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Abstract Hybrids of polyacetylene (PA) with multi-
walled carbon nanotubes (MWNTs) were fabricated by
wrapping PA derivatives containing stigmasterol and piv-
alic acid moieties onto MWNTs walls. The PA derivatives
with moderate molecular weights (M,, ~24409) were proved
to adopt a single-handed helical structure stabilized by
asymmetric hydrogen bonding force and stereo-hindrance
effect. Convincing experimental results show that PA had
been wrapped evenly on the surface of MWNTSs without
damaging their internal structures. Moreover, the helical
structure of PA became more compact and ordered after
wrapping around MWNTSs. The incorporation of stigmas-
terol moieties could contribute to enhancing the microwave
absorbing properties and decreasing infrared emissivities.
PA@MWNTs showed a minimum reflection loss value of
—20.65 dB at 9.7 GHz and the bandwidth of reflection loss
less than —10 dB (90% absorption) was 3.2 GHz. Mean-
while, PA@MWNTs composites had a much lower infra-
red emissivity value (¢=0.503) than raw MWNTs. The
efficient microwave absorption and low infrared emissiv-
ity might result from the synergistic effect of the extraor-
dinary helical structure of PA and m-electronic interactions
between the organic substituents and inorganic MWNTSs
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walls, which provides a promising method to prepare mate-
rials with low infrared emissivities and excellent micro-
wave absorption properties.

1 Introduction

Stealth technology has been widely used in military field
to make targets less visible and even ideally invisible by
detection equipment. Various materials with low infra-
red emissivity have been reported so far, such as magnetic
composite [1, 2], nanofibrous membranes [3, 4], metallic
thin films [5, 6], conductive polymers [7, 8], and inorganic/
organic nanocomposite [9, 10]. However, with the rapid
development of detection technologies, stealth materials
with low infrared emissivity and high microwave absorp-
tion capacity are in desperate need. The infrared stealthy
materials require high reflectance and low infrared absorp-
tion, while microwave absorbing materials are required
of highly effective microwave absorption performance.
To meet the requirements of compatibility, the conflicting
demands for infrared and microwave camouflaged materi-
als should be overcome. Typically, two technical ways are
adopted to achieve the anticipated purpose. One way is to
develop compatible stealth materials through improving the
low infrared emissivity materials or microwave absorbing
materials [11-13]. The other way is to coat a microwave
absorbing layer with low infrared emissivity materials [14,
15]. Whereas, these reported composites still have high
emissivity and their microwave absorptive capacity may
decrease in wider frequency field. In-depth research on the
design and synthesis of novel nanocomposites with both
low infrared emissivity and high microwave absorption
efficiency should be carried out.
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According to recent observations, carbon materials,
including carbon foams [16], carbon fibers [17] and car-
bon nanotubes (CNTs) [18] have aroused intensive interest
in the exploitation of microwave absorbing materials. Car-
bon materials can provide high specific surface areas and
superior congenital structures to achieve optimal dielectric
and magnetic loss, thus becoming the promising building
block for investigating new absorbing materials. Plenty of
metal-based materials have been investigated extensively
as microwave absorbers as well [19, 20]. Structural metal
materials, such as nanoneedle-like ZnO (ZnOn) [21],
ring-like NiO nanoparticles [22] and 3D nickel chain nets
[23], exhibit tuning absorption capacity in a harsh ther-
mal environment, which have been applied in the field of
microwave device and absorber. The Carbon materials
have been reported to hybridize with CoFe,0, [24], CdS
[25], Fe;0,/Au [26] etc. to enhance electromagnetic shield-
ing. However, it is still quite necessary to acquire practical
microwave absorbers, which possess high-efficiency, broad
frequency, and lightweight. In recent years, explorative
efforts have been made to the investigation of composites
comprising of polymer matrix and carbon materials, aim-
ing to obtain excellent electromagnetic shielding perfor-
mance. Polypyrrole grafted Fe;O, were blent with carbon
nanotube to prepare Fe;O,/PPy/CNT composites [27],
which exhibited the minimum reflection loss of —25.9 dB.
Polycarbonate films containing different mass fraction of
carbon nanotubes have been reported to show wide fluctua-
tions in reflection loss values [28]. Pallab et al. fabricated
a novel Gr/Ti@CNT/Fe;0,/PANI composite with excel-
lent microwave absorption capacity and electrochemical
property [29]. However, these reported nanocomposites
still have not well resolved the disadvantages of narrow-fre-
quency bandwidth electromagnetic interference. They were
endowed with unique characteristics only in 2-18 GHz
band. In addition, high loadings of metallic materials in
carbon materials inevitably bring about serious process-
ing difficulties and disadvantaged mechanical properties.
Hence, there are still formidable challenges to prepare non-
metallic microwave absorption composites.

Polyacetylene (PA) derivatives are representative
n-conjugated polymers. Polyacetylenes with multiple
functionalities can be generated by attaching appropriate
functional pendants to the conjugated polyene backbones
[30-32]. Especially, the introduction of chiral groups could
exert asymmetric noncovalent bond forces to induce PA to
form well-regulated helical structures like most natural spi-
ral macromolecules. The symmetry of PA can be changed
by intra- and intermolecular interactions, thus inducing
single-handed helical conformation. It has been reported
that an ordered molecular structure and hydrogen bonding
in optically active polymer significantly contribute to the
decrease in infrared emissivity [33, 34]. The existence of
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hydrogen bonding highlights the superior stealth properties
of helical polymers in infrared wavelengths. The hybridi-
zation of helical polymers and carbon materials can pave
the way for the fabrication of materials with low infrared
emissivities and efficient microwave absorption properities.
Herein, we designed and synthesized a novel polyacetylene,
in which stigmasterol and tert-pentyl units were attached to
the side chain. Stigmasterol units can provide chiral cent-
ers while achiral fert-pentyl units facilitate adjusting the
spiral structure. The insertion of stigmasteryl moieties
plays an important role in promoting the surface adhesive
forces between PA and nanotube walls. The efficient elec-
tron transfer between cycloparaffins in stigmasteryl moie-
ties and MWNTSs walls make it easy to realize spontaneous
wrapping. Moreover, the bulky pendants will be conducive
to extend conducting pathways to enhance the conductiv-
ity of the composite. Indeed, the presence of a wider con-
ducting network significantly influences the complex per-
mittivity and complex permeability, thus balancing the
impedance matching associated with microwave absorption
process. The interface interaction is one of the key fac-
tors to increase the microwave absorption performance. It
is envisioned that the PA skeleton and MWNT walls work
cooperatively and the “additive effect” of electron migra-
tion can evidently improve microwave absorption while
retaining low infrared emissivity.

2 Experimental section
2.1 Materials

Stigmasterol, succinic anhydride, 4-(dimethylamino)pyri-
dine, pivalic acid, propargylamine, isobutyl chloroformate
and 4-methymorpholine were purchased from Aladdin
Industrial Corporation. The rhodium zwitterion catalyst
(nbd)Rh*[n®-C(HsB~ (C4Hs);] (nbd=2,5-norbornadiene)
was prepared as reported [35]. Chloroform was distilled
over CaCl, prior to use. MWNTs (length 5-15 pm, diame-
ter 40—-60 nm, purity>98%) were purchased from Shenzhen
Nanotech Port Co., Ltd.

2.2 Measurements

FT-IR spectra were recorded on a Bruker Tensor 27 FT-IR
spectrometer. 'H NMR spectra were measured on a Bruker
AVANCE 300 NMR spectrometer. GPC measurements
were measured on a Shodex gel permeation chromatog-
raphy system. Microscopic Raman spectroscopy was
obtained using a DXR Raman Microscope (Thermo Fisher
Scientific Inc.). XPS data were measured on a Shimadzu
(Amicus, Japan) instrument. UV—vis spectra were deter-
mined with a Shimadzu UV-3600 spectrometer. CD spectra
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recorded on a JascoJ-810 spectropolarimeter with a 10 mm
quartz cell. Specific rotations ([a],) were obtained using
a WZZ-25(2SS) digital polarimeter. TEM images were
obtained on a JEM-2100 microscope. XRD measurements
were performed using a Rigaku D/MAX-R. Infrared emis-
sivity values of synthesized samples were measured on an
IRE-2 Infrared Emissometer of Shanghai Institute of Tech-
nology and Physics using a silicon substrate. The electro-
magnetic parameters in the frequency range of 2-18 GHz
were investigated by Agilent PNANS5224A vector network
analyzer. The synthesized products were homogeneously
blending with a paraffin matrix, which were finally pressed
into toroidal-shaped samples (®,: 7.0 mm, ®;: 3.04 mm).

2.3 Synthesis of PA copolymer

Monomer 1 is a new compound, and the typical synthe-
sis of M1 is described below. Stigmasteryl hemisuccinate
(3.2 g, 6.3 mmol), which was synthesized as reported [36],
isobutyl chloroformate (0.83 mL, 6.3 mmol) and 4-methy-
morpholine (7.0 mL, 6.3 mmol) were sequentially dis-
solved in 40 mL THF, and then propargylamine (0.383 g,
6.9 mmol) was added into the solution. The mixture was
stirred at room temperature for 24 h. Next, the solution
was filtered off and chloroform (ca.50 mL) was added to
the collected filtrate to extract the desired product. The fil-
trate was subsequently washed thrice with 1 M HCI, once
with saturated NaHCO;. The solution was dried over anhy-
drous MgSO, and concentrated by rotary evaporation. The
crude product was recrystallized in a mixture of chloroform
and n-hexane to obtain solid monomer. N-propargylamide
monomers derived from n-pentanoic acid (M2) were syn-
thesized according to previous papers [37].

Polymerizations were carried out with (nbd)Rh+[n6—
C¢HsB (C¢Hs);] as catalyst. The monomers and catalyst
were mixed in dry CHCl; ([M1]=90 mM, [M2]=10 mM,
[catalyst]=1 mM) under nitrogen and stirred at 30°C for
24 h. After polymerization, the resultant solution was
poured into a large amount of acetone/hexane (3/1, v/v) to
precipitate the formed polymers. The precipitate was col-
lected by filtration and dried under reduced pressure. The
spectroscopic data of M1, M2 and PA are shown as follows:

MI: white solid powder. [a],=20° (c=0.05 g dL~',
CHCI,, r. t.). FT-IR (cm™!, KBr): 3432, 3259(H—C=C),
2934,  1721(C=0, ester), 1643(C=0, amide),
1537(C—N—H), 1421, 1184(C—0—C), 1062, 970, 801,
697. '"H NMR (300 MHz, CDCl,): §=0.69-2.03(43 H),
2.22(1 H, H—C=C), 2.32(2 H), 2.48(2 H, CH,—COO0),
2.65(2 H, CH,—C=0), 4.04(2 H, CH,—NH), 4.62(1 H,
>CH—0O0C), 5.01(1 H, CH=CH), 5.14(1 H, CH=CH),
5.37(1 H, CH=C), 5.88 (1 H, N—H).

M2: white crystal. [a],=5° (c=0.05 g dLt, CHCl,, 1.
t.). FT-IR (cm™!, KBr): 3318(N—H), 2969, 1641(C=0),

1529, 1419, 1364, 1260, 1211, 1009, 923, 654, 558,
471. '"H NMR (300 MHz, CDCl,): 8=1.23-1.64[9 H,
—C(CH,);], 2.25(1 H, CH=C), 4.06(2 H, CH=C—CH,),
5.77(1 H, N—H).

PA:  M,=24,409, MM, =2.1. [a]p = 120°
(c=0.05 g dL™!, CHCl,, r. t.). FT-IR (cm™', KBr): 3424,
2963, 1735, 1639, 1535, 1457, 1382, 1205, 1171, 1088,
968, 799, 659; 'H NMR (300 MHz, CDCl,): §=0.70-2.01
(43 H), 2.30 (2 H), 2.57 (4 H, CH,COO, CH,C=0),
2.84-3.0 [9 H, —C(CHj)], 3.68-4.66 (3 H, >CH—OOC,
CH,—NH), 5.04 (1 H, CH=CH), 5.14 (1 H, CH=CH), 5.34
(1 H, CH=C), 6.08 (1 H, N—H).

2.4 Preparation of PA@MWNTSs nanocomposites

The PA@MWNTs nanocomposites were prepared by
solution casting. PA (10 mg) and MWNTs (20 mg) were
dissolved and dispersed into 5 and 15 mL of chloroform,
respectively. The two solutions were blended and soni-
cated with a BG-01 ultrasonic generator for 6 h. Then, the
mixture was poured into a glass dish and kept for 3 days
at room temperature for solvent evaporation. Finally, the
obtained composites were dried under a vacuum oven at
50°C for 24 h. The mass fraction of PA was designed as
33%.

3 Results and discussion
3.1 Characterization of PA copolymer

The synthetic route of PA is shown in Scheme 1. Mono-
mer 1 is designed and synthesized by linking stigmasteryl
moieties with propargylamine in order to introduce chiral
carbon atoms into the side chain. The bulky chiral groups
exert asymmetric noncovalent bonding forces to induce
inerratic helical structures. The achiral M2 is introduced to
copolymerize with M1 with the hope that the steric effects
between the substituents will be weakened moderately and
the copolymers could form inerratic helical structures. The
monomers were readily polymerized in distilled CHCl; to
produce PA with moderate molecular weight (M, ~24,409)
and appropriate molecular weight polydispersity (M,/
M, =2.1). As presented in Fig. S1, the disappearance of the
chemical shift at about 2.2 ppm which is assigned to the
acetylene proton in PA main chain indicates that the mono-
mers had been consumed by the polymerization reaction.
The specific rotation [a]y of PA measured in chloroform at
room temperature is 120°, indicating the presence of chiral
amplification. Furthermore, the results based on UV—Vis
and CD spectroscopic analysis (Fig. 4) are discussed below,
which provide powerful evidence for the assumption that
the copolymers could adopt helical structures.
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3.2 Characterization of PA@MWNTs nanocomposites

To date, the preprocessing portion of CNTs has become a
starting step for the fabrication of polymers/CNT compos-
ites, such as the horizontally aligned CNT films [38], PDA
functionalized CNTs [39] and UV/O; treatment of CNTs
[40]. In this work, we display a more simplified method
as compared to reported hybridization strategies of pre-
paring CNTs-based materials. PA carrying stigmasteryl
moieties showed high dispersing power in CHCl;, thus sig-
nificantly enhancing the dispersibility of pristine MWNTs.
The non-covalent surface interactions between organic
polymer and inorganic nanotubes were readily performed
via sonication in CHCl; for hours. Stigmasterol functional-
ized PA provides polycyclic skeletons which are expected
to enhance the electrostatic attraction with MWNTSs walls,
thus leading to stronger surface adhesive forces. In addi-
tion, MWNTs exhibit a particular sidewall curvature and
inherent charge transport properties, being able to inter-
act with naphthenes in stigmasteryl moieties through n—n
electronic interactions [41]. The electron interactions can
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lead to a helical wrapping of conjugated backbone around
individual MWNT [42], which is conducive to a smooth
wrapping with a fixed diameter. The incident waves may
partially penetrate the surfaces and enter into the inner cyl-
inder, which can lead to multiple reflections in core—shell
interface and attenuation by scattering or dissipating as
heat. Trapped energy within the nanostructure is hard to
escape until being absorbed. The schematic representation
is shown in Scheme 1.

Figure 1 shows the FT-IR spectra of MWNTs, PA and
PA@MWNTs. In the spectrum of PA, the peaks around
2920 cm™! are relevant to the stretching vibrations of
—CH; and >CH, groups. The obvious peaks at 1735 and
1648 cm™! represent C=0 stretching of ester and amide
groups, suggesting that side chains containing stigmasteryl
moieties have been attached to PA backbone. In addition,
the absorption peaks at 1535 and 1172 cm™' respectively
correspond to the C—N—H and C-O-C stretching vibra-
tions which further confirm the predicted structure of PA.
Interestingly, obvious blue-shifts of the absorption bands
corresponding to C=0 stretching of ester and amide groups
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Fig. 1 FT-IR spectra of MWNTs, PA and PA@MWNTs

are observed in the spectrum of PA@MWNTs. The peak
of C=0 (ester) stretching shifts from 1735 to 1723 cm™!
while the peak of C=0 (amide) stretching shifts from 1648
to 1639 cm™'. It can be inferred that the integration of PA
and MWNTs can change the vibration frequency of unsatu-
rated groups, thus decreasing their intrinsic high infrared
radiation. Moreover, the characteristic peaks assigned to
C—N—H and C-O-C stretching in PA can also been seen in
the spectrum of PA@MWNTs, demonstrating the presence
of PA in composites. X-ray photoelectron spectroscopy
(XPS) analysis is performed to investigate the elemental
distribution of MWNTs and PA@MWNTs (Figure S2).

3.3 Morphology and crystalline structure analyses

TEM images of the PA@MWNTs are shown in Fig. 2. It
is unambiguously observed that the radius of MWNTSs
increases and they are well wrapped by a lighter layer
whose thickness is in the range of ~8-12 nm. This indi-
cates that MWNTs are successfully coated with PA and
show a core—shell structure. Moreover, clear lattice fringe
is observed in Fig. 2C, which indicates that the original
graphite structures of nanotubes remain unchanged after
polymer wrapping. The organic counterpart is coated
onto the surface of nanotubes rather equably, demonstrat-
ing the excellent adherence as well as strong interactions
between MWNTs and PA. XRD curves of three sam-
ples are displayed in Fig. 3. It is clear that PA exhibited
some diffraction peaks at 20=~16° which are ascribed to
the presence of alternating single/double bonds in main
chains and cycloparaffin segments in side chains. For
MWNTs, the diffraction pattern exhibited representative
peaks at 20=26.12°, 42.99°, 53.65° and 78.21°, which
are assigned to (002), (101), (004), and (006) crystal-line
planes in graphite structure, respectively. The characteristic

Fig. 2 TEM images of the PA@MWNTSs composites

Intensity (a.u.)

20 (deg)

Fig. 3 XRD patterns of PA, MWNTs and PA@ MWNTs composites
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diffraction peaks are still detected in the pattern of PA@
MWNTs. This indicates that the incorporation of stigmas-
terol segments provides the space for sensing photoelec-
tronic interactions between PA matrix and MWNTs and the
organic and inorganic components are hybridized success-
fully without damaging the internal architectures. The peak
intensities of the hybrids are much weaker than those of
MWNTs and PA, which may be due to the high ratio of ste-
reocomplex crystallites in the nanocomposites [43]. Both
TEM images and XRD curves confirm that the PA chains
have evenly wrapped the MWNTSs.

3.4 UV-vis and CD spectra analyses

The optical activities of pristine PA and PA@MWNTs are
confirmed by UV-vis and CD spectroscopies in THF. As
shown in Fig. 4, the UV—vis spectra of MWNTs demon-
strate a broad absorption peak from 230 to 500 nm, but the
CD signal is inactive. The UV absorption spectrum of PA
demonstrate the strong sharp absorption centered around
240 nm and the shoulder peak range from 250 to 350 nm,
which are assigned to the combined characteristic band
of the alternating single/double bonds in main chain and
naphthenic structures in pendants, respectively. Meanwhile,
the CD spectrum of PA shows a distinct Cotton effect at
~260 nm which is consistent with the investigation of sec-
ondary structure conformation [44], implying predomi-
nantly single-handed screw sense of PA chains.

The UV spectra of PA@MWNTs demonstrate simi-
lar medium peaks at the wavelength range from 230 to
500 nm, which are the combined characteristic bands of PA
and MWNTs. Interestingly, the suspension also has a nega-
tive Cotton effect at 260 nm, which indicates that the PA
still maintain considerable optical activity. In particular, the
strengthened intensity of the CD signal demonstrates that
the organic PA chains in the composite not only maintain
helical structures, but also form more compact and ordered
helixes. This is possibly caused by the m-electronic interac-
tions between the MWNTs and the conjugated backbone of
PA. The results also confirm that the hybridization of heli-
cal PA on the surface of MWNTSs can improve the stability
of organic macromolecule.

3.5 Microwave absorbing properties

To study the microwave absorbing properties of PA@
MWNTs composites, the as-prepared samples are impreg-
nated with paraffin wax and fabricated into toroidal-
shaped samples. According to the Debye theory, the real
part of permittivity (¢') represents the stored electromag-
netic energy within the medium while the imaginary part
of permittivity (¢”) represents the dielectric loss [20]. The
frequency-dependent ¢’ and €” of PA, MWNTs and PA@
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Fig.4 a UV-vis and b CD spectra of PA, MWNTs and PA@
MWNTs composites. (measured in THF, ¢ =0.2 mM)

MWNTs composites are displayed in Fig. 5a, b. We can
observe that the €' and &” values of PA@MWNTs com-
posites are between those of the pristine PA and MWNTs.
Meanwhile, the &’ values of PA@MWNTs composites fluc-
tuate in the range of 8.3—12.8 and the €” values fluctuate
in the range of 1.7-5.1. It is clearly seen that the €' values
of MWNTs show a descending trend with increasing fre-
quency, while the &” values experience a rising trend. In
addition, the ¢” value of PA sample maintains around O,
indicative of low conductivity and low dielectric loss of
PA.

We also calculated the dielectric loss tangents (tan
0, =¢"/e') and magnetic loss tangents (tan 8, =p"/p’) of the
samples, respectively. As shown in Fig. 5c, d, the dielectric
loss tangents of PA@MWNTs exhibit small fluctuations,
which is consistent with imaginary permittivity curve. As
reported previously, the matching between complex permit-
tivity and complex permeability the make possible contri-
butions to microwave absorption [45, 46]. Hence, extremely
high or low values of dielectric loss tangents will go against
the impedance match. For PA@MWNTs composites, both
conduction loss and polarization loss contribute to dielec-
tric loss. The polarization loss can be ascribed to interfacial
polarizations and dipole polarizations [25, 47]. The inter-
facial polarizations are caused by the abundant interfaces
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gents of PA, MWNTs and PA@MWNTs. (40 wt% in paraffin wax)

between PA macromolecule and MWNT walls while the
dipole polarizations originate from functional groups in PA
and defects in MWNTs. It is already known that the elec-
trical conductivity of CNT-based composites is attributed
to the conductive network created by CNT aggreagations.
Oscillatory current can be produced in the conductive net-
work, which accelerates the attenuation of incident electro-
magnetic energy [48]. However, in comparison with pure
MWNTs, the electrical conductivity of the composites is
lower because additional contact electrical resistance exists
in the core/shell interface. As a result, the decreased imagi-
nary permittivity of PA@MWNTSs composites can be seen
in Fig. 5b. In addition, due to the absence of magnetic com-
ponents in the as-synthesized samples, the real and imagi-
nary parts of complex permeability are around 1.0 and 0.0,
respectively (shown in Figure S3). The magnetic loss val-
ues (tan 611) of PA@MWNTs are less than the dielectric
losses values (tan d,), indicating that the efficient micro-
wave absorption of PA@MWNTs are mainly attributed to
dielectric loss.

The reflection loss (RL) are measured in the frequency
range of 2-18 GHz. Microwave absorption properties of

the samples are evaluated by the reflection loss on the
basis of the transmission line theory [49, 50], which is
summarized as the following equations:

Z, = (u,/e,)"/> tanh [j2rfd /c)(u,e,)"?] )
RL(B) = 201g | 2o~
(dB) = 8 ‘Z, +1 ‘ @

where Z, is the input impedance of the absorber, €,and y,
are the relative complex permittivity and the relative com-
plex permeability, respectively, f is the frequency, d is the
thickness and c is the velocity of electromagnetic waves in
free space. An ideal reflection loss (RL(dB)) is restricted
by several factors including characteristic impedance, inter-
face relaxation, dielectric loss, magnetic loss, etc [51].
Figure 6 shows the RL curves of PA, MWNTs and
PA@MWNTSs (40 wt% in wax) with different thicknesses
(2, 2.5, 3, 3.5, 4,45 and 5 mm) in the frequency range
2-18 GHz. As shown in Fig. 6a, calculated RL curves
of PA sample with various thicknesses have hardly any
effective reflection loss bandwidth. It is worthy to notice
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thicknesses of 2, 2.5, 3, 3.5, 4, 4.5 and 5 mm in the frequency range
2-18 GHz

that the obvious peaks at around 16.8 GHz don’t shift
with increasing thickness, indicative of a resonance
behavior occurred between PA macromolecule and par-
affin [52]. The reflection loss values of the composites
decrease substantially, suggesting that PA@MWNTs
composites are more efficient in microwave absorption by
comparing to pristine PA and MWNTSs. To be more spe-
cific, bandwidths exceeding —10 dB for the PA@MWNTs
samples of 2 and 2.5 mm are 10.31-13.54 GHz and
8.52-10.92 GHz, respectively. Meanwhile, the minimum
RL values are —20.22 dB at 11.79 GHz and —20.65 dB at
9.7 GHz, respectively. It should be noted that the attenu-
ation peaks gradually shift towards lower frequency with
increasing thickness, which is significantly different from
the tendency of PA (shown in Fig. 6a). This indicates the
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[45]. Hence, they exhibit different microwave absorbing
performance. Moreover, all the minimum RL values of
PA@MWNTs for the thicknesses 3, 3.5, 4, 4.5 and 5 mm
have decreased for a large scale compared with those of
PA and MWNTs, which indicates that the hybrids meet
the main requirements for microwave absorbers. The
maximal effective absorption bandwidth of PA@MWNTs
still reaches 3.2 GHz, broader than the reported compos-
ites based on carbon materials [53, 54].

The enhanced microwave absorption performance of
PA@MWNTs might be attributed to unique nanostruc-
tures of MWNTs and multiple organic—inorganic inter-
facial interactions. The twisted MWNTs provide the
one-dimensional nanostructures which may bring about
multiple reflections of incident microwaves and trap the
energy within the composites. The entered microwaves can
be attenuated by scattering or dissipating as heat, which
greatly contribute to decreasing the RL values. Multiple
organic—inorganic interfacial interactions, including elec-
tronic redistribution behavior, can also result in the superior
absorption of electromagnetic energy. As shown in Fig. 7,
the samples show three similar characteristic peaks at
around 1338, 1570 and 2672 cm™! which represent D-band,
G-band and 2D-band, respectively. However, the intensity
ratio (In/Ig) significantly varies, where I/l ratio for raw
MWNTs and PA@MWNTs is 0.69 and 1.12, respectively.
The G band is correlated with the vibration of sp® carbon
atoms while the D band indicates a hybridized vibrational
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mode related to sp® defects. The increase in the intensity
ratio (Ip/I) of MWNTSs has been used as evidence for the
destruction of sp character and the formation of sp> defects
[55, 56]. With the integration of side chains containing
multiple cycloparaffin hydrocarbons, both the intensities
of D band and G band increase significantly. This indicates
electrons redistribution occurred between the organic mac-
romolecule and inorganic carbon nanotubes. The electronic
transport would be performed in different modes, which
are described as migrating electron and hopping electron
[57, 58]. Both the migration of electrons in one graphene
layer and the long-distance transfer of hopping electrons
between amorphous layers would influence the conduc-
tivity of the MWNTs network, thus leading to high elec-
tric loss [59]. On the other hand, the stigmasteryl groups
in PA are strong electron donors, which is conducive to
electron donor—acceptor (D-A) interactions between PA
and MWNT walls [60]. The electrons in conjugated back-
bone partially jump across the energy barrier between PA
and MWNTs as hopping electrons, promoting the electron
transitions in heterogeneous materials. Based on the above
mentioned analyses, we can conclude that unique nano-
structures, interfacial interaction significantly contribute
to enhancing microwave absorption performance of PA@
MWNTs.

3.6 Infrared emissivity property study

The infrared emissivity values at wavelength of 8—14 pm
are presented in Table 1. The PA@MWNTs has the infra-
red emissivity at the value of 0.503, which is much lower
than the constituent parts. This may be attributed to hydro-
gen bonding between oxygen containing groups like C=0,
O—H and -NHCO-. PA is designed to form compact heli-
cal structures where the formation of hydrogen bonding
between the highly unsaturated groups could reduce the
index of hydrogen deficiency and unsaturated degree [61].
The vibrational state of unsaturated bonds will be changed
if more well-ordered fragments accumulate in the macro-
molecule, eventually facilitating the remarkable reflection
of infrared ray. Besides the helical conformation, medium
electron withdrawing groups like ester group and amide
group also interacted with the electron donating MWNT

Table 1 Infrared emissivity values of samples at room temperature

Samples Infrared
emissivity €,5
(8-14 pm)

MWNTs 0.795

PA 0.619

PA@MWNTs 0.503

walls. Compared with other kinds of polyacetylene, the
incorporation of stigmasteryl moieties strengthens the
conjugation effect of polyacetylene main chain and the
n-electronic interactions between pendants and MWNTSs
walls. The electron transfer between nanotube shell and
organic matrix alters the torsional angles and thermal
restraining in backbone, thus decreasing the absorption of
infrared ray. As a result, the synergistic effect of helical
conformation and electron redistribution contributes to the
reduction of infrared emissivity.

4 Conclusion

In conclusion, we prepared an optically active PA@
MWNTs nanohybrid through noncovalent wrapping sub-
stituted polyacetylenes on the surface of MWNTs. Con-
vincing experimental results show that the insertion of
stigmasteryl moieties not only strengthens electron transfer
which promotes the surface adhesive forces between PA
and nanotube walls, but also facilitates adjusting the spi-
ral structure to decrease infrared emissivity. The helical
structure is more compact and ordered after the hybridiza-
tion with MWNTs. The PA@MWNTSs matrix can exhibit
a much lower infrared emissivity as low as 0.503 at the
wavelength of 8-14 pm and present ideal reflection loss
(RL,,;,=—20.65 dB) and wide absorption bandwidths
(3.2 GHz). The fabrication of PA@MWNTSs composites
presents a facile method for developing materials with low
infrared emissivities and efficient microwave absorption.
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