurement on a sample prepared by
immersion in p-xylene for 1 h (see Methods). Inspection of
Figure 4A, containing a HRTEM image of MWNT embedded
in PA, shows that MWNT (arrow) has a wall spacing of 0.37
nm which is in accordance with that of MWNT" and
interestingly that monoclinic PA is present near MWNT
(yellow box). As determined by using FT (Figure 4B and
inset), the unit cell is monoclinic and has dimensions of ca.
13.7 A X 10.2 A with a contained angle of 63°. Similarly, other
unit cells such as a doubled value of one segment of
monoclinic unit (i.e, 14.0 A X 19.7 A with contained angle
of 67.6°) and smaller monoclinic unit cell (i.e, 9.6 A X 8.6 A
with contained angle of 57.5°) exist near MWNT. Other
monoclinic polymorphs are also present (Figure SOA—E) with
unit cells varying from 9.0 A X 7.7 A to 20.9 A X 14.8 A with
respective contained angles of 56.3° to 83.7°. These
observations demonstrate that a profound polymorph of PA
occurs when it interacts with the dFMN-MWNTs.

By using grazing-incident X-ray diffraction (GIXRD), we
found that polymorphs of PA near MWNTs differ from those
of PA alone. The top panel of Figure SA shows the GIXRD
pattern of PA alone. The deconvoluted diffraction pattern
obtained by Voigt fitting shows that two main polymorphs (i.c.,
a® and y°°) of PA coexist. These are identified by the
characteristic peaks at scattering vector q = 14.30 and 16.79
nm~" (pink color), corresponding to respective (200) and
(002)/(202) reflections of the a phase with monoclinic unit
cell. In addition, another scattering vector occurs at g = 15.48
nm™' (orange) that is associated with the (002) reflection of
the y phase (pseudohexagonal). PA undergoing H-bonding in a
parallel chain arrangement of amide bonds causes the y phase,
whereas H-bonding in an antiparallel chain arrangement is
responsible for the a form.®*® Moreover, a broad diffraction
peak is observed at g = 15.21 nm™' which represents the
mesomorphic (or semicrystalline) /3 form®®® of PA that is
associated with an H-bonded intermediate between the o and
7 phases. Overall, owing to the presence of a more enhanced
H-bonding, the a phase is the dominant and most stable
crystalline phase at room temperature,”” and it contributes to
74% based on the ratio of area of @ phase over the areas of
other crystalline and semicrystalline phases (see Table S1).
The unit cell of the a phase (i.e, a =9.71 A, c =827 A, =
64.8°) is monoclinic unit, which is in good agreement with the

results of a previous study (i.e, a = 9.56 A, ¢ = 8.01 A, § =
67.5°).°° The PA-dFMN-MWNT-10 contains two additional
pairs of peaks at 9.96 and 11.95 nm™' (blue) and 13.16 and
15.00 nm™" (red) along with major characteristic peaks of PA
at 14.23 and 16.91 nm™". Although the exact conformation of
each polymorph is unknown, the results of calculation suggest
that two pairs of peaks originate from a polymorph with
monoclinic unit cells that have dimensions listed in Table S2.
Noticeably, as compared to that of PA alone, the @ phase of
PA-dFMN-MWNT-10 (right top of Figure SB) is slightly
compressed along the ¢ axis (left side of Figure SB). Moreover,
the two additional polymorphs associated with PA-dFMN-
MWNT-10 (Figure SA) have much larger unit cells and are
identified as previously unobserved MWNT-induced mono-
clinic NT-a" and NT-a phases (i.e, a = 13.88 A, c = 11.56 A, 8
= 654° and a = 10.62 A, ¢ = 9.32 A, = 64°, respectively).
Especially, interesting is the fact that the HRTEM study shows
similar monoclinic unit cells like NT-a’ and PA in the presence
of MWNT (Figure 4B for NT-a’ and Figure 4D for PA only).
Other unit cells observed in the HRTEM study are reasonable
variations when consideration is given to the full width at half-
maximum of the GIXRD peaks accounting for unit cell
heterogeneity. Based on an analysis of the lattice parameters
(Table S2), the main differences between polymorphs are the
numbers of PA repeat units in the unit cells (i.e, 18 vs 8, see
Figure SB) and the resulting packing densities (p). The
calculated p values given in Table S1, determined by assuming
similar b values corresponding to two PA repeats (i.e., 17.24
A), suggest that the phase densities decrease in the order of
NT-a' (i.e., calculated p = 1.35 g/cm?), @, and NT-a. These
results suggest the reason for the SEM observation that PA
remains on the MWNTs after the solvent treatment.

The mesomorphic § phase significantly increases when the
amount of MWNT in the nanocomposite increases and it is
preferentially removed by hot xylene treatment. For instance,
PA only contains a 19% f phase among crystalline and
semicrystalline phases, while the contributions of § phases in
PA-dFMN-MWNT-10 and its hot xylene-treated analog are
41% and 29%, respectively. The possibility that a phase
transition from f to a is promoted by hot xylene treatment
(i.e, 100 °C) was excluded because it is known that a phase
transition of this type occurs at much higher temperatures (i.c.,
150 °C).°® The crystallinity content in the nanocomposite that
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is associated with the presence of MWNT was also evaluated.
The results show that PA-dFMN-MWNT-10 contains 5.7 and
2.8% of the NT-a’ and NT-a phases, respectively, and similar
phase contents are present in xylene-treated PA-dFMN-
MWNT-10 (i.e., 5.0% NT-a' and 3.5% NT-a). In addition, a
decreased (200) reflection occurs in major a phase. This
reduction originates from a disturbed arrangement of a H-
bonded PA sheet on MWNT along the a axis (Figure SB),
which is observed in other PA nanocomposites containing
fillers such as clay’® and graphene oxide.”' Together with
viewing the monoclinic MWNT structure in the FT image, the
GIXRD result suggests that the networked MWNT structure
originates from the @ form of the PA matrix. This finding is
important because it indicates that the hierarchicall MWNT
structure is induced by interactions between PA in the matrix
and the PA on MWNT. Altogether with HRTEM and GIXRD
experiments, these results suggest that hierarchical structure, as
shown in Figure 5C in which dEMN-MWNT, is surrounded by
monoclinic PA phases whose crystalline chain direction is
perpendicular to the longitudinal axis of MWNT.

Another reason for the high ¢ values observed for the PA-
dFMN-MWNT nanocomposites is the existence of low levels
of defects in the MWNTs that form during their preparation.
This can be seen by analyzing Raman spectra of MWNT
(black), dFMN-MWNT (red), and PA-dFMN-MWNT-10
(blue) (Figure 6A), which contain D, G, and 2D bands at
1350, 1600, and 2700 cm™', respectively. The D, G, and 2D
bands correspond to defective, graphitic bands, and overtones
of D and G bands, respectively.”” The introduction of defects
into the MWNT is known to cause an initial increase in the
intensity of the D band at ca. 1350 cm™.”* We observed that
compared to that of bare MWNT, the Raman spectra of
dFMN-MWNT and PA-dFMN-MWNT-10 do not display
significant increases in the intensities of the D band as
compared to that of the G band, although slight increases in
the full width at half-maximum of the D and G bands do take
place. Moreover, the fact that the intensity ratio of the D and G
bands, which reflects defect density,”” remains nearly the same
(i.e., 0.95) for all of the samples suggests that the ball milling
and melt extrusion processes do not cause an introduction of a
significant level of MWNT defects.

FT-infrared (FT-IR) spectroscopy was utilized to gain an
understanding of H-bonded crystalline phases. In Figure 6B,
normalized FT-IR spectra of PA (blue), PA-dFMN-MWNT-1
(green), PA-dFMN-MWNT-10 (red) and dFMN-MWNT
(black) are shown. The spectrum of PA, which consists of
amide and (CH,); moieties, contains signals at 3436, 3325,
1639, and 1551 cm™! assigned to free N—H stretching, H-
bonded N—H stretching, and amide I and II bands,
respectively.”> Also, strong asymmetric and symmetric C—H
stretching bands are present at 2925 and 2862 cm™,
respectively. Notably, upon increasing the wt % of dFMN-
MWNT, the spectra of the PA-dFMN-MWNT nanocompo-
sites exhibit increases in the intensity of free N—H stretching
band (3436 cm™) and decreases in that of the H-bonded N—
H stretching band (3325 cm™). In addition, the amide I band
at 1639 cm™! becomes sharper. Especially characteristic is that
the intensity of the up-frequency shoulder of the amide I band
at 1650 cm™!, which is assigned to free amide L7 decreases
significantly, whereas the H-bonded amide I band at 1639
cm™ increases as the wt % of dFMN-MWNT in the
nanocomposite increases. Finally, the intensity of the amide
IT band at 1551 cm™ increases as well. The fact that the

spectrum of dFMN-MWNT contains free N—H stretching and
amide I and II bands suggests that the isoalloxazine ring
remains on MWNT during the annealing process. Further-
more, the observations suggest that interchain H-bonding
between PA is disrupted in association with structural changes
taking place upon nanocomposite formation.

Analysis of the 900—1050 cm™' range of FT-IR spectra
(Figure 6C) provides information about the crystallization
morphology of PA in the nanocomposites. Characteristic
bands associated with the y phase at 913 and 1003 cm™ (ref
68) are absent in spectra of the composites. Except for the case
of dFMN-MWNT (black), the spectra contain bands for the a
phaseﬁg’74 at 929, 950, 961, and 1028 cm™', and for the f
form®®’* at 974, 1074, and 1119 cm™". The near absence of
bands corresponding to the y phase is in excellent agreement
with the GIXRD results. Moreover, slight down frequency
shifts of several bands (926 and 958 cm™) occur in spectral
regions associated with the phase a. Bands in this region
originate from the normal mode of amide bending and/or
angular deformation of the CH, unit. Quarti et al.” reported
the results of theoretical calculations of the IR spectra for PA
polymorphs which showed that the ca. 930 cm™ band of the a
phase originates from polymeric chain regularity, whereas
others are a consequence of H-bonding mediated crystallinity.
In addition, their observations demonstrated that IR bands
associated with crystalline chains appear at a higher frequency
than those corresponding to single chains. Thus, when
combined with studies conducted earlier by Quarti et al., the
current results suggest that the presence of MWNTs in the
nanocomposite causes a partial loss in the long-range regularity
and chain crystallinity of the PA owing to a decrease in H-
bonding.

We next assessed the effect of the presence of MWNT on
the mechanical properties of PA in the nanocomposite by
measuring tensile strengths. For this purpose, rectangular
samples were loaded into an Instron instrument and subjected
to stress—strain curve analysis. As shown in Figure S10A, PA
alone has a tensile strength of 45 MPa, which matches typical
values,’””” and a decrease in tensile strength occurs upon
increasing the wt % of MWNT in the nanocomposite reaching
12 MPa for PA-dFMN-MWNT-10, which is about 27% of PA
alone. These results suggest that incorporation of dFMN-
MWNT decreases the mechanical strength of the nano-
composite. The low mechanical strength might originate from
the aforementioned microcrack and microvoid (Figure S10B)
as well as weakened H-bonding of PA owing to the observed
polymorph. Improving the density of the nanocomposite is
underway by modifying a hot press which is a topic of future
research.

Role of FMN. Polymorphism of PA in the PA-dFMN-
MWNTSs nanocomposites leads to questions about the role
played by the N-pentadienyl side chains present in the dFMN-
MWNT components. Notably, a composite prepared from PA
and MWNT in the absence of interfacing surfactant under
similar conditions does not have any MWNT-related
polymorphs.*”** This finding suggests that dFMN plays an
important role in polymorph formation. This effect might be a
consequence of the hydrophobic nature of the N-pentadienyl
side chain, along with the H-bonding capable uracil moiety of
dFMN. To assess this proposal, we estimated the solubility
parameter 0 of N-pentadienyl side chain by using the equation

8 = y/Eenfy, where E_y;, and V denote the cohesive energy (J/
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mol) and molar volume (cm’/mol), respectively.”® Using this
method, the 6 of the pentadienyl moiety in dFMN-MWNT is
estimated to be 15.8 J'/2/cm¥? which is close to that of PA
(ie, 254 J2/cm¥?)® Thus, it appears that the dFMN
component of dFMN-MWNT in the nanocomposites could
enable a high level of miscibility of JEMN-MWNT with the
PA, which would induce the formation of MWNT-derived a
phases. In addition, the similarities between their crystallinities
could lead to an organization of MWNTs into a monoclinic
pattern, resulting in higher ¢. Although the aforementioned &
can be a reason for interfacial miscibility between PA and
MWNT, it would be difficult to explain different polymorphs
of PA on MWNT. We speculate that H-bonding between
isoalloxazine and the PA chain might occur and be a reason. It
is noteworthy that helix of FMN on carbon nanotube is
maintained by the tilted quadruple H-bonding mentioned
earlier. H-bonding between uracil moieties and amide groups
of PA might occur and serve as the nucleation center for the
NT-a’ phase. Such a H-bonding configuration prompts PA
main chains packed along the transverse direction of MWNT,
as shown in Figure SC.

CONCLUSIONS

As described above, we developed a method to produce a
highly electrically conductive PA nanocomposite with a
monoclinic MWNT network structure using chemically
transformable FMN. In the process, FMN serves as a
surfactant for formation of the conjugate FMN-MWNT in
which MWNTs are individualized through isoalloxazine-
promoted wrapping and phosphate-induced repulsive inter-
actions. Thermal activation of FMN-MWNT then leads to the
production of dFMN-MWNT, in which the ribityl phosphate
chain of FMN is transformed into a corresponding N-
pentadienyl side chain. The presence of the hydrophobic N-
pentadienyl moiety in the dFMN component prompts the
formation of crystallinity regions in PA in the PA-dFMN-
MWNT composite. The o of PA-dFMN-MWNT containing
10 wt % of dFMN-MWNT is 100 S/m, the highest value
reported thus far for polymer nanocomposites with MWNT.
Studies using composites subjected to solvent-assisted partial
dissolution of PA matrix reveal that MWNT has three-
dimensional monoclinic network structure in the polymer
matrix. XRD results indicate that PA in the nanocomposite has
a monoclinic @ phase as its major crystalline form, and the
presence of dFMN-MWNT induces monoclinic PA formation
on the surface of MWNT. The morphological interlocking
induces the formation of a monoclinic MWNT network
structure. In addition, the enhanced o of the nanocomposite
results from a preservation of the structural integrity of the
MWNT along with low defect formation during multistep
fabrication processes. However, an increase in the wt % of
MWNT in the PA-dFMN-MWNT results in the production of
MWNT-related polymorphs and lowers the amide H-bonding
interactions in PA. The observations made in this effort
demonstrate that the noncovalent method employing MWNT
is a viable strategy to prepare high-performance nano-
composites. In terms of cost effectiveness, compared to PA
and MWNT (1.6 and 42 $/kg), FMN is an expensive
substance (i.e., 2.9 $/g). However, FMN accounts for only ca.
2 wt % in PA-dFMN-MWNT-10 and is reclaimed in the
developed process by up to 50% during the filtration step. A
tunneling-dominant percolated MWNT network structure can
be utilized as a material with negative permittivity.”” Thus, the

observations made in this investigation have the potential of
stimulating the development of FMN-based nanocomposites
that have a tunable electrical conductance and useful high-end
electronic applications.

METHODS

Materials and Instrumentation. MWNT (diameter: ca. 11 nm,
length: <40 mm, wall number: 10—15 Iagfers) was kindly donated by
LG Chem (Daejun, Republic of Korea).*” The monosodium salt form
of FMN with a purity >93% was purchased from TCI (Seoul,
Republic of Korea). PA was obtained from Hyosung Chemicals
(relative viscosity: 2.53 in conc. H,SO, at 475 °C, cat. no.: 1011 BRT,
Republic of Korea). Deionized (DI) water whose electrical resistance
is >18 MQ was utilized in all experiments. Raman spectra were
acquired by using a custom-made setup®® with a 532 nm laser with 1
mW power via a backscattering geometry and were calibrated using
the Si peak (520.89 cm™) as an internal reference. SEM images were
acquired by using field emission SEMs (SU8000, Hitachi or 7610f-
plus, JEOL Ltd., Japan) operating at S kV as an acceleration voltage.
For SEM image for partially dissolved sample, p-xylene was treated for
1 h at 100 °C. OM images were obtained by using reflection (BXS1,
Olympus, Japan) or transmission (BX41, Olympus, Japan) modes
with a CMOS camera. Mechanical strengths were obtained using an
Instron 3343 (Illinois Tool Works Inc., IL, USA) with a 1 kN load
cell.

Noncovalent Functionalization of MWNT with FMN and
Annealing. The dispersion process was carried out using a previously
described procedure.”” An aqueous dispersion of MWNT and FMN
was subjected to either vibrational ball milling (vibrational frequency:
50 Hz, Pulverisette 23, Fritsch, Germany) or a rotational ball milling
(PL-BMSL, Punglim, Seoul, Republic of Korea) for small and large
quantities, respectively. Briefly, a mixture of 10.0 g of MWNT and 8.0
g of FMN in 300 mL of water was milled for 1 h using 2 vol % of
zirconia balls (diameter = S mm). The resulting black slurry was
vacuum-filtered by using a Buchner funnel and a water-circulated
aspirator (Eyela A-3S, USA). The obtained black FMN-MWNT solid
was washed with DI water several times to remove and reclaim
unbound FMN and subjected to lyophilization to produce a dry
FMN-MWNT as a powder. dEMN-MWNT containing N-pentadienyl
isoalloxazine was obtained by annealing the FMN-MWNT powder at
450 °C under air for 2 h in a conventional quartz tubular reactor. The
average MWNT length produced by this process is ca. 700 nm.*

Compounding and Specimen Preparation. PA-dFMN-
MWNT nanocomposites comprised of PA and varying amounts of
dFMN-MWNT were prepared using a co-rotating twin-screw melt
extruder (LME-230, Dynisco Instruments, MA, USA) at a barrel
temperature of 250 °C + § °C with a screw speed of 60 rpm to
produce PA-dFMN-MWNT-1, -3, -5 and -10, using 1, 3, 5, and 10 wt
% of dFMN-MWNT, respectively. The final specimens were prepared
as thin films (i.e, 90—40S pm thickness) using a hot press machine
(Carver Inc,, IN, USA) operating at 250 °C during both preheating
and compression processes, followed by cooling to 40 °C.

Electrical Measurements. The ¢ of PA-dFMN-MWNT nano-
composites was obtained by using a four point probe with interpin
distance of S mm (MCP-TPO3P, Mitsubishi Chemical Analytech.,
Japan) and was averaged from three separate positions. Then, ¢ was
obtained from the measured thickness of the melt-pressed composite
sheet. Anisotropic ¢ measurements were conducted by a two probe
method in which vertical and horizontal ¢ were measured by
controlling the distance of the probes with a micrometer.

AFM Measurements. Height topographies were acquired by
using a commercially available AFM (NX10, Park systems, Republic
of Korea). An Al-coated silicon cantilever with a spring constant 37
N/m, a resonance frequency of 300 kHz, and quoted radius of ca. 6
nm (ACTA, App Nano, CA, USA) were utilized. Typically, a S12 X
512 pixel image was collected. To measure height images of dFMN-
MWNT, as-prepared dFMN-MWNT powder was redispersed in
N,N’-dimethylformamide (DMF) with a brief bath sonication (1510
sonicator, 70 W, Branson, CT, USA). Dispersed dFMN-MWNT was
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deposited on 285 nm-thick SiO,/Si substrates by dipping for 10 min.
Then, the substrate was rinsed with fresh DMF several times and
dried under a N, stream.

TGA Measurements. Thermal properties were determined
mainly by using a simultaneous thermal analyzer (STA 409 PC,
Netzsch-Geratebau GmbH, Germany). For this purpose, ca. 25 mg of
FMN, dFMN, MWNT, and dEMN-MWNT were placed on alumina
pans. A typical scanning range was from 30 to 900 °C with a ramping
rate of 10 °C/min with a 100 standard cubic centimeter per min flow
of synthetic air composed of 21 vol % O, in N, unless otherwise
noted. Preannealing of MWNT was conducted at 450 °C for 1 h
under an air atmosphere.

GIXRD Measurements. GIXRD patterns were obtained using a
high-resolution X-ray diffractometer (SmartLab, Rigaku, Japan) with a
Cu K, radiation (1 = 1.541 A) and a scan speed of 2°/min. The
samples were placed onto a notched stainless-steel mount with a fixed
incident angle (0.5°) with respect to the X-ray source.

HRTEM Measurement. HRTEM measurements were made by
using a Tecnai G* F30ST (FEI company, OR, USA) operating at 300
kV acceleration voltage. Initially, the PA-dFMN-MWNT-10 sample
was ground by using 120-grit sandpaper. Raman and optical
microscopy measurements confirm that the collected ground debris
up to a few hundred micrometers contains sample only. The resulting
debris was spread on a copper TEM grid covered with an ultrathin
carbon support (LC200-Cu, lot no.: 110727, 200 mesh, Ted Pella,
CA, USA). In sample 1, the TEM grid was exposed to a hot vapor of
p-xylene overnight. In sample 2, which was a successful case, the TEM
grid was immersed in a 100 °C p-xylene for 1 h. Optionally, samples
were negatively stained by using 2 wt % H;PO,-12WO;-«H,0 (Acros
Organics, USA) in 2 wt % of benzyl alcohol in water.

Lattice Visualization. The initial @ form of PA was constructed
by adaptation of a crystal structure from the literature.”> A monoclinic
unit cell (P2,) with determined dimension (Table S2) was utilized to
construct @ and NT-a. In the case of NT-a', additional PA chains
along the a and ¢ axes were introduced for construction of an enlarged
unit cell. Lattice visualization was performed with VMD 1.9.3 (ref 81).
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Figure S1. (A-B) AFM height images of dFMN-MWNT on Si wafer. Helical feature of isoalloxazine
moiety was observed repetitively on the MWNT surface, and their height difference was about

1 to 2 nm like our last result, according to the reference.5!

1 nm

10 nm

Figure S2. Plots of TGAs (top) and corresponding derivatives of weight (bottom) of (A) FMN (black),
dFMN (red), and (B) pre-annealed MWNT (black), and dFMN-MWNT (red). Green arrow
and dotted line denote the near middle-point temperature (524 °C) of weight loss by N-

pentadienyl side chain, and are used to access dFMN content in dFMN-MWNT.
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Figure S3. Surface morphologies of nanocomposites. SEM images of (A and B) PA-dFMN-MWNT-1,
(C and D) -5, and (E and F) -10 with different magnifications. Yellow dotted area in A

indicates a dAFMN-MWNT-enriched domain.

PA matrix

Figure S4. OM images of pristine PA with (A) low and (B) high magnifications, and hot xylene-treated

PA (C) low and (D) high magnifications.

p-xylene
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500 ym_ for3 min
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Figure S5. (A-D) SEM images of as-prepared dFMN-MWNT with different magnifications.
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Figure S6. Monoclinic arrangements of MWNT in PA-dFMN-MWNT-10 after hot xylene treatment. (A)
SEM images with low magnification and (B-E) corresponding FT images from selected areas
marked by dotted boxes in (A). (F) High-magnification SEM image and (G) the
corresponding FT image. FT processing from SEM image was conducted with 500 < 500
nm? region. (A) and (F) are same figures and replicated to show the position-dependent

monoclinic shape of MWNT network.
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Figure S7. SEM images of MWNT near micro cracks in PA-dFMN-MWNT-10 with (A) low, (B-D)

middle, and (E-F) high magnifications.
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Figure S8. (A-B) SEM images of PA under similar treatment.

Figure S9. (A-E) HRTEM images and selected-area FT patterns of various polymorphs of PA near

MWNT corresponding to yellow, and red regions, respectively.
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Figure S10. (A) Tensile strengths of PA only and nanocomposites. Error bars were obtained from

standard deviation through three separate measurements. (B) Microvoids observed by OM

image with transmission mode.
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Table S1. Scattering vector ¢, crystal density p, and crystalline fraction from peak GIXRD data

deconvoluted by using the Voigt method.

PA-based phase MWNT-induced PA phase
Polymorphs
Sample o p y NT-a NT-o’
. (002)/( i (002)/ (002)/
Reflection (hkl) (200) 202) (020) (200) (202) (200) (202)
g (nm™) 14.30 16.79 15.21 15.48
Relative area (a.u.) | 115640 | 95676 | 54073 | 21263 - - - -
Area/unitcell (A?) 72.62 - - - - - -
PA only
# of repeat unit/unitcell 8 - - - - - -
p (g/cm®) 1.2 - - - - - -
Crystalline fraction (%) 73.7 18.9 7.4
g (nm™) 14.23 16.91 15.98 15.45 13.16 15.00 9.96 11.95
Relative area (a.u.) 50049 | 85866 | 112099 | 4666 4940 2784 8140 7504
. ) i i
PA-dFMN- Area/unitcell (A?) 72.36 88.96 145.89
MWNT-10 # of repeat unit/unitcell 8 - - 8 18
p (g/cm?) 1.21 - - 0.98 1.34
Crystalline fraction (%) 49.2 40.6 1.7 2.8 5.7
g (nm™) 14.24 16.91 15.94 15.53 13.16 15.05 9.99 11.96
Relative area (a.u.) 56707 | 101013 | 74418 5467 4104 5101 5466 7477
pxylene |y oo Auiteell (A2) 72.28 - - 88.67 145.31
treated
PA-dFMN- . .
MWNT-10 # of repeat unit/unitcell 8 - - 8 18
p (g/cm®) 1.21 - - 0.98 1.35
Crystalline fraction (%) 60.7 28.7 2.1 3.5 5.0
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Table S2. Determined lattice parameters with minimum errors compared by measured and calculated d spacings.

PA only

PA-dFMN-MWNT-10

o phase

o phase

NT-a phase

NT-o’ phase

i i
e e i

e
e

g
P e e
e

e e

Lattice parameters (monoclinic)

Lattice parameters (monoclinic)

Lattice parameters (monoclinic)

Lattice parameters (monoclinic)

Lengths (A) Angles (°) Lengths (A) Angles (°) Lengths (A) Angles (°) Lengths (A) Angles (°)
a 9.71 a 90.0 a 9.74 a 90.0 a 10.62 a 90.0 a 13.88 a 90.0
b 17.2 p 64.8 b 17.2 g 65.1 b 17.2 p 64.0 b 17.2 p 65.4
¢ 8.27 y 90.0 ¢ 8.19 y 90.0 c 9.32 y 90.0 c 11.56 y 90.0
Reflection Measured Calculated Reflection Measured Calculated Reflection Measured Calculated Reflection Measured Calculated
d spacing d spacing d spacing d spacing d spacing d spacing d spacing d spacing
h| k|1 A) (A) h| k|1 (A) (A) h| k|1 (A) A) h | k|1 A) A)
21010 4.393 4.391 21010 4.416 4.417 21010 4.776 4.773 21010 6.307 6.310
00| 2 3.743 3.741 002 3.715 3.714 0|02 4.189 4.188 0|02 5.256 5.255
21012 3.743 3.741 2102 3.715 3.716 2102 4.189 4.187 2102 5.256 5.255
Error 0.0015% Error 0.0005% Error 0.0016% Error 0.0015%
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