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Abstract—In this study, multi-functional tannic acid (TA) was incorporated with soft poly(propylene oxide) (PPO) chain to
result in a TA-terminated JTA polymer, in which the TA terminals impart reversible aromatic and hydrogen bond (H
bond) interactions to JTA polymer. Moreover, the aromatic TA terminals of JTA can preferably bind to the surface carbon
rings of multi-walled carbon nanotubes (MWCNTs) to result in JCTx composites containing large amounts (up to 96 wt%) of
MWCNTs. The sorption isotherm study indicated a two-step sorption mechanism of the sorbed JTA on MWCNT. Dependent
on the MWCNT content, JCTx composites can be healable elastomers with high fracture strain (up to 700%) or plastics with
outstanding conductivity (up to 1.21×106 m-1). Experimental mechanical modulus and conductivity of JCTx also were
approached by the theoretical Kolarik model and scaling law, respectively. The result was explained in term of
morphological arrangement of the MWCNT, evaluated from scanning and transmission) electron microscopies in JTA
matrix. This study provided theoretical evaluation of highly MWCNT-loaded composites.
Keywords—Tannic acid, MWCNT, carbon material dispersion, stacking, hydrogen bonding, conductive composite,
Kolarik model, scaling law.

I.

INTRODUCTION

Molecular engineering using delicate design and testing of molecular structures and interactions enables the fabrication of
advanced materials with different application fields. Given the extraordinary mechanical, electrical, and thermal properties,
carbon nanotubes (CNTs) provided versatile routes for the preparations of advanced materials, among them, polymer/CNT
nanocomposites1,2were studied frequently despite the existing difficulty in fabricating homogenous composite products.
Primarily, dispersing CNTs without destroying the superior mechanical and electrical properties, with some notable
exceptions (<10%)3-5, were hampered by the lack of effective method in dispersing large amounts of CMTs. Primarily, it is
difficult to disperse nanotubes in water due to the repulsive interactions 6-8 between nanotubes and water. Moreover, the large
attractive interparticle potential between the nanoscale tubes9,10 caused the easy formation of aligned aggregated tubes.
Several methods have been developed to disperse CNTs11-13 previously, nevertheless, the amounts of nanotubes incorporated
in the polymer composites are limited (< 10 wt%) due to the preferable aggregation tendency of nanotubes in the polymer
solutions.
Introducing conductive materials into insulating hosts14- 16always is an attracting topic because of the scientific and practical
importance. The electrical conductivity of nanotubes can reache 10 6 S m-1, but polymer matrices usually are poor in
conductivity with values between 10-16 and 10-12 S m-1. Adding small amounts of nanotubes to polymer matrices significantly
increased the conductivity17-24 (to 10-6 S m-1, approximately), which stimulated the practical applications of polymer/carbon
nanotube (PCNT) composites in electronics, sensors, and actuators, as well as many others 25,26 in the electronics industry.
The critical concentration27,28, known as percolation threshold, at which conductive networks start to form is inversely related
to the aspect ratio (length per diameter) of the dispersed nanomaterials. Regarding the high aspect ratio of nanotubes, PCNT
nanocomposites generally exhibit extremely low (< 0.5 wt%) percolation thresholds29-33. Experimental and theoretical
approaches for the percolation thresholds indicated that conductivity od PCNTs was limited by the potential barriers between
nanotubes and polymer because the surfaces of the nanotube bundles always were covered by polymer coatings.
Page | 4

International Journal of Engineering Research & Science (IJOER)

ISSN: [2395-6992]

[Vol-5, Issue-9, September- 2019]

Besides conductivity, a percolation threshold, known as mechanical percolation, also was observed in the mechanical tests of
PCNTs. Previous study34,35 had interpreted the high levels of modulus in reinforced composites and nanocomposites by
mechanical percolation. CNTs show Young‟s moduli of around 1000 GPa as well as tensile strengths in range from 10 to 50
GPa36. The excellent mechanical performance as well as the extraordinary physical properties, such as high aspect ratios and
large surface areas, justifies their beneficial role in PCNTs. Again, the advantage of nanotubes was only realized when they
are uniformly dispersed in the polymer matrices, because that they tend to aggregate/agglomerate37seriously in the processing
solution step. Therefore, more promising PCNTs38-49 with low (e.g. 0.8 wt%), medium (e.g. 10 wt%) and high (e.g. 33 wt%)
nanotube content had been previously attempted. Among them, poly(acrylic acid)/poly(ethylene oxide)−poly(propylene
oxide)−poly(ethylene oxide)49 (PAA/F108) was used as excellent dispersant of CNT to result in PCNT with a high amount
(33 wt%) of CNT. The facile hydrogen bond (H bond) interactions between carboxylic acids in PAA and over the active
surface of CNT are responsive for the homogeneity of the resulting PCNTs.
As a universal environmental organic molecule, tannic acid (TA) 50,51 was previously used as effective dispersant for CNTs.
The enriched aromatic rings and phenolic hydroxyl OH groups of TA are responsible for the effective dispersion of CNTs
and accordingly, a two-stage sorption mechanism50 was proposed: the TA molecules were adsorbed first onto the surfaces of
CNTs with the aromatic rings binding to the surface carbon rings of CNT via the aromatic π-π interactions, forming a
monolayer in the interface, which further adsorbed the dissolved TA molecules by the self-interacting H bonding and other
possible polar interactions. The adsorbed TA molecules increased the steric repulsion between individual CNT, which then
acted to disperse the loose CNT aggregates to result in the stabilization of CNTs in the TA solution. The sorption and
suspending process also was examined by transmission electron (TEM) microscopy, providing further evidence for the above
sorption mechanism.
In this study, we designed and synthesized a TA-terminated poly(propylene oxide) (PPO) of JTA (Scheme 1), which turned
out to be effective sorbent for MWCNT exclusively binding to various amount of MWCNT to result in JCTx (x: wt% of
MWCNT, ranging from 1 to 96) composites with high conductivity (from 1.20 x 10 -3 to 1.21 x 106 S m-1) and excellent
mechanical properties to be studied with. The multi-functional JTA polymer is an elastomer due to its unique molecular
feature that the soft PPO chain is the mobile and stretchable part while the aromatic π-π and H bond interaction sites of TA
terminals provide mechanical strength susceptible to external deformation. TA terminals of JTA also imparted exclusive
aromatic π-π interactions to the surface carbon rings of MWCNT, rendering stretchable elastomer (while MWCNT content is
low (< 40 wt%)) or hard conductive plastics (while MWCNT content is higher than 40 wt%) with interesting mechanical and
conductive properties to be studied with. Rather than previous study52,53 always concentrated on PCNTs with concentration
below percolation threshold, the JCTx composites provided us the opportunity to approach the experimental mechanical
modulus (E) and conductivity with theoretical Kolarik model 54 and scaling law55, respectively, at concentration well beyond
percolation threshold. Staring from the sorption study in the solution state, a two-stage sorption model was proposed to
illustrate the interaction between MWCNTs and JTA. Mechanical and conductive properties of the solid composites also
were correlated with the morphogical arrangement of MWCNTs in JTA matrix evaluated from scanning (SEM) and
transmission (TEM) electron microscopies. This study therefore provided theoretical background on the highly MWCNTloaded PCNTs.

II.
2.1

EXPERIMENTAL

Materials

Amine-terminated PPO (Jeffamine, Mn=4,684 g/mol, Sigma-Aldrich) and hexamethylene diisocyanate (HDI, Mn =168
g/mol, Acros) and TA (Mn=1,701 g/mol, Acros) were directly used without purification. MWCNT was purchased from
Golden Innovation Business Co., Ltd, which was claimed to have inner and outer diameters of 10 nm and 20 nm, and 1 to 2
um in length, respectively. Preparation method is Model equation and parameter definition (CVD).N, N-dimethyl formamide
(DMF) was refluxed over CaH2for two days in prior to distillation for use.
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Preparation of JTA

The JTA was synthesized by a two-step reaction procedure (Scheme 1). Briefly, solution of Jeffamine (5g, 1.07 mmol) and
HDI (0.38 g, 2.25 mmol) in dry DMF (25 mL) were heated at 70 oC for 3 hr to result in homogeneous JHDI solution. A small
portion of the solution was taken and extracted by hexane before being precipitated from distilled water to obtain JHDI for
analysis. Afterwards, TA (4.55 g, 2.68 mmol) was added to the solution mixture and the reaction was continued at 80 oC for
another 24 hr. The reaction mixture was then cooled to room temperature and extracted by hexane for several times before
being precipitated from distilled water. The slurry-like product was filtered and dried at 70 oC for 24 hr under vacuum.
2.3

Preparation of conductive composite film

Calculated amounts of JTA and MWCNT were sonicated in DMF (5 mL) for 1 hr to ensure complete dispersion of MWCNT.
The resulting homogeneous solution was then drirf under vacuum for 24 hr to result in JCTx composite films for study.
2.4

Sorption and Stabilization Experiments

Sorption isotherms were obtained using a batch equilibration technique at 25oC. Two hundred milligrams of MWCNTs were
added into 20 mL vials with different JTA concentrations of 0,8.9, 44.5, 89, 445 and 890 mg/L. The whole vial was sonicated
for 1 hr before standing still for equilibration for 7 days, and the resulting supernatants, the stable suspensions possibly with
dispersed individual nanotubes, were taken out and measured with UV-Vis spectrometer (Jasco V-770, USA) at 800 nm.
Measurement at 800 nm had been used to quantify MWCNTs in DMF phase. Preliminary experiments indicated that the
absorbances at 800 nm are the same for solutions after being sonicated for 0.5 hr and 3 hr, thus, the suspended MWCNTs in
the supernatants after sonication were considered to be stable in JTA solutions.
2.5

Characterizations

1

H NMR spectra were measured using a Varian Unity VXR-500 MHz spectrometer (McKinley Scientific, Sparta, NJ, USA),
with d6-DMSO as the solvent and tetramethylsilane (TMS) as the external standard. A mass spectrum was obtained by using
a Bruker Daltonics Autoflex III Maldi-Tof mass spectrometer with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene] malononitrile (DCTB) as matrix material. The number and weight-average molecular weights (Mn and MW)
and polydispersity (PDI) were determined from gel permeation chromatography (GPC) using a Waters 510 high-performance
liquid chromatography system and DMF at 45 oC as the eluent (flow rate: 0.6 mL min–1). The electric properties were
determined at room temperature by an LCR Tonghui TH 2829 meter at 1 kHz with each data point as the average value of
five measurements. Bright field TEM images of mass-thickness contrast were obtained using a Jeol JEM 2100 TEM
spectrometer at an accelerating voltage of 200 kV. The samples were prepared by air-drying a drop of the suspensions onto a
copper TEM grid. SEM images were obtained using a Jeol JSM 6700F microscope operated at 10 kV.

III.

RESULT AND DISCUSSION

As illustrated in Scheme 2, the preparation of the desired polymer JTA required the preliminary synthesis of a key precursor
JHDI. The reaction of the amino terminals of Jeffamine with excess (2.1 eq) HDI resulted in an isocyanate-terminated JHDI,
which under attack of the phenolic OH groups of TA (2.5 eq) produced the desired JTA for study. To examine the efficiency
of the applied end-capping reaction, the 1H NMR spectrum of JTA. including all peak assignments, was compared with those
of d6-DMSO, Jeffamine and JHDI in Figure 1. The average HDI unit per Jeffamine chain of JHDI was determined from the
integration ratio between resonance protons He at 2.89 ppm and Ha,d at 0.93-1.14 ppm. Here, the peak intensity of protons He
was used to calculate the fraction of Hd in the overlapped Ha,d peaks as He and Hd belong to the same hexamethyl unit of HDI
terminals with a fixed ratio of 1 to 2. Accordingly, the average HDI unit per Jeffamine chain of JHDI is 1.93. Likewise
deduction, from the integration ratio between protons H h1+h2+j1+j2 and Ha,d, resulted in an average 1.89 TA terminals per JTA
chain. The resolved Mns (5,009 g/mol for JHDI and 8,289 g/mol for JTA) listed in Table 1 are comparable with those
determined from Maldi-Tof mass spectroscopy but are smaller than those from the GPC analysis. The high molecular
weights determined from GPC can only be regarded as reference values because GPC analysis involved only excluded
volume of the polymer, rather than real molecular weights, in DMF eluent.
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1

FIGURE 1. H NMR spectra of d6-DMSO, Jeffamine, JHDI and TA-terminated JTA (d6-DMSO).
TABLE 1
MOLECULAR WEIGHT OF JHDI/JTA EVALUATED FROM 1H NMR, MALDI-TOF MASS SPECTROSCOPY AND
GPC
1

H NMRa

Maldi-Tof mass spectroscopyb

GPCc

Sample

Mn
(g/mol)

Mn
(g/mol)

Mw
(g/mol)

PDI

Mn
(g/mol)

Mw
(g/mol)

PDI

JHDI

5009

5405

5545

1.03

6081

7175

1.18

JTA

8289

8952

9848

1.10

9445

11646

1.23

The resulting JTA is an elastomer with fracture strain (f) of 813% at fracture stress (f) of 0.2MPa (Figure S1) and
moreover, it is a healable elastomer with high healing efficiency. All these referred to the unique molecular feature of JTA
that the soft PPO chains represent the stretchable part while the aromatic TA terminals provide the reversible aromatic π-π
and H bond interactions required for the mechanical strength and the observed autonomous recovery process. More
importantly, the aromatic TA terminals of JTA can bind to MWCNT, rendering JCx composites with varied MWCNT
contents (from 1 to 96 wt%).
3.1

Sorption isotherm and morphology

The superior mechanical and electrical behavior of MWCNT stimulated our study on using MWCNT as building block to
develop advanced JCTx composites. Generally, transforming MWCNT into soluble materials that can be easily manipulated
in the solution state may be subjected to dispersion difficulty and so, the effective utilization of MWCNT strongly depends
on two factors: homogeneous dispersion of nanotubes throughout the polymer matrix without destroying the integrity of the
tubes, and adequate interfacial adhesion between the nanotubes and polymers. The first factor can be demonstrated by the
homogeneity of the solutions we prepared (Figure 2(a)), in which the dispersed MWCNTs can remained in the solution after
a long period of time (> 1 month), which demonstrated the great dispersion power of JTA for MWCNTs. The second factor
can be seen from the elastomeric properties of certain elastomeric JCTx (x = 10 to 40), which can sustain high strain (with
high f values ranging from 100 to 700%) without mechanical failure.
Basically, there are four commonly used models56 for nonlinear isotherm behavior, including Langmuir (LM), Dual-mode
(DMM), Dual-Langmuir (DLM), and Freundlich (FM) models. Specially, the LM was developed to describe individual
chemical adsorbents and is applicable to monolayer physical adsorption 57, and DMM model was originally proposed for
describing the sorption behavior of natural organic matters 58. The FM is an empirical approach for adsorbents with uneven
adsorbing site energy and is applicable to adsorption for a single-solute system within high- and middle-concentration
environments. For FM, the goodness of fit varied with the MWCNTs (Figure S2a). The results suggested that the fit of FM is
better than LM at high concentration but is worse at other range. Good fit was obtained for DLM (Figure S2b) with adj r2
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0.98. However, two parameters among the four, i.e., adsorbed capacity (Q 20) and DLM constant (b2) of site population 2 were
significantly unreliable with p>>0.01 (Table S1). Thus, the sorption process of JTA by MWCNTs may not be limited by the
two types of adsorption sites. As a result50, our initial attempt for sorption used both DMM and LM to fit our experimental
result.
The result from LM estimation deviated from the experimental data of JTA by MWCNTs (Figure S3), which can be also
seem from the low adj r2 value of 0.87.Significant deviation of LM result from the experimental data was observed for LM at
high concentration. The deviation indicates that the sorption of JTA, on the MWCNTs, may not be monolayer formation on a
homogeneous surface, that is, the MWCNTs aggregated in the JTA solutions and the adsorbed JTA monolayer may continue
to sorb the dissolved JTA molecules, via H bonds and other polar interactions, till the state that most MWCNT aggregates
were surrounded by majority of JTA polymers.

FIGURE 2. (a) Solutions of MWCNT (200 mg/L) in DMF (20 mL) with varied concentrations of JTA (from
left to right: with 0, 8.9, 44.5, 89, 445 and 890 mg of JTA in 1 L of DMF, respectively) (b) sorption
isotherms of JTA and MWCNTs revealed a good fit with the theoretical curves predicted by the dual-mode
model (DMM) and (c) compared with the result based on pure TA (dashed line) and MWCNT of the same
dimensions.
Sorption isotherms by DMM was examined in Figure 2(b), which exhibited non-linear relationship between equilibrium and
sorbed JTA concentrations. We further transformed the JTA concentration into TA terminal concentration (Figure 2(c))
based on the 1H NMR result that Mn of JTA is 8289 g/mol and there are 1.89 TA terminals per JTA chain. Both non-linear
isotherms in Figure 2(b) and 2(c), using parameters (Table S1) of MWCNT with the respective inner and outer diameters of
10 and 20 nm, revealed a good fit between DMM estimation58 and experimental results. The good fits (adj r2 is 0.99)
suggested that the sorption of JTA by MWCNT followed the same two-step sorption model previously proposed for pure TA
on MWCNTs50 that TA terminals of JTA may be sorbed first onto MWCNTs with its aromatic rings binding to the surface
carbon rings of MWCNT via π-π interactions, until forming a monolayer, and then the JTA monolayer formed further sorbed
the dissolved JTA by H bonds and other polar interactions. The sorbed JTA increased the steric repulsion between individual
MWCNTs, which might disperse the relatively loose MWCNT aggregates and result in the stabilization of MWCNTs in JTA
solution.
Experimental data in Figure 2(c) also compared with the result 50 from pure TA (dashed line) and MWCNT of the same
dimensions. Despite being lower in TA concentration, JTA nevertheless is superior to pure TA in dispersing MWCNTs. We
attributed this high dispersion power of JTA to two factors: DMF solvent used in our example is a better dispersion solvent
for MWCNTs than water used in previous case. Moreover, with the PPO chain, JTA should be superior to TA in
hydrophobicity and in dispersing the hydrophobic MWCNTs. The superior dispersion power of JTA thereby imparts high
loads of MWCNTs in DMF, providing JCTx composites containing large amounts of MWCNTs (from 10 to 96 wt%) after
removal of DMF.
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The solid JCTx composites are either stretchable elastomers when x < 40 (Table 2) or rigid and highly conductive plastics
when x > 50. The morphology of JCTx with small (40 wt%, Figure 3(a)), medium (70 wt%, Figure 3(b)) and large (96 wt%,
Figure 3(c)) concentrations of MWCNTs was primarily examined by SEM. The resolved images are fundamentally similar
with each other, all exhibiting tree branch-like bunches in micrometer sizes all over the samples. The randomly distributed
branches should consist of inner MWCNT core wrapped by outer JCTx wall. The higher is the MWCNT content; the lower is
the diameter of the resolved branches. The branches with smaller diameter may have tighter aggregation and entanglement,
which may not be able to be dispersed by JTA during the preparation step in DMF. The looser agglomerates of the larger
branches could be dispersed by JTA with shaking in DMF. The branch density also increased with increasing MWCNT
content and the highest MWCNT-loaded JCT96 composite exhibited a morphology that the densely packed branches were
interconnected with each other to result in a 3D crosslinked network with irregular, large knots, constituted by aggregated
and entangled MWCNTs, as the crosslinking points to maintain the integrity of JCT96.

TABLE 2
CHARACTERISTICS OF THE JTA COMPOSITES FROM JCT1 TO JCT96
Stretchablility
 Pa 

Conductivity

Volume fraction
φ (%)

Density (g/ml)

JTA
JCT1

Mass fraction
p (%)
---1

----0.01

1.17
1.18

Yes ( 813, 0.20 )
Yes ( 797, 0.23 )

JCT10

10

0.09

1.20

Yes ( 690, 0.52 )

7.14x10

JCT20

20

0.18

1.24

Yes ( 524, 0.80 )

9.84x10

JCT30

30

0.26

1.27

Yes ( 350, 3.09 )

3.2x10

JCT40

40

0.32

1.30

Yes ( 175, 6.06 )

6.55x10

JCT50

50

0.41

1.34

No (--)

3.02x10

JCT60

60

0.49

1.37

No (--)

9.15X10

JCT70

70

0.59

1.40

No (--)

6.76x10

JCT80

80

0.70

1.43

No (--)

3.46x10

JCT90

90

0.84

1.47

No (--)

8.31x10

JCT96

96

0.92

1.49

No (--)

1.21x10



f

f

-1

σ (S.m )
-----3

1.2x10
-2
-1
1
2
3
3
4
5
5
6

FIGURE 3. SEM images of (a) JCT40, (b) JCT70, and (c) JCT96 and TEM image of (d) JCT50
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To see the interior of the tree branch, a JCT50 sample was then investigated by TEM. The small, white spherical images of
the TEM micrograph (Figure 3(d)), which illustrated the vertical view of MWCNTs, are due to the inner empty core while
the black images in between the white ones represent the outer wall of MWCNT. All these vertically erected MWCNTs are
aggregated into large bundles and interestingly, all these vertical bundles are surrounded by extended rope-shaped tubes (red
arrow), which represent the parallel view of MWCNT with the respective inner and outer diameters of 9.6 and 18.8 nm, close
to the respective values of 10 and 20 nm given by the supplier. The sharp boundary between the inner vertical bundle and the
outer parallel tube corresponds to flaws with mechanical weakness, which should lower the mechanical strength of the JCTx
composites, a point will be discussed next. It is difficult to avoid aggregation of MWCNTs into bundle in considering that the
TA terminals of JTA are insufficient in number to cover all the vast surfaces of the nano-sized MWCNTs. In consequence, a
plethora of MWCNTs should associate together into large-sized bundles with much reduced surface areas to be covered by
JTAs. Besides the MWCNT bundles, there are certain large black regions, which should correlate with the embedded JTA
aggregates and the JTA polymer in the interphase region (blue arrow). Several vertical MWCNT bundles inside the
interphase region may be an indication of how well the MWCNTs can be dispersed by JTA.
3.2

Mechanical properties of the JCTx composite films.

As the effective conductor, MWCNT also acted to reinforce the mechanical strength of the JCTx composites. Without
MWCNT, pure JTA is soft and highly stretchable with the resolved f value of 813% (Figure 4(a)) and the incorporation of
rigid MWCNTs raised the mechanical strength at the expense of stretchability of the JCTx (x < 40) films. With 40 wt% of
rigid MWCNT, the JCT40 composite is still an elastomer with a high f value of near 200% (Table 2), which demonstrated
the strong interfacial adhesion between MWCNT and JTA. Higher content of rigid MWCNT nevertheless resulted in nonstretchable, rigid JCTx (x > 40) composites. Because all the JCTx composites prepared in this study having a MWCNT
content well beyond the percolation threshold (generally, < 0.1 wt%), the mechanical and conductive characterizations
conducted hereafter are unprecedent.
Because the SEM image of JCT40 (Figure 3(a)) suggested the continuous distribution of the branches over the polymer
matrices, the Kolarik54 model based on a 3D cross-orthogonal skeleton (COS) should be appropriate in analyzing the
mechanical property of the stretchable JCTx (x from 0 to 40 wt%) at concentration well above the percolation threshold.
Based on the COS structure, Kolarik calculated the tensile modulus (E) of the composites with co-continuous morphology
using:
E = Em(1 – f2) + Eff2 + [f(1-f) Em]/[1- f+ (fEm/Ef))

(1)

1-f- (1-f)2(1+2f) = 0

(2)

Where in equation (1), Ef and Em are the tensile moduli of the filler and the JTA polymer matrix, respectively, f is the filler
volume fraction and the f-dependent parameter f can be determined from equation (2). Rather than small nanotubes, the
filler phase contained in JCTx are large branches constituted by rigid MWCNT bundle core surrounded by soft JTA walls,
which also is correlated with a 3D co-continuous structure and should be valid for Kolarik approach, too.

FIGURE 4. (a) Stress-strain curves and (b) comparison of the experimental moduli Es of JCTx (x from 10 to
40) with the theoretical values determined from equation (1)
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The experimental E values as function of MWCNT content were plotted in Figure 4(b) to correlate with the calculated results
based on Kolarik model. The Em, Ef and parameter f involved in calculation of the theoretical E values were summarized in
Table S2. The results depicted in Figure 4(b) clearly indicated the fair agreement between the experimental and the
theoretical data. The Ef value of 85.6 MPa was obtained from fitting experimental E value of JCT40 into equation (1).
Previous approach had commented on the dilemma in evaluating the mechanical property of MWCNT: although the strength
of individual CNT shells is extremely high (with E up to 1,000 GPa), weak shear interactions between adjacent shells and
tubes lead to significant reduction59 in the effective strength of MWCNTs and CNT bundles down to few GPa. The present
case nevertheless illustrated an even lower Ef value of 85.6 MPa, which may be attributed to the nature of the structural unit
evaluated from SEM and TEM analysis. Instead of MWCNT bundles, the responsive structural unit in JCTx is branches
consisting of inner MWCNT bundles wrapped by the outer polymer wall. The embedded polymer and the polymer wall all
are soft segments representative of mechanical weak points acting to lower the E value of the JCTx composites, which is
plausible for the low Ef value of 85.6 MPa for JCT40.
3.3

Conductive properties of the JCTx composite films.

JTA polymer is an insulator but the incorporation of MWCNT with a concentration well beyond percolation threshold
resulted in conductive composite with high conductivity (Table 2). At percolation threshold, conducting network forms in the
polymer matrix starts to transfer electrons and creates the conductivity. SEM images (Figure 3(a) ~ (c)) revealed the presence
of branches, which constituted the interconnected network effective in transferring electrons, in the JCTx composites. All
JCTx composites are good at electron transfer according to the result that JCT1 is a semi-conductor with a conductivity of
1.2x10-3 Sm-1, and the increase of MWCNT content enhanced the conductivity to an ultimate high value of 1.21x106S m-3 for
JCT96. Essentially, the dense-packed branches of JCT96 contributed to its high conductivity, which is close to the
conductivity (107 Sm-1) of pure MWCNT.
According to classical percolation theory55, the conductivity of composite materials as conductive filler content is increased
can be described by a scaling law of the form
∝–

(3)

where  is conductivity, p is mass fraction, pc is the electric percolation threshold (EPT)55and exponent t is expected to
depend on sample dimensionality with calculated values of ~ 1.33 and ~ 2.0 in 2 D and 3 D arrangements, respectively. For
the present case, p is much larger than pc, therefore eqn (3) can be further simplified:
∝pt

(4)

In Figure 5(a), the dc conductivity data are shown on a semilogarithmic scale versus ln(p).The expected linear relationship is
observed, with the solid line as a good fit with a slope of 1.92. The resulting t value of 1.92 for JCTx is found to agree with
the universal value of 2 observed for composites in which the conductive fillers form a continuous 3D percolating path
throughout the matrix60.The percolation path of JCTx refers to the continuous branches distributed randomly in 3D
dimension.

FIGURE 5. Comparison of experimental conductivity of JCTx (x from 10 to 96) with the theoretical values
determined from the scaling law of (a) eqn (4) and (b) eqn (5)
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The change in the electrical conductivity of the composite materials, when the EPT is reached in coincidence with the
formation of a conductive path inside the material, can be interpreted in terms of electron tunneling. According to this model
the electrons „„jump‟‟ from a conductor to the closest stone over a small distance of the order of a few nanometers61.A
method reported in literature62,63,55 to verify that the electron tunneling is the main electrical transport mechanism in nano
filled resins is based on the occurrence of a linear relation (Fig. 5(b)) between the electrical conductivity (in natural
logarithmic scale) and p−1/3, valid for mass fraction (p) above EPT:
ln(σ) ∝p−1/3

(5)

The straight line is the fit curve of the experimental data: the value of R2 here is close to 1, which confirms that the electrical
conduction network in the composite materials is mainly achieved through the quantum tunneling effect. The current and
therefore the electrical conductivity of the resulting composites are related to the intrinsic features of the adopted conductive
filler. The conductive filler illustrates here covered the whole branch consisting of MWCNT core and JTA wall, which
provides 3D conductive paths for fluent transport of electrons. The TEM and SEM images (Figure 3) suggested the presence
of several conductive flaws, including boundary between the vertical MWCNT bundles and the surrounding parallel tubes,
the interfacial region and the polymer insulator between branches, in the composites. At these conductive flaws, electrons
had to “jump” from one MWCNT to the closest stone over a small distance of a few nanometers, resulting in the perfect fit of
experimental data to equation (5).

IV.

CONCLUSION

Through deliberate molecular engineering, we synthesized a TA-terminated JTA polymer with inherent aromatic phenolic
rings and hydroxyl OH groups to promote the desired elasticity. The aromatic phenolic rings of JTA also bind to the surface
carbon rings of MWCNTs, thus generating homogeneous JCTx composites with low (e.g. 10 wt%) and high (96 wt%)
MWCNT contents.
Tree branches, constituted by inner MWCNT bundles and outer JTA walls, are interconnected with each other to form a 3 D
crosslinked network of JCTx composites. With concentration well above percolation threshold, soft JCTx (x from 1 to 40
wt%) exhibited the elastic modulus correlated with theoretical Kolarix model based on All JCTx (x from 1 to 96) composites
are conductive materials and the increase of MWCNT content largely promoted the composite conductivity to an ultimate
excellent value of 1.2 x 106 S m-1 for the JCT96. The conductivity of the JCTx composites can be appropriately fitted by the
scaling law of ∝1.92 according to a 3D network model. The tree branches are responsible for the effective electron
transfer and the ideal conductivity behaviors of the JCTx samples.
Dependent on the MWCNT content, the JCTx composite sensors can be highly stretchable or highly conductive. The highly
conductive JCT96 is a sensitive sensor with keen response toward minor pulse beating. With good stretchability, the soft
JCT40 is a stable sensor for the steady detection of large elbow bending motion. With the lowest MWCNT content, JCT10 is
capable of repeatedly detecting a high strain of 220%. Through manipulating composite composition, JCTx sensors with the
desired mechanical and conductive properties can be conveniently prepared and characterized. The developed JCTx
composites in this study can also be applied to other practical application fields such as supercapacitor or lithium ion battery.
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ANNEXURE: SUPPORTING INFORMATION
1)

Scheme

SCHEME 1. The complexation of JTA and MWCNT to form JCTx composites and the potential interactions
between JTA and MWCNT.

SCHEME 2.Synthesis of JHDI precursor and TA-terminated JTA
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Supplementary Figures:

FIGURE S1. (a) Stress-strain curves and (b) the stress ƞ and strain ƞ healing efficiencies of the pristine and
ε

σ

the healed JTA after different time of autonomous recovery.

FIGURE S2. Model fits to the sorption data of JTA by carbon nanotubes (CNTs) by (a) Freundlich (FM)
and (b) Dual-Langmuir (DLM) models.

FIGURE S3. Model fits to the sorption data of JTA by carbon nanotubes (CNTs) by Langmuir model (LM).
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FIGURE S4. (a) Photo of JCT96/DMF (96 mg MWCNT/4 mg JTA /2 mL, left) MWCNT/DMF (100 mg/2
mL, right) solutions after settling for 30 days.
3)

Supplementary Tables:

TABLE S1
MODEL EQUATION AND PARAMETER DEFINITION FITS TO SORPTION DATA

0

*qe (mg/g) is equilibrium sorbed concentration; Ce (mg/L) is equilibrium solution phase concentration. Q
(mg/g) is the maximum monolayer adsorption capacity. b constant is related to the molar heat of
adsorption. Kd (L/g) is partition coefficient
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TABLE S2
EXPERIMENTAL AND THEORETICAL MODULI ES OF JCTX (X FROM 10 TO 40) AND THE PARAMETERS
INVOLVED IN EQUATION (1).

a

modulus E was calculated from eqn (1) based on a Ef of 85.6 Mpa formulated from fitting modulus of JCT40 into
eqn (1). calculated the tensile modulus of composites with co-continuous morphology.
b
densities of JTA was determined from the buoyancy method, by which JTA was placed in gradient of liquids of
known density to approach the density. And the density of composites JCTx were from: D=DJTAPJTA+DCNTPCNT,
where DCNT and DJTA are densities of MWCNT and JTA, respectively and PCNT and PJTA are mass fraction of
MWCNT and JTA, respectively.
c
Volume fraction = (WCNT/DCNT)/ (WCNT/DCNT+WJTA/DJTA), where WCNT and WJTA are weights of
MWCNT and JTA.

TABLE S3
EXPERIMENTAL AND THEORETICAL CONDUCTIVITIES OF JCTX (X FROM 1 TO 96) AND THE RELATED
PARAMETERS USED IN FITTING EQN (4).
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